
  

 

Mitigation of enteric foodborne pathogens in raw and minimally processed pet food using 

food additives 

 

 

by 

 

Samuel Sugut Kiprotich 

 

 

 

B.S., Makerere University, 2017 

M.S., Iowa State University, 2019 

 

 

 

AN ABSTRACT OF A DISSERTATION 

 

 

 

submitted in partial fulfillment of the requirements for the degree 

 

 

DOCTOR OF PHILOSOPHY 

 

 

 

Department of Grain Science and Industry 

 

College of Agriculture 

 

 

 

KANSAS STATE UNIVERSITY 

Manhattan, Kansas 

 

 

2023 

 

  



  

Abstract 

Raw meat-based diets (RMBDs) are minimally processed pet foods that are gaining in 

popularity, but they pose a public health risk because they can harbor enteric foodborne pathogens 

such as Salmonella enterica. They consist mainly of raw/uncooked animal sourced proteins (poultry, 

beef, veal, fish) which can be supplemented with cereals or tubers. However, these diets cannot be heat-

processed, fermented, rendered, or extracted by their definition, and thus are potential vectors for 

the transmission of enteric foodborne pathogens. This study investigated the antimicrobial efficacy 

of encapsulated and raw glucono delta lactone (GDL), citric acid (CA), and lactic acid (LA) when 

challenged against S. enterica in a model RMBD for dogs. The results showed that both 

encapsulated and raw CA and LA had higher log reductions of S. enterica compared to GDL. 

Encapsulated CA and LA at 1.0% (w/w) exhibited higher (p<0.05) log reductions and preserved 

product quality compared to the raw acidulants (CA and LA) at 1.0%. Increasing the concentration 

of acidulants from 2.0 to 3.0% increased (p<0.05) the log reduction of the pathogens significantly, 

but resulted in discoloration, weeping, and syneresis of the RMBDs. In a subsequent study, 

combinations of encapsulated and raw acidulants were evaluated for their antimicrobial efficacy 

against Salmonella enterica. The results showed that combinations of raw and encapsulated 

acidulants resulted in significantly lower counts of S. enterica compared to when lactic and citric 

acids were used alone. Encapsulated acidulants (LE+CE) had a higher inactivation rate of the 

pathogen than when (LR+CR) was used as a treatment. The rate of inactivation of S. enterica 

increased over time. There was a significant interaction (p<0.05) between time and treatment in 

the rate of inactivation of S. enterica. The prediction models revealed a significant increase 

(p<0.05) in the rate of pathogen inactivation when inoculum levels increased from 6 to 9 log 

CFU/mL. There was a significant interaction between inoculum level and treatments on the rate 



  

of inactivation of the pathogens in the predictive models (p<0.05). Overall, the Weibull model 

performed better than the log linear models. The Weibull models were appropriate for modelling 

the survival kinetics of S. enterica in RMBDs treated with combinations of raw and encapsulated 

acidulants. In conclusion, combinations of encapsulated and raw acidulants can be used to 

pasteurize RMBDs and predictive models are useful microbial food safety tools in the prediction 

of the survival and inactivation of spoilage and pathogenic bacteria in RMBDs. 
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Abstract 

Raw meat-based diets (RMBDs) are minimally processed pet foods that are gaining in 

popularity, but they pose a public health risk because they can harbor enteric foodborne pathogens 

such as Salmonella enterica. They consist mainly of raw/uncooked animal sourced proteins (poultry, 

beef, veal, fish) which can be supplemented with cereals or tubers. However, these diets cannot be heat-

processed, fermented, rendered, or extracted by their definition, and thus are potential vectors for 

the transmission of enteric foodborne pathogens. This study investigated the antimicrobial efficacy 

of encapsulated and raw glucono delta lactone (GDL), citric acid (CA), and lactic acid (LA) when 

challenged against S. enterica in a model RMBD for dogs. The results showed that both 

encapsulated and raw CA and LA had higher log reductions of S. enterica compared to GDL. 

Encapsulated CA and LA at 1.0% (w/w) exhibited higher (p<0.05) log reductions and preserved 

product quality compared to the raw acidulants (CA and LA) at 1.0%. Increasing the concentration 

of acidulants from 2.0 to 3.0% increased (p<0.05) the log reduction of the pathogens significantly, 

but resulted in discoloration, weeping, and syneresis of the RMBDs. In a subsequent study, 

combinations of encapsulated and raw acidulants were evaluated for their antimicrobial efficacy 

against Salmonella enterica. The results showed that combinations of raw and encapsulated 

acidulants resulted in significantly lower counts of S. enterica compared to when lactic and citric 

acids were used alone. Encapsulated acidulants (LE+CE) had a higher inactivation rate of the 

pathogen than when (LR+CR) was used as a treatment. The rate of inactivation of S. enterica 

increased over time. There was a significant interaction (p<0.05) between time and treatment in 

the rate of inactivation of S. enterica. The prediction models revealed a significant increase 

(p<0.05) in the rate of pathogen inactivation when inoculum levels increased from 6 to 9 log 

CFU/mL. There was a significant interaction between inoculum level and treatments on the rate 

of inactivation of the pathogens in the predictive models (p<0.05). Overall, the Weibull model 



  

performed better than the log linear models. The Weibull models were appropriate for modelling 

the survival kinetics of S. enterica in RMBDs treated with combinations of raw and encapsulated 

acidulants. In conclusion, combinations of encapsulated and raw acidulants can be used to 

pasteurize RMBDs and predictive models are useful microbial food safety tools in the prediction 

of the survival and inactivation of spoilage and pathogenic bacteria in RMBDs. 
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Chapter 1 - Reconciling the definitions of Raw Meat-Based Diets 

and Biologically Appropriate Raw Foods for Companion Animals. A 

mini review 

 Abstract 

There is an increasing demand for companion animal foods that are considered “natural,” 

raw, uncooked, unpasteurized, and those not treated with chemical preservatives to inactivate both 

spoilage and pathogenic microorganisms. These diets are sometimes referred to as raw meat-based 

diets (RMBDs), biologically appropriate raw foods (BARFs) or raw animal products (RAPs). 

However, the definitions of these diets are highly subjective and rely solely on the interpretation 

of pet owners, pet food manufacturers, researchers, and animal food regulatory authorities. The 

lack of standardized and/or reconciled definitions hamper the necessary progress in research 

required to better understand this rapidly growing segment of the global pet food industry. The 

different descriptions/definitions also reduce the efficiency of international and interstate 

commerce between pet food manufacturers, ingredient suppliers, consumers and the regulatory 

authorities that govern different geographical jurisdictions. There is a plethora of existing literature 

defining and describing what raw pet foods are, but there is a need to standardize the language 

descriptors of these pet foods. Thus, a comprehensive search for published research was conducted 

regarding definitions and word descriptions tangential to these raw pet foods. In this mini review 

paper, we explored multiple research and review articles that attempted to define “raw pet foods,” 

and the word descriptions they used. This review focuses on RMBDs, BARFs, “raw pet foods,” 

and RAPs as defined from an academic, processing, regulatory and consumer perspective. 

Furthermore, we have proposed a new working definition for these diets as “Raw and Minimally 



2 

 

Processed” (RAMP) pet food to reflect consumer, regulatory and academic needs, and 

expectations. Reconciling these definitions will lay a better framework for communication, 

research, regulation, and commerce between stakeholders in the pet food industry in North 

America and beyond. 

 Introduction 

There is an increasing demand for minimally processed pet foods such as raw meat-based 

diets (RMBDs) or biologically appropriate raw foods (BARFs) or raw animal products (RAPs) in 

developed countries around the world. This phenomenon is largely attributed to 

anthropomorphism whereby companion animals are treated as family members (Mota-Rojas et al., 

2021; Acuff et al., 2021; Kiprotich and Aldrich, 2022). Thus, the dietary changes currently being 

observed in the human population where more people opt for healthier and “natural” food choices 

can be correlated to the dietary choices pet parents make for their animals (Kiprotich et al., 2023). 

Raw meat-based diets (RMBDs) are categorized as a subset of minimally processed 

commercial diets (MCPD) or minimally processed home prepared diets (MPHD) for companion 

animals (Raditic, 2021; Kiprotich and Aldrich, 2022). The categorization of these diets into 

commercial and home prepared RMBDs is necessary because these diets are manufactured and 

retailed under different regulatory jurisdictions. These diets consist of mainly uncooked 

ingredients (lamb, pork, poultry, beef, venison, organ meats or offal, eggs, shells, or diary) which 

may be supplemented with tubers, vegetables, fruits, or cereals and fed to dogs and cats (Freeman 

et al., 2013; Kiprotich and Aldrich, 2022). In contrast, BARFs were originally defined as “bones 

and raw food” or “raw animal products,” (RAPs) but are now euphemistically referred to as 

biologically appropriate raw foods. This concept was first promoted by an Australian veterinarian 

and nutritionist, Ian Billing-Hurst (Freeman et al., 2013; Ankers, 2021). The aim of BARF is to 
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mimic diets like those of the dogs’ wolf ancestor which consume prey high in proteins (raw meats, 

bones, organs) and low in carbohydrates. From these descriptions, RMBDs and BARFs seem like 

similar diets, though Freeman et al. (2013) distinguished these diets according to the motivations 

behind their formulation and preparation. Freeman et al. (2013) reported that commercial RMBDs 

are formulated to meet nutrient requirements set forth and enforced by Association of American 

Feed Control Officials (AAFCO) and their affiliated state feed control officials. The BARFs on 

the other hand are formulated to mimic wolf diets, ingredients or recipes that vary compositionally 

and are mostly prepared at home.  

The definitions and descriptions for BARF, RAPs and/or RMBDs continue to muddy the 

debates surrounding these somewhat controversial pet diets. This is further exacerbated by the fact 

that these diets are raw, uncooked, or unpasteurized and could be vectors of foodborne bacteria 

that would make the animals and their human handlers terribly ill (Kiprotich and Aldrich, 2022). 

Therefore, reconciling the definitions of these diets might allow for research into ingredient 

formulations, and pasteurization methods to be streamlined. Minimum processing platforms such 

as fermentation, use of food acidulants, or freeze-drying would help improve the quality and shelf-

life of these diets. This mini review will focus on RMBDs, RAPs and BARFs manufactured and 

retailed commercially in North America. The objective is to reconcile the definitions of RMBDs, 

RAPs and BARFs from an academic, processing, regulatory and consumer perspective with the 

overarching goal of improving scientific and applied communication encompassing 

manufacturing, pasteurization, and quality of raw pet food for companion animals. The secondary 

objective is to propose a new working title that can be used to describe raw pet food.  
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 Methodology 

There is limited published research investigating the nomenclature and semantics used to 

describe commercial raw pet food as most research focuses on mitigating enteric foodborne 

pathogens inherently found in these diets. Thus, to understand the definitions of raw pet food, we 

conducted a systematic search of the literature. The search was conducted by selecting key words, 

which were search variables in selected databases, and then the inclusion/exclusion criterion was 

established. The key words included “raw dog food,” “dog,” “cat,” “RMBD,” “raw meat-based 

diet,” “raw pet food,” “raw animal products,” “RAP,” “BARF,” and “biologically appropriate raw 

food.” These key words were applied to Google Scholar and Scopus with no limit to years or 

language. Original research and review articles with clear definitions of BARF, RMBDs or RAPs 

were considered for this mini review. Articles in book chapters, patents, trade publications, 

extension bulletins, and conference abstracts were excluded from this section. Articles that 

followed AAFCO guidelines in their definitions, formulations or were intended for the North 

American pet food market were included in the search while those under European jurisdiction 

and guidelines stipulated by European Pet Food Industry Federation (FEDIAF), were excluded 

because they had different definitions of raw pet food that do not apply in North America. 

 Semantics of Raw Pet Food 

Most companion animals are fed commercially produced dry, extruded kibbles or wet 

canned foods and thus feeding animals with RMBDs, BARFs, or RAPs is unconventional and 

somewhat controversial as these diets contain uncooked skeletal muscle, fat, internal organs, 

cartilage, and bones from farm animals (ruminants, pigs, and poultry), horses, game, and fish 

(Schlesinger and Joffe, 2011; Freeman et al., 2013; Parr and Remillard, 2014; Morgan et al., 2017). 
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 Academic and scholarly definitions of raw pet food 

Previous researchers in the discipline (Freeman, and Michel, 2001) described BARFs as 

homemade complete raw food diets, with most popular recipes consisting of 60% raw, meaty 

bones with the rest of the ration comprising “a wide variety of foods that a wild dog would eat.” 

