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ABSTRACT 

UV-C INACTIVATION KINETICS MODELLING OF DAIRY-ASSOCIATED LISTERIA 

MONOCYTOGENES STRAINS AND THE EFFECT OF SUSPENDED SOLIDS ON 

FLUENCE RESPONSE OF LISTERIA MONOCYTOGENES IN MILK USING COLLIMATED 

BEAM UV-C DEVICE 

Stephanie Gabriela Handy 

University of Guelph, 2022

Advisor(s): 

Dr. Gisèle LaPointe 

Dr. Sampathkumar Balamurugan 

There is a disagreement on the UV-C fluence required for microbial inactivation due to 

various understanding of UV-C fluence and its measurement methods. This study determined the 

UV-C fluences required for dairy-associated Listeria monocytogenes strains inactivation using a 

collimated beam device. In PBS, a UV-C fluence of 10 mJ/cm2 was sufficient to inactivate 5 logs 

of L. monocytogenes. Milk fat and protein concentration, fat globule and casein micelle particle 

sizes strongly correlated with observed UV-C absorption and scattering of the milk. These 

optical properties significantly affected the inactivation of L. monocytogenes. Taking into 

consideration the UV-C absorption and reduced scattering coefficients of milk in the UV-C 

fluence calculation, inactivation similar to that observed in PBS at various UV-C doses could be 

achieved in goat and cow milk at various fat levels. This study demonstrated that the inclusion of 

the milk optical properties is critical for accurate UV-C fluence calculations. 
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CHAPTER 1. GENERAL INTRODUCTION 

Raw milk contains harmful microorganisms originating from contaminated udder or 

milking equipment. Food-borne listeriosis cases caused by Listeria monocytogenes are often 

associated with the consumption of unpasteurized or pasteurized dairy products such as milk, 

cheese and butter (Lopez-Valladares, Danielsson-Tham, & Tham, 2018; Lundén, Tolvanen, & 

Korkeala, 2004; Swaminathan & Gerner-Smidt, 2007). L. monocytogenes can grow in a wide 

range of pH and temperature, which enable it to grow in raw milk and processed dairy products at 

refrigerated temperatures or even in poor quality silage at pH >4.5 (Oliver, Jayarao, & Almeida, 

2005). Some strains of L. monocytogenes are thermal resistant and survive inadequate thermal 

processing, thus leading to recontamination of the processed dairy products (Bradshaw et al., 1985; 

Oliver et al., 2005). Due to its abundant nutrient content, milk spoilage may occur during storage. 

More than 14 serotypes of L. monocytogenes have been categorized (Graves, 

Swaminathan, & Hunter, 2007). Serotypes 1/2a, 1/2b, and 1/2c are the major types frequently 

isolated from food products and the food production environment (Swaminathan & Gerner-Smidt, 

2007). However, serotypes 1/2a, 1/2b, and 4b are the leading cause of infections in humans and 

the most frequent types that cause the vast majority of recorded outbreaks linked to dairy products 

(Lopez-Valladares et al., 2018; Lundén et al., 2004; Swaminathan & Gerner-Smidt, 2007). Thus, 

L. monocytogenes serotypes 1/2a, 1/2b, and 4b can be considered a “gold standard” for comparing 

food-borne isolates analyzed in different labs or with various techniques (Borucki & Call, 2003). 

Thermal pasteurization is a gold standard in the dairy industry as a proven technology to 

retain the quality and ensure safety of the milk. High-temperature heat is applied directly or 

indirectly to milk for a short time to achieve at least 5-log reduction of the most heat-resistant 
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pathogen in milk (Codex Alimentarius, 2004). However, heat from thermal pasteurization can 

affect the biochemical composition of milk, resulting in sensory changes and reduced nutritional 

content (Oliver et al., 2005). The heat applied to milk could denature protein, degrade flavour, and 

reduce the content of heat-sensitive nutrients and bioactive components. The other drawbacks of 

this technology are high water and energy usage. Thus, researchers have explored the use of several 

non-thermal technologies to inactivate pasteurized milk that could ensure quality. Studies have 

shown the capability of UV-C irradiation to reduce 5 logs of L. monocytogenes in various types of 

milk (Alberini et al., 2015; Crook et al., 2015; Gunter-Ward et al., 2018; Matak et al., 2005). 

However, it is difficult to compare the results between UV inactivation studies due to various UV 

fluence calculation methods. The mentioned studies reported a wide range of required UV fluences 

with different units to inactivate the L. monocytogenes in milk.  

Increased consumer demand for milk with similar taste and nutritional value to fresh milk 

has motivated dairy industries and researchers worldwide to develop novel non-thermal 

technologies to pasteurize raw milk. Some of these non-thermal technologies include high-

pressure processing (HPP), pulsed electric field (PEF), ultraviolet (UV)-C irradiation, 

Ultrasonication (US), membrane filtration, non-thermal plasma, ohmic heating, and electron-beam 

irradiation. Most research to date on UV-C irradiation has shown promising evidence on pathogen 

inactivation, sensory improvement, and shelf-life extension of milk (Ansari, Ismail, & Farid, 2020; 

Cilliers et al., 2014; Crook et al., 2015; Lu, Li, & Liu, 2011). Studies also observed a potential 

improvement in milk quality by incorporating UV-C irradiation with thermal treatment using a 

hurdle approach (Ansari, Ismail, & Farid, 2019; Cilliers et al., 2014; Matak et al., 2007). 

UV-C irradiation technology is receiving increasing recognition and is continuously being 

developed. However, there are challenges to implementing UV-C irradiation in the dairy industry. 
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Milk thermal pasteurization has established internationally recognized regulations and parameters 

to ensure the safety of pasteurized milk. In contrast, non-thermal technologies still need more 

supporting data and consensus to establish these types of regulations. More research is needed to 

understand the effect of instrument design, processing parameters, microbial characteristics, milk 

composition, physicochemical properties, and optical properties on the efficacy of UV-C 

irradiation. Based on the research-based understanding of this technology, regulation of UV-C 

irradiation on milk should be established prior to adaptation in the milk industry. 

However, studies on the UV-C irradiation for microbial inactivation in milk could not be 

compared due to differences in UV fluence unit and measurement methods. Some studies 

expressed the UV fluence as an energy per area unit (Dhahir et al., 2020; Papademas, Mousikos, 

& Aspri, 2020; Ward et al., 2019), while others as an energy per volume unit (Ansari et al., 2020; 

Crook et al., 2015; Gök et al., 2021), or as an electrical power per area unit W/m2 (Hu et al., 2015) 

which supposed to express the light intensity. Besides unit differences, various methodologies 

were used to calculate the UV fluence or dosage (Ochoa-Velasco et al., 2020). Several studies used 

a measured UV intensity as a UV-C fluence (Crook et al., 2015; Hu et al., 2015; Rossitto et al., 

2012), while other studies use various formulas to calculate UV-C fluence (Kasahara, Carrasco, & 

Aguilar, 2015; Yin et al., 2015).  

This consequence can be seen from an extensive wide range of required UV fluences to 

inactivate a specific pathogen expressed by studies. Several studies expressed the UV fluences to 

reduce 1 log of a single bacterial strain in liquid milk at less than 15 mJ/cm2 (Dhahir et al., 2020; 

Engin & Yuceer, 2012; F. Yin et al., 2015), while other studies expressed the required UV-C 

fluence in thousands of mJ/cm2 (Kasahara et al., 2015; Pereira et al., 2014). Moreover, most studies 

expressed the UV-C fluence based on the fluence exposed to the sample using various types of 
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UV equipment. Only a few UV studies on milk have taken the optical properties of the media into 

account in the UV-C fluence calculation (Bandla et al., 2012; Kasahara et al., 2015; Lu et al., 2011; 

Ward et al., 2019; Yin et al., 2015).  

This research has been performed to measure the required UV-C fluence to achieve 

incremental log inactivation of L. monocytogenes strains associated with dairy and establish an 

inactivation kinetic model using a standardized method (Bolton & Linden, 2003). This study also 

investigated the L monocytogenes inactivation by the collimated beam device in pasteurized cow 

and goat milk products vary in fat level and homogenization treatment, which could differ in 

optical properties, to observe the correlation between the absorption-scattering coefficients of milk 

concerning the efficacy of UV-C irradiation on L. monocytogenes inactivation. In addition, the 

nutritional composition and particle size distribution of the milk products used in this research 

were analyzed to confirm the possible correlation between these parameters and the absorption or 

reduced scattering coefficients. 

1.1. Research Hypothesis 

It is hypothesized that accurate required UV-C fluences to achieve similar incremental log 

inactivation of L. monocytogenes in various milk samples can be determined by taking into account 

the optical properties, specifically absorption and reduced scattering coefficients of milk, in the 

UV-C fluence calculation. It is also hypothesized that both concentration and particle size of the 

suspended protein and fat particles are strongly correlated with the UV-C absorption and scattering 

in milk. 

 



5 

 

 

1.2. Research Objectives 

To our knowledge, there is a lack of literature on how strong the correlation is between the 

absorption-scattering coefficient of the milk and the required UV-C fluence to inactivate dairy-

related L. monocytogenes strains in milk. There is also no clear evidence on which solid particles 

in milk specifically contribute to the UV-C light absorption and scattering of milk. This study was 

conducted with objectives to: 

1) Determine the UV-C fluence required for incremental log inactivation of L. monocytogenes 

strains in high UV-C transmission phosphate-buffered saline (PBS) treated by a collimated 

beam device. 

2) Prove that accurate UV-C fluence calculation can be obtained by taking the UV-C absorption 

and reduced scattering coefficient of the milk into account. 

3) Propose the best mathematical model to represent the incremental log inactivation of dairy-

associated L. monocytogenes strains in UV-C-treated PBS and milk. 

4) Investigate the effects of the composition and particle size profile of milk on the UV-C light 

absorbance and scattering of various pasteurized milk products.  
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CHAPTER 2. LITERATURE REVIEW 

2.1. UV-C Irradiation Technology 

2.1.1. The microbial inactivation mechanism of UV-C irradiation 

Electromagnetic radiation, including radio waves, microwaves, infrared, visible light, 

ultraviolet, X-rays, and gamma rays, consists of self-sustaining energy in the form of magnetic and 

electric fields (Ortega-Rivas, 2012). UV light is a form of electromagnetic radiation with a 

spectrum falling between x-ray and visible light, specifically in the short wavelength spectrum 

from 100 to 400 nm. The UV light spectrum is generally classified into four regions: UV-A 

(315-400 nm), UV-B (280-315 nm), UV-C (200-280 nm), and vacuum-UV (100-200 nm) (Keklik, 

Krishnamurthy, & Demirci, 2012). Several types of artificial UV sources are available, such as 

continuous low-pressure and medium-pressure mercury lamps, pulsed-UV, xenon arc lamps, and 

xenon excimer lamps, and light-emitting diode (LEDs) (Koutchma, 2008; Singh & Huppertz, 

2020). Low-pressure mercury (LPM) lamps radiate approximately 95% of UV-C light at 253.7 nm 

and are considered the most effective UV-C light for germicidal applications (Meulemans, 1987). 

UV-C irradiation with wavelength at 180-320 nm has germicidal properties with an optimum at 

265 nm (Meulemans, 1987).  

The UV-C light inactivates microorganisms when nucleic acids of microorganisms absorb 

the light, resulting in cross-linked pyrimidine dimers formation in the DNA and leading to a 

dysfunctional cell (Blatchley et al., 2001; Hamkalo & Swenson, 1969). The microbial inactivation 

occurs due to the formation of mutagenic lesions such as cyclobutene pyrimidine dimers (CPDs) 

and 6-4 photoproducts (6-4 PPs) induced by the UV-C irradiation (Beauchamp & Lacroix, 2012). 

These types of lesions are cytotoxic and have lethal effects due to interference with the vital 
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cellular functions (Friedberg et al., 2006) such as DNA transcription, replication and respiration 

(Bolton & Linden, 2003; Hamkalo & Swenson, 1969). Formation changes in DNA caused by 

UV-C light depends on the total absorbed energy, while low energy absorption might result in 

reversible changes (Ortega-Rivas, 2012). Another theory is that the interaction between UV 

radiation and dissolved organic carbon in water could form hydrogen peroxide (H2O2), which 

induces an indirect germicidal effect (Ortega-Rivas, 2012; Scully, McQueen, & Lean, 1996). 

2.1.2. UV-C irradiation application in the food industry 

Because of its germicidal property, a low-pressure mercury lamp with a wavelength of 

253.7 nm has been widely used for water disinfection, such as drinking water, wastewater, and 

recreational water (McDonald et al., 2000). UV light irradiation has also been used for polymeric 

biomaterials and medical device sterilization (Fischbach et al., 2001; Khomich et al., 1998). UV 

light is used to disinfect equipment surfaces and packaging containers in the food industry 

(Koutchma, 2008). UV irradiation can also be integrated with the cleaning-in-place (CIP) systems 

of food processing units. UV irradiation prevents microbial contamination inside the processing 

unit by inactivating microbiological contaminants in CIP rinse or wash water (Ortega-Rivas, 

2012). Integrating UV light with CIP systems can also reduce the amount of chlorine used for 

water purification (Ortega-Rivas, 2012). 

UV irradiation has also been used to disinfect surfaces of fruits and vegetables to improve 

their shelf-life. Studies reported the capability of UV light to slow down the decay in grape berries 

(Creasy & Coffee, 1988), kumquat and orange fruit (Rodov, Ben-Yehoshua et al., 1992), peaches 

(J. Y. Lu et al., 1993), green tomatoes (Maharaj, Arul, & Nadeau, 1999), mango (González-Aguilar 

et al., 2008), and papaya (Cia et al., 2007). UV light could reduce the bacteria load of fish and 
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shellfish surfaces (Colby, Enriquez-Ibara, & Flick, 1993; Huang & Toledo, 1982). In 2000, The 

United States Food and Drug Administration (USFDA) approved UV irradiation for fresh juice 

product processing (US FDA, 2012). In 2004, Health Canada allowed the sale of unfermented or 

unpasteurized apple cider as long as it has been treated with CiderSure 3500, a thin film UV 

processor unit (Health Canada, 2004). Since then, there has been a growing interest to utilize UV 

technology on other liquid foods. However, UV irradiation treatment has not yet been approved 

for microorganism inactivation in milk.  

2.2. Listeria monocytogenes 

L. monocytogenes was described in detail for the first time as Bacterium monocytogenes 

by Murray et al. (1926). The species name of “monocytogenes” was suggested by Murray et al. 

(1926) because they often found large numbers of monocytes in the peripheral blood of infected 

monogastric animals. Later, the genus name was changed to “Listeria” in 1940, suggested by Pirie 

(1940). L. monocytogenes belong to the family Listeriaceae, order Bacillales (Ludwig, Schleifer, 

& Whitman, 2011).  

L. monocytogenes is a Gram-positive, non-acid-fast, short rod-shaped and nonsporulating 

bacteria (Seeliger & Höhne, 1979). Although L. monocytogenes could grow in an aerobic 

condition, these bacteria grows best under microaerophilic environment (Gray & Killinger, 1966). 

Consuming food that contains a high number of L. monocytogenes will cause an infection known 

as listeriosis, with the infective dose approximately 10 to 108 CFU in healthy person and only 10-1 

to 107 CFU in groups at higher risk of infection (Farber, Ross, & Harwig, 1996; Gray & Killinger, 

1966). Specific groups of people such as elderly, infants, pregnant women and 

immunocompromised persons are susceptible to L. monocytogenes infection (Gray & Killinger, 
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1966; Thakur, Asrani, & Patial, 2018). Around 99% of listeriosis cases in humans are food-borne, 

although the infection routes can be varied and complex (Lundén et al., 2004; McLauchlin et al., 

2004). In humas, listeriosis can cause meningitis, septicemia, and disturbances of pregnancy that 

can lead to abortion (Gray & Killinger, 1966; Oliver et al., 2005).  

2.2.1. Listeria monocytogenes in milk 

L. monocytogenes is one of the intracellular pathogenic bacteria found in milk. 

L. monocytogenes can grow in a wide range of pH (4 to 9.6) and temperature (0-45 °C) (Lado & 

Yousef, 2007), which enable it to grow in raw milk and processed dairy products at refrigerated 

temperatures or even in poor quality silage at pH >4.5 (Oliver et al., 2005). The isolation rates of 

L. monocytogenes from bulk tank milk are between 1% and 12% (Oliver et al., 2005) making it a 

pathogen of concern to the dairy industry. 

Food-borne listeriosis cases are often associated with the consumption of dairy products 

such as raw milk, cheese and butter made using raw milk (Table 1). L. monocytogenes in the raw 

milk can contaminate the dairy food processing facilities, which leads to biofilm formation in the 

food processing environment (Oliver et al., 2005). Thus, the consumer can be directly exposed to 

L. monocytogenes when they consume not only unpasteurized but also pasteurized dairy products. 

Some strains of L. monocytogenes are heat resistant and survive inadequate thermal processing, 

thus leading to recontamination of the processed dairy products (Bradshaw et al., 1985; Oliver et 

al., 2005). 

More than 14 serotypes of L. monocytogenes have been categorized (Graves et al., 2007). 

Serotypes 1/2a, 1/2b, and 1/2c are frequently isolated from food products and the food production 

environments (Swaminathan & Gerner-Smidt, 2007). However, serotypes 1/2a, 1/2b, and 4b are 
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the main cause of infections in humans (Swaminathan & Gerner-Smidt, 2007) and are the most 

frequent types that cause the vast majority of recorded outbreaks linked to dairy products (Table 1). 

Thus, L. monocytogenes serotypes 1/2a, 1/2b, and 4b can be considered as a “gold standard” for 

comparing food-borne strain isolates analyzed in different labs or with various techniques (Borucki 

& Call, 2003).
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Table 1. Listeriosis outbreak cases with reported serotypes related to dairy products 

Year Country Product type Serotype Reference 

1949-1957 Germany Raw milk, sour milk, cream, cottage cheese Serogroup 1/2 Seeliger, 1988 

1966 Germany Raw milk 1/2a Lopez-Valladares et al., 2018  

1983 Massachusetts, USA Pasteurized milk 4b Swaminathan and Gerner-

Smidt, 2007 

1983-1987 Switzerland Soft cheese (Vacherin Mont d'Or cheese) 4b Büla et al., 1995 

1985 California, USA Mexican-style cheese 4b Linnan et al., 1988 

1985-1987 Denmark Milk products 4b Samuelsson et al., 1990 

1986 Austria Raw milk/vegetables 1/2a Allerberger and 

Guggenbichler, 1989 

1988 Denmark Goat cheese 4b McLauchlin et al., 1990 

1989-1990 Denmark Hard cheese (blue-mold cheese) 4b Jensen et al., 2009 

1994 Illinois, USA Chocolate milk 1/2b, 4b Proctor et al., 1995 

1995 France Soft raw milk cheese 4b Goulet et al., 1995 

1997 France Soft cheese 4b Jacquet et al., 1998 

1997 Belgium French camembert cheese 1/2a Gilot et al., 1997 

1998-1999 Finland Butter 3a Lyytikäinen et al., 2000 

1999 France Soft raw milk cheese 4b De Buyser et al., 2001 

2000 North Carolina, USA Home-made Mexican-style cheese 4b MacDonald et al., 2005 

2001 Sweden Soft cheese (raw milk cheese) 1/2a Carrique-Mas et al., 2003 

2001 Japan Washed-type cheese 1/2b Makino et al., 2005 

2003 Texas, USA Mexican-style cheese 4b Swaminathan and Gerner-

Smidt, 2007 

2005 USA Mexican-style cheese 4b Cartwright et al., 2013 

2006 USA Cheese 4b Cartwright et al., 2013 
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2006-2007 Germany Acid curd soft cheese made from pasteurized 

milk 

4b Koch et al., 2010 

2007 USA Milk 4b Centers for Disease Control 

and Prevention, 2008 

2008 USA Mexican-style cheese 1/2a Jackson et al., 2011 

2009-2010 Austria, Germany ‘Quargel’ cheese 1/2a Fretz et al., 2010 

2009-2012 Portugal ‘Queijo fresco’ cheese 4b (Magalhães et al., 2015) 

2013 USA Soft-ripened cheese 4b Choi et al., 2014 

2014-2015 USA Milkshake 1/2a (Li et al., 2017) 
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2.3. Cow and Goat Milk 

2.3.1. Nutritional composition and physicochemical characteristics 

Milk is considered a natural oil-in-water emulsion, where the fat globules are emulsified in 

milk plasma (Walstra, et al., 2005). The milk plasma consists of fine casein micelles particles 

dispersed in the milk serum, which contain such as lactose, serum protein, lipoprotein particles, 

enzymes, vitamins and minerals. Bovine and caprine milk have similar nutritional compositions. 

The protein and fat content of goat milk is higher than cow milk, while the lactose content of cow 

milk is about 0.2-0.5% higher than goat milk (Table 2). Goat milk has a higher proportion of 

monosaccharides and oligosaccharides than cow milk (Amigo & Fontecha, 2011; Park, Haenlein, 

& Wendorff, 2017).  

Table 2. Average nutritional composition of cow milk and goat milk (Park, 2010)  

 Cow milk Goat milk 

Total solids (%) 12.3 12.2 

Protein (%) 3.3 3.5 

Fat (%) 3.6 3.8 

Ash (%) 0.7 0.8 

Lactose (%) 4.6 4.1 

 

 The fat composition and physicochemical properties are remarkably different between goat 

and cow milk, which is important to the dairy industry. The fat globules of goat milk are smaller 

than cow milk, with an average size of around 3.5 and 4.5 μm, respectively (Attaie & Richter, 

2000; Park et al., 2017). The level of short-chain fatty acid (SCFA) in goat milk is significantly 

higher than in cow milk, with 15-18% and 5-9% of SCFA, respectively (Amigo & Fontecha, 2011; 

Park et al., 2017). Smaller fat globules of goat milk with the lack of agglutinin slow down the fat 

aggregation and provide more homogenous and stable dispersion (Amigo & Fontecha, 2011; Park 
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et al., 2017). Also, the specific lauric and capric fatty acid ratio at 12:10 can be used to identify 

adulteration of goat dairy products with cow milk (Park et al., 2017). A unique ‘goaty’ sensory 

character of goat milk is strongly correlated to its free fatty acid fraction of the SCFA, specifically 

caproic (C6:0), caprylic (C8:0), and capric (C10:0) acid (Amigo & Fontecha, 2011; Park et al., 

2017). 