These other ingredients would include vegetables to mimic the stomach contents of prey, offal, 

dairy, or eggs, although each meal was not necessarily nutritionally balanced (Billing-Hurst, 

2001). Another raw food diet for companion animals that loosely falls under the BARF category 

would be the ultimate diet program (UDP) described by Kymythy Schultze in 1998. The UDP food 

pyramid consists of the largest proportion of the diet as raw meat (muscles and organs), bones, raw 

eggs and supplemented with small quantities of raw vegetables (Schultze, 1998). Buff et al. (2014) 

described forms of raw pet foods that are instinctual or ancestral diets and are intended to feed pets 

according to their physiological metabolism and preferences, rather than just meeting the 

physiological nutritional needs of the animal. Buff et al. (2014) defined instinctual diets as feeding 

pets according to their innate preferences with the assumption that pets choose foods that meet 

their nutritional requirements whereas ancestral diets are based on the philosophy of feeding 

animals’ diets similar to that of their evolutionary ancestors with the assumption that these foods 

will meet the physiological and metabolic needs of the companion animal. Despite  differing 

philosophies, the ancestral and instinctual diets are “supposedly” higher in proteins and lower in 

carbohydrates and thus are assumed to be healthier alternatives to commercial diets because of 

their smorgasbord presentation. However, the nutritional adequacy and “health benefits” of home-

prepared ancestral and instinctual diets have been questioned by researchers. For instance, 

Villaverde and Chandler (2022) reported a lack of evidence that feeding domestic cats with home-

made diets resulted in longer and healthier lives than when they were fed commercial diets. There 
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are also instances when home-prepared home diets are poorly formulated, resulting in inadequate 

essential nutrients, thus making them nutritionally inferior to commercial diets (Villaverde and 

Chandler, 2022). In summary, there are no regulatory definitions for the ancestral and instinctual 

diets, thus there are no commercial diets that fall under this category. Nonetheless, we can 

hypothesize that these diets are minimally cooked or served raw to these pets if they are to reflect 

their philosophical origins.  

 Regulatory bodies definition of raw pet food 

In contrast to the prevailing folklore, AAFCO, (2021) the primary body for language 

regarding labeling pet foods in North America and other countries that import American made pet 

foods has several terms defined that must be considered. For example, “raw” is defined as a food 

in its natural state not having been subjected to heat during its preparation. This would eliminate 

pet foods that have been heat-processed captured within the definition of RMBDs, RAPs, or 

BARFs. However, AAFCO’s definition of “raw” excludes the utilization of non-thermal 

processing technologies such as high-pressure, food acidulants and fermentation that can be used 

to pasteurize and enhance the safety of these diets. These are clearly processing steps. Moreover, 

raw pet foods stipulated as “fresh” by AAFCO cannot be subjected to freezing, treatment by 

cooking, drying, rendering, hydrolysis, addition of salt, curing agents, natural or synthetic 

preservatives, other processing aids or preservation by means other than refrigeration. Thus, the 

semantic argument provided by the literature and guidance from AAFCO to deduce a working 

definition of raw pet food would be meat, tissues, organs, bones that can be combined with cereals 

and vegetables and fed to companion animals in their uncooked/unheated form. Additionally, these 

diets could be pasteurized using food processing aids such as organic acidulants, high-pressure 

processing, fermentation, hydrolyzation, or irradiation.  
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 Consumer definitions of raw pet food 

Raw pet food from a consumer perspective depends on their own personal relationship with 

food. What these consumers characterize as food and what it symbolizes in their lives is a great 

predictor of their perspective towards raw diets (Michel, 2006). Furthermore, consumers that 

consumed in their own diet “natural,” “wholesome,” organic or raw and minimally processed foods 

gravitate towards unconventional pet foods such as home-prepared diets, “natural,” organic, 

human food grade ingredients, and raw animal products (Michel, 2006). In some respects, the 

proponents and consumers of raw pet food take on the persona of a “movement.” They (anecdotally 

and from observations of popular social media platforms) often have expressed distrust of “big” 

pet food manufacturing conglomerates. Which translates into the motivation for some pet owners 

to prepare raw pet food for their animals at home (Kiprotich and Aldrich, 2022). A survey 

conducted by Morelli et al. (2019) sought to understand owners’ motivations, practices, and 

attitudes towards raw meat-based diets for dogs. They reported that over half of their respondents 

had abandoned commercial pet food (dry and wet foods) for RMBDs as they considered these diets 

to be more “natural” and healthier. Also, 80% of their respondents that had abandoned commercial 

pet diets showed remarkable distrust towards the lack of clarity (ambiguity) on pet food ingredient 

labels. Moreover, 57% of their correspondents believed that switching to RMBDs allowed them 

to control the quality and composition of ingredients that were fed to their pets. The recurring 

theme as we attempt to understand consumer perspectives of RMBDs is that they prefer their 

animals to eat “natural,” “wholesome,” organic, or human grade food which is minimally 

processed with succinct lists of ingredients and food processing aids.  
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 Discussion 

There is an impasse looming in the near future as the demand for these raw pet foods 

continues to increase. This impasse, in our opinion, is going to pit pet owners versus academic and 

regulatory authorities who provide research and guidance to pet food manufacturers. Pet parents 

want “natural” and minimally processed pet foods which are perceived to be healthier, while 

manufacturers and regulators are concerned with the safety of these RMBDs because regulatory 

definitions disqualify thermal pasteurization. Other avenues or technology platforms may prove 

effective, such as HPP or the application of food acidulants. Though for these techniques, 

investigation of the efficacy and application strategies are in their infancy stages as antimicrobial 

intervention platforms.  

We hypothesize that the clash between pet owners and manufacturers is going to arise from 

regulatory language and what quality of ingredients are going to be available, and the food 

processing platforms that are utilized. If not managed effectively, a breakdown in communication 

between all the concerned stakeholders might result in consumer distrust. This might arise because 

of consumers’ little or lack of general understanding of statutory and regulatory definitions on 

ingredients and processing platforms as this has a direct impact on commercial pet foods. For 

instance, AAFCO descriptive terms such as “organic,” “fresh,” or “raw” might not meet consumer 

expectations when they purchase raw pet food due to their misinterpretation of these terms. The 

conundrum here is that these terms from a food processing, regulatory and scholarly perspective 

have different semantics from what consumers expect. For instance, AAFCO defines “natural” as 

ingredients that are in their unprocessed state whereas “raw” would refer to ingredients that have 

not been exposed to heat in any form.  
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On the other hand, AAFCO gives manufacturers much more leeway to help them find 

means to enhance the safety of their diets using non-thermal pasteurization platforms and food 

additives. From an academic and regulatory standpoint, the definition of “raw” by AAFCO 

rationale is challenging because these diets are notorious vehicles for the transmission of 

foodborne pathogens if not adequately pasteurized (Kiprotich et al., 2023). However, most pet 

owners that buy raw diets do so because of the belief that they are healthier and “natural,” and 

would expect product descriptions and labeling to meet these expectations and animal needs. The 

motivations of raw pet food customers are based on the health of their animals, especially if the 

same customers believe that less processed and raw human foods are better and healthier than 

ultra-processed pet food ingredients and by-products. Thus, calling these diets “raw” would be 

adequate and would allow for the utilization of multiple non-thermal pasteurization techniques, 

but this increases the list of ingredients on a label which might not meet the needs and expectations 

of consumers.  

 Way forward 

The reconciliation of the definitions of raw pet food is going to be necessary if consumer 

expectations are to be met without compromising the microbial safety of these diets. The current 

description of raw diets includes RAPs, RMBDs or BARFs whose academic definitions are 

focused on nutrition and safety but are open to interpretation from a regulatory standpoint. 

Therefore, we are proposing a new academic description of raw pet food that attempts to meet 

consumer needs while falling under the correct processing and regulatory guidelines.  

New terminology for raw pet food may be needed. As a strawman, the following is offered 

to begin the discussion: “Raw and Minimally Processed (RAMP) pet foods. Our thought process 

hinges on the definition of “raw” set forth by AAFCO which gives us leeway to utilize a plethora 
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of non-thermal pasteurization technologies and platforms without violating regulations enforced 

by feed control officials. The “minimally processed” section of the terminology borrows from the 

description first proposed Raditic (2021). We also believe that adding the description of 

“minimally processed” to the description of these diets helps set the expectations of the consumer 

because this allows manufacturers the opportunity to use processing aids such as high-pressure 

pasteurization, irradiation, freezing or food additives such as food acidulants. Our overarching goal 

is to succinctly communicate to an already distrustful consumer base that the minimal processing 

that these diets undergo is to ensure their microbial safety and nutrition, and thus limiting the 

backlash of having what consumers often describe as unpopular, “long” and “unclear” ingredient 

lists. 

 Conclusion 

The era of raw and minimally processed (RAMP) pet foods is upon us. It is in our common 

interests (public health safety) to ensure that these diets are safe, nutritious, and meet regulatory 

requirements without sacrificing consumer expectations and needs. Therefore, as additional 

research in safety and nutrition in the RAMP segment of pet food increases, the nomenclature and 

semantics that describe these diets should not only be reconciled to meet the requirements of 

manufacturers and state feed control authorities, but also consumer expectations and demands. 

With consumer expectations and state feed control officials’ requirements fulfilled, pet food 

manufacturers can then proceed efficiently to provide nutritious and microbially safe RAMP diets 

to meet the increasing demands of consumers. 
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Chapter 2 - LITERATURE REVIEW 

 A review of food additives to control the proliferation and transmission of 

pathogenic microorganisms with emphasis on applications to raw meat-based 

diets for companion animals 

 Abstract 

Raw meat-based diets (RMBDs) or sometimes described as biologically appropriate raw 

food (BARFs) are gaining in popularity amongst dog and cat owners. These pet guardians prefer 

their animals to eat minimally processed and more “natural” foods instead of highly heat-processed 

diets manufactured with synthetic preservatives. The market for RMBDs for dogs and cats is 

estimated at $33 million in the United States. This figure is likely underestimated because some 

pet owners feed their animals raw diets prepared at home. Despite their increasing demand, 

RMBDs have been plagued with numerous recalls because of contamination from foodborne 

pathogens like Salmonella, E. coli or Campylobacter. Existing literature regarding mitigation 

strategies in RMBD’s for dogs/cats are very limited. Thus, a comprehensive search for published 

research was conducted regarding technologies used in meat and poultry processing and raw 

materials tangential to this trade (e.g., meats and poultry). In this review paper, we explored 

multiple non-thermal processes and GRAS approved food additives that can be used as potential 

antimicrobials alone or in combinations to assert multiple stressors that impede microbial growth, 

ultimately leading to pathogen inactivation through hurdle technology. This review focuses on use 

of high-pressure pasteurization, organic acidulants, essential oils, and bacteriophages as possible 

approaches to commercially pasteurize RMBDs effectively at a relatively low cost. A summary of 

the different ways these technologies have been used in the past to control foodborne pathogens in 
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meat and poultry related products and how they can be applied successfully to impede growth of 

enteric pathogens in commercially produced raw diets for companion animals is provided. 

 Introduction 

The domestication of the modern dog (Canis lupus familiaris) has resulted in a remarkable 

shift from the diet that its ancestor the wolf derived sustenance through scavenging and hunting 

small prey (Buff et al., 2014). The 2021-2022 American Pet Products Association (APPA) national 

pet owners survey reported that 70% of United States households owned a pet, which equates to 

90.5 million homes (APPA, 2022). Because of anthropomorphism, there is an increasing number 

of pet owners who consider their animal a family member (Stull et al., 2012; Mota-Rojas et al., 

2021; Acuff et al., 2021; Coria-Avila et al., 2022). Thus, the shift in human dietary choices due to 

increasing health consciousness are reflected in the ingredients pet owners prefer their animal 

consumed, thus there has been an increase in demand in foods that are considered “raw” and/or 

minimally processed (Buff et al., 2014; Lumis, 2012; Santeramo et al., 2018; Schlesinger and 

Joffe; 2021).  

Raw meat-based diets (RMBDs) are a subset of minimally processed commercial diets 

(MPCD) or minimally processed home diets (MPHD) for companion animals and consist of raw 

or uncooked proteins sourced from animals such as lamb, pork, poultry, beef, venison, organ meats 

or offal, and supplemented with vegetables, tubers, dairy, or eggs (Nüesch-Inderbinen et al., 2019; 

Raditic, 2021). However, the scope of this review will focus on RMBDs that are manufactured 

and marketed commercially in fresh and frozen forms. The market for MPCD diets is estimated at 

$120 million (Raditic, 2021) of which RMBDs are a subcategory with estimates exceeding $33 

million as of 2019. The feeding of companion animals with RMBDs is becoming increasingly 
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popular because pet owners perceive these diets as “natural” and therefore presumed to provide 

additional health benefits to their animals, including but not limited to improved oral health, skin 

and coat compared to when these animals are fed conventionally heat sterilized foods 

manufactured through canning or extrusion (Weese et al., 2005; Fredriksson-Ahomaa et al., 2017; 

Davies et al., 2019). The shift towards RMBDs has resulted from concern that commercially 

available pet foods are over cooked when they are produced by extrusion (kibbles), baking (treats) 

or through canning (wet loaf and chunks and gravy styles).  All undergo extremes in heat 

treatments during manufacturing to increase digestibility and assure microbial safety. However, 

these high temperatures are associated with increased degradation of some nutrients and formation 

of undesirable and potentially harmful compounds such as advanced glycation products (AGEs) 

(van Rooijen et al., 2014; Uribarri et al., 2014; Poulsen et al., 2014; Delgado-Andrade, 2014: 

Trodorowicz et al., 2018). This tends to reinforce the argument for raw, and/or minimally 

processed pet food products (Forster et al., 2005; Delgado-Andrade et al., 2012; Sandri et al., 

2016). Presuming of course that safety can be assured by other means. 

Typically, RMBDs are formulated with proteins from chicken, beef, lamb, duck, veal, and 

venison, organs like heart or liver, and are supplemented with bones, dairy products, fish, 

vegetables, fruits, and plant oils (Nüesch-Inderbinen et al., 2019; Raditic, 2021). Vitamins and 

trace minerals may be added to these diets to adjust for any micronutrient shortcomings. 

Characteristically, these ingredients are ground and mixed into a batter and formed into patties, 

nuggets or placed into trays for commercial sale. Some pet owners prepare RMBDs from their 

homes because these diets are often expensive and not widely available in stores. Some pet owners 

opt to prepare these diets themselves because of the mistrust they have for “big” pet food 

companies due to numerous product recalls associated with aflatoxins and emerging research 
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highlighting the ill health effects associated with animal consumption of AGEs, present in ultra-

processed commercial diets (Raditic, 2021). Regardless, the goal is that these diets meet the 

animal’s nutrient requirements for amino acids, fatty acids, minerals, and vitamins.  

Presuming nutrition can be met, the rest of the focus on these diets is safety and how to 

reduce microbial contamination by enteric foodborne pathogens such as non-typhoidal Salmonella 

spp. or Campylobacter that are inherently found in meat and poultry products. This is because raw 

diets cannot be heat processed, fermented, rendered, purified, extracted, or hydrolyzed by 

enzymolysis (AAFCO, 2020), thus leaving few avenues for efficient non-thermal antimicrobial 

interventions. Moreover, numerous studies have shown that RMBDs produced without adequate 

kill-steps are important vehicles for the transmission of pathogens to companion animals and to 

their human owners, during handling of food, or via cross-contamination with contact surfaces 

(Stiver et al., 2003; Morley et al., 2006). Foodborne enteric pathogens such as Salmonella spp., 

Campylobacter jejuni, Listeria spp., Yersinia spp. and Escherichia coli have been isolated from 

some commercial RMBDs globally (Stiver et al., 2003; Morley et al., 2006). Table 2.1 provides a 

summary of pet food product recalls and withdrawals that were minimally processed due to 

contamination with foodborne pathogens reported by the Food and Drug Administration (FDA) 

from January 2017 to March 2021. 

Raw meat-based diets, contaminated with foodborne pathogens have been linked to 

pathogenesis of certain diseases in pets for instance: Stiver et al. (2003) prepared a case report of 

two cats that were diagnosed with Salmonella gastroenteritis and septicemia after necropsy, having 

been fed a home prepared RMBD.  Morley et al. (2006), observed cases of Salmonella enterica 

infections in a greyhound breeding facility that consumed raw diets and van Dijik et al. (2018) 
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reported that a dog fed with wild rabbit (hare) had tested positive for brucellosis. Although most 

healthy cats and dogs do not get ill from consuming contaminated RMBDs, some remain 

asymptomatic upon infection, and thus might shed the pathogen into the environment if animal 

excreta are not appropriately disposed (Finley et al., 2006: Greene, 2012). Reports about the 

transmission of enteric foodborne pathogens from RMBDs to humans are still few with infections 

widely under-reported (Morley et al., 2006; Finely et al., 2006). The CDC linked four outbreaks 

of multi-drug resistant Salmonella infections to raw turkey intended for feeding pets (CDC, 2019). 

Investigations by Public Health England (PHE) of the UK in 2018 also linked an outbreak of Shiga 

toxin producing Escherichia coli (STEC) O157:H7 to contaminated raw pet food. Furthermore, 

antibiotic resistant strains of Enterobacteriaceae have been isolated from raw meats (beef, poultry, 

and fish) in retail shops by the World Health Organization (WHO). To corroborate WHO findings, 

Baede et al., (2017); Jans et al., (2018) reported that E. coli isolated from RMBDs exhibited similar 

resistance mechanisms as antimicrobial isolates that had been isolated from food production 

animals such as cattle, and pigs. However, it is worth noting that the transmission of enteric 

foodborne pathogens from RMBDs and companion animals fed these diets is a complex 

phenomenon to describe. This is because companion animals like dogs have a unique relationship 

with their environment and thus may nibble at objects, wild animal excreta or dead animal matter 

contaminated with any pathogen during normal daily activities not associated with the meal, thus 

complicating the process of tracking and analyzing the risk factors associated with RMBDs. 

Therefore, the purpose of this review is to investigate the different non-thermal methods of 

microbial control that have been successfully applied to meat and poultry while exploring 

alternative ways that these technologies can be employed to control and impede the proliferation 

of foodborne pathogens in RMBDs for companion animals.  
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Contamination of raw meat-based diets 

The choice of ingredients and the process of manufacturing RMBDs results into products 

that are highly perishable because they have a relatively high pH (5.5-6.5) and water activity of 

>0.98 (Black and Jaczynski, 2008). Animal and poultry carcasses are natural reservoirs of enteric 

foodborne pathogens such as Salmonella and E. coli, although muscle from healthy animals is 

sterile. These pathogens find their way into RMBDs because upstream harvesting techniques do 

not preclude fecal pathogens completely (Freeman et al., 2013) and most processes do not involve 

an efficient pasteurization process and rely on the microbial quality of their ingredients and 

freezing/refrigeration of the product to control microbial growth during transportation or storage 

(Black and Jaczynski, 2008; Nüesch-Inderbinen et al., 2019). Contamination of RMBDs by 

foodborne pathogens such as Salmonella, Campylobacter and enterohemorrhagic E. coli is not 

only a public health threat, but it leads to multiple product recalls annually which are also a 

significant financial loss to pet food manufacturers. The U.S. Department of Agriculture, Food 

Safety Inspection Service (USDA-FSIS) considers foodborne pathogens as adulterants in human 

foods whereas the FDA, the regulatory body for pet foods effectively have a zero-tolerance policy 

for enteric pathogens such as Salmonella, Shiga toxin-producing E. coli (STEC) and Listeria 

monocytogenes in commercial pet food, making the manufacturing and commercialization of 

RMBDs a herculean task. Discussed below are some of the most feasible non-thermal 

antimicrobial interventions that can be implemented in commercial pet food manufacturing plants 

to enhance the microbial safety of RMBDs. 
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High pressure pasteurization (HPP) 

There are several non-thermal pasteurization technologies currently available such as 

irradiation and ultrasonication that could theoretically be used to pasteurize RMBDs. The pet food 

industry in the United States relies heavily on high-pressure pasteurization (HPP) as the main 

technology for microbial inactivation in RMBDs (Pet Food Magazine, 2022). High pressure 

pasteurization utilizes hydrostatic force derived from the compression of water (or any 

incompressible fluid) applied to a food product intended for pasteurization (Balamurugan et al., 

2018; Sukmanov et al., 2019). The pressure used during HPP ranges between 100-1000MPa and 

system temperatures ranges between 4-90°C for a short duration (a few seconds or minutes) 

depending on the microbiological quality of the product being pasteurized (Argyri et al., 2018). 

Unlike thermal pasteurization, HPP has several benefits in that the pressure is transmitted 

uniformly across the product, has a low environmental impact (low energy consumption and 

gaseous emissions), preserves heat labile nutrients like vitamins, pigments, antioxidants, and 

flavor/volatile compounds (Argyri et al., 2012; Georget et al., 2015; Huang et al., 2017). The 

demand for clean label, minimally processed human/animal food products is on the rise, and HPP 

offers an alternative to using extensive heat processing or synthetic food additives to ensure safety 

and prolong shelf life of a product (Argyri et al., 2018; Georget et al., 2015). 

High pressure pasteurization technology is a promising antimicrobial intervention strategy 

currently being employed as a microbial inactivation step to address microbiological hazards and 

ensure compliance with federal food safety regulations (Huang et al., 2017). Raw meat-based diets 

for companion animals utilize raw meat as their main source of protein. This meat does not undergo 

any pasteurization or cooking step to kill pathogenic or spoilage bacteria which makes HPP a 

prime candidate for RMBDs. The biological composition of raw meat (high moisture, fat, and 
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protein) makes it highly perishable and an important vehicle for pathogen transmission, thus safety 

and quality concerns are a high priority (Argyri et al., 2012; Argyri et al., 2018). When spoilage 

bacteria contaminate meat, they metabolize low molecular weight compounds like glucose, amino 

acids, and lactate to produce off-odors, sliminess, and discolorations associated with putrefaction. 

This putrefaction affects the organoleptic, visual, and nutritional quality of raw pet food. Beyond 

food safety, it is imperative that the proliferation of these spoilage microbes be controlled. 

Mechanism of microbial inactivation using HPP 

High pressure pasteurization relies on the principles of Pascal’s law which states that 

compression applied on one part of a liquid medium can be transmitted instantaneously through 

all parts of the mass being treated (Sukmanov et al., 2019). The application of high pressure might 

lead to a slight increase in temperature, and thus the net effect of HPP might be a combination of 

heat, pH change, or other microbial stressors that could achieve cellular disruption and 

inactivation. Either way, it is an example of hurdle technology that involves increasing the number 

of barriers for microorganism growth and survival. In various applications, HPP has been used 

successfully to inactivate enzymes, and pathogenic and spoilage microorganisms (Balamurugan et 

al., 2018; Argyri et al., 2018; Huang et al., 2017). The effects observed on meats treated with high 

pressure are dependent on the amount of pressure applied, temperature, and the duration (time) of 

the process. Thus, components of meat sensitive to high pressures such as myosin and myoglobin 

may limit the application of HPP to fresh meats in favor of fermented, precooked, or restructured 

meats (Huang et al., 2017; Argyri et al., 2018) due to weeping and syneresis.  

The mechanism in which high pressure processing kills or mitigates the growth of 

pathogenic and spoilage bacteria is via cellular injury. This leads to death or impedes the ability 
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of the microbes to repair, resuscitate or grow. The events that lead to cell death by high pressure 

processing are not well understood even though several bacterial species have been studied (Huang 

et al., 2017). High pressure processing carried out at ambient conditions and hydrostatic pressure 

held between 300-800 MPa showed significant inactivation of vegetative cells. The inactivation 

of vegetative cells was because of denaturation and unfolding of critical metabolic and 

physiological enzymes in the cytoplasm, happening simultaneously with cell membrane rapture 

resulting from phase transitions of the cytoplasmic fluids. (Balamurugan et al., 2018; Argyri et al., 

2018; Huang et al., 2017; Georget et al., 2015). The method of inactivation is reliant on hydrostatic 

pressure and intrinsic and extrinsic factors associated with a given microorganism. For instance, 

synergism has been observed with increased pressure and increased adiabatic temperatures that 

potentiate the lethality process (Georget et al., 2015; Hygreeva et al., 2016; Huang et al., 2017).  