Casein micelles in bovine and caprine milk have a spherical shape with a diameter between 

0.02 to 0.6 µm, while the casein sub-micelles are between 0.008 and 0.02 µm (Attaie & Richter, 

2000). Although cow milk has lower protein content than goat milk, casein in cow milk is slightly 

higher than goat milk (Park et al., 2017). However, the cow milk has less soluble casein than goat 

milk (Juárez & Ramos, 1986). Protein in cow milk is dominated by αS1-casein and β-casein, while 

β-casein is the most abundant protein in goat milk (Ceballos et al., 2009; Park et al., 2017). On 

average, the diameter size of the micelles in cow milk is significantly smaller than the micelles in 

goat milk (Remeuf & Lenoir, 1986). 

2.3.2. Optical properties of milk 

Suspended solids in milk, dominated by fat globules and casein micelles (Figure 1), play 

an important role in determining the optical properties of milk. The colloidal solids in the milk 

absorb and scatter light at various degrees according to their number, size, and refractive index 

(Aernouts et al., 2015b; Walstra and Jenness, 1984; Yin et al., 2014). Thus, these properties can 

be used to rapidly identify the milk quality and profile, such as nutritional compositions and 

particle size (Attaie & Richter, 2000; Stocker et al., 2017; Walstra & Jenness, 1984). Absorption 

coefficient (a) and reduced scattering coefficient (’s) are the parameters that are commonly used 
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to determine the chemical composition of milk or the size of the suspended particles (Aernouts et 

al., 2015; Stocker et al., 2017).  

 
Figure 1. Milk viewed at x500 and x50000 magnification, showing casein micelles and fat 

globules surrounded by milk serum which is whey protein and lactose solution (Mulder & 

Walstra, 1974) 

The light propagation in a medium can be characterized using the radiative transport theory 

(Prahl, 2011) into three optical parameters, which include the absorption coefficient (μa), the 

scattering coefficient (μs), and the phase function (𝑝). The phase function represents the fraction 

of scattered light from one direction to another direction, where the average cosine of this 

parameter is called the anisotropy coefficient (g). Instead of using the scattering coefficient, the 

reduced scattering coefficient (μ’s) is used to describe scattering if the anisotropy coefficient is 

unknown (Aernouts et al., 2015; Prahl, 2011). By measuring the reflectance and the transmittance 

of the light using an integrating sphere and taking the refractive index of the milk into account, the 

light scattering and absorption incident caused by the particles can be identified (Aernouts et al., 

2015; Gunter-Ward et al., 2018; Prahl, 2011). 

The light scattering in milk, which results in the turbid white appearance, occurs due to the 

suspended particles that are larger than the molecular dimensions of the surrounding medium, 
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where these particles have different refractive indexes from the refractive index of the surrounding 

medium (Gunter-Ward et al., 2018; Walstra & Jenness, 1984). The scattering effect caused by low 

concentrated particles, such as somatic cells, or very small molecules, such as serum protein, is 

insignificant and can be neglected (Walstra & Jenness, 1984). Big particles such as fat globules 

are the main contributor to the visible (Vis) and near-infrared (NIR) light scattering in milk, while 

casein micelles scatter less light than fat globules do due to their smaller particle size (Aernouts et 

al., 2015; Walstra et al., 2005). However, the small size of casein micelles makes them scatter 

more short wavelength than long wavelength light (Mulder & Walstra, 1974). The micelles with 

higher content of colloidal calcium phosphate can significantly increase the scattering incident 

(Walstra & Jenness, 1984).  

Molecules in milk absorb light to various degrees depending on the wavelength of light. 

Milk has a weak incident of visible light absorption, mainly contributed by riboflavin in milk serum 

and -carotene in milk fat (Walstra & Jenness, 1984). The ultraviolet absorption in milk is strongly 

affected by the aromatic rings of tyrosine and tryptophan and double bonds of the milk fat. In 

contrast, strong water vapor absorption bands and other bands such as aliphatic ester bonds and 

CH2 of lipids, peptide bonds of proteins, OH groups of lactose, and undissociated COOH groups 

contribute to the infrared light absorption in milk. 

2.4. UV-C Irradiation of Milk 

2.4.1. Microbial inactivation by UV irradiation of milk 

Studies show that UV-C resistance varied between types, species, or strains of 

microorganisms in milk. Among microorganisms in raw bovine milk, yeast/mould have the highest 

resistance against UV irradiation, specifically compared to Escherichia coli, 
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Staphylococcus aureus, coliforms and mesophilic aerobic microorganisms (Engin & Yuceer, 

2012). Studies indicate that specific strains of spore-forming bacilli such as Bacillus cereus, 

Bacillus pumilus, Bacillus subtilis, and Paenibacillus lautus are more resistant to UV irradiation 

compared to non-spore-formers bacteria such as E. coli O157:H7, Salmonella enterica 

subsp. enterica serovar Senftenberg, Yersinia enterocolitica subsp. enterocolitica, S. aureus, 

Campylobacter jejuni, Serratia marcescens subsp. marcescens, Aeromonas hydrophila, and 

L. monocytogenes (Choudhary et al., 2011; Rossitto et al., 2012). However, Bacillus licheniformis 

strain ATCC 14580 shows a similar to lower UV-C resistance to other strains of several non-spore-

forming bacteria species (Rossitto et al., 2012). B. cereus NCTC 7464 strains also have lower 

UV-C resistance than non-spore former S. aureus NCTC 6571 and Listeria innocua NCTC 11288 

(Papademas et al., 2020). These studies exhibit that the UV resistance of bacteria in milk might be 

strain-dependent and not correlated to the ability to form spores. 

A study on UV-treated breast milk reported no significant difference between the 

exponential reduction of E. coli K12 ATCC 1498, Staphylococcus epidermidis ATCC 1222, 

Enterobacter cloacae ATCC27508, B. cereus ATCC 10702 and S. aureus ATCC 6538 under the 

same UV-C treatment (Christenet et al., 2013). However, UV studies on milk observed that 

L. monocytogenes or L. innocua had a higher UV-C resistance than E. coli O157:H7 (Crook et al., 

2015; Papademas et al., 2020; Rossitto et al., 2012). Beauchamp and Lacroix (2012) investigated 

the effect of the UV-C irradiation on the DNA of L. monocytogenes and E. coli, where they 

identified the importance of the nucleic structure on the UV-C resistance of the bacteria. 

L. monocytogenes with a high degree of genome condensation was more resistant to 

electromagnetic radiation, while E. coli with more uniformly distributed nucleoid was more 
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susceptible to the electromagnetic radiation. This study also assumed that the thick peptidoglycan 

cell wall of L. monocytogenes might provide a protective effect against the UV-C irradiation. 

Studies observed that a selection of Gram-negative and Gram-positive pathogens differ in 

their resistance to UV-C irradiation (Crook et al., 2015; G. Lu et al., 2011; Rossitto et al., 2012), 

although these studies showed that the Gram stain category does not correlate well with sensitivity 

to UV-C irradiation. Rossitto et al. (2012) observed D-values of milk-borne pathogens in UV-C-

irradiated 3.5% fat pasteurized milk from 293 to 365 J/L, in order from lowest to highest, namely 

A. hydrophila ATCC 7966, Y. enterocolitica ATCC 9610, E. coli O157:H7 ATCC 43888, 

S. aureus ATCC 29213, L. monocytogenes ATCC 43256, S. marcescens ATCC 13880, C. jejuni 

ATCC 33560, and S. Senftenberg ATCC 43845. Using a similar UV apparatus, Crook et al. (2015) 

reported various UV-C fluences needed to reduce 4-log cycles of milk-borne pathogens in UHT 

whole milk from 1150 to 1700 J/L with a different order from lowest to highest: Y. enterocolitica 

ATCC 9610, A. hydrophila ATCC 7966, S. aureus ATCC 29213, E. coli O157:H7 ATCC 43888, 

S. marcescens ATCC 13880, S. Senftenberg ATCC 43845, and L. monocytogenes ATCC 43256. 

Log reductions of total aerobic count in milk vary between studies and are most likely 

influenced by the UV apparatus and UV fluence. Studies exhibit aerobic plate count (APC) 

reduction by less than 3 log CFU/ml in raw cow milk treated with a UV-C fluence of 

16.822 mJ/cm2 (Bandla et al., 2012) and with UV intensity of 11.8 W/m2 for 5 minutes (calculated 

UV-C fluence is about 3540 mJ/cm2) (Hu et al., 2015). On the other hand, other studies show 

around 4-log reduction of APC was achieved in raw bovine milk treated with a thin-film laminar 

flow UV reactor at a UV-C fluence of 109.9 mJ/cm2 (Makarapong et al., 2020) and with a turbulent 

flow UV system at UV-C fluence of 430 mJ/cm2 (Cilliers et al., 2014). However, with the same 

UV system and UV fluence, Lu et al. (2011) revealed that the inactivation of the indigenous 
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microorganisms is lower than the inoculated pure strains in raw milk. They speculated that the UV 

resistance of the indigenous microorganisms was due to the activated UV resistance genes of the 

subpopulation of microorganisms or due to the presence of several strains with higher UV-C 

resistance than the pure strains. 

Only a few studies have reported the UV inactivation of viruses in milk. A group of 

researchers used bacteriophages MS2 and T1UV, which have a linear UV-C fluence response, to 

verify the UV-C fluence in skim milk (Gunter-Ward et al., 2018; Ward et al., 2019). With a 

collimated beam device and a dean flow spiral UV reactor, UV-C fluences of 150 /cm2 and 

168.33 mJ/cm2 were required to inactivate 5 logs of MS2, respectively. In contrast, T1UV required 

only 31 mJ/cm2 and 21.6 mJ/cm2 to achieve 5-log cycles inactivation using the same UV 

instruments. Another study observed the UV inactivation of Cytomegalovirus (CMV) in breast 

milk using a UV-C lightbox apparatus, where 0.5 mm depth of CMV infected breast milk was 

treated with various irradiation times and sample-lamp distances (Lloyd et al., 2016). This study 

showed that a UV-C fluence of 64 mJ/cm2 could prevent the full replication activity of CMV with 

only less than 1% of cells with intracellular CMV protein detected. 

2.4.2. UV-C irradiation as a non-thermal processing alternative to thermal pasteurization 

of milk 

Thermal processing treatments such as high-temperature short-time (HTST) treatments are 

globally used to pasteurize milk. Thermal pasteurization has become a gold standard in the dairy 

industry due to its highly regulated and proven technology to retain the milk quality and ensure 

safety. However, thermal pasteurization has some drawbacks, such as more food waste and high 

water and energy usage (Picart-Palmade, et al., 2019). The heat applied to milk could denature 
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protein, degrade flavour, and reduce the content of heat-sensitive nutrients and bioactive 

components (Crook et al., 2015; Engin & Yuceer, 2012; Guneser & Karagul Yuceer, 2012; Kaptan 

& Keser, 2018). Thus, there is significant interest in the development of novel non-thermal 

technologies (Kaptan & Keser, 2018; Shabbir et al., 2021), including UV-C irradiation (Delorme 

et al., 2020; Koutchma, Bissonnette, & Popovic, 2019), to pasteurize milk without loss in quality. 
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Table 3. Milk-borne pathogens treated by various types of UV apparatus in according to milk types with at least 5 logs of  inactivation 

References UV apparatus 
UV lamp & 

wavelength 

Milk 

sample 
Organism Strains UV Fluence 

Log reduction 

(log CFU/ml) 

Matak et al., 

2005 

Thin-film CiderSure 

3500A apparatus 

LPM lamp, 254 

nm 

Raw Goat 

milk 

L. monocytogenes L-2289 15.8 mJ/cm2 >5 

Lu et al., 

2011 

Coiled tube 

continuous dean flow 

UV system 

low-pressure 

electrodeless 

lamp, 253.7 nm 

Full cream 

UHT milk 

L. monocytogenes ATCC 7644, ATCC 

19114, ATCC 19111, 

ATCC 15313 

21.3 mJ/cm2 >6 

  
   

Mycobacterium 

tuberculosis 

ATCC 25177, ATCC 

2729 

21.3 mJ/cm2 >6 

  
   

E. coli  ATCC 25922, ATCC 

15597, ATCC 11229 

21.3 mJ/cm2 >6 

  
   

S. aureus  ATCC 25923, ATCC 

6538, ATCC 49444 

21.3 mJ/cm2 >6 

  
   

Salmonella enterica 

subsp. enterica serovar 

Typhimurium 

ATCC 14028, ATCC 

6539, ATCC 19585 

21.3 mJ/cm2 >6 

  
   

Shigella flexneri ATCC 12022, ATCC 

29903, ATCC 9199 

16.0 mJ/cm2 >6 

  
   

P. aeruginosa ATCC 27853, ATCC 

10145, ATCC 9027 

21.3 mJ/cm2 >6 

  
   

Lactococcus lactis 

subsp. lactis 

ATCC 19435, ATCC 

7962, ATCC 29146 

21.3 mJ/cm2 >6 

  
      

  

Crook et al., 

2015 

Thin-film turbulent 

flow system 

(SurePure) 

LPM Lamp, 

253,7 nm 

Pasteurized 

whole milk 

S. Senftenberg  ATCC 43845 1950 J/L 5 

  
   

S. marcescens subsp. 

marcescens  

ATCC 13880 1800 J/L 5 

  
   

L. monocytogenes  ATCC 43256 2000 J/L 5 

  
   

Y. enterocolitica  ATCC 9610 1550 J/L 5 

  
   

A. hydrophila  ATCC 7966 1500 J/L 5 
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E. coli O157:H7  ATCC 43888 1500 J/L 5 

  
   

S. aureus subsp. aureus  ATCC 29213 1450 J/L 5 

Kasahara et 

al., 2015 

Lambda 

PhysikCOMPex 110 

pulsed laser, 

monochromatic 

exciplex pulsed UV 

unit 

Pulsed laser, 248 

nm 

Raw Goat 

milk 

E. coli  DH5α 10000 mJ/cm2 6 

  
      

  

Alberini et 

al., 2015 

Swirl-tube SurePure 

Turbulator™ 

LPM Lamp, 254 

nm 

UHT milk S. marcescens  ATCC 13880 860 kJ/m3 5 

  
   

A. hydrophila  ATCC 7966 645 kJ/m3 5 

  
   

L. monocytogenes  ATCC 43256 980 kJ/m3 5 

  
   

E. coli  ATCC 4388 300 kJ/m3 5 

  
      

  

Gunter-

Ward et al., 

2018 

Bench top collimated 

beam system 

LPM Lamp, 

253,7 nm 

Pasteurized 

skim milk 

E. coli  ATCC 25922 11.4 mJ/cm2 5 

  
   

S. Typhimurium  ATCC 13311 13.8 mJ/cm2 5 

  
   

L. monocytogenes  ATCC 19115 12.3 mJ/cm2 5 

  
      

  

Ward et al., 

2019 

Dean-flow spiral 

reactor 

LPM Lamp, 254 

nm 

Pasteurized 

skim milk 

E. coli  ATCC 25922 17.15 mJ/cm2 5 

  
   

S. Typhimurium  ATCC 13311 21.1 mJ/cm2 5 

        L. monocytogenes  ATCC 19115 16.15 mJ/cm2 5 
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Looking at the microbiological characteristics of the UV-C treated milk, UV-C irradiation 

is a potential non-thermal method as an alternative for thermal milk pasteurization. Prior studies 

showed that UV-C irradiation in milk can achieve at least 5-log reduction of Gram-positive and 

Gram-negative pathogens in milk using various UV fluences, UV apparatus, and milk types, as 

shown in Table 3. Studies compared UV-C light treatment with heat pasteurization treatment in 

milk with similar results. UV-C light treatment is similar or less effective on microorganism 

inactivation than thermal pasteurization (Cilliers et al., 2014; Engin & Yuceer, 2012; Teixeira et 

al., 2013). Thermal pasteurization at 65 °C for 30 min of raw milk achieved 4-log reduction of 

aerobic mesophilic bacteria and yeasts/moulds, while UV-C treatment at UV fluence 13.87 J/mL 

achieved two and one log reduction of aerobic mesophilic bacteria and yeasts/moulds, respectively 

(Engin & Yuceer, 2012). Heat treatment of colostrum (63 °C for 60 min) and increase-bacterial-

contaminated milk from mastitic cows (72 °C for 15 s) show a higher reduction of total bacterial 

counts compared to both samples treated with UV-C treatment at 45 J/cm2 (Teixeira et al., 2013). 

However, Cilliers et al. (2014) observed a similar reduction of aerobic microorganism count 

between pasteurization (at 73.5 °C for 15 s) and UV-C treatment (at UV-C fluence 430 mJ/cm2) 

on full cream raw milk. 

A combination of heat treatment and UV-C irradiation improved microbial inactivation 

without reducing other aspects of milk quality. A UV pre-treatment (absorbed UV fluence around 

2.37 J/ml) combined with thermal treatment (110 oC for 20-50 s) of skimmed cow milk achieved 

>5-log inactivation of B. subtilis spores (Ansari et al., 2019). The UV pre-treatment sensitizes 

Bacillus spores and generates higher inactivation during the thermal treatment. UV-C treatment 

with UV fluence 2.64 J/ml could inactivate up to 3.5 logs of Geobacillus stearothermophilus 

spores in milk (Ansari et al., 2020). This UV-C treatment was applied to pasteurized milk, resulting 
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in a significant increase of the cold storage shelf life of milk from 26 days to 54 days without any 

adverse effect on the physicochemical properties. 

 Although germicidal UV-C radiation can be considered a green technology because it is 

economical compared to thermal pasteurization and does not leave any residue or introduce toxins 

(Ortega-Rivas, 2012), it has a few drawbacks as well. In the food processing line, mercury lamp 

usage should be followed with precautions to avoid mercury contamination due to lamp breakage. 

Furthermore, suspended and dissolved solids in treatment solutions interfere with the UV-C light 

transmission and shorten its penetration depth, which reduces the germicidal effectiveness of 

UV-C (Bintsis, Litopoulou-Tzanetaki, & Robinson, 2000; Müller, et al., 2011). Therefore, a good 

understanding of the behaviour of UV-C light in liquids with high optical absorbance and its effect 

on the germicidal properties is required. 

UV light spectrum can oxidize protein and fat in milk, causing off-flavours (Choudhary & 

Bandla, 2012; Crook et al., 2015; Hu et al., 2015; Cilliers et al., 2014; Matak et al., 2007; Rossitto 

et al., 2012). Engin and Yuceer (2012) reported that UV-C irradiation generates some volatiles in 

the milk; however, the triangle test result indicated a similar flavour between pasteurized milk and 

UV-C-treated milk. Cappozzo et al. (2015) reported that continuous UV irradiation at 1,045 and 

2,090 J/L does not significantly change the volatile components, fatty acid, and protein profiles of 

raw milk. More research is needed to develop optimal UV-C irradiation for milk pasteurization 

with optimal germicidal efficacy but minimal impact on the sensory profile. 
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2.4.3. Inactivation kinetics of L. monocytogenes by UV-C irradiation in milk and other 

liquid foods 

Studies have shown the capability of UV-C irradiation to reduce L. monocytogenes by 

5 logs in various types of milk with various inactivation kinetics (Alberini et al., 2015; Crook et 

al., 2015; Gunter-Ward et al., 2018; Matak et al., 2005). The UV-C irradiation using a collimated 

beam device on L. monocytogenes ATCC 19115 in pasteurized skim milk shows that the 

Log-linear model best describes the correlation between the inactivation rate of the strain and the 

given UV fluence (Gunter-Ward et al., 2018). Moreover, a study of breast milk treated with a 

UV-C lamp-equipped fabricated box demonstrated that the UV-C fluence-response behaviour of 

combined L. monocytogenes strains (LFMH L1–10 serotype 1/2c and LFMH L2–10 serotype 4b) 

exhibited a biphasic inactivation curve followed by a slight slope of tailing phase (Gabriel & 

Marquez, 2017a).  

Matak et al. (2005) showed that the UV-C fluence and the reduction of L. monocytogenes 

strain FSL X1-003 as a result of the UV irradiation using a thin-film UV system (SurePure 3500A) 

of fresh goat milk has a non-linear relationship, marked by a plateau at the commencement and a 

lag phase at the end of the highest UV-C fluence exposure. A study with a similar UV system (a 

thin-Film turbulent flow system by SurePure) observed that mixed Weibull best described the 

inactivation of L. monocytogenes ATCC 43256, compared to other models such as Log-linear 

(with or without shoulder and tail), biphasic (with or without shoulder), and Weibull (Crook et al., 

2015). Another study by Alberini et al. (2015), which uses a similar thin-film UV-C device, 

“SurePure Turbulator™’’, indicated that the inactivation of the same L. monocytogenes strain in 

UHT milk by UV-C irradiation has a coefficient of determination (R2) of 0.73 and 0.81 for the 
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fitting by first order and Double Weibull models, respectively. This poor fit is due to the existence 

of a double concavity pattern. 

Gouma et al. (2015) observed that the inactivation of L. monocytogenes STCC 5672 in 

apple juice with a combined treatment of UV-C irradiation and mild heat has a shoulder phase in 

a lower temperature, which begins to disappear as the temperature increases to 57.5 °C. Its survival 

curve best fits the non-log-linear model by Geeraerd et al. (2000). On the other hand, the 

inactivation of L. innocua ATCC 51742 in apple juice treated with a continuous-flow UV device 

has a first-order inactivation kinetic with a correlation coefficient of 0.978 (Guerrero-Beltrán & 

Barbosa-Cánovas, 2005). Other studies have reported that L. monocytogenes in coconut water 

followed log-linear inactivation kinetics with the coefficient of correlations higher than 0.9, 

although the strains and the UV irradiation methods were different between studies (Bhullar et al., 

2018; Gabriel & Colambo, 2016). Different reported inactivation kinetics models of the UV 

irradiated L. monocytogenes are most likely due to several factors such as the properties of the 

liquid medium and UV irradiation equipment. These factors are even more crucial for the UV 

irradiation in opaque liquids, including milk, due to the UV light attenuation by the suspended 

particles (Koutchma, 2020; Patras et al., 2020).  

2.5. Factors Influencing the Efficacy of UV-C Irradiation 

2.5.1. The effect of milk composition and physicochemical properties on the efficacy of 

UV-C irradiation 

UV-C inactivation of microorganisms suspended in clear liquid has significantly higher 

efficacy than in liquid with high opacity (Choudhary & Bandla, 2012; Koutchma, et al., 2004; 

Müller et al., 2011). Researchers tried to identify the key factors affecting UV-C germicidal 
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efficacy in an opaque liquid, such as milk. Milk has a high opacity due to the content of suspended 

colloidal particles of casein micelles and fat globules, and certain minerals (Bylund, 1995). A study 

on colostrum, which has higher fat and protein content than regular whole milk, showed that UV 

inactivation at 45 J/cm2 for 7.5 minutes has lower log reduction (0.4-1.4 log reduction) of several 

strains of S. Typhimurium, E. coli, Acinetobacter baumanni, S. aureus, Streptococcus agalactiae, 

and L. innocua than regular whole milk (2.8-3.7 log reduction) (Pereira et al., 2014). Another study 

observed a positive correlation between the total solids in breast milk and the UV-C fluence needed 

to achieve equal log reduction (Christen et al., 2013). These studies indicate that the total solids of 

the milk inversely influence the efficacy of UV-C irradiation. 

Using a coiled tube UV reactor at 11.187 mJ/cm2 with various combinations of flow rate 

and tube inner diameter, the UV inactivation of E. coli W1485 in skimmed cow milk achieved 

higher log reductions (0.46-4.14 log reduction) than in the higher fat content raw cow milk 

(0.47-7.78 log reduction) (Choudhary et al., 2011). This study observed a similar pattern of the 

inactivation rate of B. cereus endospores of strain ATCC Preceptrol® in raw milk (1.06-2.65 log 

reduction) and skimmed milk (1.29-2.72 log reduction), but with a more subtle difference. 

However, the UV reactor design may also modulate the effect of the fat on the UV irradiation 

efficacy. A study using a thin film UV reactor with a flow guiding element showed no difference 

in the inactivation of E. coli DH5ɑ in 0.3% fat and 3.8% fat UHT milk (Gök et al., 2021). 

Among skim cow milk (0.1% fat, 8.81% total solids), whole cow milk (3.5% fat, 12% total 

solids), and sheep milk (5.24% fat, 16.19% total solids), Ansari et al. (2019) reported that the 

highest B. subtilis ATCC 6633 spore inactivation using a coiled tube UV reactor was achieved in 

skim cow milk, while the lowest inactivation was in sheep milk (highest fat content). This study 

indicated that the UV inactivation is positively correlated with the Reynolds number of the milk, 
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influenced by the density, viscosity, fat, and total solids concentration. However, Müller et al. 

(2011) observed that with sufficient dean vortices in a dean flow UV reactor, there was no 

correlation between the Lactobacillus plantarum BFE 5092 inactivation rate and the fluid viscosity 

and density. Studies in milk and other liquid types also confirmed no correlation between pH and 

microbial inactivation efficacy by UV-C irradiation (Ansari et al., 2019; Gayán et al., 2015; 

Koutchma & Parisi, 2004). Prior studies on various types of juice also reported that the efficacy 

of UV-C inactivation was not affected by the turbidity of the liquid (Akgün & Ünlütürk, 2017; 

Müller et al., 2011). 

2.5.2. The effect of milk optical properties on the efficacy of UV-C irradiation 

Studies stated an inverse relationship between the UV-C inactivation rate and absorption 

coefficient (μa) of milk, which is influenced by the suspended particles in the milk (Ansari et al., 

2019; Choudhary et al., 2011). The absorption coefficient is an optical measure used to express 

the light absorption rate in a food matrix (Choudhary & Bandla, 2012; Choudhary et al., 2011). 

Choudhary et al. (2011) reported that the reduction of E. coli W1485 and B. cereus ATCC 

Preceptrol® strains was lower in whole raw milk with an absorbance coefficient at 220 /cm than 

in skimmed milk at 170 /cm. Ansari et al. (2019) reported the log reduction of B. subtilis by UV-C 

treatment (D Act 2.37 ± 0.126 J/ml, 150 ml/min, 18 s) and thermal treatment (110 °C, 20 s) in 

skim milk (μa at 170.6 /cm), whole cow milk (μa at 326.13 /cm), and sheep milk (μa at 337.3 /cm) 

at 5.47, 1.96, and 0.73 log CFU/ml, respectively. These studies suggested that dissolved and 

suspended solids in milk absorb the UV-C light, reducing the UV-C light penetration in milk and 

resulting in a lower microbial inactivation rate of UV-C irradiation.  
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The absorption coefficient of the liquid affects the UV inactivation rate directly, in which 

a higher absorption coefficient results in lower microbial inactivation by UV irradiation (Akgün 

& Ünlütürk, 2017; Gayán et al., 2015; Koutchma & Parisi, 2004; Müller et al., 2011). Using an 

annular UV reactor at the same fluence, the inactivation of E. coli K12 ATCC 25253 inoculated 

in clear buffer, 0.13% caramel solution, apple juice, 0.4% caramel solution, apple cider, and 0.7% 

caramel solution with absorption coefficient at 0.16, 0.7, 1.61, 1.8, 3, and 3.2 /mm, could reach 

7.2, 2.4, 1.08, 0.89, 0.25, and 0.35 log reduction, respectively (Koutchma & Parisi, 2004).  

Using a dean flow reactor at 3.9 kJ/L, Müller et al. (2011) reported a 6-log reduction of 

L. plantarum BFE 5092 was achieved in cloudy apple juice with the lowest optical density 

(OD254nm) of 21 and absorption coefficient of 48.4 /cm, followed by a 1.5-log reduction in blood 

orange juice with optical density (OD254nm) of 84.4 and absorption coefficient of 194.3 /cm, and 

less than 0.5-log reduction in elderberry nectar with optical density (OD254nm) of 143 and 

absorption coefficient of 329.3 /cm. Using thin-film flow-through reactors, Gayán et al. (2015) 

showed an inverse linear relationship between the log reduction of L. monocytogenes STCC 5672 

and absorption coefficient of the medium. Akgün and Ünlütürk (2017) also observed a higher 

inactivation rate of E. coli K12 ATCC 25253 in pasteurized clear apple juice at 3.92 logs compared 

to fresh cloudy apple juice at 1.64 logs when treated with UV-LEDs unit with UV fluence at 

707.2 mJ/cm2.  

2.5.3. The effect of UV system design on the efficacy of UV-C irradiation 

The UV-C light wavelength at 254 nm was proven to carry out higher inactivation of E. coli 

O157:H7 in pasteurized whole bovine milk than the lower or higher UV-C wavelengths (F. Yin et 

al., 2015). Most studies on the microbial inactivation efficacy of UV-C irradiation on milk were 
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using the conventional LPM lamp. However, one study observed that a low-pressure electrodeless 

UV lamp has higher incident intensity than an LPM UV lamp at the same wavelength (Lu et al., 

2011). Treating sterilized whole cream milk with the same UV apparatus and dosage, Lu et al. 

(2011) observed that pathogenic strains were reduced by more than 6 logs when using an 

electrodeless lamp. In comparison, most strains were only reduced between 3-5 logs when using a 

mercury lamp. Further study on UV inactivation on milk using an LED lamp or an electrodeless 

lamp is needed to develop a more energy-efficient UV system for possible food industry 

applications.  

One of the lab-scale UV instruments used in research is the continuous-flow-through coiled 

tube UV reactor, where the tube is coiling around the LPM lamp, which emits UV light at 253.7 nm 

(Bandla et al., 2012; Choudhary et al., 2011; G. Lu et al., 2011; Müller et al., 2011; Ward et al., 

2019). This UV reactor makes use of the coiled tube to generate a dean flow, which creates a 

mixing movement inside the tube due to the centripetal forces caused by the bent tube (Bandla et 

al., 2012; Müller et al., 2011; Ward et al., 2019). The dean flow brings the liquid to the surface 

evenly and provides homogenous UV exposure (Bandla et al., 2012; Ward et al., 2019). The depth 

of the UV light penetration is very shallow due to the high opacity of milk. Thus, bringing the milk 

to the surface of the tube while passing through the coiled tube will improve the treatment efficacy 

(Ward et al., 2019). 

An additional 2.5-log reduction of L. plantarum in blood orange juice was achieved by 

increasing the flow rate of the UV dean flow reactor and causing the dean number to increase from 

roughly 32 to 256 (Müller et al., 2011). In line with this study, Choudhary et al. (2011) showed 

that increasing flow rate, result in a higher Reynolds number, can improve the efficacy of the UV-C 

inactivation on specific strains of E. coli and B. cereus in milk. Not only the flow rate, but studies 
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also observed a higher UV-C inactivation of E. coli in milk when the inner diameter of the tube 

was reduced by half (Choudhary et al., 2011; Lu et al., 2011).  

Even with lower flow rates, the UV-C irradiation with a smaller tube inner diameter still 

results in higher E. coli inactivation (Lu et al., 2011). This study demonstrated 6 logs of E. coli 

reduction using a 1.5 mm tube at a flow rate of 17.3 L/h, while only 3.9-log reduction was achieved 

using a 3.0 mm tube at a flow rate of 28.8 L/h. The highest flow rates combined with the smallest 

inner diameter tube, which results in the highest Reynolds number, indicating the highest E. coli 

inactivation in milk treated with the coiled tube UV apparatus (Choudhary et al., 2011; Lu et al., 

2011). 

2.6. Concluding Perspective 

Non-thermal technologies, including UV-C irradiation, have been extensively studied for 

food processing, including milk pasteurization. Reported findings provide scientific evidence of 

the prospective benefits of UV-C irradiation in inactivating pathogens in milk. However, there are 

many factors affecting the UV-C propagation in milk that is known and unknown, affecting UV-C 

treatment efficacy. As summarized in this review, some known factors are the UV-C system 

design, chemical composition, and optical properties of milk. However, there is no agreed or 

standardized method to incorporate these factors in the UV-C fluence calculation. Moreover, there 

might be unknown factors that are yet discovered. These gaps become a challenge for this 

technology to be utilized for commercial applications. Thus, future research is required to gain a 

more comprehensive understanding of these crucial factors and incorporate them in the UV-C 

fluence calculation method, which can measure the efficacy accurately and accommodate numbers 

of UV-C equipment and types of liquid food. 
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CHAPTER 3. DETERMINATION OF THE UV-C 

INACTIVATION KINETICS MODEL AND REQUIRED 

FLUENCES FOR INCREMENTAL LOG INACTIVATION OF 

SEVERAL DAIRY-ASSOCIATED LISTERIA MONOCYTOGENES 

STRAINS IN PHOSPHATE-BUFFERED SALINE 

3.1. Abstract 

Researchers has been disagreed about the required UV-C fluence for microbial inactivation 

due to various interpretation of UV-C fluence and its measurement methods. The objective of this 

study was to model the UV-C inactivation kinetics and determine the fluences required for the 

incremental log inactivation of ten dairy-associated L. monocytogenes strains suspended in 

phosphate-buffered saline (PBS). Ten L. monocytogenes dairy isolates belonging to serotype 1/2a, 

1/2b, and 4b were individually inoculated in PBS and treated in triplicates with UV-C fluences of 

0, 2, 4, 6, 8 and 10 mJ/cm2 using a collimated beam device emitting UV-C at 254 nm. Exposure 

time for each UV fluence was calculated using International Ultraviolet Association (IUVA)-

published methods. All experiments were performed in triplicate. 

The log reduction from each treatment was identified using the plate count method and 

plotted against UV-C fluence. Linear and non-linear regression curve fitting using GInaFiT version 

1.7 were attempted. The UV-C fluences required for incremental log inactivation for each isolate 

were determined based on the best-fit model. The survival behaviours of all strains were best fitted 

to the Weibull+tail model with correlation coefficients between 97.42-99.64% was proposed to 

describe the incremental log inactivation of all strains. The required UV-C fluence to inactivate 
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1-log cycle (D10 value) of L. monocytogenes isolates in buffer were between 2.66 and 3.67 mJ/cm2. 

A complete understanding of the UV-C fluence response of L. monocytogenes in PBS using 

collimated beam can help improve the determination of UV-C fluences required to inactivate 

L. monocytogenes in opaque liquid such as milk. 

3.2. Introduction 

Unpasteurized dairy products, including milk, cheese and butter, may contain 

L. monocytogenes, causing Food-borne listeriosis cases (Lopez-Valladares et al., 2018; Lundén et 

al., 2004; Swaminathan & Gerner-Smidt, 2007). L. monocytogenes is capable of growing in raw 

milk or in refrigerated pasteurized milk due to its ability to grow in a wide range of temperature 

and its specific strains that can survive inadequate heat treatment, leading to re-contamination of 

the processed milk (Bradshaw et al., 1985; Oliver et al., 2005). L. monocytogenes serotypes 1/2a, 

1/2b, and 4b are reported to be the leading cause of bacterial infections in humans, which are also 

the most frequent types that accounted for the vast major outbreaks related to dairy products 

(Lopez-Valladares et al., 2018; Lundén et al., 2004; Swaminathan & Gerner-Smidt, 2007). Thus, 

comparing L. monocytogenes strains with serotypes 1/2a, 1/2b, and 4b with various lab techniques 

or locations can be considered a “gold standard” (Borucki & Call, 2003). 

Thermal pasteurization has some drawbacks despite of being a gold standard in the dairy 

industry and proven to be able to retain milk quality and ensure safety to the consumers. Thermal 

processing use relatively higher volume water and energy than non-thermal processing (Picart-

Palmade et al., 2019). The applied heat could denature milk protein, change the sensory properties, 

and degrade the concentration level of heat-sensitive nutrients and bioactive components (Crook 

et al., 2015; Engin & Yuceer, 2012; Guneser & Karagul Yuceer, 2012; Kaptan & Keser, 2018). 
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Thus, researchers have explored the use of several non-thermal technologies to inactivate 

pasteurize milk that could ensure quality (Kaptan & Keser, 2018; Shabbir et al., 2021). Studies 

have shown the capability of UV-C irradiation to reduce 5 logs of L. monocytogenes in various 

types of milk (Alberini et al., 2015; Crook et al., 2015; Gunter-Ward et al., 2018; Matak et al., 

2005). However, it is difficult to compare the results between UV inactivation studies due to 

various UV fluence calculation methods (Crook et al., 2015; Hu et al., 2015; Kasahara et al., 2015; 

Rossitto et al., 2012; Yin et al., 2015). The mentioned studies reported a wide range of required 

UV fluences with different units to inactivate the L. monocytogenes in milk (Ansari et al., 2020; 

Dhahir et al., 2020; Papademas et al., 2020).  

It is critical to have an adequate understanding on the factors affecting the impact of UV 

irradiation on microorganism in milk. The effect of UV irradiation on microorganism is strongly 

affected by the type of species and strain, growth phase, cell wall structure, and initial count, all 

of which in turn influence the UV sensitivity and its DNA reparability (Beauchamp & Lacroix, 

2012; Delorme et al., 2020; Gayán et al., 2015; Gayán, Condón, & Álvarez, 2014a). Other 

environmental and processing factors such as, poor UV fluence distribution, higher treatment 

temperature, presence of visible light, and sub-lethal stress prior to UV treatment could help the 

microorganism increase its UV resistance (Delorme et al., 2020; Gayán et al., 2014a; Gayán, 

Condón, & Álvarez, 2014b). However, the inactivation efficacy of UV in milk also depends on 

the optical properties of milk due to the poor penetration capability of UV light (Koutchma, 2009; 

Patras et al., 2020). Thus, investigating the UV-C fluence response in a clear liquid is crucial to 

avoid any involvement of suspended particles that might interfere with the UV fluence deliverance 

to the microorganism. 
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A UV-C with a Low-pressure mercury (LPM) lamp bench-scale collimated beam device 

was used in this study (Bolton, Beck, & Linden, 2015). The IUVA-published protocol was used to 

determine the fluence. Four correction factors considered in the methods are the petri, reflection, 

divergence, and water factors (Bolton & Linden, 2003). The petri factor is used to correct the UV 

irradiance reading at the center by considering the UV irradiance incident varies over the water 

surface area. Considering that a small part of the beam is reflected off from the water surface due 

to refractive index changes from air to water, the reflection factor is calculated. The absorbed beam 

by the water was taken into account in the UV-C fluence determination by taking the water factor 

into account. The divergence factor is included in the UV-C calculation considering that the UV 

beam is not perfectly collimated because the distance between the lamp and the water surface is 

more than about four times the aperture diameter between distances from the lamp, causing the 

divergence of the beam. This study was conducted to determine the UV-C fluence required for 

incremental log inactivation of several dairy-associated L. monocytogenes strains in PBS treated 

by a collimated beam device, and to propose their kinetic models of inactivation. 

3.3. Materials and Methods 

3.3.1. L. monocytogenes strains selection and culture growth 

A total of 10 L. monocytogenes strains of serotype 1/2a, 1/2b, and 4b, isolated from milk, 

dairy manure, and cheese, were obtained from Health Canada and Laboratory Services of 

University of Guelph (Table 4). All primary stock cultures were cryopreserved at -80 °C. 
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Table 4. List of L. monocytogenes strains used in the research 

Strain 

Identifier 
Serotype 

Source of 

Isolation 
Origin of strain 

LI0530 1/2a Raw milk University of Guelph, Laboratory Services 

V37CE 4b Raw milk University of Guelph, Laboratory Services 

H18 4b Milk University of Guelph, Laboratory Services 

HPB 3078 1/2a Soft cheese Health Canada 

HPB 4488 1/2a Milk Health Canada 

HPB 4476 1/2a Dairy manure Health Canada 

HPB 4475 1/2b Dairy manure Health Canada 

HPB 6629 1/2b Milk Health Canada 

HPB 4457 4b Dairy manure Health Canada 

HPB 4493 4b Milk Health Canada 

 

For the UV-C irradiation experiment, working stock cultures of all strains were prepared 

by streaking a loopful of the primary stock on TSA and incubating overnight at 37 C. A single 

isolated colony from the plate was inoculated to 10 ml TSB and incubated overnight at 37 C. 

Cells were harvested by centrifugation at 4000 xg for 10 min and washed with 10 ml of PBS 

(0.01 M PBS pH 7.4). The pellet was resuspended in PBS to make a cell suspension with A254 

(absorbance at 254 nm) lower than 1.0 cm-1. 

3.3.2. Media preparation 

PBS 0.01 M at pH 7.4 was used as a media for L. monocytogenes inoculation. CM buffer 

(CMB) at pH 7.5 was used for bacteriophage inoculation in biodosimetry. The absorption spectrum 

of PBS and CMB at wavelengths from 200 to 400 nm were measured as described in (Prahl, 2011) 
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using a Cary 100 UV-Vis Spectrophotometer from Agilent Technologies (See Figure A1 of 

Appendix A). 

3.3.3. Collimated beam UV device 

A bench-scale collimated beam UV apparatus (Figure 2) housing an LPM lamp emitting 

monochromatic light at 253.7 nm was used to perform the UV irradiation. The lamp was switched 

on at least 20 min prior to use to stabilize lamp output. Set up of the bench-scale apparatus, 

calibration of UV-C irradiance, and determination of UV fluence were performed as detailed by 

Bolton and Linden (2003) and Bolton et al. (2015). 

 

Figure 2. The schematic diagram of collimated beam device for (a) irradiance measurement and 

(b) microbiological experiment 
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3.3.4. UV-C fluence rate (irradiance) calculation 

To calculate the germicidal fluence rate (E’) exposed to the surface of the treatment 

solution, the UV irradiance at the center of the treated surface (E0) was measured using a 

radiometer (International Light Technologies Model: ILT1700) positioned at the same height as 

the liquid surface (Figure 2). The average germicidal fluence rate E’avg (W/m2), also known as the 

UV-C fluence, was calculated using Equation 1. The calculation was taking into consideration 

several correction factors to closely represent the actual delivered UV fluence to the 

microorganism suspension (Bolton & Linden, 2003). These factors are petri factor, reflection 

factor, water factor, and divergence factor  

𝑬′𝒂𝒗𝒈 = 𝑬𝟎 × 𝑷𝒆𝒕𝒓𝒊 𝒇𝒂𝒄𝒕𝒐𝒓 × 𝑹𝒆𝒇𝒍𝒆𝒄𝒕𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓 × 𝒘𝒂𝒕𝒆𝒓 𝒇𝒂𝒄𝒕𝒐𝒓 ×

𝒅𝒊𝒗𝒆𝒓𝒈𝒆𝒏𝒄𝒆 𝒇𝒂𝒄𝒕𝒐𝒓 (Equation 1) 

The factors were calculated as below: 

1. Petri factor: The incident UV irradiance at every 5 mm in all directions (Figure 3) from the 

center of the treatment surface area measured using a radiometer. Then, the ratio of incident 

irradiance of each spot over the surface area to the center irradiance was calculated. The petri 

factor can be defined as the average ratio of incident irradiance over the water surface area 

to the irradiance at the center of the glass beaker. A proper collimated beam device should 

have a petri factor higher than 0.9 (Bolton & Linden, 2003). 
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Figure 3. Illustration of petri factor measurement 

2. Reflection factor: Using Fresnel law to calculate the reflected fraction between air and water 

(R=0.025), The reflection factor used in this study was 1-R = 0.975 (Bolton & Linden, 2003). 

3. Water factor: The 𝑎 = water absorbance with 1 cm path length at wavelength 254 nm (/cm) 

and the 𝓁 = height of the water inside the beaker glass (cm) were measured. Considering the 

sample is entirely mixed, the water factor can be derived from integrating the Beer–Lambert 

Law over the sample depth (Bolton & Linden, 2003). The water factor was calculated as 

𝐖𝐚𝐭𝐞𝐫 𝐟𝐚𝐜𝐭𝐨𝐫 =  
𝟏−𝟏𝟎−a𝓁

a𝓁 ln(10)
                  (Equation 2) 

The height of the treatment solution inside a glass beaker housing a stir bar (10 x 3 mm; 

Fisherbrand™ Octagon Spinbar™ Magnetic Stirring Bar, catalog No. 14-513-65) was 

manually measured using a ruler. The height of the water used for the average fluence rate 
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(E’avg) calculation for the experiment in this study was 1.4 cm. The water absorbance was 

measured using the UV-Visible Spectrophotometer (Thermo Scientific™ Evolution™ 60S). 

4. Divergence factor: The height of the water inside the beaker glass or commonly expressed 

as the water depth (𝓁) and the distance from the lamp to the water surface (L) were measured. 

For a water path depth less than 5 cm, the divergence factor can be defined as 

𝑫𝒊𝒗𝒆𝒓𝒈𝒆𝒏𝒄𝒆 𝒇𝒂𝒄𝒕𝒐𝒓 =  
𝑳

(𝑳+𝓁 )
    (Equation 3) 

The distance between the lamp and the surface of the liquid in the experiment was 32 cm. 

3.3.5. UV irradiation on L. monocytogenes strains and exposure time calculation 

Cell suspensions of L. monocytogenes prepared as described in section 3.3.1 was used for 

irradiation experiments. The measured A254 was used to calculate the water factor. The exposure 

time for each UV-C fluence (mJ/cm2) was calculated using Equation 4.  