Application of HPP in processing of RMBDs  

There is limited published research investigating the use of HPP to inactivate enteric 

foodborne pathogens in RMBDs. Thus, to understand applicable research, we conducted a 

systematic search of the literature. The search was conducted by selecting key words, which were 

input into selected databases, and then the inclusion/exclusion criterion was established. The key 

words included “pet food,” “dog,” “RMBD,” “raw meat-based diet,” “raw pet food,” “BARF,” 

“meat,” “poultry,” “high pressure pasteurization,” “high pressure processing,” “HPP” “ground 

meat,” “ground poultry,” “minced,” and “fillets.” These key words were applied to Google Scholar 

and Scopus with no limit to years or language. Original research and review articles investigating 

the use of HPP in microbial inactivation of RMBDs and comminuted meats were considered in 

this section. Comminuted meats have an increased surface area for pathogen attachment and 

proliferation, which decreases the antimicrobial efficacy of HPP treatments. Articles in book 
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chapters, patents, trade publications, extension bulletins, and conference abstracts were excluded 

from this section. 

Pasteurization of meat and poultry using HPP has been demonstrated as an effective 

process to control spoilage and pathogenic bacteria in meat and poultry products (Garriga et al., 

2004; Hayman et al., 2004; Jofre et al., 2008; Morales et al., 2009; Escriu and Mor-Mor, 2009; 

McArdle et al., 2010; Argyri et bal., 2018). These studies demonstrated that whole chunks/cuts of 

meat were easier to pasteurize as the interior was sterile compared to when comminuted meats 

were used. Serra-Castelló et al. (2022) reported that the antimicrobial efficacy of HPP (450-

750Mpa) against Salmonella inoculated in RMBDs formulated with lactic acid (0-7.2g/kg) was 

enhanced as they observed log reductions ranging from 0.76-9.0 Log CFU/g depending on 

different combination of factors (time, pressure, and lactic acid concentrations). However, Simonin 

et al. (2012) conceded that high-pressure treatments above 400MPa resulted in significant 

reduction in microbial counts but induced adverse changes in the quality attributes of meat such 

as color, texture, and accelerated lipid oxidation.   

The process of comminuting meat and poultry products increases surface area for microbial 

attachment and facilitates the redistribution of spoilage and pathogenic bacteria making 

pasteurization by HPP less effective. For instance, Sheen et al. (2015) was able to achieve a 5 Log 

CFU/g reduction after treating 90g of ground chicken using HPP at 500Mpa for 10 minutes. The 

log reduction achieved by Sheen et al. (2015) was notable but could not be feasibly applied 

industrially to pasteurize ground chicken. This is because high levels of pressure are required to 

inactivate pathogens, increasing energy costs which are exacerbated by the low throughput 

(90g/10min) that was reported in this study.  
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New studies indicate that the antimicrobial efficacy of HPP can be potentiated through 

combinations with food additives such as organic acids and essential oils to achieve higher log 

reductions while keeping the required pressure relatively low whilst increasing the shelf-life and 

safety of the meat (Chien et al., 2019; Chen et al., 2022). Combination of HPP and organic 

acidulants or essential oils allows for the destruction of sub-lethally injured bacterial cells that 

often resuscitate and multiply, leading to product recalls. However, HPP operations may require 

that products be transported in chubs into a “clean room” for reformation, which might result in 

recontamination of the product during handling, packaging, or transit. Thus, the costs and 

contamination risks associated with HPP can be avoided through the utilization of generally 

recognized as safe (GRAS) food additives since they are relatively inexpensive, can be uniformly 

distributed in a product and have a residual antimicrobial effect which enhances safety of the 

RMBD products over prolonged periods of time compared to HPP. 

 Use of generally recognized as safe (GRAS) food additives to control 

foodborne pathogens in raw meat-based diets 

There is limited research regarding organic acidulants to control foodborne pathogens in 

RMBDs. To understand the published work that might be applicable, we conducted a two-part 

systematic search of the literature. The search was organized by selecting key words, identifying 

the appropriate databases, and determining inclusion and/or exclusion criterion. Search one key 

words included “pet food,” “dog,” “RMBD,” “raw meat-based diet,” “raw pet food,” “BARF,” 

applied to Google Scholar and Scopus with no limit to years or language. Original research, and 

review papers with synthesis of new findings were included, and book chapters, patents, trade 

publications, extension bulletins, and conference abstracts were excluded. Search two key words 
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included “essential oils,” “organic acids,” “bacteriophages,” “ground,” “minced,” “cubed,” 

“trimmings,” “skin,” “fillets,” “beef,” “chicken,” “lamb,” “pork,” “turkey” was also applied to 

Google Scholar and Scopus with no limitations to years and language. Only research and review 

articles evaluating the antimicrobial efficacy of food additives in comminuted meats were 

considered for this section of the review paper. Cases where whole chunks and comminuted meats 

were analyzed concurrently were also considered and included in the summary tables. This is 

because comminuted meats have increased surface area for pathogen attachment, proliferation, 

and difficulty of decontamination as these mimicked the way RMBDs are manufactured and 

retailed. Articles in book chapters, patents, trade publications, extension bulletins, and conference 

abstracts were also excluded from the summary tables. 

 Use of Organic acidulants to control enteric pathogens in RMBDs 

Organic acidulants are considered by the Code of Federal Regulations (CFR) as generally 

recognized as safe (GRAS) additives. They have been commonly applied to animal and poultry 

meats because these acids are relatively inexpensive and have been demonstrated to be efficient 

antimicrobials (Mani-Lopez et al., 2012; Yeh et el., 2018). Examples of these acids are lactic, 

citric, succinic, propionic, malic, and acetic and their salts. Most GRAS organic acids do not have 

a daily (maximum) acceptable intake for humans or animals which increases their applicability. 

However, their dosage is limited by their negative impact on organoleptic and color attributes of 

meat and poultry products.  Most organic acids are described as weak acids because they do not 

fully dissociate in water but rather dissociate in a pH-dependent manner (Taylor et al., 2012). 

When organic acids are added to meats, the pH of the meat is lowered to that which is equal to or 

lower than the acid dissociation constant (pKa) of the acid, resulting in an increased concentration 
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of protonated acid which is responsible for the antimicrobial activity of the organic acid (Taylor 

et al., 2012).  

There are two primary mechanisms by which organic acids elicit antimicrobial activity: 

first, by cytoplasmic acidification which impedes ATP production and regulation, and secondly 

through accumulation of dissociated anions from the organic acid to toxic levels affecting cell 

physiology and metabolism (Taylor et al., 2012). A transmembrane gradient may be created if the 

cytoplasmic pH is higher than that of the surrounding membrane leading to diffusion of 

undissociated acid through the cell membrane. The more alkaline pH of the cytoplasm then 

encourages the dissociation of the acid yielding anions and protons (Eklund, 1983; Gould, 1989). 

Accumulation of undissociated acid in the cytoplasm was associated with shifting the cytoplasmic 

pH which affected enzymatic activity, protein, and nucleic acid synthesis (Cherrington et al., 

1991). Lactic acid was reported to make the cell membrane more permeable in Gram-negative 

bacteria, causing a leakage of lipopolysaccharides (Alakomi et al., 2000).  Alakomi et al. (2007), 

further reported that the chelating properties of citric and malic acids caused an intercalation of the 

outer membrane of Salmonella. Additionally, mold inhibitors such as sorbic acids contain more 

hydrophobic compounds and have been reported to increase the permeability of the membranes 

while interfering with membrane proteins; thus, helping to inhibit mold (Stratford et al., 2009). 

However, recent research shows that the mechanisms of cellular inhibition or death by organic 

acidulants are not unilateral as these acids interact with different bacterial membranes and 

structures creating crippling hurdles that lead to either growth inhibition or inactivation. This 

would suggest that one mechanism is inadequate to accurately describe the mode of action for a 

singular organic acid as a food additive for control of spoilage and (or) enteric pathogens in human 

and animal foods (Koczon, 2009).  
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Potential application of organic acids in RMBDs 

Generally recognized as safe (GRAS) organic acids such as acetic (21CFR184.1005), citric 

(21CFR184.1033), and lactic (21CFR184.1061) acids have been approved by the FDA for direct 

addition to manufactured foods as antimicrobial interventions on meat carcasses and derived cuts 

pre- and post-chilling at concentrations of <5 % (USDA-FSIS, 2010; Mani-Lopez et al., 2012). 

Studies regarding the antimicrobial efficacies of these organic acids in the meat industry have been 

widely conducted and reported. Lactic acid at 150 mM was vacuum infused into boneless/skinless 

chicken breast cubes that had been inoculated with 108 Log CFU/g of S. Typhimurium and stored 

at 4°C and a 2.5 log reduction was observed by the 6th day while there were no significant 

reductions on day 9 and 12 (Over et al., 2009). Over et al. (2009) further tested different organic 

acids, citric, malic, and tartaric acids at the same concentration of 150 mM using the same 

procedure described above. By day 6, the initial inoculum of S. Typhimurium had dropped from 

its initial concentration of 108 Log CFU/g to just 102Log CFU/g and were undetectable by day 9. 

Citric acid was just as effective as acetic acid in the control of S. Typhimurium compared to lactic 

acid, but its application was limited by the negative impact on the quality attributes of the chicken.  

Most studies have evaluated the antimicrobial efficacy of organic acids in ridding surfaces 

of pathogenic contaminants in both animal and poultry meats because the inside tissues of the meat 

are considered sterile. However, when these tissues/cuts/trimmings are ground, a new challenge 

arises when utilizing organic acids as antimicrobial interventions due to an increase in surface area 

available for microbial attachment and proliferation. For example, Harris et al. (2006) inoculated 

beef trimmings with strains of Salmonella or E. coli O157:H7 at a concentration of 4.0 Log CFU/g 

and then ground the beef trimmings with two different levels of lactic acid and citric acid at 2.0 

and 4.0% respectively. Microbial analysis of the ground inoculated meats revealed a 2.5 log 
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reduction in E. coli O157:H7 and a 1.5 log reduction of Salmonella after the ground meats were 

held frozen for a month.  

Published studies (Table 2.2) that utilized organic acids at various doses to control enteric 

foodborne pathogens in meat/poultry products and the log reductions that occurred in the microbial 

challenge studies. Overall, the log reductions reported in table 2 ranged from 0.3-4.3 Log CFU/g. 

When whole chunks/cuts of meat were treated with organic acids, and challenged against a 

foodborne pathogen, relatively higher log reductions were observed than when ground meats and 

sausages were used in a study. Also, the types of acidulant used to treat the meat or poultry may 

affect the log reductions observed, for instance, when Hamby et al. (1987) treated beef cubes with 

both acetic and lactic acid at 1.0%, the latter resulted in a significant reduction of the aerobic plate 

counts (APC). However, Tamblyn and Conner (1997) reported no differences in log reductions 

when they treated chicken breast skins with malic or tartaric acids at 1.0%. The log reductions 

were also dependent on the dose of acidulants used as higher concentrations of acid resulted in 

higher log reductions.  

Use of Essential Oils as antimicrobials in RMBDs 

Essential oils (EOs) are types of phytochemicals produced by aromatic plants primarily for 

defense against microbial invasion (Sofos et al., 1998; Calo et al., 2015; Dewi et al., 2022). These 

EOs consist of many components, such as terpenes, alcohols, acids, esters, aldehydes, and ketones 

(Bakkali et al., 2008; Calo et al., 2015). Of these components, the volatile bioactive components 

are responsible for the antimicrobial activity of EOs (Mahmoud et al., 2002). Examples of EOs are 

thyme, rosemary, cinnamon, eucalyptus oils, etc. Furthermore, certain components of these oils 

have been extracted and used as antimicrobials such as thymol, eugenol or cinnamaldehyde. As an 
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example, the adaptation of the list of EOs by Bajpai et al., (2012) (Figure 2.1) shows the different 

chemical structures of components that make up EOs. 