𝑬𝒙𝒑𝒐𝒔𝒖𝒓𝒆 𝒕𝒊𝒎𝒆 =
𝑼𝑽-𝑪 𝒇𝒍𝒖𝒆𝒏𝒄𝒆

𝑬′𝒂𝒗𝒈
           (Equation 4) 

The E’avg and exposure time calculation for different UV-C fluence were repeated for each 

irradiance experiment.  

A 5 ml cell suspension of L. monocytogenes in a 10 ml beaker containing a stir bar 

(10x3 mm) was stirred with a magnetic stirrer to ensure uniform mixing and delivery of UV-C 

photons. The beaker was placed at the center under the collimating tube (Figure 2) for the 

predetermined exposure times in order to achieve a UV-C fluence of 2, 4, 6, 8 and 10 mJ/cm2. All 

experiments were performed in triplicates for each strain. UV-C fluences delivered by the 

collimated beam apparatus was verified using biodosimetry assays performed using bacteriophage 
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MS2 and T7 and were conducted as described in Gunter-Ward et al. (2018) (see Figure A2 and A3 

of Appendix A). 

3.3.6. Microbiological analysis 

Immediately after UV-C treatments, the irradiated sample were serially diluted in PBS and 

appropriate dilutions were spread plated on TSA in duplicate. The plates were incubated in the 

dark for 18-24 hours at 37 C and surviving L. monocytogenes colonies on the plates were counted 

and presented as mean log CFU/ml and the log reduction for each UV fluence was calculated using 

Equation 5.  

𝐿𝑜𝑔 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐿𝑜𝑔
𝑁

𝑁0
          (Equation 5) 

3.3.7. Microbial inactivation kinetics and lethality calculations 

Survival plots of L. monocytogenes were generated by plotting surviving L. monocytogenes 

populations (log CFU/ml) following UV treatment against UV-C fluences and inactivation kinetics 

analyzed by performing curve fitting using a freeware Microsoft Excel add-in called GInaFiT 

version 1.7 (Geeraerd, 2017; Geeraerd, Valdramidis, & Van Impe, 2005). A linear and eight non-

linear inactivation models available in this tool were fitted to the survival plot of each strain 

(Table 5). The best-fit model had the highest adjusted R-squared and the lowest root-mean-square 

error (RMSE). The UV-C fluences required to achieve incremental log reduction for each strain 

was calculated by using the equation of the selected inactivation model. 
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Table 5. The inactivation models available in GInaFiT version 1.7 (Geeraerd, 2017) 

Inactivation 

Model 
Equation References 

Log-linear log10(𝑁) = log10(𝑁0) − (
𝑘𝑚𝑎𝑥 × 𝑡

𝐿𝑛(10)
) 

Bigelow and 

Esty 1920 

Log-linear + 

shoulder 

log10(𝑁) = log10(𝑁0) −
𝑘𝑚𝑎𝑥 × 𝑡

𝐿𝑛(10)

+ log10 (
𝑒−𝑘𝑚𝑎𝑥𝑆𝑙

1 + (𝑒−𝑘𝑚𝑎𝑥𝑆𝑙 − 1) × 𝑒−𝑘𝑚𝑎𝑥𝑡
) 

Geerarerd et 

al. 2000 

Log-linear + 

tail 

log10(𝑁) = log10[(10log10(𝑁0) − 10log10(𝑁𝑟𝑒𝑠)) × 𝑒−𝑘𝑚𝑎𝑥𝑡

+ 10log10(𝑁𝑟𝑒𝑠)] 

Geerarerd et 

al. 2000 

Log-linear + 

shoulder + 

tail 

log10(𝑁) = log10 [(10log10(𝑁0) − 10log10(𝑁𝑟𝑒𝑠)) × 𝑒−𝑘𝑚𝑎𝑥𝑡

× (
𝑒−𝑘𝑚𝑎𝑥𝑆𝑙

1 + (𝑒−𝑘𝑚𝑎𝑥𝑆𝑙 − 1) × 𝑒−𝑘𝑚𝑎𝑥𝑡
) + 10log10(𝑁𝑟𝑒𝑠)] 

Geerarerd et 

al. 2000 

Weibull log10(𝑁) = log10(𝑁0) − (
𝑡

𝛿
)

𝑝

 
Mafart et al. 

2002 

Weibull + 

tail 

log10(𝑁) = log10 [(10log10(𝑁0) − 10log10(𝑁𝑟𝑒𝑠)) × 10−(
𝑡
𝛿)

𝑝

+ 10log10(𝑁𝑟𝑒𝑠)] 

Albert and 

Mafart 2005 

Double 

Weibull 
log10(𝑁) = log10

10𝑁0

1 + 10∝ [10−(
𝑡

𝛿1)
𝑝

+∝ + 10−(
𝑡

𝛿2)
𝑝

] 
Corroler et 

al. 2006 

Biphasic log10(𝑁) = log10(𝑁0) + log10(𝑓 × 𝑒−𝑘𝑚𝑎𝑥1𝑡 + (1 − 𝑓) × 𝑒−𝑘𝑚𝑎𝑥2𝑡) Cerf 1977 

Biphasic + 

shoulder 

log10(𝑁) = log10(𝑁0)

+ log10 [𝑓 × 𝑒−𝑘𝑚𝑎𝑥1𝑡

× (
𝑒−𝑘𝑚𝑎𝑥𝑆𝑙

1 + (𝑒−𝑘𝑚𝑎𝑥𝑆𝑙 − 1) × 𝑒−𝑘𝑚𝑎𝑥𝑡
)

+ (1 − 𝑓) × 𝑒−𝑘𝑚𝑎𝑥2𝑡

× (
𝑒−𝑘𝑚𝑎𝑥𝑆𝑙

1 + (𝑒−𝑘𝑚𝑎𝑥𝑆𝑙 − 1) × 𝑒−𝑘𝑚𝑎𝑥𝑡
)] 

Geeraerd et 

al 2005 
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3.3.8. Statistical analysis 

All results were analyzed using one-way analysis of variance (ANOVA) to determine the 

statistical significance at P < 0.05, followed by a Tukey Honest significance test at confidence level 

95%. The normality of the data distribution and equal variation was confirmed for all data. All 

model assumptions were verified by the Shapiro-Wilk normality test, quantile-quantile plot and 

residual plots to measure the normality of the data distribution. All statistical tests were conducted 

using R (version 4.1.0). 

3.4. Results and Discussion 

3.4.1. The UV-C inactivation of L. monocytogenes strains in PBS 

Table 6 reflects the log reduction of L. monocytogenes serotypes 1/2a, 1/2b, and 4b 

following exposure to 2-10 mJ/cm2 of UV-C fluence at 254 nm. Overall, the log reductions after 

being exposed by 2, 4, 6, 8, and 10 mJ/cm2 of UV-C fluence were between 0.4-0.5, 1-2, 2.5-4, 4-5, 

5-6 log cycles, respectively. The data indicates that the UV-C inactivation of all strains as fluence-

dependent. However, the log reductions of L. monocytogenes between serotypes were not 

statistically different (p  0.05, Table 6). Studies indicate similar evidence where a higher 

L. monocytogenes inactivation was achieved at higher UV-C fluence, whether in clear PBS (Jeon 

and Ha, 2018) or cloudy citrate-phosphate buffer (Gayán et al., 2015) 
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Table 6. UV-C fluence responses of L. monocytogenes serotypes in buffer treated with a 

collimated beam device 

Serotype 

Log reductions ± SD (log CFU/mL) after UV-C treatment at fluence 

(mJ/cm2)1 

2 4 6 8 10 

1/2a 0.46±0.158a 1.32±0.289a 3.12±0.426a 4.85±0.313a 5.61±0.331a 

1/2b 0.44±0.091a 1.30±0.267a 2.93±0.458a 4.59±0.488a 5.47±0.346a 

4b 0.46±0.143a 1.42±0.317a 3.26±0.465a 4.74±0.405a 5.28±0.346a 

1Values represent means of three replications ± standard deviation 
aDifferent letters within the same column shows significant differences at p 0.05 

As shown in Table 7, the log reductions between strains after exposure to 2 to 8 mJ/cm2 of 

UV-C fluence were not significantly (p  0.05) different between strains. Lower than a log 

reduction was achieved at UV-C fluence of 2 mJ/cm2 on all strains. At UV-C fluence of 10 mJ/cm2, 

the lowest inactivation was observed in strain HPB4493 at 5.02 ± 0.273 log CFU/mL, statistically 

lower than the highest inactivation achieved in strain HPB3078 at 5.95 ± 0.150 log CFU/mL. 

However, the inactivation of these strains was not significantly different from the rest of the strains. 

The UV-C fluence of 10 mJ/cm2 could inactivate at least 5-log cycles of dairy-associated 

L. monocytogenes strains belonging to the serotypes 1/2a, 1/2b, and 4b used in this experiment. 
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Table 7. UV-C fluence responses of L. monocytogenes strains in buffer treated with a collimated beam device 

Strain name Serotype 
Source of 

isolation 

Log reductions ± SD (log CFU/mL) after UV-C treatment at fluence 

(mJ/cm2)1 

2 4 6 8 10 

LI0530 1/2a Raw milk 0.57 ± 0.268a 1.61 ± 0.312a 3.65 ± 0.335a 4.75 ± 0.141a 5.39 ± 0.504ab 

HPB4488 1/2a Milk 0.45 ± 0.149a 1.14 ± 0.353a 2.96 ± 0.429a 4.53 ± 0.189a 5.46 ± 0.216ab 

HPB3078 1/2a 
Soft 

cheese 
0.41 ± 0.081a 1.24 ± 0.158a 2.98 ± 0.256a 4.88 ± 0.295a 5.95 ± 0.150a 

HPB4476 1/2a 
Dairy 

manure 
0.40 ± 0.104a 1.30 ± 0.167a 2.89 ± 0.269a 5.24 ± 0.026a 5.66 ± 0.038ab 

HPB6629 1/2b Milk 0.47 ± 0.129a 1.33 ± 0.274a 3.15 ± 0.354a 4.79 ± 0.583a 5.50 ± 0.455ab 

HPB4475 1/2b 
Dairy 

manure 
0.41 ± 0.036a 1.26 ± 0.316a 2.72 ± 0.511a 4.39 ± 0.366a 5.44 ± 0.214ab 

H18 4b Milk 0.31 ± 0.081a 1.20 ± 0.329a 3.22 ± 0.405a 4.42 ± 0.070a 5.28 ± 0.301ab 

HPB4493 4b Milk 0.61 ± 0.026a 1.67 ± 0.128a 3.36 ± 0.152a 4.84 ± 0.407a 5.02 ± 0.273b 

V37CE 4b Raw milk 0.51 ± 0.124a 1.68 ± 0.034a 3.72 ± 0.343a 5.08 ± 0.449a 5.61 ± 0.400ab 

HPB4457 4b 
Dairy 

manure 
0.44 ± 0.138a 1.14 ± 0.207a 2.73 ± 0.361a 4.59 ± 0.396a 5.30 ± 0.249ab 

1Values represent means of 3 replications ± standard deviation 
a-bDifferent letters within the same column shows significant differences at p  0.05



46 

 

 

A study using a similar UV fluence calculation method observed inactivation greater than 

4 but less than 6-log cycles of L. monocytogenes ATCC 19115 in buffered water at UV-C fluence 

of 10 mJ/cm2 (Gunter-Ward et al., 2018). A study by Collins (1971), the only study on 

L. monocytogenes in the compilation list of required UV-C fluences to achieve incremental log 

inactivation of microorganisms by Malayeri et al. (2016), shows that UV fluence at 4.6 mJ/cm2 

could inactivate 5 logs of a mouse-related L. monocytogenes strain on the agar plates. Moreover, 

this study is lacked detail on the UV fluence determination protocol.  

McKinney et al. (2009) indicate that a UV fluence of 16.8 mJ/cm2, determined using 

chemical actinometry, could inactivate 5 logs of meat product-related L. monocytogenes (strain 

N1-227, N3-031, and R2-499) in distilled water, while lower fluence at 8.1 mJ/cm2 could achieve 

the same inactivation in a fresh brine (9% NaCl solution). Another study observed around 4-log 

reduction of L. monocytogenes (strain ATCC 15313, ATCC 19111, and ATCC 19115) in PBS 

after treated with 4 mJ/cm2 of UV-C fluence (Jeon & Ha, 2018). The UV-C fluence was calculated 

without considering any correction factor affecting the UV-C attenuation in the sample. These 

studies have different UV-C irradiation equipment and setup compared to our experiment. Thus, 

the UV-C fluence obtained in our study could not be compared to these mentioned studies due to 

the different applied UV-C fluence calculation and used UV apparatus.  

3.4.2. UV-C inactivation kinetics modeling of L. monocytogenes strains in PBS 

The freeware tool GInaFiT version 1.7 was used to assess the UV-C fluence-dependent 

inactivation of each strain. The linear and non-linear survivor models available in the GInaFiT 

were fitted to the survival plots, and the best-fit inactivation model for L. monocytogenes strains 

used in this study was determined. Among these mathematical models, a model with the lowest 
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root-mean-square error (RMSE) and the highest adjusted R2 was chosen as the best-fit model to 

express the UV-C inactivation of the strains. The survival plot of all L. monocytogenes strains 

fitted to the log-linear and non-log-linear models were illustrated in Figure C1-C10 of Appendix 

C.  

It is unlikely to fit the log-linear+tail model to most of the L. monocytogenes strains 

inactivation data due to the lower Log10(Nres) than the value from the experiment. To be 

considered as a biphasic model, the inactivation should have two distinct inactivation rate 

constants. The biphasic model was unlikely for most of the obtained inactivation results because 

the parameter estimate of two inactivation rate constants (kmax1 and kmax2) was equal. Thus, this 

study only focuses on the feasible models such as log-linear, log-linear+shoulder, Weibull, 

Weibull+tail, and double Weibull models. The comparison of these models fitted to the survival 

plot of the L. monocytogenes strains (represented by strain HPB3078) was illustrated in Figure 4. 
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Figure 4. UV-C inactivation behaviours of L. monocytogenes HPB3078 in UV-C in PBS, fitted 

to the (a) log-linear, (b) log-linear+shoulder, (c) Weibull, (d) Weibull+tail, and (e) Double 

Weibull.  
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Comparing the statistical measures of all models (Table 7), the log-linear model fitted the 

least to L. monocytogenes survival plots with adjusted R2 between 94 to 95%, suggesting that the 

survival behaviours of the strains were not linear. Curve fitting using log-linear+shoulder model 

improved adjusted R2 (95.33 to 98.74%) and RMSE (0.2589 to 0.4434) for all strains. Gayán et al. 

(2015) also reported that the UV inactivation of L. monocytogenes strains has a good fit with the 

log-linear+shoulder model with RMSE between 0.136 to 0.486, similar to our study. However, 

Weibull model provides a better fit with higher adjusted R2 at 95.99 to 98.08%.  

The highest adjusted R2 were obtained in survival plots curve fitted using Weibull+tail and 

double Weibull models. Survival plots of seven of the ten strains (Table 8) had the best curve fit 

with the double Weibull model with adjusted R2 at 98 to 99%. However, the double Weibull model 

provides a poor fit for strain HPB4476, HPB4457, and HPB4493 with adjusted R2 about 55%, 

85%, and 88%, respectively. The Weibull+tail model provides better quality of fit to those strains. 

The Weibull+tail model is the best model explaining the UV-C inactivation of all strains in PBS 

with the highest adjusted R2 between 97.42% to 99.64% and lowest RMSE between 0.1372 to 

0.3424. Thus, the Weibull+tail model was used to determine the UV-C fluences required for 

incremental log inactivation of the L. monocytogenes strains suspended in PBS.  
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Table 8. Statistical measures of nine inactivation models fitted to the survival data of 

L. monocytogenes strains treated with UV-C irradiation obtained from GInaFiT version 1.7 

Listeria 

monocytogenes 

strain 

Serotype 
Statistic 

measures 

Inactivation Model 

Log-

linear 

Log-linear 

+shoulder 
Weibull 

Weibull 

+tail 

Double-

Weibull 

LI0530 1/2a RMSE 0.4500 0.4237 0.4528 0.3424 0.2892 
  Adjusted R2 0.9554 0.9604 0.9548 0.9742 0.9816 

HPB4488 1/2a RMSE 0.4736 0.3216 0.3675 0.2775 0.2575 
  Adjusted R2 0.9504 0.9771 0.9701 0.9830 0.9853 

HPB3078 1/2a RMSE 0.4944 0.2589 0.3192 0.1851 0.1804 
  Adjusted R2 0.9539 0.9874 0.9808 0.9935 0.9939 

HPB4476 1/2a RMSE 0.5467 0.3987 0.4550 0.1372 1.5258 
  Adjusted R2 0.9430 0.9697 0.9605 0.9964 0.5561 

HPB6629 1/2b RMSE 0.5045 0.4226 0.4604 0.3540 0.3452 
  Adjusted R2 0.9487 0.9640 0.9572 0.9747 0.9760 

HPB4475 1/2b RMSE 0.4603 0.3033 0.3329 0.2799 0.2793 
  Adjusted R2 0.9513 0.9789 0.9745 0.9820 0.9821 

H18 4b RMSE 0.4631 0.3484 0.4074 0.3136 0.2341 
  Adjusted R2 0.9512 0.9724 0.9622 0.9776 0.9875 

HPB4493 4b RMSE 0.4473 0.4434 0.4592 0.2262 0.6974 
  Adjusted R2 0.9525 0.9533 0.9499 0.9878 0.8844 

V37CE 4b RMSE 0.4745 0.4346 0.4733 0.3061 0.2801 
  Adjusted R2 0.9554 0.9625 0.9556 0.9814 0.9844 

HPB4457 4b RMSE 0.4927 0.3487 0.3916 0.2515 0.7962 
  Adjusted R2 0.9444 0.9722 0.9649 0.9855 0.8549 
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Figure 5. Inactivation behaviours of L. monocytogenes strain (a) LI0530, (b) HPB4488, (c) 

HPB3078, (d) HPB4476, (e) HPB6629, (f) HPB4475, (g) H18, (h) HPB4493, (i) V37CE, and (j) 

HPB4457 in UV-C treated PBS by the collimated beam device following the Weibull+tail model 

Four mathematical models have commonly been used to evaluate the microorganism 

inactivation kinetics in liquid foods by UV-C light: log-linear curve, curve with shoulder, curve 

with tail, and sigmoidal curve (Ochoa-Velasco et al., 2020). Mafart et al. (2002) proposed the 
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Weibull model as a flexible model to express the non-log-linear downward or upward concavity 

curves in microbial inactivation kinetics. Thereafter, the Weibull model Weibull+tail model was 

proposed by Albert and Mafart (2005) by modifying to predict a more precise bacterial survival 

sigmoidal curve with the possibility of shoulder and tail phenomena occurrence. Coroller et al. 

(2006) later proposed another modified Weibull model called the Double Weibull model to provide 

a better fit for the inactivation with the presence of two subpopulations, where the minority has a 

higher stress resistance than the majority group. The sigmoidal pattern, which begins with an initial 

shoulder followed by linear and tailing phase, was identified as the typical inactivation pattern of 

UV inactivation observed in juices and ciders (Sastry, Datta, & Worobo, 2000).  

Figure 5 presents L. monocytogenes survival plots fitted with the Weibull+tail model, 

which depicts the L. monocytogenes inactivation at lower UV-C fluences with a concave 

downward sweep with a pronounced tail at higher UV-C fluences of 8 and 10 mJ/cm2. The Weibull 

slope reflects a non-log-linear behaviour of the L. monocytogenes in response to the UV-C 

irradiation (Albert & Mafart, 2005; Mafart et al., 2002). The initial lag phase indicates that the 

inactivation begins with an injury phase, where the bacteria could still repair the DNA damaged 

through photo repair mechanism (Friedberg et al., 2006; Gayán et al., 2015; Sastry et al., 2000). 

The tailing phase of most strains begins after UV-C fluence at 8 mJ/cm2. 

As many as seven out of ten strains have a high goodness-of-fit to the double Weibull 

model, which indicates that the tailing effect observed in the inactivation might be due to the minor 

subpopulation with greater resistance to the UV-C irradiation than the major population (Coroller 

et al., 2006). However, similar tailing phases have also been observed due to the existence of 

cellular aggregates, uneven UV fluence distribution in the media, or microorganism attachment to 

the surface of the beaker generated as a result of poor mixing of treatment solution (Gunter-Ward 
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et al., 2018; Koutchma et al., 2004). Although the mixing speeds were optimized to avoid the 

generation of turbulence and cavitation effects to guarantee uniform UV-C fluence distribution, 

the mixing pattern might affect the distribution of the UV-C fluence in the liquid, causing the 

tailing development. The tailing phase might also occur due to overfitting since the non-tailing 

models, such as the log-linear+shoulder and Weibull model, have adjusted R2 at or greater than 

95%. Another consideration, the tailing phase occurred after a 5-log inactivation was reached, 

which is close to the detection limit at 6 to 7 logs. Thus, there is also a possibility that the tailing 

effect occurred due to the initial count. The cause of the occurrence of the tailing phase in this 

study is unknown.  

Studies with a similar experiment method by Gunter-Ward et al. (2018) and Bhullar et al. 

(2019) show a good fit of the log-linear model on the inactivation kinetic model for 

L. monocytogenes ATCC 19115 UV-C inactivation. However, the presented graphs clearly show 

a better fit with the non-log-linear than the log-linear model (Bhullar et al., 2019). Studies indicate 

a good fit of the log-linear model to the UV inactivation of L. monocytogenes in various liquid 

food such as apple juice, coconut water, animal milk, and human milk using various UV apparatus 

(Bhullar et al., 2018; Gabriel & Marquez, 2017b; Guerrero-Beltrán & Barbosa-Cánovas, 2005; 

Gunter-Ward et al., 2017). However, other studies show that the Weibull model has a better fit 

than the log-linear model for L. monocytogenes UV-C inactivation in apple juice, coconut water, 

and whole milk (Alberini et al., 2015; Maguluri et al., 2021; Nicolau-Lapeña et al., 2022).   

3.4.3. UV-C fluences required to achieve incremental log inactivation of L. monocytogenes 

The required UV-C fluences to achieve incremental log inactivation of each strain based 

on the obtained Weibull+tail equation was presented in Table 9, showing a strain-to-strain 
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variability in UV-C fluences. UV-C fluences between 2.66 to 3.67, 4.21 to 5.21, 5.39 to 6.41, 6.45 

to 7.56, and 7.52 to 10.00 mJ/cm2 were required to reduce 1, 2, 3, 4 and 5 logs of L. monocytogenes 

strains studied, respectively. The 5-log cycles inactivation can be achieved after irradiating with 

UV-C fluence higher than 7.5 to less than 9 mJ/cm2 for all strains except HPB4493. 

Table 9. Required UV-C fluences needed to achieve incremental log inactivation between 

L. monocytogenes strains based on the Weibull+tail model 

Listeria 

monocytogenes 

strain 

Serotype 

Required UV-C fluences (mJ/cm2) to achieve incremental 

log inactivation (log CFU/ml) 

1 2 3 4 5 

LI0530 1/2a 2.66 4.21 5.51 6.69 7.99 

HPB4488 1/2a 3.4 5.00 6.27 7.37 8.49 

HPB3078 1/2a 3.42 4.94 6.13 7.15 8.09 

HPB4476 1/2a 3.64 5.05 6.11 7.00 7.86 

HPB6629 1/2b 3.20 4.75 5.99 7.08 8.18 

HPB4475 1/2b 3.44 5.10 6.41 7.56 8.74 

H18 4b 3.11 4.73 6.04 7.20 8.46 

HPB4493 4b 3.40 5.00 6.27 7.37 10.00 

V37CE 4b 2.73 4.19 5.39 6.45 7.52 

HPB4457 4b 3.67 5.21 6.41 7.43 8.59 

 

Studies with a similar experiment method by Gunter-Ward et al. (2018) and Bhullar et al. 

(2019) observed a D10 value of 2.46 mJ/cm2 and 4.58 mJ/cm2 for L. monocytogenes ATCC 19115 

UV inactivation in buffered water and coconut water based on log-linear model. The required 

UV-C fluence for a log inactivation of L. monocytogenes ATCC 19115 in buffered water is slightly 

lower than our study (Gunter-Ward et al., 2018). However, higher UV-C fluence at 12.3 mJ/cm2 

was required to achieve a 5-log reduction compared to our study. Gayán et al. (2015) observed 
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various required UV-C fluences between 16.84 to 22.55 J/mL to inactivate L. monocytogenes 

strains (STCC 5672, STCC 4031, STCC 4032, STCC 5366, STCC 932) in citrate-phosphate buffer 

with absorption coefficient of 11.04 /cm. However, the UV-C fluence was determined by chemical 

actinometer iodide-iodate and using a different measurement unit, making it incomparable to our 

results.  

3.5. Conclusion and Perspectives 

To the best of found knowledge, this is the first study demonstrating the UV-C fluences 

required for the incremental log inactivation of several dairy-associated L. monocytogenes strains 

in PBS, where the UV-C fluence calculation took all correction factors (Bolton & Linden, 2003) 

that affect the UV-C penetration by collimated beam device on the microorganisms suspended in 

a liquid using a collimated beam device. This study provides scientific evidence of the capability 

of UV-C fluence at 10 mJ/cm2 to inactivate about 5-log cycles of dairy-associated 

L. monocytogenes strains in PBS. The inactivation kinetics of these L. monocytogenes strains was 

best characterized using the Weibull+tail model, with the coefficient of determination between 97 

to 99%. Using this understanding, this study can help future experiments on the L. monocytogenes 

inactivation in opaque liquid.  
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CHAPTER 4. EFFECT OF SUSPENDED MILK SOLIDS ON 

UV-C FLUENCE RESPONSE OF LISTERIA MONOCYTOGENES 

4.1. Abstract 

Although the use of UV irradiation to pasteurize milk has shown promise, the effect of 

physicochemical and optical properties of opaque liquids such as milk on the efficacy of UV 

irradiation to inactivate Listeria monocytogenes has yet been characterized. This information is 

critical to designing appropriate UV irradiation systems for milk pasteurization. The objective of 

this study was to identify the effect of suspended milk solids on UV-C (254 nm) absorption (μa) 

and reduced scattering (μ's) coefficients and develop an improved method to calculate UV fluence 

required to inactivate L. monocytogenes in milk. 

The composition and particle size of five commercial milk samples were analyzed using 

MIR Spectroscopy and Mastersizer 2000, respectively. Milk optical properties were measured 

using a UV-VIS spectrophotometer and used in the μa and μ's calculation by the Inverse 

Adding-Doubling program. Correlations between physicochemical and optical parameters were 

analyzed using ordinary least squares. The UV-C fluence rate (E’avg) and exposure times to achieve 

UV-C fluences of 2, 4, 6, 8, and 10 mJ/cm2 were calculated using multiphysics engineering 

simulation software utilizing the calculated μa and μ's prior to L. monocytogenes irradiation in milk 

and buffer using a collimated beam device. All experiments were done in triplicates. 

Both μa and μ's of the milk were strongly affected by the concentration and the particle size 

of fat globules and casein micelles in the milk suspension system. Larger suspended particles 

strongly contributed to the UV-C absorption in the milk. The milk protein and fat content strongly 

impacted the UV-C scattering in milk. The E’avg in cow milk (skimmed, 2%, 3.8%) and goat milk 
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(2%, 3.8%) were 0.0319, 0.0227, 0.0206, 0.0193, and 0.0155 mW/cm2, respectively, The E’avg 

calculation method, which takes the μa and μ's into account, could estimate similar UV fluence 

between milk samples and PBS but requires further improvement to provide an accurate E’avg value 

for UV-C fluence higher than 8 mJ/cm2. The Inclusion of the optical properties of milk is critical 

for accurate UV-C fluence calculations. 

4.2. Introduction 

Raw milk should be pasteurized prior to consumption to ensure safety for consumers by 

inactivating the harmful pathogens originating from the contaminated udder or milking equipment 

(Oliver et al., 2005). Thermal pasteurization is an established technology widely used to reduce 

pathogen loads in milk. High-temperature at least 72 °C for 15 seconds for continuous flow 

pasteurization or 63 °C for 30 minutes for batch pasteurization is applied directly or indirectly to 

milk for a short time to achieve at least 5-log reduction of the most heat-resistant pathogen in milk, 

Coxiella burnetti (Codex Alimentarius, 2004). However, these high temperatures can affect the 

biochemical composition in milk, resulting in losses of sensory and nutritional quality (Oliver et 

al., 2005).  

Novel non-thermal technologies, such as membrane filtration, ultraviolet (UV) irradiation, 

high-pressure processing (HPP), pulsed electric field (PEF), and Ultrasonication (US), have gained 

attention from dairy industries and researchers worldwide as potential alternatives to milk thermal 

pasteurization. Recent studies on UV-C irradiation have shown promising results, including 

pathogen inactivation, a shelf-life extension of milk, and sensory improvement. (Ansari et al., 

2020; Cilliers et al., 2014; Crook et al., 2015; Lu et al., 2011). However, the results on the efficacy 

of UV-C irradiation for microbial inactivation in milk cannot be compared between studies due to 
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the lack of agreement on the UV fluence unit and measurement methods. Studies expressed UV 

fluence as an energy per area unit (J/m2) (Dhahir et al., 2020; Papademas et al., 2020; Ward et al., 

2019), energy per volume (J/L) (Ansari et al., 2020; Crook et al., 2015; Gök et al., 2021), or as an 

electrical power per area unit (W/m2) (Hu et al., 2015). Moreover, various UV fluence calculation 

methods were used due to different types of equipment or different definition of UV fluence 

(Ochoa-Velasco et al., 2020). Some studies measured UV-C fluence as a UV intensity (Crook et 

al., 2015; Hu et al., 2015; Rossitto et al., 2012); others measured UV-C fluence as the UV energy 

received by the microorganisms within the irradiated sample (Bolton & Linden, 2003; Malayeri et 

al., 2016) 

The consequence of this is the extensive wide range of reported UV fluences required to 

inactivate specific pathogens. Several studies have reported UV fluences ranging from as little as 

21.3 mJ/cm2 to reduce 6 logs of tested milk pathogens in whole milk (Lu et al., 2011) to as high 

as 10000 mJ/cm2 (Kasahara et al., 2015) to achieve a 6-log reduction of E. coli DH5α in goat milk. 

In addition, most studies expressed the UV-C fluence based on the energy the milk is exposed to 

rather than the energy received by the target pathogen. Only recently, a limited number of studies 

have taken into consideration the optical properties of milk in the UV-C fluence calculation 

(Bandla et al., 2012; Gunter-Ward et al., 2018; Kasahara et al., 2015; Lu et al., 2011; Ward et al., 

2019; F. Yin et al., 2015). Despite this, there is a significant knowledge gap concerning factors 

that contribute to the absorption and scattering coefficients of the milk, especially the role of 

dissolved and suspended milk solids in the absorption, scattering and penetration of UV-C light in 

milk. Additionally, there is no clear understanding of which solid particles contribute to the UV-C 

light absorption and scattering in milk. This study was conducted with objectives to determine 1) 

the effects of the milk composition and particle size profile on the UV-C light absorbance and 
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scattering; and 2) the appropriate UV-C fluences taking into consideration the UV-C absorption 

and scattering effects affected by the milk composition and particle size profiles required for 

incremental log inactivation of L. monocytogenes in milk samples treated using a collimated beam 

device. 

4.3. Materials and Methods 

4.3.1. Media preparation  

For the UV experiment in clear liquid, a sterile 0.01 M Phosphate-buffered saline (PBS) at 

pH 7.4 was prepared by dissolving PBS powder (0.138 M NaCl, 0.0027 M KCl) in 1 L of deionized 

water at room temperature. The sterile PBS was also used for serial dilution. For the UV 

experiment on milk, commercial pasteurized cow milk and goat milk were purchased locally from 

local grocery stores in Guelph, Ontario (Table 10).  

Table 10. Milk source, fat level, and manufacturer of the milk samples used in the experiment 

Milk Type Milk Source Fat level Manufacturer 

CSM Cow <0.1% Harmony Organic, Canada 

CM2% Cow 2% Harmony Organic, Canada 

CM3.8% Cow 3.8% Harmony Organic, Canada 

GM2% Goat 2% Hewitt’s Dairy, Canada 

GM3.8% Goat 3.8% Hewitt’s Dairy, Canada 

 

4.3.2. Milk composition analysis 

The fat, protein, lactose, and total solids content (%) of milk were analyzed using 

mid-infra-red (MIR) Spectroscopy (Foss Analytical MilkoScan™ FT 120, Copenhagen, Denmark) 



60 

 

 

at the Laboratory Services Division, University of Guelph. Each milk sample was analyzed in 

triplicates. 

4.3.3. Milk particle size distribution analysis 

Particle size distribution of milk samples was examined using a laser diffraction particle 

size analyzer Mastersizer 2000 with Hydro 2000 SM for the dispersion unit from Malvern 

Instruments. This analysis was used to estimate the particle size parameters such as volume or 

mass-weighted mean diameter (D[4,3]), surface-weighted mean diameter (D[3,2]), (Malvern 

Instruments Ltd, 2007). D[4,3] reflects the mean diameter of the particles on the basis of particle 

volume or mass. D[3,2] reflects the mean diameter of the particles on the basis of particle surface 

area. D[4,3] and D[3,2] were calculated using the Equation 6 and 7, where the di is the particle 

diameter, and Ni is the respective particle numbers per unit volume (Cabassi et al., 2013; Malvern 

Instruments Ltd, 2015). 

𝐷[4,3] =
Σ𝑖 𝑑𝑖

4 𝑁𝑖

Σ𝑖 𝑑𝑖
3 𝑁𝑖

     (Equation 6) 

𝐷[3,2] =
Σ𝑖 𝑑𝑖

3 𝑁𝑖

Σ𝑖 𝑑𝑖
2 𝑁𝑖

     (Equation 7) 

Another analyzed particle size parameters were the standard percentiles Dv10, Dv50, and Dv90 

based on the maximum particle size for a given sample volume percentage. 

Due to the flexible analysis method found in the application of Analytical Quality by 

Design (AQbD) (Kippax, 2015), the appropriate SOP or analysis parameters such as refractive 

index (RI) of the milkfats, particle absorption, sample temperature, type of dispersant, obscuration, 

measurement duration, and stirrer speed were determined as detailed by Malvern Instruments Ltd 

(2013), Kippax (2015), and Virden (2010) before analyzing the particle size distribution of milk.  
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According to the literature, the RI of Cow and goat milkfat of 1.458 was used for the 

particle size distribution analysis on milk (Cabassi et al., 2013; Cebo et al., 2012; Michalski, 

Briard, & Michel, 2001). The particle absorption of 0.001 was used for milk samples (Logan et 

al., 2014; Ransmark et al., 2019). Before the measurement, the sample temperature was 

conditioned between 40-42 C to avoid fat crystallization (Cabassi et al., 2013; Di Marzo, Cree, 

& Barbano, 2016). Deionized water was used as the dispersant of the milk samples to avoid 

multiple scattering phenomena and excessive obscuration of the laser source (Aernouts et al., 2015; 

Cabassi et al., 2013; Di Marzo et al., 2016; Thiebaud et al., 2003). Using protein dissociating 

additives, such as EDTA, as a dispersant was avoided to prevent emulsion system disruption in 

milk. 

Obscuration measures the amount of laser light loss caused by the presence of the sample 

when introduced into the analyzer beam (Malvern Instruments Ltd, 2013). Too many particles in 

the measurement cells will result in multiple scattering and cause an underestimate of the particle 

size. Thus, experiments were done to determine the appropriate obscuration for all milk samples, 

represented by milk samples with the expected smallest and largest suspended particle size and 

milk samples with the least and the most suspended particles content. Skimmed-pasteurized and 

unhomogenized-pasteurized 3.8% milk fat (M.F.) cow milk samples were used in this experiment. 

According to Malvern Instruments Ltd (2013), obscuration below 5% should be used to analyze 

emulsions containing fine particles at a size less than 1m to prevent multiple scattering in the 

measurement. Obscuration within the range 1.5-3.5% was used in the milk measurement, where 

the particle size of Dv10, Dv50, and Dv90 were stable for both milk samples (Figure 6). The stable 

percentile values indicated that the multiple scattering did not occur at that obscuration level. 
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Figure 6. Obscuration titrations of (A) unhomogenized pasteurized cow milk 3.8% M.F and (B) 

pasteurized cow milk 0.1% M.F. ⚫ Dv10;  Dv50; ◼ Dv90. 

According to ISO 13320:2020 (2020) about particle size analysis — laser diffraction 

methods, the acceptable measurements of Dv50 should have results with COV less than 3% 

(Malvern Instruments Ltd, 2013). Measurement duration of 12s was used, where the coefficient of 

variance (COV) of Dv50 of 3.8% M.F. unhomogenized cow milk and skimmed cow milk were 

less than 3%. 

A proper stirrer speed was determined to ensure a homogenous dispersion when passing 

through the measurement cell to obtain representative particle size distribution data (Malvern 

Instruments Ltd, 2013). Skimmed pasteurized and unhomogenized pasteurized 3.8% M.F cow 

milk samples were used in this experiment. As shown in figure 7, the particle size measurement 

results of both milk samples were stable using stir speed between 2000 to 2500 rpm.



63 

 

 

 

Figure 7. Stir speed titration of (A) unhomogenized pasteurized cow milk 3.8% M.F and (B) pasteurized cow milk 0.1% M.F. ⚫ 

Dv10;  Dv50; ◼ Dv90 
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4.3.4. Milk refractive index analysis 

The refractive index of milk samples and quartz glass were also measured with a Schmidt 

+ Haensch DSR-Λ multiple wavelength automatic refractometer at a wavelength of 254 nm and 

temperature of 20 C. The sample area was rinsed with deionized (DI) water and dried with a low-

lint wiper, and 300 l of milk sample was placed on the sample area and measured. The refractive 

index of the milk samples at 254 nm was determined by data extrapolation using a fifth-order fit. 

As a standard, the refractive index of MilliQ water was measured and compared with values from 

the literature. All samples were measured in triplicates. 

4.3.5. Milk absorption and reduced scattering coefficients analysis 

Cary 100 UV-Vis Spectrophotometer (Agilent Technologies) with integrated single sphere 

(70 mm in diameter) box was used to measure unnormalized transmission (T) and unnormalized 

reflection (R) of the UV-C light at 254 nm in the milk samples. Measurements were done using a 

quart glass slide sandwich fabricated using two quartz glass slides separated using metal spacers 

measuring 0.02, 0.04, 0.08, or 0.1 mm thickness (Figure 8). An adhesive tape (Tombow Mono 

removable adhesive 1/3 in x 39 ft) was applied to the corner of the glass plates to prevent leakage 

when the milk sample was added. The thickness of two quartz glass slides and the thickness of the 

prepared slide sandwich (before the milk was injected into the middle of the slides) was measured 

using a micrometer screw gauge. The light path length was determined by deducting the thickness 

of the two quartz glass slides from the prepared slide sandwich thickness (Figure 9). For each 

sample, the T and R measurements were performed twice using two metal spacers with different 

thickness. The experiment for each sample and each metal spacer was repeated in triplicates.  
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Figure 8. Sample preparation for Tdirect and Rdirect measurement 

 

Figure 9. Light path length determination 

Measurement of T & R was performed following the Inverse Adding-Doubling (IAD) 

protocol described by Prahl (2011). Measurement of T of the milk sample was conducted by the 

sample in front of the sphere box, while a reflectance calibration standard (Labsphere Spectralon® 

Diffuse reflectance standards, uncalibrated, 99% reflectance, 1.25-inch diameter) was placed 

behind the sphere box. Measured total transmittance (MT) was the normalized transmission value 

by the incoming light using the values of light transmission in the air (T(0,0)) and transmission with 

blocked incoming light (Tdark), which can be defined as 

𝑀𝑇 ≡
𝑇−𝑇𝑑𝑎𝑟𝑘

𝑇(0,0)−𝑇𝑑𝑎𝑟𝑘
     (Equation 8) 
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A prepared sample was placed behind the sphere box to measure the R of the milk sample. 

Reflections with nothing placed in front of and behind the sphere box (R(0,0)) and with only 

reflectance calibration standard behind the sphere box (Rstd) were also measured to calculate 

measured total reflectance (MR), a normalized reflection value by the incoming light (Prahl, 2011). 

MR can be defined as 

𝑀𝑅 ≡
𝑅−𝑅(0,0)

𝑅𝑠𝑡𝑑−𝑅(0,0)
                (Equation 9) 

The measurement with result of MT lower than 0,1 or greater than 0.9 were excluded from the data 

set. The data set only included measurement results for which MT + MR < 1.  

The MT and MR were then converted into absorption coefficient (a) and reduced scattering 

coefficient (’s) by using the IAD program developed by Prahl (2011). The IAD program 

generated the coefficients after the required parameters, as described in Table 11, were entered 

into the program. The unit of these coefficients is 1/mm (base e), then converted to 1/cm (base 10) 

for further experiment. The MR used in the IAD program is the value of sample reflectance (MR 

sample) deducted by the quartz reflectance (MR quartz) (Equation 10). MR quartz was obtained by 

measuring deionized water reflectance (MR water) and deducted by the water reflection at 0.025 

(Equation 11). 

MR = MR sample − MR quartz              (Equation 10) 

MRquartz = MR water − water reflection         (Equation 11) 

Water reflection = 0.025 
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Table 11. Parameters required by the IAD program to generate a and ’s (Prahl, 2011) 

Parameter Unit Value 

Refraction index of sample - from sample measurement 

Refraction index of top and bottom slides - 1.505 

Sample thickness mm from sample measurement 

Slide thickness mm 1.00 

Diameter of illumination beam mm 1.00 

Reflectivity of the reflectance calibration standard (Rstd) - 0.926 

Number of spheres used during measurement - 1 

Sphere diameter mm 70 

Sample and entrance port diameter for reflection 

measurement 
mm 17 

Sample and entrance port diameter for transmission 

measurement 
mm 26.9 

Detector Port Diameter mm 29.6 

Reflectivity of the sphere wall - 0.96 

Light wavelength nm 254 

Quartz reflectance - 0.60 

Measured total reflectance (MR) - from sample measurement 

Measured total transmittance (MT) - from sample measurement 

 

4.3.6. L. monocytogenes cocktail preparation and culture growth 

Five strains representing serotypes 1/2a, 1/2b, and 4b and various isolation sources were 

chosen to make a cocktail of L. monocytogenes: H18, HPB3078, HPB4457, HPB4475, and 

HPB4488 (Table 12). The primary stock cultures were cryopreserved at -80 C. The stock culture 

for each strain was prepared according to the protocol explained in Section 3.3.1. All individual 

strain stocks were combined in one centrifuge tube at the same ratio and well-mixed by vortexing. 
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The cocktail solution was inoculated in the chilled (4°C) milk samples to produce a 107 to 

108 CFU/ml final concentration. The cocktail solution and the inoculated milk were freshly 

prepared for each experiment. 

Table 12. List of L. monocytogenes strains used for the cocktail 

Strain Identifier Serotype Source of Isolation Origin of strain 

HPB 3078 1/2a Soft cheese Health Canada 

HPB 4488 1/2a Milk Health Canada 

HPB 4475 1/2b Dairy manure Health Canada 

HPB 4457 4b Dairy manure Health Canada 

H18 4b Milk 
University of Guelph, 

Laboratory Services 

 

Before UV-C treatment, each strain was streaked on TSA media and incubated at 37 °C 

overnight. A colony from each plate was inoculated in 10 ml of TSB and incubated at 37 °C 

overnight for the UV experiment. All five chosen strains were inoculated, incubated, centrifuged, 

and washed separately according to the protocol explained in Section 3.3.5.  

4.3.7. UV-C irradiation in PBS 

The 2 ml sterile PBS inoculated with L. monocytogenes cocktail was exposed to UV-C 

light using a collimated beam UV device. The experiment was executed following the same 

methods described in Sections 3.3.3., 3.3.4., 3.3.5., and 3.3.6. Each experiment was performed in 

triplicates. 
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4.3.8. UV-C irradiation in milk 

4.3.8.1. Collimated beam UV apparatus 

The UV-C irradiation of the L. monocytogenes cocktail in the milk sample was done using 

a collimated beam UV device emitting monochromatic UV radiation at 253.7 nm from a low-

pressure mercury lamp. All inoculated milk samples were kept chilled (4 °C) and were removed 

from the refrigerator only prior to irradiation to avoid temperature increase of treatment solution 

that could stimulate L. monocytogenes growth in samples before UV-C treatment. The UV 

irradiance (E0) exposed to the sample surface was increased by bringing the sample as close as 

possible to the UV lamp. Hence, the irradiation times in the experiment were under 12 minutes. 

The distance from the lamp to the treatment surface was maintained at 11.3 cm. The samples were 

processed for enumeration of L. monocytogenes immediately after UV-C treatment. (Figure 10).  