To achieve microbial decontamination by these EOs, a few theories on their mechanism of 

action have been proposed. Many studies have demonstrated that components of EOs work 

synergistically to control the proliferation of microorganisms. Burt (2004) reported that the 

hydrophobicity of the components of EOs increased cell permeability which allowed antimicrobial 

compounds to enter the cell cytoplasm. Essential oils contain different forms of phenols that 

disrupt cell membranes increasing permeability, leakage of cell contents, inhibition of ATPases 

which affects ATP production, and ultimately leading to cell death (Bajpai et al., 2012; Li et al., 

2012; Sakkas & Papadopolou, 2017). 

 

 

 

Application of Essential oils in raw meat-based diets 

Biochemical reactions such as lipid oxidation, autolytic enzymatic spoilage, and microbial 

spoilage result in significant losses of meat and poultry products along the production chain and 

have substantial economic and environmental impacts (Dave & Ghaly, 2011; Jayasena & Jo, 

2013). Essential oils (EOs) and their components can be used as a natural alternative to synthetic 

preservatives and there are several studies that have explored their use in meat and poultry products 

(Bajpai et al., 2012; Kiprotich et al., 2021; Dewi et al., 2022). Spoilage microorganisms that lead 

to deterioration of meat quality include, Pseudomonas, Acinetobacter, Lactobacillus spp., 



29 

 

Enterobacter etc., yeast, and mold (Calo et al., 2015). These microorganisms’ metabolic activity 

results in the formation of off-flavors, odors, and changes in color which are associated with 

deterioration in meat products. In addition to spoilage organisms, meat potentially harbor 

pathogenic enteric microbes such as Salmonella spp., Staphylococcus aureus, Listeria 

monocytogenes, Clostridium perfringens, Clostridium botulinum, Enterohemorrhagic E. coli, and 

Campylobacter spp. that are inherent in meat and can be controlled using EOs (Sakkas & 

Papadopolou, 2017). 

Table 2.3 shows a summary of published studies in which different meat and poultry 

products were treated with EOs and challenged against enteric foodborne pathogens. The data in 

table 3 show the type and dose of EO, the kind of pathogen or serovar challenged against the EO, 

and the log reduction observed after microbial analysis. The log reductions observed varied from 

1~3 Log CFU/g when the EOs were challenged against different pathogens or their serovars. 

However, the difference in antimicrobial efficacies of the EOs observed in the various studies 

could be attributed to interaction of various factors such as type of meat, dose of EO, the 

strain/serovar of a pathogen or the duration of pathogen exposure to the EOs. The interaction of 

some of these factors resulted in varying log reductions across studies and among similar 

pathogens. For instance, Kiprotich et al. (2021) reported a 3.48 Log CFU/mL reduction when 

Salmonella enterica was challenged against 0.5% (v/v) thyme oil. However, Boskovic et al. (2017) 

applied 0.3% thyme oil and only observed a 1.69 Log CFU/g reduction. The difference between 

these two studies was that Kiprotich et al. (2021) added thyme oil into lemon juice and 

supplemented the mixture with Yucca schidigera, a natural emulsifier, and allowed the mixture to 

stand at 23°C for 8 hours when microbial analysis was performed; whereas Boskovic et al. (2017) 

pulled a vacuum on the packaging of the minced meat and stored their samples at 3 ±1 °C for 15 
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days. The difference in the results obtained in these two studies can be attributed to the synergistic 

effects of the different conditions offered to the essential oils. The other avenue would be to 

combine different types of EOs because each may contain different concentrations and modes of 

action. For instance, Thannisery and Smith (2014) combined thyme oil and orange essential oil at 

0.5% (v/v) each and achieved a 2.6 Log CFU/mL of Salmonella Enteritidis and a 3.6 Log CFU/mL 

reduction of Campylobacter coli in chicken breast meat. Combinations of EOs and other 

antimicrobial strategies such as emulsifiers, modified atmospheric packaging or refrigeration 

might increase the applicability of EOs by fostering a synergistic, complimentary antimicrobial 

effect, which in turn circumvents the strong flavors and damage to sensory properties of food 

usually associated with application of higher concentrations of EOs (Mendonca et al., 2018; 

Thomas-Popo et al., 2019; Kiprotich et al., 2021).  

To apply EOs in RMBDs, they might have to be added to the product during the grinding 

and mixing process. A formula for most commercially available pet foods consists of ground meats 

with bones, tubers, vegetables, and fruits. In this form, they present a challenge to decontamination 

since surface treatment alone is not sufficient. Unlike whole chunks of meat or poultry which have 

been successfully decontaminated with EOs, grinding reduces particle size while increasing 

surface area for pathogen attachment and distribution throughout the product. Supplementary 

measures such as modified atmospheric packaging (MAP), freezing or vacuumizing might 

synergize the antimicrobial processes discussed above. 

 Bacteriophages 

Bacteriophages refer to host-specific viruses that parasitize bacteria by lysing, breaking, 

and penetrating through the cell membrane and multiplying inside the cell, causing its death 
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(Sharma et al., 2015; Sukumaran et al., 2016)). Bacteriophages are ubiquitous in the environment, 

and highly specific making them ideal for the biocontrol of bacteria as they attack a wide range of 

spoilage and pathogenic microorganisms while maintaining their specificity (Mukhopadhyay et 

al., 2012; Sharma et al., 2015). These phages may belong to the Order Caudovirales, with their 

respective families including Myoviridae, Siphoviridae, and Podoviridae (Wright et al., 2013; 

Wittebole et al., 2014; Hashem & Parveen, 2016). Bacteriophages are increasingly being applied 

to liquid foods as an alternative to chlorine-based decontaminants which are associated with rising 

incidences of antimicrobial resistance (Hungaro et al., 2013).  

The mechanism by which bacteriophages parasitize bacteria is based upon the specificity 

of the phage virus to a singular bacterial species or one very similar (Mukhopadhyay et al., 2012; 

Kim et al., 2014; Hashem & Parveen, 2016). Despite their ubiquity in the environment, a relatively 

small proportion of phage viruses possess the specificity required to bind with a target pathogen, 

thus their overall impact on the microbial ecosystem remains insignificant regarding negative 

effects (Callaway et al., 2010; Koskella et al., 2011). As an example of bacteriophage specificity, 

Ricci and Piddock (2010) demonstrated that ST27, ST29, and ST35 phages only bound to TolC 

receptors present on outer membranes of Salmonella serovars but were totally inactive against 

receptors found in the Enterobacteriaceae family. Whereas some phages express a phenomenon 

described as ‘local adaptation,’ that allows them to infect bacteria across several genera (Koskella 

et al., 2011; Flores et al., 2011; Hyman & Abedon, 2010). 

The phage attaches to specific receptors on the outer cell membrane and then injects itself 

by adsorption. Once in the cell, the phage will either follow a lytic or lysogenic lifecycle. The lytic 

or virulent cycle causes rapid cell death as the phage uses the cell to replicate (Sharma et al., 2015). 

Daughter phages are released upon cell lysis to infect the next line of bacterium. For lysogenic 
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phages they transfer their genome to bacterial cells and use the host replication which results in 

the transmission of phage genome through host daughter cells but does not result in cell death 

(Wright et al., 2013). Lytic phages minimize transduction of their genome into their host leading 

to cells resisting phage viruses (phage resistance) whereas lysogenic phages contribute to phage 

resistance as they transfer their genome through the host cells (Wright et al., 2013; Hashem & 

Parveen, 2016). From the mechanisms of action discussed above, lytic phages would be 

appropriate for use in therapeutic and antimicrobial interventions in both animal and human food.  

Application of Bacteriophages to control pathogens in raw diets 

The relationship between bacteria and phages is expressed as ratio, described as 

‘multiplicity of infection (MOI), and multiplicity of adsorption (MOA) which is a ratio of the 

phage forming units to colony forming units (PFU/CFU) (Mukhopadhyay et al., 2012; Sharma et 

al., 2015). This ratio allows for phages to be applied as an antimicrobial intervention with the 

efficacies of different phage concentrations determined by the number (CFU) of bacterial cells 

inactivated by a specific concentration of phage viruses (PFU) (Koskella et al., 2011; Kasman et 

al., 2002; O’flynn et al., 2004; Whichard et al., 2003). However, the concentration of bacterial 

cells has been shown to have no effect on the antimicrobial potency of the phages as demonstrated 

by Bigwood et al. (2009) who increased the concentrations of Salmonella while keeping constant 

Salmonella phages (P7) and observed no difference in inactivation efficiency. Likewise, Bigwood 

et al. (2009) increased the phage concentration from 1.8x104 to over 5x108 PFU/mL and observed 

increased inactivation of Salmonella, and vice versa when the phage concentration was lowered. 

Bacteriophages have been mainly applied to liquid foodstuffs, but progress has been made for 

application to solid foods. The current challenges of phage application are the development of 
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resistance to phages by bacteria which necessitates the use of phage cocktails to control mutating 

(adapting) cells. Secondarily not all phages are recognized by the FDA as GRAS. 

Phages are ubiquitous which allows for flexibility when they come into contact against a 

serotype of a spoilage or pathogenic bacterium. They offer an alternative non-thermal method to 

treat minimally processed or raw foods or ingredients. Studies that employed bacteriophages in 

meat and poultry to control enteric pathogens is summarized in Table 2.4.  There was a higher log 

reduction of the pathogens challenged against the phages in whole chunks of meat compared to 

ground meat. The phages’ antimicrobial activity also appeared to depend on the type of serovar of 

pathogen they were exposed to. For instance, Spricigo et al. (2013) challenged Salmonella enterica 

serovar Typhimurium and Enteritidis inoculated in poultry meat against a phage solution at 

109PFU/mL and observed a significant difference in log reduction (2.2 and 0.9 Log CFU/g 

respectively). Also, when different types of phages were challenged against the same Salmonella 

serovar different log reductions were observed after treatment. Furthermore, Hungaro et al. (2013) 

isolated bacteriophages from poultry feces and used them against Salmonella Enteritidis on 

chicken skin and reported a 1.0 Log CFU/cm2 reduction as an alternative to chlorine, a chemical 

disinfectant. Higgins et al. (2005) sprayed carcasses of broilers and turkey inoculated with 

Salmonella Enteritidis with rinse water containing 109 PFU/mL of PHL4 bacteriophages and 

reported a 93.0% (on broilers) and 58% (on turkeys) reduction of the initial concentration of 

pathogens compared to the control carcasses that were sprayed with only water.  

The application of bacteriophages is still limited by factors such as pH and temperature 

which affect their antimicrobial potency. For instance, Leverentz et al. (2001) applied a specific 

phage cocktail to honeydew melon (pH 5.8) and apple slices (pH 4.2), stored at 5, 10 and 20o C. A 

2.5-3.5 log reduction of Salmonella Enteritidis was observed on the honeydew slices that were 
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stored at 5 and 10oC, whereas no significant log reduction was observed at 20oC. There was no 

significant reduction of Salmonella Enteritidis on the apple slices at any temperature level leaving 

the authors to hypothesize that the phages had been deactivated by low pH of the apple slices. The 

implication of their observation is that more acid-resistant phages need to be developed for 

application in low pH food systems or matrices if they are to be deployed as antimicrobial 

interventions.   

Summary 

The high-pressure pasteurization and food additives discussed as interventions in this 

review have exhibited antimicrobial efficacies of varying successes against spoilage and 

pathogenic bacteria in poultry and meat products. However, commercialization and adoption of 

these novel interventions by the animal and pet food industry has been slow because of the varying 

antimicrobial efficacies obtained from using these technologies when applied to control enteric 

foodborne pathogens in meat and poultry products. Variation in experimental design, microbial 

strains, equipment, and outcomes have made the adoption and scale-up of these interventions 

difficult due to inadequate reproducibility of the results from these studies. For instance, different 

studies that utilized the same intervention (i.e., essential oil, organic acidulant or bacteriophage) 

against a similar pathogen resulted in different results under comparable conditions (tables 2, 3 

and 4). The lack of consistency makes standardization of these antimicrobial interventions difficult 

given that they are mainly applicable to minimally processed foods which are at a higher risk of 

being contaminated. Furthermore, effective pasteurization requires that higher doses of these non-

thermal interventions be applied which can have undesirable effects on the sensory and nutritional 

attributes of a given pet food, warranting additional research to address palatability concerns.  
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A path forward is rooted in hurdle technology on the premise that combining technologies 

will act synergistically. Harnessing this synergism could allow for lower doses to be applied to 

products, may lower the negative impact on quality and sensory attributes of the treated foods and 

has the potential to increase consistency in effective pathogen control. Combinations of essential 

oils, high-pressure processing, and low pH tolerant phages should be developed which would allow 

the combination of organic acids and bacteriophages to become a reality. Improving the safety of 

RMBDs for companion animals, given the biological hazards discussed in this review will require 

a holistic approach. First, utilization of food additives like organic acids or essential oils considered 

as GRAS and “natural” should be a first step. Secondly, these interventions should be evaluated in 

combination by taking advantage of their different mechanisms of antimicrobial action.  