A magnetic stir bar (12.7 x 3.2 mm; Fisherbrand™ Octagon Spinbar™ Magnetic Stirring 

Bar, catalogue No. 14-513-98) was placed in the beaker. Each sample was stirred during irradiation 

to ensure homogeneity during irradiation. The amount of inoculated sample was 2 ml. Care was 

taken to ensure all beakers used in the milk experiment had a flat bottom. Hence, the magnetic stir 

bar spun in the middle of the beaker to avoid data variation caused by various mixing patterns. 
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Figure 10. The schematic diagram of collimated beam device for L. monocytogenes experiment 

in milk 

4.3.8.2. Average fluence rate (E’avg) calculation 

A computational fluid dynamics (CFD) simulation was carried out with the commercial 

code ANSYS 2021 R1 to simulate the flow of the liquid in a specified geometry during mixing 

(Patras et al., 2020; Versteeg & Malalasekera, 2007). FLUENT software was used to draw the 

geometry (2D) and generate the mesh, while Ansys Fluent v19.1 (Ansys Inc, Canonsburg) was 

used to solve the radiation fields. The mesh resolution was: Nodes: 3643; Elements: 36000. The 

technique used the discrete Ordinates (DO) radiation model to solve the radiative transfer equation 

in the fluid inside a 10 ml beaker exposed to the UV incident radiation coming from a near 

collimated beam apparatus (Ducoste, Liu, & Linden, 2005; Patras et al., 2020; Sozzi & Taghipour, 

2006). Figure 11 shows the schematic representation of the geometry of the system adopted for 

the numerical simulations, which presents the schematic drawing of the fluid domain in a 

collimated beam apparatus, including the detailed dimensions used in the simulations. 
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Figure 11. UV intensity gradients in skimmed milk 

In the near collimated beam apparatus, the local disinfection/inactivation depends on the 

local fluence and kinetic rate constants. Therefore, modelling the collimated beam photo-reactor 

involves two sub-models: radiation field intensity and UV-reaction kinetics. Microorganisms 

exposed to UV irradiation were subjected to an exposure dose (fluence) that is a function of the 

irradiance I0 (mW/m2) multiplied by the exposure time t (sec), as follows: 

Applied energy (or) Surface UV fluence (SD)  = 𝐼0 × 𝑡        (Equation 10) 

A radiometer (International Light Technologies Model: ILT1700) was used to obtain the 

UV-C irradiance at the center of the treated surface inside the beaker (E0). However, for a 

monochromatic low-pressure mercury vapour UV lamp, various correction factors must be taken 

into account for delivered fluence calculation in a suspension (Bolton & Linden, 2003; Patras et 

al., 2020). As explained in Section 3.3.4., the correction factors are the Petri (Pf), reflection (1-R), 
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divergence (
𝐿

(𝐿+𝓁 )
), and water (

1−10−𝑎𝓁

𝑎𝓁 𝑙𝑛(10)
 ) factors. For the experiment in milk, the scattering (S) 

factor was added to the calculation (Patras et al., 2020). Assuming that the mixing is homogenous 

and perfect for Newtonian fluids (where viscosity does not change based on shear rate), the above 

correction factors were sufficient to accurately predict the UV-C fluence. The average germicidal 

UV fluence rate E’avg in each milk sample can be calculated as: 

𝑬′𝒂𝒗𝒈 = 𝑬𝟎 × 𝑷𝒇 × (𝟏 − 𝑹) × (
𝑳

(𝑳+𝓁)
) × (

𝟏−𝟏𝟎−𝑎𝓁

𝑎𝓁 𝑙𝑛(10)
) × 𝑺          (Equation 11) 

4.3.8.3. Exposure time calculation 

The center irradiance of the UV lamp (E0) was measured, and the irradiation E’avg on each 

milk sample was calculated on each experiment day. The average germicidal fluence (delivered 

UV fluence) (mJ/cm2) is given by the product of E’avg multiplied by the exposure time t (second). 

Using the calculated E’avg for each milk sample, the required exposure time for a specific desired 

UV-C fluence was calculated using Equation 12.  

𝑬𝒙𝒑𝒐𝒔𝒖𝒓𝒆 𝒕𝒊𝒎𝒆 =
𝑼𝑽-𝑪 𝒇𝒍𝒖𝒆𝒏𝒄𝒆

𝑬′𝒂𝒗𝒈
    (Equation 12) 

4.3.8.4. UV irradiation on L. monocytogenes cocktail 

A 2 ml milk sample inoculated with the L. monocytogenes cocktail at 107 to 108 CFU/ml 

was transferred to a 10 ml beaker containing a stir bar and mixed on the stir plate (Figure 10). The 

beaker was placed at the center of the collimating beam and exposed to UV-C fluences of 0, 2, 4, 

6, 8, and 10 mJ/cm2 (exposure time to achieve these fluences was calculated as explained in 

Section 4.3.7.3). Immediately after UV treatments, total viable counts of L. monocytogenes were 
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enumerated as described in Section 3.3.6, and log reductions were calculated. The experiment was 

done in triplicates for each milk sample. 

4.3.9. Microbial inactivation model fitting and lethality calculation 

The mathematical models of the cocktail inactivation kinetic in PBS and milk samples were 

analyzed using a freeware GInaFiT (version 1.7) (Geeraerd, 2017; Geeraerd et al., 2005). A total 

of nine linear and non-linear inactivation models available in this tool were tested on the log 

reduction plot of each media (Table 5). The model with the highest adjusted R-squared and the 

lowest root mean square error (RMSE) was considered the best-fit model. The required UV-C 

fluence to achieve a specific log reduction in each media was calculated using the selected 

inactivation model equation. 

4.3.10. Statistical analysis 

The multiple ordinary least squares regression analysis was executed to evaluate the 

relationship and importance of the independent variables to the UV-C light absorption and 

scattering coefficient in milk by using the stepwise and best subset regression method. Seven 

parameters, namely, protein content, fat content, D[4,3], D[3,2], total particle number in 100 μm³, 

particle number smaller than 0.25 μm, and particle number bigger than 1 μm, were used as 

independent variables in the modelling. Possible models were evaluated using statistical regression 

metrics in the ANOVA, such as Fisher variation ratio (F-statistic), probability value (P-value), 

correlation coefficient (r), coefficient of determination (R2), adjusted R2, predicted R2, and 

Mallows’ Cp. The standardized regression coefficients were analyzed to compare the relative 

degree of the effects of the independent variables in the model. 
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All results were analyzed using the one-way analysis of variance (ANOVA) to determine 

the statistical significance at P < 0.05, followed by a Tukey Honest Significance test at a confidence 

level of 95%. The normality of the data distribution and equal variation were verified by the 

Shapiro-Wilk normality test, quantile-quantile plot and residual plots to measure the normality of the 

data distribution. All statistical tests were conducted using R (version 4.1.0).  

4.4. Results and Discussion 

4.4.1. Milk chemical composition 

The milk composition analysis result confirms that the fat content of all milk samples was 

according to the claimed value stated on the packaging. CM3.8% contains the highest total solid 

content at 13.06 ± 0.09%, followed by GM3.8%, CM2%, GM2%, and CSM with values of 

11.87 ± 0.14%, 11.35 ± 0.08%, 10.09 ± 0.12%, and 9.36 ± 0.2%, respectively (Table 13). At the 

same fat level, goat milk samples contain less total solids than cow milk samples due to lower 

protein and lactose in goat milk. The protein content of cow milk was higher than 3.5%, 

significantly (p  0.05) higher than goat milk with less than 3% protein content. This finding 

contrast with the protein content of raw cow and goat milk produced under similar conditions 

reported by Ceballos et al. (2009) at around 2.82 and 3.48%, respectively. Cow milk contains 

significantly higher lactose, around 4.5%, than goat milk at around 4%. This finding agrees with 

Ceballos et al. (2009), who reported that the raw cow and goat milk contained around 4.47 and 

4,11% of lactose, respectively. According to the literature, the lactose content of unprocessed cow 

milk is about 0.2-0.5% higher than unprocessed goat milk, although goat milk has a higher portion 

of monosaccharides and oligosaccharides than cow milk (Amigo & Fontecha, 2011; Park et al., 
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2017). At the same fat level, the total solid in goat milk contained a higher fat proportion, lower 

protein proportion, and similar lactose proportion compared to cow milk. (Table 13). 
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Table 13. Chemical composition of commercial pasteurized cow milk and goat milk in percentage of total liquid milk and in 

percentage of total milk solid 

  Cow milk1   Goat milk1 

 CSM   CM2%   CM3.8%  GM2%   GM3.8% 

Composition 
% of 

milk 

% of total 

solids 
  

% of 

milk 

% of total 

solids 
  

% of 

milk 

% of total 

solids 
  

% of 

milk 

% of total 

solids 
  

% of 

milk 

% of total 

solids 

Total solid 
9.36 ± 

0.20e 
  11.35 

± 0.08c 
  13.06 ± 

0.09a 
  10.09 ± 

0.12d 
  11.87 ± 

0.14b 
 

Fat 
0.18 ± 

0.02c 

1.9 ± 

0.15E 
 2.09 ± 

0.05b 

18.43 ± 

0.45D 
 3.95 ± 

0.04a 

30.27 ± 

0.51B 
 2.08 ± 

0.05b 

20.63 ± 

0.44C 
 4.01 ± 

0.01a 

33.77 ± 

0.37A 

Protein 
3.64 ± 

0.13a 

38.92 ± 

0.60A 
 3.69 ± 

0.08a 

32.49 ± 

0.59B 
 3.65 ± 

0.12a 

27.97 ± 

0.75C 
 2.91 ± 

0.09b 

28.8 ± 

0.61C 
 2.86 ± 

0.09b 

24.09 ± 

0.44D 

Lactose 
4.49 ± 

0.06a 

47.98 ± 

0.46A 
 4.57 ± 

0.01a 

40.26 ± 

0.21B 
 4.48 ± 

0.02a 

34.3 ± 

0.27C 
 4.1 ± 

0.05b 

40.59 ± 

0.18B 
 4.06 ± 

0.04b 

34.17 ± 

0.07C 

1Values represent means of 3 replications ± standard deviation 
a-eDifferent letters within the same row indicates significant differences at p  0.05 
A-EDifferent letters within the same row indicates significant differences at p  0.05 
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4.4.2. Milk suspended particle size distribution  

The particle size distribution analysis using the principle of laser diffraction has some 

advantages, such as being fast, non-destructive, and capable of detecting a broad size range 

(Virden, 2010). Assuming that the shape of the particles is a sphere and by fitting the Mie theory 

assumption to the measurement data (Stocker et al., 2017), the volume-based particle size 

distribution of particles ranging in size >0.03 μm and <4 μm in the milk samples were obtained 

(Figure 12). There was no clear separation between the particle size of fat globules and casein 

micelles in the size distribution data. However, the distribution was interpreted based on the 

reported size of casein micelles between 0.05-0.25 μm and fat globules between 0.1-15 μm (Goff, 

Hill, & Ferrer, 2021; Malvern Instruments Ltd, 2016), represented by the first peak and the second 

peak, respectively.
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Figure 12. Particle size distribution curves of commercial pasteurized cow milk and goat milk measured with particle size analyzer 

Mastersizer 2000. ⚫ cow milk 0.1% M.F. (CSM);  cow milk 2.0% M.F. (CM2%);  cow milk 3.8% M.F. (CM3.8%); + goat milk 

2.0% M.F. (GM2%); ⊠ goat milk 3.8% M.F. (GM3.8%).

2nd peak 

1st peak 
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The particle size distribution result shows two peaks containing particles with approximate 

particle size smaller than 0.4 µm for the first peak and larger than 0.4 µm for the second peak. 

Cow milk has a more apparent separation between the first and second peaks than goat milk. The 

first peak of cow milk was lower, and the second peak was higher as the milk fat level increased. 

In contrast, the first peak in goat milk samples mostly shifted towards the second peak, with a 

higher second peak of GM3.8% than GM2.0%.  

The particle size distribution data (Figure 12) is in accordance with the chemical 

composition (Table 13). With the highest protein proportion in its total solid among the milk 

samples studied, CSM had the highest first peak, followed by the CM2%, CM3.8%, GM2%, and 

GM3.8%. Conversely, CSM with the lowest fat proportion in total solids had the lowest second 

peak, followed by CM2%, GM2%, CM3.8%, and GM3.8%. At the same fat level, goat milk had 

a lower first peak but higher second peak than cow milk. Not only indicated that goat milk has a 

higher proportion of fat in the total solids than cow milk, but the particle size distribution graphic 

also indicated that the fat globules of goat milk have a larger size than those of cow milk. 

Parameter D[4,3] and D[3,2] represent the mean diameter size of the population of the 

particles based on volume and surface area-weighted distribution, respectively (Malvern 

Instruments Ltd, 2015). D[4,3] is most sensitive to the presence of big particles, while D[3,2] is 

most sensitive to the presence of fine particles in the particle size distribution (Malvern Instruments 

Ltd, 2015). The smallest D[3,2] were found in CSM, followed by CM2%, CM3.8%, GM2%, and 

CM3.8%, with values of 0.11 ± 0.00, 0.21 ± 0.01, 0.36 ± 0.02, 0.45 ± 0.04, and 0.65 ± 0.02 μm, 

respectively (Table 14). GM3.8% have the highest D[4,3] at 0.99 ± 0.02 μm, followed by 

CM3.8%, GM2%, CM2%, and CSM at 0.83 ± 0.02, 0.79 ± 0.04, 0.6 ± 0.05, and 0.17 ± 0.00 μm, 

respectively.  
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Table 14. Particle size attributes of commercial pasteurized cow milk and goat milk 

Particle size 

attributes 

Cow milk1  Goat milk1 

CSM CM2% CM3.8%  GM2% GM3.8% 

D[4,3]2 (μm) 0.17 ± 0.004d 0.6 ± 0.053c 0.83 ± 0.016b  0.79 ± 0.037b 0.99 ± 0.023a 

D[3,2]3 (μm) 0.11 ± 0.001e 0.21 ± 0.009d 0.36 ± 0.022c  0.45 ± 0.042b 0.65 ± 0.019a 

Dv104 (μm) 0.07 ± 0.000d 0.09 ± 0.001d 0.14 ± 0.014c  0.21 ± 0.023b 0.31 ± 0.010a 

Dv505 (μm) 0.13 ± 0.001d 0.35 ± 0.073c 0.74 ± 0.020b  0.67 ± 0.051b 0.92 ± 0.027a 

Dv906 (μm) 0.26 ± 0.003d 1.44 ± 0.101c 1.66 ± 0.031ab  1.57 ± 0.077bc 1.79 ± 0.027a 

1Values represent means of 3 replications ± standard deviation 
2Volume weighted mean diameter 
3Surface weighted mean diameter 
4The size of particle below which 10% of the sample volume lies 
5The size of particle below which 50% of the sample volume lies or the median of the volume 

distribution 
6The size of particle below which 90% of the sample volume lies 
a-eDifferent letters within the same row shows significant differences at p  0.05 

All cow milk samples significantly had smaller D[3,2] than all goat milk samples (p  0.05, 

table 14). Considering the characteristic of D[3,2], where the higher the protein content in milk, 

the smaller the D[3,2] reported, the smaller diameter of D[3,2] found in cow milk was mainly 

affected by its higher protein level than those in goat milk. The D[4,3] values indicate that CM3.8% 

has the highest proportion of big particles among other milk samples. Comparing milk samples 

with the same fat content indicates that the fat globules of goat milk were larger than those in cow 

milk. Naturally, the fat globules in goat milk are smaller than fat globules in cow milk, with the 

mean diameter around 2.76 µm and 3.51 µm, respectively (Amigo & Fontecha, 2011). However, 

the cow milk used in this study has a smaller fat globules size than the goat milk due to the 

mechanical homogenization applied to cow milk.  
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The volume-weighted particle size distribution can be analyzed by its percentiles, Dv10, 

Dv50, and Dv90 (Table 14), representing the particle size in microns below which 10%, 50%, and 

90% of the sample lie, respectively (Malvern Instruments Ltd, 2007). Goat milk 3.8% has the 

highest Dv10, Dv50, and Dv90 among other milk samples at 0.31 ± 0.010, 0.92 ± 0.027, and 

1.79 ± 0.027 μm, respectively. On the opposite, skimmed cow milk has the lowest Dv10, Dv50, 

and Dv90 with sizes of 0.07 ± 0.000, 0.13 ± 0.001, and 0.26 ± 0.003 μm, respectively. Cow milk 

has a significantly smaller Dv10 than goat milk regardless of their milkfat level, while the Dv90 

values were not statistically significant (p  0.05). The Dv10 values depict the protein level in 

milk, where skimmed cow milk has the biggest proportion of fine casein micelle particles, 

followed by GM2%, CM3.8%, GM2%, and GM3.8%. On the other hand, the Dv90 values were 

in line with the fat level in milk, where a higher fat content milk samples had higher Dv90 values 

than those with lower fat content.  

Table 15. Particle number attributes of commercial pasteurized cow milk and goat milk  

Particle number 

attributes 

Cow milk1  Goat milk1 

CSM CM2% CM3.8%  GM2% GM3.8% 

Total particle 

number in 100 μm³ 

(in thousands) 

216.77 ± 0.86a 78.68 ± 1.37b 34.86 ± 5.68c  8.76 ± 5.60d 2.01 ± 0.17d 

Total number of 

particle size <0.25 

μm (%) 

99.73 ± 0.00a 99.03 ± 0.00a 97.46 ± 0.01a  81.39 ± 0.09b 51.01 ± 0.02c 

Total number of 

particle size >1 μm 

(%) 

0.01 ± 0.00c 0.2 ± 0.00c 0.7 ± 0.00c  3.97 ± 0.02b 13.11 ± 0.01a 

1Values represent means of 3 replications ± standard deviation 
a-dDifferent letters within the same row shows significant differences at p  0.05 
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Assuming that the sample volume was 100 μm³, the volume-weighted particle size 

distribution was converted to the number of particles (Table 15). Smaller particles in the liquid 

result in a higher number of particles within the same volume, while larger particles will decrease 

the number of particles. Thus, the total particle number is most sensitive to the presence of fine 

particles. In contrast, the percentage of particle numbers with a specific size is more sensitive to 

the presence of large particles.  

The highest total particle number found in skim milk represents the abundance of fine 

casein micelle particles in the sample. The total particle numbers found in cow milk are 

significantly higher than in goat milk regardless of the fat content because 97 to 99% of the 

suspended particles in cow milk are smaller than 0.25 μm (p  0.05, Table 15). This suggests that 

the high number of particles found in cow milk was mainly affected by its protein content, 

specifically casein micelles with a particle size smaller than 0.25 μm. On average, the diameter 

size of the micelles in cow milk is significantly smaller than the micelles in goat milk (Remeuf & 

Lenoir, 1986). Casein micelles in bovine and caprine milk have a spherical shape with a diameter 

between 0.02 to 0.6 µm, while the casein sub-micelles are between 0.008 and 0.02 µm, 

respectively (Attaie & Richter, 2000).  

Goat milk contained between 4 to 13% particles larger than 1 μm, significantly higher than 

cow milk, which contained less than 1% (p  0.05, Table 15). It indicates that goat milk contains 

more large particulates in number and size than cow milk. Previous reports have shown that the 

fat globules of goat milk are naturally smaller than cow milk, with an average size of around 3.5 

and 4.5 μm, respectively (Attaie & Richter, 2000; Park et al., 2017). However, the cow milk 

samples used in this experiment were mechanically homogenized, which resulted in smaller fat 

particles. The goat milk samples were considered to be naturally homogenized due to the smaller 
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fat globules, which are predominantly composed of shorter chains of fatty acids than those in cow 

milk (Park, 2017). The short-chain fatty acids (SCFA) level in goat milk is significantly higher 

than in cow milk, with 15-18% and 5-9% of SCFA, respectively (Amigo & Fontecha, 2011). 

4.4.3. Milk optical properties 

The optical properties of milk that become the main focus of this research are the properties 

of UV-C light absorption and scattering coefficient in milk. The IAD program used in this study 

has been extensively used, tested, and validated for precision and accuracy to calculate the 

absorbance and scattering coefficient (Prahl, 2011). The scattering anisotropy coefficient (𝑔) was 

not measured and defaulted at 0 in this study. Thus, the light scattering incident in the liquid was 

best represented by the reduced scattering coefficient (μ’s) rather than the scattering coefficient 

(μs) because the 𝑔 is not known (Equation 13) (Aernouts, Van Beers, Watté, Huybrechts, 

Lammertyn, et al., 2015; Prahl, 2011).  

𝝁’𝒔 = (𝟏 − 𝒈) × 𝝁𝒔              (Equation 13) 

The UV-C absorption and reduced scattering coefficient for all milk samples are presented in 

Table 16. The refractive index (RI) of each sample was also measured prior to determining the 

absorption and scattering coefficient. The refractive indexes of all milk samples were between 

1.396 ± 0.0031 to 1.407 ± 0.0154. 
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Table 16. Optical Properties of commercial pasteurized cow milk and goat milk 

 Cow milk1  Goat milk1 

Optical 

properties 
CSM CM2% CM3.8%  GM2% GM3.8% 

Refractive 

index 

1.396 ± 

0.0031a 

1.399 ± 

0.0018a 

1.407 ± 

0.0154a 
 

1.399 ± 

0.0017a 

1.399 ± 

0.0041a 

Absorption 

coefficient 

(1/cm base10) 

20.885 ± 

2.4184c 

28.193 ± 

1.1169b 

30.919 ± 

1.2964b 
 

55.858 ± 

1.1364a 

56.428 ± 

1.9585a 

Reduced 

scattering 

coefficient 

(1/cm base10) 

43.468 ± 

5.4459bc 

63.470 ± 

3.9317a 

70.969 ± 

1.4823a 
 

34.248 ± 

3.6296c 

45.526 ± 

0.7267b 

1Values represent means of 3 replications ± standard deviation 
a-cDifferent letters within the same row shows significant differences at p  0.05 

Although the milk fat level did not significantly affect the absorption coefficient among 

cow or goat milk samples (p  0.05, Table 13), the UV-C absorption coefficients in goat milk were 

significantly higher than in cow milk (p  0.05, Table 16). Walstra and Jenness (1984) observed 

that the ultraviolet absorption in milk is strongly affected by the aromatic rings of the amino acid 

tyrosine and tryptophan and the double bonds of the milk fat. However, our experimental results 

suggest that milkfat level was not the sole factor affecting the UV-C light absorption of goat milk 

but might also be affected by the larger fat globules in goat milk (Figure 12). 

Contrarily, an increase in milk fat content results in a higher reduced scattering coefficient. 