Also, strategies like modified or controlled atmospheric packaging should be researched in 

addition to these new emerging technologies because air composition affects microbial life and, 

thus, it might introduce a stressor, impeding the growth of pathogenic microbes. Kinetic 

mechanistic maps of bacteria from different genera can help scale up these proposed antimicrobial 

interventions by highlighting the more robust and resistant microbes in the matrices of a RMBD. 

In conclusion, as the demand for RMBDs increases, so will safety challenges associated with them. 

Innovative and holistic approaches will need to be developed and utilized to address microbial 

safety and hazards associated with commercial RMBDs. Therefore, the antimicrobial interventions 

discussed in this review may be a framework for future research aimed at controlling foodborne 

pathogens in commercially manufactured RMBDs for companion animals. 
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TABLES 

Table 2.1 Recalls and withdraws of minimally processed pet foods and treats due to contamination with enteric foodborne pathogens 

reported by the Food and Drug Administration (FDA) between January 2017 and March 2021 

Date Brand-Names Product-Description Recall-Reason-

Description 

Company-Name Terminated-Recall 

03/19/2020 G & C Raw, 

Kim’s Special, 

Pat’s Cat 

Raw dog and cat food Listeria G & C Raw, LLC Terminated 

03/23/2020 G & C Raw, 

more 

Ground Lamb Dog Food 

and Ground Turkey Cat 

Food 

Potential to be 

contaminated with 

Listeria monocytogenes 

G & C Raw LLC Terminated 

02/09/2018 Raws for 

Paws 

Ground turkey pet food Potential to be 

contaminated with 

Salmonella 

Raws for Paws Terminated 

04/06/2020 OC Raw Dog Chicken, Fish, & 

Produce Dog Food 

Listeria OC Raw Dog, 

LLC 

Terminated 

04/06/2020 OC Raw Dog Freeze Dried Sardines Incorrect compliance 

guidelines 

OC Raw Dog, 

LLC 

Terminated 

11/13/2020 Albright’s Raw Dog Food Chicken 

Recipe for Dogs 

Potential to be 

contaminated with 

Salmonella 

Albright’s Raw 

Dog Food 

 

11/14/2019 Quest Beef Cat Food May be contaminated 

with Salmonella 

Go Raw, LLC 
 

03/06/2018 Tucker's 5lb Pork-Bison Box Potential to be 

contaminated with 

Salmonella 

Raw Basics, LLC Terminated 

02/06/2018 Companion, 

Dantley’s and 

more 

Rawhide chew products Possible chemical 

contamination 

United Pet 

Group, a division 

of Spectrum 

Brands, Inc. 

Terminated 

02/08/2018 Various 

brands: 

American 

Beef hide, 

Digest-eeze, 

Healthy Hide, 

Rawhide dog chews Potential 

Contamination 

United Pet Group Terminated 
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Healthy Hide 

Good n Fun, 

Healthy Hide 

Good n Fit 

03/20/2020 Rad Cat Rad Cat Raw Diet Potential to be 

contaminated with 

Listeria monocytogenes 

Radagast Pet 

Food, Inc. 

Terminated 

04/07/2020 Natural 

Selections and 

ZooLogics 

Fresh raw meals for 

dogs 

Due To Contamination 

Salmonella and Shiga 

Toxin-Producing 

Escherichia coli O128 

Darwin’s Natural 

Pet Products 

Terminated 

04/05/2019 Thogersen 

Family Farm 

raw frozen ground pet 

food 

Potential to be 

contaminated with 

Listeria monocytogenes 

Thogersen 

Family Farm 

 

08/15/2019 Texas Tripe Raw frozen pet food Potential to be 

contaminated with 

Salmonella and Listeria 

monocytogenes 

Texas Tripe Inc. 
 

03/19/2020 Performance 

Dog 

frozen raw pet food Potential to be 

contaminated with 

Salmonella. 

Bravo Packing, 

Inc. 

Terminated 

03/26/2018 Blue Ridge 

Beef 

Complete raw pet food Potential of 

contamination with 

Salmonella and Listeria 

monocytogenes 

Blue Ridge Beef 
 

03/01/2018 Blue Ridge 

Beef 

Raw pet food for cats Due to Possible 

Salmonella and L. 

Mono Contamination 

Name Blue Ridge 

Beef 

 

04/08/2020 Rad Cat Free-Range Chicken and 

Turkey Recipes (Raw 

Diet) for Cats 

Potential to be 

contaminated with 

Listeria monocytogenes 

Radagast Pet 

Food, Inc. 

Terminated 

03/24/2020 Rad Cat Raw Diet Cat Food 

(Free Range Chicken; 

Pasture-Raised Venison) 

Potential to be 

contaminated with 

Listeria monocytogenes 

Radagast Pet 

Food, Inc. 

Terminated 

03/02/2018 Steve’s Real 

Foods 

Raw frozen dog food 

turkey canine recipe 

Salmonella Steve’s Real 

Foods 

Terminated 
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03/03/2021 Bravo 

Packing, Inc. 

Ground Beef and 

Performance Dog, 

frozen raw pet food 

Potential for 

Salmonella and Listeria 

monocytogenes 

Bravo Packing, 

Inc. 

 

01/17/2017 Blue Ridge 

Beef 

Raw Dog and Cat food potential to be 

contaminated with 

Listeria monocytogenes 

Blue Ridge Beef Terminated 

04/06/2020 TRUDOG Pet food-freezed dried 

raw beef topper 

Salmonella TruPet, LLC Terminated 

03/16/2021 Bravo 

Packing, Inc. 

Pet food: Performance 

Dog, beef, green tripe, 

and bone 

Due to Potential 

Salmonella and Listeria 

monocytogenes 

Bravo Packing, 

Inc. 

 

04/10/2020 Redbarn, 

Chewy Louie, 

Dentley's, and 

Good Lovin' 

Bully Stick dog food Potential to be 

contaminated with 

Salmonella 

Redbarn Pet 

Products, LLC 

Terminated 

02/15/2018 ZooLogics 

and more 

ZooLogics Duck with 

Vegetable Meals for 

Dogs, ZooLogics 

Chicken with Vegetable 

Meals for Dogs and 

more 

Positive findings 

of Shiga toxin-

producing E. coli 

O128, Salmonella 

and/or Listeria 

monocytogenes 

Arrow Reliance 

Inc. dba Darwin’s 

Natural 

Terminated 

03/11/2020 Columbia 

River Natural 

Pet Foods 

Frozen meat product for 

dogs and cats 

Potential to be 

contaminated with 

Listeria monocytogenes 

Columbia River 

Natural Pet 

Foods 

Terminated 

03/11/2020 Columbia 

River Natural 

Pet Foods 

Dog and Cat fresh 

frozen meats 

Due to Possible 

Salmonella and L. 

Mono Contamination 

Columbia River 

Natural Pet 

Foods 

Terminated 

02/07/2018 Evanger’s 12oz Hunk of Beef Dog 

food 

Pentobarbital Evanger’s Dog & 

Cat Food Co. 

 

09/24/2019 TDBBS Pig ear pet treat Salmonella 

contamination 

TDBBS LLC 
 

09/26/2019 TDBBS Pig ear pet treat Possible Salmonella 

contamination 

TDBBS LLC 
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Table 2.2 Summary of antimicrobial efficacy for organic acids at various doses used to control spoilage and pathogenic bacteria in meat and 

poultry products 

 

Food/meat Organic acid Dose Microorganism Log Reduction Source 

Ground Beef Acetic acid 

 

Lactic acid 

2.0% 

 

4.0% 

 

S. Typhimurium 

 

E. coli O157:H7 

1.5 Log CFU/g 

 

2.5 Log CFU/g 

(Harris et al; 2006) 

Beef cubes Acetic acid 

 

Lactic acid 

1.0% 

 

1.0% 

Aerobic Plate counts 1.8 Log CFU/cm2 

 

4.3 Log CFU/ cm2 

(Hamby et al., 1987) 

Broiler chicken skins Acetic acid 4.0% Salmonella 2.0 Log CFU/ cm2 (Tamblyn & Conner, 

1997) 

Raw Chicken Sodium acetate 6g/Chicken Enterobacteriaceae 3.0 Log CFU/chicken (Moye & Chambers, 

1991) 

Fresh pork sausage Sodium citrate 1.5% S. Kentucky 0.3 Log CFU/g (Scannell et al., 1997) 

Beef tissue Lactic acid 2.0% S. Typhimurium 1.2 Log CFU/g (Ozdemir et al., 2007) 

Skinless chicken 

breast 

Lactic acid 150mM S. Typhimurium 2.5 Log CFU/g (Over et al., 2009) 

Fresh pork Lactic acid 3.0% S. Typhimurium 2.33 Log CFU/cm2 (Choi et al., 2009) 

Chicken breast skin Malic acid 1.0% S. Typhimurium 2.16 Log CFU/cm2 (Tamblyn & Conner, 

1997) 

Chicken breast skin Tartaric acid 1.0% S. Typhimurium 2.16 Log CFU/cm2 (Tamblyn & Conner, 

1997) 
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Table 2.3 Summary of antimicrobial efficacy for essential oils at various doses used to control spoilage and pathogenic bacteria  in 

meat and poultry products 

Food/meat Essential oil Dose of EO Microorganism Log Reduction Source 

Beef fillets Oregano oil 0.8% L. monocytogenes 

 

Lactic acid bacteria 

2 Log CFU/g 

 

3 Log CFU/g 

(Tsigarida et al., 

2000) 

Minced meat Oregano oil 1.0% Total viable counts 1 Log CFU/g (Skandamis et al., 

2001) 

Chicken breast cubes Thyme oil + 

Lemon juice 

0.5% S. enterica 3.48 Log CFU/cube (Kiprotich et al., 

2021) 

Broiler breast meat Thyme oil + 

orange Essential 

oil 

0.5% each EO S. Enteritidis 

 

Campylobacter coli 

 

2.6 Log CFU/mL 

 

2.6 Log CFU/mL 

 

(Thanissery & Smith, 

2014) 

Minced sheep meat Oregano oil 0.9% S. Enteritidis 2.53 Log CFU/g (Govaris et al., 2010) 

Minced pork meat Thyme oil + 

Vacuum conditions 

0.3% 

 

0.6% 

 

0.9% 

 

 

S. enterica (Infantis, 

Typhimurium, 

Montevideo, Enteritidis) 

cocktail 

 

1.69 Log CFU/g 

 

2.00 Log CFU/g 

 

3.85 Log CFU/g 

 

(Boskovic et al., 

2017) 

Ground chicken Carvacrol 

 

Mustard oil 

0.1% 

 

0.75% 

S. enterica (Heidelberg, 

Typhimurium, 

Montevideo, Kentucky) 

cocktail 

 

0.12 Log CFU/g 

 

0.31 Log CFU/g 

(Porter et al., 2020) 

Minced meat Thyme oil 

 

Ginger oil 

0.1% 

 

0.1% 

Mesophilic bacteria 

(Salmonella, E. coli, L. 

monocytogenes) 

1.0 Log CFU/g 

 

1.3 Log CFU/g 

 

 

(Barbosa et al., 2009) 
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Table 2.4 Summary of antimicrobial efficacy for bacteriophages used to control enteric foodborne pathogens in meat and poultry 

products. 