Although the reduced scattering coefficients of GM2% and GM3.8% were not significantly 

(p  0.05), different from the scattering coefficient of CSM, the observed higher scattering 

coefficients of cow milk with increasing fat levels can be explained by the fine size particles 

observed in cow milk compared to goat milk of similar fat level (Table 15). These observations 
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are in agreement with Mulder and Walstra (1974) and Walstra et al. (2005), who reported that 

casein micelles scatter more short-wavelength than long-wavelength light due to their fine particle 

size, although both casein micelles and fat globules are responsible to the light scattering incident 

in milk (Walstra and Jenness, 1984).  

4.4.4. The relationship and importance of chemical composition and suspended particle 

size on the optical properties of the milk 

The colloidal solids in the milk, mainly dominated by fat globule and casein micelles, 

absorb and scatter light at various degrees according to their number, size, and refractive index 

(Aernouts et al., 2015; Walstra & Jenness, 1984; Yin et al., 2014). Existing literature that observes 

the correlation between the physicochemical and optical properties of the milk is mainly focused 

on the visible or near-infra-red (NIR) light. Thus, there is a lack of information regarding the effect 

of chemical composition and suspended particle-profiles of milk on the UV-C optical properties 

of milk. With this fact in mind, this study conducted the multiple ordinary least squares (OLS) 

regression to estimate the relationship between the milk optical properties (a or ’s) as the 

dependent variables and the milk chemical composition (protein and fat levels) and particle size 

(D[4,3], D[3,2], total particle number in 100 μm³, particle number smaller than 0.25 μm, and 

particle number bigger than 1 μm) as the independent variables. The standardized regression 

coefficients were also generated to compare the strength of the effect between independent 

variables to the dependent variable. Several OLS regression equations with predictor variables that 

have a significant relationship to the absorption or reduced scattering coefficient are presented in 

Table 17 and Table 18, respectively. The normality of the data from these equations was also 
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verified using the Shapiro-Wilk normality test, quantile-quantile plot, and residual plot (see figure 

B1-B15 of Appendix B).  

The univariate linear regression equations in Table 17 indicate that milk protein content 

and particle size parameter D[3,2], which represents the fine particles, have a strong relationship 

with the absorption coefficient with R2 at around 89% and 82%, respectively. Adding a predictor 

of fat content, D[3,2], D[4, 3], or total particle number to the model with protein as the predictor 

increases the R2 from 89% to between 93 to 96%. These equations indicate that both suspended 

fat globules and casein micelles particles in milk strongly affect the UV-C absorption.  

The negative coefficient on protein and total particle number variables indicates that a 

higher concentration of fine particles of casein micelles in milk results in a lower UV-C absorption. 

Considering that the fine particles of casein micelles strongly scatter short-wavelength light 

(Mulder & Walstra, 1974; Walstra et al., 2005), the scattering incident by casein micelles may 

decrease the UV-C absorption in milk. The positive coefficient on D[4, 3] and D[3,2] shows that 

larger particles of fat globules absorb more UV-C light than smaller fat globule particles, which is 

in agreement with previous reports that the large particles of milkfat globule contribute to the 

incidence of UV-C light absorption in milk (Walstra et al., 2005).  
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Table 17. Summary of ordinary least squares regressions on predictor variables and absorption coefficient (a) as the response variable 

Number 

of 

variables 

Regression equation in standardized coefficient (*p-value < 0.05) 
R2 Adj. R2 

Pred. 

R2 

Mallow's 

Cp Y = a X1 + b X2 + c X3 + d X4 

1  = -0.945 Protein* + 
  

+ 
  

+ 
  

0.8935 0.8853 0.8651 53.57 

1  = 0.909 D[3,2]* + 
  

+ 
  

+ 
  

0.8254 0.8120 0.7900 94.88 

1  = -0.831 particles < 

0.25 µm* 

+ 
  

+ 
  

+ 
  

0.6904 0.6666 0.6149 176.77 

1  = -0.798 Total 

particle 

number* 

+ 
  

+ 
  

+ 
  

0.6374 0.6095 0.5440 208.91 

1  = 0.795 particles > 

1 µm* 

+ 
  

+ 
  

+ 
  

0.6320 0.6037 0.5445 212.18 

1  = 0.773 D[4,3]* + 
  

+ 
  

+ 
  

0.5968 0.5657 0.5088 233.57 

2  = -0.732 Protein* + -0.341 Total 

particle 

number* 

+ 
  

+ 
  

0.9643 0.9584 0.9426 12.63 

2  = -0.754 Protein* + 0.317 D[4,3]* + 
  

+ 
  

0.9572 0.9501 0.9332 16.94 

2  = -0.618 Protein* + 0.390 D[3,2]* + 
  

+ 
  

0.9384 0.9282 0.9049 28.33 

2  = -0.873 Protein* + 0.217 Fat* + 
  

+ 
  

0.9351 0.9243 0.8983 30.35 

2  = -0.478 Fat* + 1.278 D[3,2]* +      0.9173 0.9035 0.8778 41.14 

3  = -1.053 Fat* + 0.811 D[3,2]* + 1.015 D[4,3]* + 
  

0.9843 0.9800 0.9675 2.54 

3  = -0.746 Fat* + 0.985 D[3,2]* + -0.589 Total 

particle 

number* 

+ 
  

0.9842 0.9799 0.9695 2.59 

4  = -1.003 Fat* + 1.123 D[3,2]* + 0.812 D[4,3]* + -0.188 particles 

> 1 µm 

0.9869 0.9816 0.9650 2.96 
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The equation with protein and fat levels as the predictors signifies that the protein level has 

a stronger negative relationship to the UV-C absorbance than the positive relationship of fat level. 

However, once the particle size parameters were taken into account, the fat level turned into having 

a negative effect on the UV-C absorption. A higher concentration of suspended particles in milk 

might reduce the UV-C absorption. The UV-C absorption in milk was best described by the fat 

level and the particle sizes (D[3,2] and D[4,3]), affecting about 98% of the variation within the 

absorption coefficient. Adding a variable to this model did not significantly improve the goodness 

of fit of the model. 

As a single predictor, protein level contributed only around 44% of the variation within the 

reduced scattering coefficient (Table 18). Adding a variable of total particle number, D[4,3], 

D[3,2], or fat increased the R2 significantly from 44% to between 80-88%. The models express a 

positive correlation between fat or protein level and the reduced scattering coefficient, agreeing 

with Walstra and Jenness (1984), who reported that both casein micelles and fat globules 

contribute to the light scattering. Combining two independent variables of fat level with D[3,2] or 

protein level could explain about 89-90% of the variation within the reduced scattering coefficient. 

These equations are considered the best among other possible models since adding more variables 

reduced the predicted R2 and improved the R2 by only about 1%. 
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Table 18. Summary of ordinary least squares regressions of predictor variables on reduced scattering coefficient (’s) as the response 

variable 

Number 

of 

variables 

Regression equation in standardized coefficient (*p-value < 0.05) 
R2 Adj. R2 

Pred. 

R2 

Mallow's 

Cp 
Y = a X1 + b X2 + c X3 

1 's = 0.660 Protein* + 
  

+ 
  

0.4362 0.3928 0.2775 39.01 

2 's = 1.451 Fat* + -1.347 D[3,2]* + 
  

0.8987 0.8818 0.8493 -0.01 

2 's = 0.900 Protein* + 0.712 Fat* + 
  

0.8860 0.8670 0.8224 1.11 

2 's = 1.160 Protein* + 0.826 D[4,3]* + 
  

0.8692 0.8474 0.7862 2.60 

2 's = 1.592 Protein* + 1.110 D[3,2]* + 
  

0.8008 0.7676 0.6954 8.67 

2 's = 1.143 Protein* + -0.772 Total 

particle 

number* 

+ 
  

0.7991 0.7656 0.6808 8.82 

3 's = 1.546 Fat* + -1.665 D[3,2]* + 0.273 particles > 

1 µm 

0.9098 0.8852 0.8090 1.00 

3 's = 1.582 Fat* + -1.733 D[3,2]* + -0.315 particles < 

0.25 µm 

0.9096 0.8850 0.8018 1.02 

3 's = 1.195 Fat* + -0.874 D[3,2] + 0.329 Protein 0.9044 0.8783 0.8389 1.48 
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If the protein level was taken into account, the larger size of suspended particles could 

increase the UV-C scattering in milk. However, if the fat level was considered the predictor, the 

UV-C scattering will increase as the fine particles increase in concentration or decrease in size. 

Studies reported that the scattering coefficient is mainly influenced by the size and the 

concentration of the fat globules (Aernouts et al., 2015), and casein micelles scatter less light than 

fat globules due to their smaller particle size (Walstra and Jenness, 1984). However, casein 

micelles scatter more shorter-wavelength than longer-wavelength light due to their fine size 

(Mulder & Walstra, 1974; Walstra et al., 2005).  

4.4.5. The effect of milk optical properties on the average UV-C fluence rate (E’avg) in 

milk 

Table 19 shows the optical properties of the milk samples and exposure time required to 

deliver predetermined UV-C fluences to the milk samples. The optical properties of milk such as 

refractive index, absorption coefficient, and reduced scattering coefficient were taken into account 

in the calculation of E’avg in the milk samples, which later be used to determine the required 

exposure time for the desired UV-C fluence using equation (12). Considering that most of the 

absorption and reduced scattering coefficient of the milk samples within various batches were 

statistically not significant (p  0.05), see Figure B16-B25 of Appendix B), the UV experiment on 

milk was done in triplicates using milk sample from the same lot number. At a similar level of 

UV-C irradiance, CSM has the highest E’avg at 0.0319, followed by CM2% and CM3.8% at 0.0227 

and 0.0206, and GM2% and GM3.8% at 0.0193 and 0.0155, respectively. A longer exposure time 

was required for the liquid with lower E’avg and vice versa. The exposure times were statistically 

different between milk samples for all UV-C fluence (p  0.05). 
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Table 19. The optical properties of commercial pasteurized milk samples and the exposure times for each UV-C fluence treatment 

 
Cow milk1 

 
Goat milk1 

Parameter CSM CM2% CM3.8%  GM2% GM3.8% 

Refractive index 1.396 ± 0.0031a 1.399 ± 0.0018a 1.407 ± 0.0154a 
 

1.399 ± 0.0017a 1.399 ± 0.0041a 

Absorption coefficient (1/cm 

base10) 

20.88 ± 2.42c 28.19 ± 1.12b 30.92 ± 1.30b 
 

55.86 ± 1.14a 56.43 ± 1.96a 

Reduced scattering coefficient 

(1/cm base10) 

43.47 ± 5.45bc 63.47 ± 3.93a 70.97 ± 1.48a 
 

34.25 ± 3.63c 45.53 ± 0.73b 

Irradiance (mW/cm2) 1.73 ± 0.021a 1.76 ± 0.056a 1.76 ± 0.050a 
 

1.71 ± 0.010a 1.71 ± 0.010a 

Average fluence rate (mW/cm2) 0.0319 0.0227 0.0206 
 

0.0193 0.0155 

Exposure time at 0 mJ/cm2 (sec) 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 
 

0.00 ± 0.00a 0.00 ± 0.00a 

Exposure time at 2 mJ/cm2 (sec) 63.00 ± 1.00e 87.33 ± 3.06d 95.67 ± 2.52c 
 

105.33 ± 1.15b 130.67 ± 0.58a 

Exposure time at 4 mJ/cm2 (sec) 126.67 ± 1.53e 174.67 ± 5.51d 191.33 ± 5.69c 
 

210.33 ± 1.15b 261.67 ± 0.58a 

Exposure time at 6 mJ/cm2 (sec) 189.33 ± 2.08e 261.67 ± 8.08d 287.00 ± 8.19c 
 

315.67 ± 2.31b 392.33 ± 1.15a 

Exposure time at 8 mJ/cm2 (sec) 252.67 ± 3.21e 349.00 ± 11.14d 382.33 ± 11.24c 
 

420.67 ± 2.31b 523.00 ± 1.73a 

Exposure time at 10 mJ/cm2 (sec) 316.00 ± 3.61e 436.67 ± 13.65d 478.33 ± 13.87c 
 

526.00 ± 3.46b 653.67 ± 2.31a 

1Values represent means of 3 replications ± standard deviation 
a-eDifferent letters within the same row shows significant differences at p  0.05
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Ansari et al. (2019) concluded that the UV-C incident irradiance in milk could differ due 

to the concentration of total solids, which affects the UV-C absorption coefficient of the milk. 

Among skim cow milk (0.1% fat, 8.81% total solids), whole cow milk (3.5% fat, 12% total solids), 

and sheep milk (5.24% fat, 16.19% total solids), the highest inactivation of B. subtilis ATCC 6633 

spores using a coiled tube UV reactor was achieved in skim cow milk, while the lowest inactivation 

was observed in sheep milk. Our study also demonstrated that milk with a higher absorption 

coefficient had a lower UV-C average fluence rate (Table 19). However, in contrast with the study 

by Ansari et al. (2019), the total solids of milk did not linearly correlate to its UV-C absorption 

coefficient.  

4.4.6. The incremental log inactivation of L. monocytogenes cocktail in UV-C treated PBS 

and milk 

Overall, the log reductions did not significantly differ between milk samples at all levels 

of UV-C fluence in the experiment (p  0.05, Table 20). Significantly lower reductions were found 

only in GM2% compared to CM2% when irradiated with 2 mJ/cm2 UV-C fluence. This difference 

can be attributed to various factors related to the milk samples, which might affect the accuracy of 

the UV-C fluence calculation for the goat milk samples, specifically due to the high variance of 

the optical properties of goat milk. Considering that the goat milk was unhomogenized (Park, 

2017), optical properties changes in goat milk during storage or a significant difference in optical 

properties between batches might occur. 
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Table 20. The UV-C response of L. monocytogenes cocktail in PBS and commercial pasteurized 

milk samples treated using a collimated beam device. 

Liquid 

media 

Log reductions ± SD (log CFU/mL) after UV-C treatment at UV-C fluence 

(mJ/cm2)1 

2 4 6 8 10 

PBS 0.26 ± 0.069b 0.84 ± 0.184b 1.91 ± 0.134a 3.39 ± 0.236a 4.96 ± 0.375a 

CSM 0.47 ± 0.092ab 1.29 ± 0.067a 2.03 ± 0.200a 3.32 ± 0.425ab 4.29 ± 0.325ab 

CM2% 0.61 ± 0.067a 1.27 ± 0.217a 2.07 ± 0.313a 3.02 ± 0.327ab 4.03 ± 0.265b 

CM3.8% 0.41 ± 0.060ab 1.06 ± 0.145ab 1.72 ± 0.094a 2.85 ± 0.264ab 4.05 ± 0.152ab 

GM2% 0.37 ± 0.003b 0.92 ± 0.124ab 1.63 ± 0.122a 2.52 ± 0.405b 3.41 ± 0.298b 

GM3.8% 0.49 ± 0.092ab 1.01 ± 0.087ab 1.96 ± 0.292a 2.96 ± 0.232ab 3.84 ± 0.135b 

1Values represent means of 3 replications ± standard deviation 
a-cDifferent letters within the same column shows significant differences at p  0.05 

The UV-C fluence of 10 mJ/cm2 could inactivate about 5 logs of L. monocytogenes cocktail 

in PBS. However, the same fluence could only inactivate about 3 to 4 logs of the cocktail in milk. 

Using a similar UV apparatus and fluence calculation method, Gunter-Ward et al. (2017) reported 

that a UV-C fluence of 12.3 mJ/cm2 was required to inactivate 5 logs of L. monocytogenes 

ATCC19115 in pasteurized skimmed milk using a collimated beam device. Done by the same 

research group, a higher UV-C fluence at 16.15 mJ/cm2 was required to achieve 5-log reduction 

of L. monocytogenes ATCC19115 in pasteurized skimmed milk using a continuous dean-flow 

spiral UV reactor (Ward et al., 2019). Matak et al. (2005) reported >5-log reduction of 

L. monocytogenes L-2289 in raw goat milk with 4% M.F. after being irradiated to approximately 

15.8 mJ/cm2 of UV-C fluence using a thin-film UV apparatus. More than 6 logs of 

L monocytogenes cocktail in UHT full cream milk were inactivated after being exposed to 
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21.3 mJ/cm2 of UV-C fluence inside the coiled tube continuous dean flow UV system (Lu et al., 

2011). 

By taking the milk optical properties and other correction factors into account in the UV-C 

fluence calculation, the log inactivation by the same UV-C fluence in all types of liquid should 

ideally be similar. The data shows that most log reductions in milk samples treated with UV-C 

fluence up to 6 mJ/cm2 were not statistically different or higher than the log reduction in PBS (p  

0.05). A statistically higher log inactivation in milk than PBS was observed in CSM treated with 

2 mJ/cm2 of UV-C fluence and CM2% treated with 2 and 4 mJ/cm2 of UV-C fluence (p  0.05, 

Table 20). However, a significantly lower log inactivation in milk than in PBS was observed in 

the GM2% treated with 8 and 10 mJ/cm2 of UV-C fluence, and CM2% and GM3.8% treated with 

10 mJ/cm2 of UV-C fluence. It can be considered from these results that the UV-C fluence 

calculation method implemented in this study could be used to estimate more accurate UV-C 

fluence in a collimated beam device operating at 253.7 nm wavelength up to 6 mJ/cm2. However, 

the UV-C fluence higher than 6 mJ/cm2 was overestimated, resulting in a lower log inactivation in 

milk than in PBS.  

Müller et al. (2011) and Gayán et al. (2015) observed that the most influencing factor on 

the efficacy of the UV-C inactivation was the absorbance of liquid based on the dissolved 

compounds. However, the findings of the present study, agreeing with Patras et al. (2020), 

demonstrated that in addition to the absorption coefficient, the reduced scattering coefficient is 

another crucial factor to take into consideration to determine more accurate UV-C fluences 

required to inactivate pathogens, especially in opaque liquids such as milk. However, it is essential 

to point out that in addition to understanding the optical properties of opaque liquids, a proper 
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method development is required to incorporate the optical properties in the fluence calculation. 

UV-C fluences Appropriate mathematical algorithms that consider some factors such as microbial 

resistance and inactivation kinetics, treatment temperatures, protective effect of the liquid medium, 

and reparability of the microorganisms through photoreactivation or dark repair pathways, might 

be able to determine the UV-C fluence accurately (Gayán et al., 2014a; Patras et al., 2020).   

4.4.7. UV-C inactivation kinetics modeling of L. monocytogenes cocktail in PBS and milk 

The model analysis results from GInaFiT indicated that it is unlikely to fit log-linear models 

with tailing to the log inactivation in milk samples because the Nres value, which represents the 

more resistant subpopulation number of cells that cause tailing effect (Geeraerd et al., 2000), was 

lower than the lowest measured number of cells in the experiment. However, the log inactivation 

in PBS was well fitted to the Weibull+tail model. The biphasic models, which depicts two 

homogeneous population groups in the initial population with different linear inactivation rate 

(Cerf, 1977), were also unlikely for most of the obtained log inactivation data because the 

parameter estimate of two inactivation rate constants (kmax1 and kmax2) was equal. Therefore, the 

present study focuses only on the best possible models: the log-linear+shoulder, Weibull, 

Weibull+tail, and double Weibull models.  

The log-linear model has a lower goodness-of-fit to the log inactivation in PBS than the 

non-log-linear models, with an adjusted R2 of 92% (Table 21). Similar to the single strain 

experiment where the UV-C inactivation of the dairy-associated L. monocytogenes strains in a 

clear PBS best fit the Weibull+tail model (Table 7), the UV-C inactivation of the cocktail in PBS 

also has the best quality of fit with the Weibull+tail model with adjusted R2 of 0.9892. The cocktail 

inactivation behaviour in PBS best fits three models with similar goodness-of-fit: the Weibull, 
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Weibull+tail, and double Weibull models. The data indicated that the tailing effect of the cocktail 

inactivation in PBS was less visible compared to the single strain inactivation in PBS (Figure 5). 

Table 21. Statistical measures of five inactivation models fitted to the survival data of 

L. monocytogenes cocktail in various liquid media treated with UV-C irradiation obtained from 

GInaFiT version 1.7 

Liquid 

media 

Statistic 

measures 

Inactivation Model 

Log-

linear 

Log-linear 

+shoulder 
Weibull 

Weibull 

+tail 

Double-

Weibull 

PBS 
RMSE 0.5145 0.2151 0.1912 0.1911 0.1911 

Adjusted R2 0.9216 0.9863 0.9892 0.9892 0.9892 

CSM 
RMSE 0.3064 0.2373 0.2294 0.23341 0.2374 

Adjusted R2 0.9620 0.9772 0.9787 0.97801 0.9772 

CM2% 
RMSE 0.2511 0.2224 0.2120 0.21941 0.2164 

Adjusted R2 0.9694 0.9760 0.9782 0.97671 0.9773 

CM3.8% 
RMSE 0.3091 0.1879 0.1462 0.15131 0.1471 

Adjusted R2 0.9546 0.9832 0.9898 0.98911 0.9897 

GM2% 
RMSE 0.3037 0.2511 0.2464 0.25491 0.2551 

Adjusted R2 0.9410 0.9596 0.9611 0.95841 0.9583 

GM3.8% 
RMSE 0.2472 0.1683 0.1667 0.16551 0.1656 

Adjusted R2 0.9690 0.9856 0.9859 0.98611 0.9861 

1GInaFiT note: Log10(Nres) is less than the minimal measured value. Model with tailing is 

unlikely for these data. 
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Figure 13. UV-C inactivation behaviours of L. monocytogenes cocktail treated using a 

collimated beam device in (a) PBS, (b) cow skimmed milk (CSM), (c) cow milk 2% M.F. 

(CM2%), (d) cow milk 3.8% M.F. (CM3.8%), (e) goat milk 2% M.F. (GM2%), and (f) goat milk 

3.8% M.F. (GM3.8%) following the Weibull model 



98 

 

 

 

The inactivation kinetics of the cocktail in milk has a good fit to the log-linear with adjusted 

R2 varies between 92 and 97% (Table 21). Gunter-Ward et al. (2018) and Ward et al. (2019) 

reported that the UV inactivation of L. monocytogenes ATCC43256 in skim milk irradiated by 

collimated beam device and Dean-flow spiral reactor had a good fit to the log-linear model with 

R2 at 97 and 98%, respectively. However, the cocktail inactivation in the milk samples best fit the 

Weibull and Double Weibull model with adjusted R2 between 96 to 99%. The Weibull model 

depicts a single convex or concave non-log-linear inactivation curve (Mafart et al., 2002), while 

the double Weibull model depicts two convex or concave non-log-linear inactivation curves with 

different degrees of inclination representing two subpopulations with different resistance to the 

stress factor (Coroller et al., 2006). Crook et al. (2015) also reported that the Double Weibull model 

had the best fit among other models in GInaFiT for the inactivation of L. monocytogenes 

ATCC43256 in UHT milk irradiated using a thin-film turbulent flow UV device. In this study, the 

Weibull model was proposed as the best model to describe the impact of UV-C irradiation on the 

cocktail in the milk because four out of five milk samples have a better fit with the Weibull than 

the Double Weibull model. Papademas et al. (2020) observed that the Weibull and Double Weibull 

model provides a good fit for the UV inactivation of L. innocua NCTC11288 in donkey milk. 