Food/Meat Bacteriophage Phage Dose Target Pathogen Log Reduction Source 

Ground beef S16 and FO1a 109 PFU/mL S. Typhimurium 

S. Infantis  

S. Heidelberg 

1.0 Log CFU/mL (Yeh et 

al., 2018) 

Pig Skin 

 

 

 

 

 

Poultry                

 

 

 

 

Fresh eggs 

 

 

UAB_Phi20 

 

 

 

 

 

UAB_Phi78 

 

 

 

 

UAB_Phi87 

1010 PFU/mL 

 

 

 

 

 

109 PFU/mL 

 

 

 

 

1010 PFU/mL 

 

S. Typhimurium 

 

S. Enteritidis 

 

 

 

S. Typhimurium 

 

S. Enteritidis  

 

 

S. Typhimurium 

 

S. Enteritidis 

2.9 Log CFU/cm2 

 

2.2 Log CFU/cm2 

 

 

 

2.2 Log CFU/g 

 

0.9 Log CFU/g 

 

 

0.9 Log CFU/g 

 

0.9 Log CFU/g 

(Spiricigo 

et al., 

2013) 

Poultry Skin Podoviridae (phiSE) 109PFU/mL S. Enteritidis 2.2 Log CFU/cm2 

 

(Hungaro 

et al., 

2013) 

Broiler carcass 

 

 

Turkey 

PHL4 

 

 

 

PHL4 

 

 

109PFU/mL 

 

 

 

109 PFU/mL 

S. Enteritidis 

 

 

 

S. Enteritidis 

93.0% reduction 

 

 

 

58.0% reduction 

(Higgins 

et al., 

2005) 
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Figure 2.1 Chemical structures of components of essential oils (Adopted from Bajpai et al., 

(2012) 
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 Synthesis of the hypothesis 

The literature reviewed above discusses the different antimicrobial platforms that can be 

used to control enteric and pathogenic spoilage organisms in RMBDs. The literature examined the 

application of high-pressure pasteurization (HPP) and found that whereas the platform was 

efficient in pasteurization of whole chunks of meat, comminution of RMBDs increased surface 

area for pathogen attachment, the process had high costs of installation, maintenance and energy 

and thus was not a relatively cost effective to producers. Irradiation on the other hand would be 

ideal for pasteurization of RMBDs but the radiation cannot exceed 50kGY which results in 

discoloration and oxidation of lipids. Irradiation, although safe to apply in meat and poultry 

products, is plagued by a negative perception from consumers. This antimicrobial platform has 

high costs of installation, and this results in increased costs of transportation as the facilities might 

be far from the RMBDs manufacturing site. Bacteriophages were also identified as potential 

antimicrobial agents that could be used to control pathogenic microbes in RMBDs. However, 

phages have not been standardized and optimized for use in raw pet food and thus require way 

more costly research to identify specific phages that would thrive and inactivate pathogens in a 

meat matrix. Generally regarded as safe, food additives like essential oils have shown great 

potential when applied to meat and poultry products as antimicrobials and have exhibited great 

potential against spoilage and pathogenic microbes. However, essential oils significantly change 

the sensory and organoleptic properties that might affect the palatability of RMBDs. Food 

acidulants such as lactic, citric, malic, glucono delta lactone (GDL), etc. are GRAS additives that 

have been used to control the proliferation of pathogenic and spoilage and pathogenic microbes in 

meat and poultry products, however, the direct application of food acidulants results in 
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discoloration, weeping, syneresis, lipid oxidation and visually unappealing product. Thus, 

acidulants are effective antimicrobials but can only be applied in small doses to maintain product 

integrity. However, encapsulation of food acidulants with edible vegetable oil allows for a delayed-

time release of the acid into the meat matrix, reducing the effect of direct acidification due to the 

rapid drop in pH. 

 Rationale for the hypothesis 

This section explores the train of thought that led to the formulation of the central 

hypothesis of this dissertation. From a legislative perspective, RMBDs cannot be thermally 

pasteurized and thus, this is not an option. High pressure pasteurization is somewhat inefficient 

and significantly increases costs of production of the RMBDs. The transportation required for 

these diets after HPP also increases risks of recontamination with pathogens due to the excessive 

handling of the product. Research on the application of bacteriophages in meat matrices is largely 

lacking and therefore may not be a practical mitigation antimicrobial strategy. Essential oils are 

efficient antimicrobials but significantly alter sensory and organoleptic properties meat and poultry 

products and thus might affect palatability. 

Therefore, the central question of this dissertation is to determine whether food acidulants 

can be used as a practical pathogen mitigation strategy in raw pet food. Our hypothesis is that food 

acidulants can be used to control the proliferation of spoilage and pathogenic microorganisms in 

raw pet food. The next chapters challenge the hypothesis above as to whether food acidulants are 

a practical mitigation strategy with the overarching aim of answering the central question of this 

dissertation. 
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Chapter 3 - Application of encapsulated and dry-plated food 

acidulants to control Salmonella enterica in raw meat-based diets for 

dogs 

 ABSTRACT 

There is an increasing demand for raw meat-based diets (RMBDs) for dogs, but these foods 

cannot be heat-pasteurized. Thus, the objective of this study was to evaluate the antimicrobial 

efficacy of encapsulated and dry-plated glucono delta lactone (GDL), citric (CA) and lactic acid 

(LA) when challenged against Salmonella enterica inoculated in a model raw meat-based diet 

(RMBDs) for dogs. Nutritionally complete, raw diets were formulated with different levels (1.0, 

2.0 and 3.0% (w/w)) of both encapsulated and dry-plated GDL, CA and LA with both the positive 

(PC) and the negative controls (NC) without acidulants. The diets were formed into patties of 

~100g and inoculated with 3-cocktail mixtures of Salmonella enterica serovars, excluding the NC 

to achieve a final concentration of ~6.0 Log CFU/patty. Microbial analyses were performed on the 

inoculated diets and survivors of S. enterica enumerated. Both encapsulated and dry-plated CA 

and LA had higher log reductions compared to GDL (P<0.05). However, encapsulated CA and LA 

at 1.0% (w/w) exhibited higher log reductions (P>0.05) and preserved product quality compared 

to the dry-plated acidulants at 1.0%. We concluded that 1.0% (w/w) of encapsulated citric or lactic 

acids could be successfully applied as an antimicrobial intervention in raw diets for dogs. 
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 Highlights 

• Dry-plated acidulants were more effective against Salmonella as compared to encapsulated 

acids 

• Encapsulated acidulants at lower concentrations were more effective antimicrobials 

compared to dry-plated acidulants at similar concentrations. 

• Significant declines in pH were observed in patties treated with dry-plated acidulants 

compared to the patties treated with encapsulated acidulants. 

• Encapsulated citric and lactic aids were able to enhance microbial safety and preserve the 

quality of the raw meat-based patties.  

 

 Introduction 

Most domesticated dogs in developed countries are currently fed with commercial diets 

that are mostly produced through extrusion, canning, or baking processes. There is a newer dietary 

trend in which some pet owners prefer their animals to consume diets that are manufactured with 

“natural”, raw, or minimally processed ingredients and preferably without heat pasteurization or 

cooking (Bottari et al., 2020; Buff et al., 2014; Davies et al., 2019; Fredriksson-Ahomaa et al., 

2017). Raw pet food is perceived as “healthier” alternative to commercially heat-treated diets 

(Fredriksson-Ahomaa et al., 2017; Freeman et al., 2013). This is because high temperature 

processing is associated with degradation of heat labile nutrients and the formation of harmful, 

undesirable compounds through complex Maillard reactions (Delgado-Andrade et al., 2012; 

Förster et al., 2005; Sandri et al., 2016; van Rooijen et al., 2014), reinforcing the arguments for the 

proponents of raw meat-based diets (RMBDs). The Association of American Feed Control 

Officials (AAFCO, 2020), defines RMBDs as pet foods that cannot be heat processed, rendered, 

hydrolyzed, or fermented therefore making the process of pasteurizing them arduous.   



62 

 

Typically, RMBDs are formulated with animal meats such as chicken, turkey, beef, duck, 

veal, horse, lamb and venison and organ meats like heart, liver, and rumen. These are supplemented 

with bones, fish, dairy products, vegetables, fruits, and plant oils and may be fortified with vitamins 

and trace minerals. Given the production of RMBDs precludes use of heat to aid pathogen 

mitigation, and the ingredients included are known to be inherently contaminated with foodborne 

pathogens, there is a high probability that these diets will test positive upon microbial analysis. As 

such, there is concern that RMBDs are potential vehicles for the transmission of enteric foodborne 

pathogens to animals or humans through handling and cross-contamination because they lack a 

“true” kill-step and the alternative antimicrobial intervention strategies have been inefficient and 

costly (Bojanić et al., 2022; Bottari et al., 2020; Nüesch-Inderbinen et al., 2019; Soffer et al., 2016). 

Foodborne pathogens such as Salmonella spp., Campylobacter jejuni, Listeria spp., Yersinia spp. 

and enterohemorrhagic Escherichia coli have been isolated from commercial RMBDs (Bojanić et 

al., 2022; Domesle et al., 2021; Nüesch-Inderbinen et al., 2019; Soffer et al., 2016).  Although 

infection with enteric foodborne pathogens might leave healthy dogs asymptomatic, studies have 

shown that these pets shed pathogens into the environment; especially if their fecal matter is not 

appropriately disposed (Acuff et al., 2021; Anturaniemi et al., 2019; Morley et al., 2006; 

Runesvärd et al., 2020; Viegas et al., 2020). 

 Human foodborne disease outbreaks resulting from contaminated pet foods have been 

reported. For example, the Salmonella Schwarzengrund outbreak that occurred between 2006 and 

2007 made at least 70 people ill in 19 states across the United States (CDC, 2008). An 

epidemiologic investigation conducted by Hassan et al. (2019) for the years 2017-2019 found a 

correlation between ground turkey and raw turkey pet products with a multi-drug resistant outbreak 

of Salmonella Reading that infected 356 people in 42 states, including District of Columbia (DC). 
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Case counts regarding transmission of foodborne pathogens from RMBDs to humans are likely 

under-estimated (Finley et al., 2006; Nüesch-Inderbinen et al., 2019) and thus cost effective and 

efficient antimicrobial interventions to aid pathogen mitigation in raw diets need to be investigated.  

Food acidulants like glucono delta-lactone (GDL), citric and lactic acids are generally 

regarded as safe (GRAS) and have exhibited potent antimicrobial activity against many foodborne 

pathogens inherently found in meat and poultry products (Mani-Lopez et al., 2012). However, the 

utilization and direct application of food acidulants such as citric and lactic acids in meat and 

poultry products have been impeded by the negative effects observed on finished product quality 

and sensory properties as these acids can cause lipid oxidation, discoloration (from pink to gray) 

and syneresis (Kiprotich et al., 2021; Wang et al., 2015). However, encapsulation of food 

acidulants with edible vegetable oil coatings promises to mitigate the challenges caused by direct 

application of these acidulants in meat and poultry products. Encapsulation of food acidulants 

allows for a delayed release of the acid into the product, reduces the impact of the acid on product 

quality and sensory attributes, while retaining its antimicrobial efficacy (Kiprotich et al., 2021). 

While there is a large body of published reports on the use of food acidulants to control Salmonella 

enterica, we have no knowledge of published work comparing the antimicrobial efficacy and effect 

on pH of encapsulated and dry-plated acidulants in raw pet food. Therefore, the primary objective 

of this study was to evaluate the antimicrobial efficacy of encapsulated and dry-plated GDL, citric 

and lactic acids when challenged against Salmonella enterica inoculated in a model raw diet for 

dogs. The secondary objectives were to calculate the decimal reduction times (D-values) of the 

food acidulants in-vitro and when included in the raw diets and challenged against S. enterica 

serovars. The other objective was to compare and monitor pH changes in the raw diets when 

encapsulated or dry-plated acidulants were used as antimicrobials in raw diets for dogs.  
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 Materials and methods 

 Bacterial strain and culture conditions 

Three frozen (-80o C) isolates belonging to different serotypes of Salmonella enterica 

(Heidelberg ATCC 8326, Typhimurium ATCC 14802, and Enteritidis ATCC 13076) were 

obtained from the culture collection in the Feed Toxicology and Microbiology Laboratory at 

Kansas State University. The cultures were stored frozen in a mixture of Tryptic Soy Broth (TSB) 

(Difco; Becton, Dickinson and Company, Sparks, MD) and glycerol. The ratio of the quantity of 

TSB to glycerol in the vials storing the frozen cultures was 7:3. The vials containing the frozen 

cultures were thawed and then transferred to fresh TSB and incubated at 37°C for 24 h for 

activation. For preparation of working cultures, the activated cultures were transferred into TSB 

twice consecutively within 24 h following incubation at 37°C. To prepare the inoculum, 10mL of 

each individual S. enterica serovar suspended in TSB was centrifuged (5,000 × g, 10 min, 20°C) 

using a Sorvall X1R centrifuge (Thermo Scientific, Waltham, MA). The cells were then suspended 

in 10 mL of 0.85% (w/v) NaCl (saline) to obtain a final viable cell concentration of 9 Log CFU/mL. 