However, the biphasic model provides a slightly better fit by 1% than the Weibull and Double 

Weibull models. 
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Table 22. Required UV-C fluences needed to achieve incremental log inactivation of 

L. monocytogenes cocktail in PBS and milk based on the Weibull model 

Liquid media 

Required UV-C fluences (mJ/cm2) to achieve a log 

reduction (log CFU/ml) of 

1 2 3 4 5 

PBS 4.20 6.10 7.59 8.86 10.00 

CSM 3.42 5.68 7.64 9.43 >10 

CM2% 3.37 5.82 8.01 >10 >10 

CM3.8% 4.18 6.47 8.36 >10 >10 

GM2% 4.24 6.88 9.15 >10 >10 

GM3.8% 3.68 6.13 8.27 >10 >10 

 

The required UV-C fluences to achieve incremental log inactivation of the cocktail based 

on the best-fit Weibull model for PBS and milk samples was presented in Table 22. About 3 to 

4 mJ/cm2 of UV-C fluence were required to inactivate a log of the cocktail in all liquid types. 

Greater than 10 mJ/cm2 of UV-C fluence was required to achieve 4-log reduction of 

L. monocytogenes in all milk samples except skim milk and to achieve 5-log reduction in skim 

milk. The gap between the required UV-C fluence in PBS and milk samples becomes wider as the 

desired log inactivation increases. This gap roughly depicts the gap between the calculated and the 

real UV-C fluence exposed to the cocktail in the experiment. 

4.5. Conclusion and Perspectives 

Suspended fat globules and casein micelles play a critical role in UV-C light absorption 

and scattering in milk. Bigger suspended fat globule particles significantly promote UV-C 

absorption, while both large fat globules and fine casein micelles contribute to the UV-C scattering 
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in milk. The increase in fat or decrease in protein content significantly increases the UV-C 

absorbance of the milk. However, if the particle size parameters were taken into account, the fat 

content negatively affected the UV-C absorbance. Higher protein and fat content significantly 

increase the UV-C scattering in milk.  

A modification was made to the IUVA-published UV-C fluence calculation method by 

considering the absorption and reduced scattering coefficient of the sample. This method was used 

in the average UV-C fluence rate calculation for milk samples to deliver 2, 4, 6, 8 and 10 mJ/cm2 

of UV radiation to the milk samples. UV-C fluence of 10 mJ/cm2 could inactivate the dairy-

associated L. monocytogenes cocktail as much as 5, 4, and 3-log cycles in PBS, pasteurized cow 

and goat milk, respectively. The UV-C fluence calculation method used in this study results in a 

similar log inactivation in PBS and milk samples up to UV-C fluence of 6 mJ/cm2. However, a 

future improvement on the calculation method is needed to accurately calculate higher UV-C 

fluence in an opaque liquid such as milk. The optical properties of the milk are the critical 

component in the UV-C pasteurization, which requires a control measure or pre-processing steps 

to standardize the optical properties prior to the UV-C treatment to obtain accurate UV-C fluence. 
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CHAPTER 5.  LIMITATIONS, FUTURE DIRECTIONS, AND 

FINAL CONCLUSIONS 

5.1. Limitations and Future Directions 

This study was the first to offer a kinetic modelling and UV-C fluences required to achieve 

incremental log inactivation of dairy-associated L. monocytogenes strains in PBS and milk by 

considering factors affecting the UV-C propagation in an opaque liquid such as liquid optical 

properties and other factors as described in Bolton and Linden (2003). However, several 

limitations should be addressed in this study. This study, together with other studies (Chawla, 

Lobacz, Tarapata, & Zulewska, 2021; Koca, Urgu, & Saatli, 2018), provides a prospect of UV-C 

irradiation being utilized for a pre-treatment or a substitution to milk thermal pasteurization. 

However, the milk samples used in this study were already pasteurized or homogenized and 

pasteurized, and have different optical properties compared to raw milk. To better understand the 

potential of the UV-C irradiation to pasteurize milk, a similar experiment on raw milk will provide 

more precise results showing the impact of the UV-C irradiation on the pathogen inactivation and 

indigenous microorganism reduction. Future studies should also evaluate the physicochemical and 

sensory properties of the UV pasteurized milk. 

Commercial pasteurized cow and goat milk were used in the experiment. The cow milk 

was mechanically homogenized, whereas the goat milk was not mechanically homogenized. The 

optical properties of the less stable liquid, such as unhomogenized goat milk, might change during 

storage. Ideally, to minimize the variance of the calculated UV-C fluences required in the milk 

experiment, the milk optical properties measurement and the UV experiment should be done using 

the same batch of milk samples and on the same day. However, due to the extensive process of 
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optical properties measurement, it is not possible to do both measurements on the same day. This 

study has not investigated the degree of changes in the optical properties of milk samples within 

their shelf life. However, the optical properties measurement on the same day with the UV-C 

irradiation experiment using raw milk becomes very critical due to the unstable suspended particles 

in raw milk. 

A longer tailing effect observed in the experiments on 5 ml PBS compared to 2 ml PBS 

and milk samples indicate that there might be a UV-C fluence distribution pattern difference 

between 5 ml and 2 ml liquid. Although the mixing speed was similar, the mixing in 5 ml liquid 

has flatter liquid surface than 2 ml liquid surface. It indicates that the UV-C fluence distribution 

pattern might vary between liquid volumes. Ideally, identical device setups should be used to 

minimize uncontrolled variables when comparing experiments. However, the collimating tube was 

removed, and the liquid volume was reduced to 2 ml in order to increase the UV-C irradiance in 

the milk experiment. These changes might slightly impact the UV propagation in the experiment 

on milk samples. Further investigation to find factors affecting the UV-C fluence distribution in a 

PBS may improve the understanding of the UV-C irradiation by the collimated beam device.  

Even though the optical properties of the milk samples have been taken into account in the 

UV-C fluence calculation, this study clearly showed that the UV-C fluence of 10 mJ/cm2 could 

not reach 5-log inactivation in the milk samples. In contrast, 5-log cycles of the cocktail can be 

achieved in UV-C treated PBS. Some limitations on the experiment, such as not using the a and 

's of the actual milk samples used in the UV-C irradiation experiment or the uncontrolled liquid 

temperature, might affect the calculation accuracy of the higher UV-C fluence in milk. Although 

the experiment has been designed to minimize the liquid temperature increase and the mixing time 
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was kept under 12 minutes, the temperature increase of the milk samples in this experiment and 

its impact on the log reduction of the cocktail in the milk samples is unknown. It is suggested to 

control the liquid temperature by using a water bath or temperature-controlled vessel for future 

studies to eliminate the influence of the temperature on the UV-C inactivation. 

It is essential to learn the sublethal injury and recovery rate of the L. monocytogenes treated 

by UV-C irradiation in milk. The microorganism can repair the damaged DNA through reverse 

photoreactivation and dark repair pathways (Gayán et al., 2014a; Patras et al., 2020). In this study, 

all treated milk samples were directly inoculated to the TSA plates and placed in the dark until the 

end of incubation time to avoid photoreactivation. However, the microorganism can recover the 

sublethal injury in the dark through reverse damage using Spore photoproducts (SP) lyase or 

excision repair (Gayán et al., 2014a). The chemical component in milk might provide a protective 

effect and better recovery to the sublethal-injured cells apart from interfering with the UV-C 

propagation. Further investigation should be done to explain the higher recovery rate of UV-C 

irradiated L. monocytogenes in milk compared to clear PBS. Moreover, future investigating the 

presence of the viable but non-culturable (VBNC) state in the UV-C irradiated L. monocytogenes 

in milk during preservation is required to better understand the UV-C pasteurization on milk. 

UV-LEDs are considered superior to low pressure or medium pressure mercury lamp due 

to their small size, longer operational life, absence of toxic mercury and glass, and ease of emission 

control (Bowker, Sain, Shatalov, & Ducoste, 2011; Koutchma et al., 2019). Studies showed a 

comparable germicidal effect of UV-LEDs to LPM UV lamps in clear liquid (Bowker et al., 2011; 

Sholtes et al., 2016). Another more recent study showed that the UV-LEDs emitting at 259–275 

nm range had a similar or more effective inactivation of E. coli, Salmonella, and Listeria in a saline 
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solution than 253.7 nm UV-C emitted by the LPM lamps at the same UV fluence (Green et al., 

2018). Considering the advantage of UV-LEDs, future studies using UV-LEDs collimated beam 

system with a similar method to the present study may provide meaningful evidence for the future 

utilization of UV-C LEDs as an alternative for liquid non-thermal pasteurization.  

5.2. Final Conclusions 

Overall, this study shows a great potential of UV-C irradiation to inactivate pathogens, 

specifically L. monocytogenes, in opaque liquids such as milk using a collimated beam device. The 

true UV-C fluence required for the incremental log inactivation of dairy-associated 

L. monocytogenes strains in a clear fluid was successfully determined due to the well-defined 

factors affecting the UV-C attenuation in the UV-C fluence calculation. This study suggests that 

the UV-C absorbance and scattering of milk mainly correlated to the concentration and particle 

size of the suspended fat globules and casein micelles in milk. Larger particles of fat globules 

strongly affect the UV-C absorption in milk, whose particle size has a stronger correlation than the 

concentration. In comparison, the UV-C scattering is affected by suspended fat globules and casein 

micelles, in which the protein slightly contributes more than fat.  

Moreover, this study supported the hypothesis that UV-C fluence in milk is strongly 

associated with the optical properties of the milk, particularly the UV-C absorption and reduced 

scattering coefficient. This study also suggested that the adaptation of the UV-C treatment for 

commercial application should be implemented on liquid foods with known optical properties. 

Using the fluence determination protocol by Bolton et al. (2015) and Bolton and Linden (2003) 

and taking the absorption and reduced scattering coefficient of the milk into account, the 

calculation of UV-C fluence to achieve incremental log inactivation could be more accurate. In 
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PBS, the UV-C fluence of 10 mJ/cm2 successfully produced 5-log reduction of dairy-associated 

L. monocytogenes strains. However, the UV-C fluence calculation method in the milk needs to be 

refined, as the inactivation of L. monocytogenes cocktail in the milk becomes lower than the 

inactivation in PBS solution along with the increasing UV-C fluence. 

Non-log-linear inactivation behaviours of L. monocytogenes under UV-C irradiation in 

transparent and opaque liquid were observed in this study. The UV-C inactivation of all 

L. monocytogenes strains and the cocktail in 5 ml PBS were best fitted to the Weibull+tail model. 

The UV-C inactivation of the L. monocytogenes cocktails in 2 ml PBS and milk samples were best 

fitted to the Weibull model. There was clear evidence that the volume difference of the treated 

samples affects the distribution of the UV-C fluence in the liquid (Appendix D), which further 

affects the achieved log inactivation. The calculated UV-C fluences required to achieve 

incremental log inactivation of L. monocytogenes strains or cocktails in the PBS or milk samples 

based on the selected inactivation kinetic models are also presented in this study.  

A follow-up study on the chemical and sensory evaluation of the UV-C-treated milk should 

be performed to present the potential of the UV-C irradiation for dairy processing. As mentioned 

in section 5.1, some improvements to the experimental methods may increase the accuracy and 

reduce the variability of the collected data. Altogether, further research using a widely-recognized 

UV-C fluence calculation method could significantly contribute to the development of non-thermal 

UV pasteurization for opaque liquid foods, whether as an alternative to conventional thermal 

pasteurization or as part of a hurdle technology. 
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APPENDICES 

APPENDIX A – SUPPLEMENTARY FIGURES FOR MATERIALS AND METHODS 

 

Figure A1. The absorbance spectrum of PBS and CMB within wavelength 200 to 400 nm  
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Figure A2. Bacteriophage MS2 biodosimetry irradiated by collimated beam apparatus 

 

Figure A3. Bacteriophage T7 biodosimetry irradiated by collimated beam apparatus 
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APPENDIX B – STATISTICAL ANALYSIS 

 
W = 0.89433, p-value = 0.07799 

Figure B1. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression model 

for absorption coefficient (mua) with D[3,2] as the predictor variables 

 

 
W = 0.93156, p-value = 0.2879 

Figure B2. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression model 

for absorption coefficient (mua) with D[3,2] as the predictor variable 
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W = 0.96813, p-value = 0.8295 

Figure B3. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression model 

for absorption coefficient (mua) with protein content and total particle number as the predictor 

variables 

 

 
W = 0.97016, p-value = 0.8604 

Figure B4. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression model 

for absorption coefficient (mua) with protein content and D[4,3] as the predictor variables 



124 

 

 

 

 

 
W = 0.94704, p-value = 0.479 

Figure B5. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression model 

for absorption coefficient (mua) with protein content and D[3,2] as the predictor variables 

 

 
W = 0.93226, p-value = 0.2949 

Figure B6. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression model 

for absorption coefficient (mua) with protein and fat content as the predictor variables 
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W = 0.94889, p-value = 0.5072 

Figure B7. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression model 

for absorption coefficient (mua) with fat content and D[3,2] as the predictor variables 

 

 
W = 0.96679, p-value = 0.808 

Figure B8. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression model 

for absorption coefficient (mua) with fat content, D[3,2], and D[4,3] as the predictor variables 
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W = 0.94194, p-value = 0.4074 

Figure B9. The residual and quantile-quantile plots from the regression model for absorption 

coefficient (mua) with fat content, D[3,2], and total particle number as the predictor variables 

 

 
W = 0.9549, p-value = 0.6046 

Figure B10. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression 

model for scattering coefficient (mus) with protein content as the predictor variable 
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W = 0.94746, p-value = 0.4854 

Figure B11. The residual and quantile-quantile plots from the regression model for reduced 

scattering coefficient (mus) with fat content and D[3,2] as the predictor variables 

 

 
W = 0.94459, p-value = 0.4436 

Figure B12. The residual and quantile-quantile plots from the regression model for reduced 

scattering coefficient (mus) with fat and protein content as the predictor variables 
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W = 0.98591, p-value = 0.9949 

Figure B13. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression 

model for scattering coefficient (mus) with protein content and D[4,3] as the predictor variables 

 

 
W = 0.96328, p-value = 0.7491 

Figure B14. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression 

model for scattering coefficient (mus) with protein content and D[3,2] as the predictor variables 
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W = 0.96196, p-value = 0.7264 

Figure B15. The Shapiro-Wilk test, residual and quantile-quantile plots from the regression 

model for scattering coefficient (mus) with protein content and total particle number as the 

predictor variables 

 

 

Figure B16. Absorption coefficient (mua) of pasteurized cow skimmed milk from three different 

batch number 
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Figure B17. Absorption coefficient (mua) of pasteurized cow milk 2% M.F. from three different 

batch number 

 

Figure B18. Absorption coefficient (mua) of pasteurized cow milk 3.8% M.F. from three 

different batch number 
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Figure B19. Absorption coefficient (mua) of pasteurized goat milk 2% M.F. from three different 

batch number 

 

Figure B20. Absorption coefficient (mua) of pasteurized goat milk 3.8% M.F. from three 

different batch number 
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Figure B21. Reduced scattering coefficient (mus) of pasteurized cow skimmed milk from three 

different batch number 

 

Figure B22. Reduced scattering coefficient (mus) of pasteurized cow milk 2% M.F. from three 

different batch number 



133 

 

 

 

 

Figure B23. Reduced scattering coefficient (mus) of pasteurized cow milk 3.8% M.F. from three 

different batch number 

 

Figure B24. Reduced scattering coefficient (mus) of pasteurized goat milk 2% M.F. from three 

different batch number 
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Figure B25. Reduced scattering coefficient (mus) of pasteurized goat milk 3.8% M.F. from three 

different batch number 
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APPENDIX C – SUPPLEMENTARY FIGURES OF CURVE FITTING BY GINAFIT  

 

 

Figure C1. UV-C inactivation behaviours of L. monocytogenes LI0530 in 5 ml PBS, fitted to the 

(a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C2. UV-C inactivation behaviours of L. monocytogenes HPB4488 in 5 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C3. UV-C inactivation behaviours of L. monocytogenes HPB3078 in 5 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C4. UV-C inactivation behaviours of L. monocytogenes HPB4476 in 5 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C5. UV-C inactivation behaviours of L. monocytogenes HPB6629 in 5 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C6. UV-C inactivation behaviours of L. monocytogenes HPB4475 in 5 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C7. UV-C inactivation behaviours of L. monocytogenes H18 in 5 ml PBS, fitted to the (a) 

log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) biphasic 

(f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C8. UV-C inactivation behaviours of L. monocytogenes HPB4493 in 5 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C9. UV-C inactivation behaviours of L. monocytogenes V37CE in 5 ml PBS, fitted to the 

(a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C10. UV-C inactivation behaviours of L. monocytogenes V37CE in 5 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 



145 

 

 

 

 

Figure C11. UV-C inactivation behaviours of L. monocytogenes cocktail in 5 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C12. UV-C inactivation behaviours of L. monocytogenes cocktail in 2 ml PBS, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C13. UV-C inactivation behaviours of L. monocytogenes cocktail in 2 ml CSM, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C14. UV-C inactivation behaviours of L. monocytogenes cocktail in 2 ml CM2%, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C15. UV-C inactivation behaviours of L. monocytogenes cocktail in 2 ml CM3.8%, fitted 

to the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C16. UV-C inactivation behaviours of L. monocytogenes cocktail in 2 ml GM2%, fitted to 

the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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Figure C17. UV-C inactivation behaviours of L. monocytogenes cocktail in 2 ml GM3.8%, fitted 

to the (a) log-linear, (b) log-linear+shoulder, (c) log-linear+tail, (d) log-linear+shoulder+tail, (e) 

biphasic (f) biphasic+shoulder, (g) Weibull, (h) Weibull+tail, and (i) Double Weibull model 
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APPENDIX D – EFFECT OF LIQUID VOLUME ON THE UV-C INACTIVATION OF 

L. MONOCYTOGENES COCKTAIL USING A COLLIMATED BEAM DEVICE 

Table D1. The UV-C response of L. monocytogenes cocktail in 5 ml and 2 ml clear PBS treated 

with a collimated beam device 

Liquid 

media 

Log reductions ± SD (log CFU/mL) after UV-C treatment at UV-C fluence 

(mJ/cm2) 

2 4 6 8 10 

PBS (5 ml) 0.35 ± 0.045a 1.08 ± 0.165a 2.63 ± 0.216a 4.41 ± 0.102a 5.05 ± 0.116a 

PBS (2 ml) 0.26 ± 0.069a 0.84 ± 0.184a 1.91 ± 0.134b 3.39 ± 0.236b 4.96 ± 0.375a 

1Values represent means of 3 replications ± standard deviation 
a-bDifferent letters within the same column shows significant differences at p  0.05 

 

Figure D2. Inactivation kinetics model of L. monocytogenes cocktail treated by the collimated 

beam device in (a) 5ml PBS and (b) 2 ml PBS following the Weibull+tail model 
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Table D3. Statistical measures of inactivation models fitted to the survival data of 

L. monocytogenes cocktail in 5 ml and 2 ml clear PBS treated with UV-C irradiation obtained 

from GInaFiT Version 1.7 

Liquid 

media 

Statistic 

measures 

Inactivation Model 

Log-

linear 

Log-linear 

+shoulder 
Weibull 

Weibull 

+tail 

Double-

Weibull 

PBS (5 ml) 
RMSE 0.4448 0.2775 0.3358 0.1300 1.3621 

Adjusted R2 0.9507 0.9808 0.9719 0.9958 0.5380 

PBS (2 ml) 
RMSE 0.5145 0.2151 0.1912 0.1911 0.1911 

Adjusted R2 0.9216 0.9863 0.9892 0.9892 0.9892 

 

D4. Discussion on the effect of liquid volume on the UV-C inactivation of L. monocytogenes 

cocktail using a collimated beam device 

The L. monocytogenes cocktail log reductions between 5 ml and 2 ml PBS treated with 

UV-C fluence of 2, 4, and 10 mJ/cm2 were not significantly different (p  0.05, Table D1). 

However, the log inactivation in 2 ml PBS was statistically lower than 5 ml PBS for treatment at 

6 and 8 mJ/cm2 (p  0.05). In addition, the cocktail inactivation by UV-C irradiation has a 

sigmoidal pattern in 5 ml PBS but a convex curve in 2 ml PBS and milk (Figures D2 and 13, Table 

D3). The tailing effect in the 2 ml PBS was not too visible compared to 5 ml PBS. This evidence 

indicates that there might be a difference in UV-C fluence distribution between 5 ml and 2 ml 

liquid for a specific mixing period.  

The water depth of the liquid has been considered in the fluence calculation, as shown in 

Equation 2. However, the UV-C fluence calculation protocol by Bolton et al. (2015) assumes that 
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the liquid surface is flat since the UV-C incident irradiation occurs only on the liquid surface 

(Patras et al., 2020). In this present study, the liquid volume difference affects the UV-C fluence 

distribution due to the difference in the formed liquid vortex. Although the mixing speed was 

similar, the mixing in 2 ml PBS has a greater vortex than 5 ml PBS due to the shallowness of the 

liquid in the beaker, which increases the convexity of the liquid surface in 2 ml PBS. The mixing 

with a slightly longer magnetic stir bar might also impact the size of the vortex in the milk samples.  

A greater vortex might increase the surface's convexity, leading to a lower log inactivation 

in PBS at a specific mixing time until all parts of the liquid are exposed to the surface. Different 

mixing patterns could result in slower UV-C fluence distribution or increase the existence of 

cellular aggregates (Gunter-Ward et al., 2018; Koutchma et al., 2004; Ward et al., 2019). However, 

the disappearance of the tailing behaviour from the UV inactivation curve in milk samples might 

be due to the UV-C irradiation that has not inactivated the minor subpopulation group with higher 

UV-C resistance at higher log inactivation (Cebrián, Condón, & Mañas, 2017; Coroller et al., 

2006). There is a possibility that the tailing phase appears at a higher fluence of UV-C irradiation, 

which is not yet demonstrated in the present study on the milk samples. 
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