To make a 3-cocktail mixture of S. enterica serovars, all the cells suspended in saline were mixed 

in a 50mL conical tube.  

 Minimum Inhibitory Concentration and Minimum Bactericidal Concentration 

assay 

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration 

(MBC) of only dry-plated GDL (GDL-RW), citric acid (CA-RW) and lactic acid (LA-RW) 

exposed to planktonic cells of S. enterica were evaluated using the broth microdilution assay. For 

the MIC, 0.2 mL (40% (w/v)) of the treatment solutions of GDL-RW, CA-RW and LA-RW were 

pipetted into the first well of each row of the microtiter plate to reach a final concentration of the 
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food acidulants in the treatment solutions of 20% (w/v) upon addition of the inoculum. The 

remaining 11 wells were filled with 0.1 mL of sterile distilled water. A 1:2 serial dilution of the 

treatment solution from the first well was performed till the 11th well and the 0.1 mL solution from 

the 11th well was discarded. The final treatment concentrations in the wells were 20, 10, 5, 2.5, 

1.25, 0.625, 0.313, 0.156 and 0.078%. Then 0.1 ml of the three-strain working culture was added 

into each well. Negative controls contained sterile distilled water and TSB without inoculum. The 

positive control contained 0.1 mL TSB and 0.1 mL of Salmonella inoculum. The microtiter plate 

containing the least concentration of the treatment solution and did not show any visible signs of 

bacterial growth i.e., turbidity was considered the MIC. For MBC, 0.1 mL of sample from each 

well was plated on to tryptic soy agar (TSA) for enumeration of bacterial colonies at each 

concentration of the treatments. The concentration that had a 3-Log reduction from the initial 

inoculum was considered the MBC.  

 Preparation and inoculation of acidified sterile distilled water (in-vitro time-kill 

assay) 

For the in-vitro time-kill assay, sterile distilled water (SDW) was used to dissolve dry-

plated acidulants, CA-RW, LA-RW) and GDL-RW to prepare treatment solutions at the following 

concentrations, 1.0, 3.0 and 5.0% (w/v). Treatment solutions (20 mL) were aseptically dispensed 

to 50 mL conical tubes and then 0.2 mL of a 3-serotype cocktail of Salmonella enterica inoculated 

into the treatment solutions to achieve a final pathogen concentration of ~7.0 Log CFU/mL. 

Microbial analysis was then performed at the following time intervals of 0, 15, 25, 35 and 45 mins. 

At each time interval, 1.0 mL of inoculated treatment solutions were obtained from the conical 

tubes and then dispensed to 9.0 ml of buffered peptone water (BPW) to neutralize the acid and 

stop microbial inactivation. Serial dilutions were then performed and 0.1 mL aliquots from 
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neutralized treatment solutions were then plated on tryptic soy agar (TSA) and incubated at 37o C 

for 48 hours when the colonies were enumerated.  

 Preparation of raw meat-based pet food 

A nutritionally complete model raw pet food was prepared using an in-house formula under 

sanitary conditions in a food-grade laboratory to minimize contamination. Ingredients: turkey, 

sweet potato, chicken liver, carrots, and apples were purchased from a local grocery store in 

Manhattan, Kansas, weighed and ground together to form a batter. The encapsulated and dry-

plated PetshureTM GDL, citric and lactic acids were obtained from Balchem Corporation for 

research purposes. The encapsulated acidulants were coated in edible oil films to form powdery 

flakes, such that 100g of acidulant contained only 30% (w/w) of either CA, LA or GDL. The dry-

plated acidulants were described as “raw” as they were not coated in film and 100g of the 

crystalline acidulants only contained 60% (w/w) of either CA, LA or GDL acidulants within their 

matrix. 

To prepare treatments, three levels of encapsulated and dry-plated acidulants at 1.0, 2.0, 

and 3.0 % (w/w) inclusion levels were added individually to 2.0 kg of ground meat batter and 

mixed, including a negative and positive control that did not contain any acidulants for a total of 

N=20 treatments. The batter was mixed thoroughly and then shaped to form patties of 

approximately 100 g. The patties were individually stored in sterile, self-sealing stomacher bags 

(VWR, Radnor, PA, USA), and refrigerated for 2 h at 4o C prior to inoculation. Before inoculation, 

patties from each treatment including the negative and positive controls were analyzed for presence 

of background Salmonella. 
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 Inoculation of raw meat-based pet food 

All the patties that contained acidulants including the positive control were gently removed 

from the stomacher bags and placed in sterile petri dishes in a biohazard hood and inoculated with 

0.1mL of the 3-cocktail mix of Salmonella enterica serovars to achieve a final concentration of 

~6.0 Log CFU/patty. A sterile L-rod was used to spread the inoculum on the flat top of the patty. 

The patties were then held in the biohazard hood for 30 min to allow for pathogen attachment 

before being transferred to new sterile stomacher bags and put back in the refrigerator at 4o C. The 

negative control without any acidulant was not inoculated as they were for testing growth of 

background Salmonella during the study.  

 Microbiological analysis 

Microbial analyses for all the treatments including the negative control were performed on 

days 1, 4, 7, 10, 13, 16, 19, and 22 to mimic the anticipated shelf-life for refrigerated RMBDs. For 

analysis, 100mL of BPW was added to the stomacher bags and pummeled with a stomacher 

machine (Seward, Islandia, NY, USA) at medium speed for 1 min. For background Salmonella 

analysis following homogenization in the stomacher, the negative control samples were serially 

diluted in 0.1 % peptone (Difco; Becton, Dickinson and Company, Sparks, MD) and appropriate 

dilutions of 0.1mL aliquots spread plated on Xylose-Lysine-Tergitol 4 (XLT-4) agar. The above 

procedure was repeated for all the remaining 19 treatments in the study. The plates were incubated 

at 37o C for 48 h and then colonies of S. enterica were enumerated and log reductions calculated 

by subtracting the initial number of S. enterica pathogens from the survivors after exposure to food 

acidulants during storage. The initial inoculum (Log CFU/patty) was determined through 

microbial analysis of fresh negative control patties after 30 min of attachment in the biohazard 

hood. 
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 Determination of D-values  

The D-values (time of exposure to food acidulant that results in 90% reduction in viable 

counts of Salmonella enterica serovars) were determined by plotting the log number of survivors 

per sample (inoculated patties) vs. exposure time (days) using Microsoft Excel 2000 Software 

(Microsoft Inc., Redmond, WA). Using linear regression analysis, the line of best fit for each set 

of data was determined. The D-value was evaluated by calculating the negative reciprocal of the 

slope of the regression line. 

 Measurement of pH 

The pH of individual patties was measured on the same days microbial analyses were 

performed i.e., on days 1, 4, 7, 10, 13, 16, 19, and 22. The measurements were taken by inserting 

a probe into meat patties using an Apera PH700 Benchtop pH Meter (Apera Instruments, LLC, 

Columbus, OH) with a stainless-steel electrode.  

 Statistical analysis 

The microbial challenge study (inoculation and enumeration of S. enterica in RMBD) was 

conducted as a (6x3) +2 factorial arrangement of treatments (6 acidulants, 3 treatment levels and 

2 controls, both positive and negative) for N=20 and experiments were replicated thrice. The in-

vitro time kill experiment was a conducted as a (3x3) + 1 factorial arrangement of treatments.  

Two-way Analysis of Variance (ANOVA) was used to determine treatment levels with significant 

log reductions in the patties and the treatment solutions that were treated with different food 

acidulants at varying inclusion levels over time. One-way ANOVA was used to separate the log 

reduction and D-value means of the RMBD patties that were treated with food acidulants after 22 

days. The means obtained from the log reduction and D-values of the patties treated with food 

acidulants were evaluated for significant differences at a 5% significance between the treatment 
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levels using Tukey’s test (p ≤ 0.05), respectively. For statistical purposes, the D-values from the 

control experiments (challenge study and in-vitro assay) were excluded from models as they were 

outliers and increased error variance and reduced the power of the tests.   Variability in the data is 

expressed as the standard error of the means (SEM). The MIC and MBC experiments were 

replicated thrice to ensure the results consistency. The changes in mean pH over time and standard 

deviation were calculated and presented in figure format.  Data were analyzed using JMP Pro 

version 16.0 statistical software (SAS Institute, Inc., Cary, NC). 

 

 RESULTS 

 Minimum Inhibitory Concentration and Minimum Bactericidal Concentration 

The dry-plated GDL, lactic and citric acids had their initial concentrations ranging from 

0.156 to 20% (w/v) in sterile distilled water. The MIC was determined in the wells that showed no 

turbidity (no microbial growth). For lactic and citric acids, their MIC was 0.313 %, whereas the 

MIC of GDL was 0. 625 % and inhibited growth of S. enterica. The MBC of lactic and citric acid 

was 1.25 %, while that of GDL was 5.0 % with these concentrations of acidulants resulting in a 

~3.0 Log CFU/mL reduction of the initial viable counts of S. enterica.  

 Viability of S. enterica in acidified sterile distilled water (In-vitro time kill assay) 

The dry-plated acidulants GDL-RW, CA-RW and LA-RW were dissolved in sterile 

distilled water (SDW) at different concentrations (1.0, 3.0, 5.0 (w/v)) to form acidified solutions 

which were inoculated. The viable counts of S. enterica in SDW without any acidulant was ~7.0 

Log CFU/mL. The log counts of survivors of S. enterica over time when inoculated into SDW 

containing food acidulants and enumerated on TSA media are provided in Figure 3.1. There was 

no change in the survivor counts of S. enterica in the negative control (NC) (~7.2 ± 0.5 Log 
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CFU/mL) as the SDW did not contain any acidulant. The S. enterica survivors inoculated in SDW 

containing GDL-RW were consistently higher (P<0.05) compared to those exposed to LA-RW 

and CA-RW. The counts of S. enterica declined (P<0.05) as the concentrations of both LA-RW 

and CA-RW increased from 1.0 to 5.0 % (w/v); whereas there was no decrease (P>0.05) in the 

number of counts for S. enterica exposed to GDL-RW despite increases in concentration of GDL 

from 1.0-5.0 % (w/v). Salmonella enterica was below detectable limits when exposed to SDW 

containing both LA-RW and CA-RW at 5.0% (w/v) after 35 min. The NC had the least log 

reduction (P<0.05) of ~0.5 Log CFU/mL compared to the rest of the treatments. There was no 

difference (P>0.05) in the total log reductions observed when S. enterica was exposed to all the 

different levels of GDL-RW. Dry-plated citric and lactic acids at concentrations of 1.0 % and 5.0 

% (w/v) had no differences in log reduction (P>0.05) but were different (P<0.05) at 3.0 % (w/w). 

Overall, CA-RW exhibited the strongest bactericidal effect of the three dry-plated acidulants, 

followed by LA-RW and GDL-RW that had the least antimicrobial effect against S. enterica 

inoculated in the treatment solutions.  

 Survival of Salmonella enterica on raw meat-based patties for dogs  

No Salmonella was detected on the non-inoculated NC samples for the entirety of the study. 

The numbers of survivors of S. enterica that were inoculated on meat-based patties were 

enumerated on XLT-4 agar and are represented in Figure 3.2. The initial viable counts of S. 

enterica was ~6.02 Log CFU/patty after inoculation and a 30-minute period of attachment at room 

temperature (20±2o C).  All treatments resulted in a reduction of viable (P<0.05) counts of S. 

enterica compared to the PC which were not treated with acidulants but were inoculated with 

pathogens.  
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Dry-plated lactic and citric acids at 2.0 and 3.0% (w/w) resulted in higher (P<0.05) log 

reductions compared to the encapsulated acids at the same concentration levels. However, at 1.0% 

(w/w), encapsulated GDL, lactic, and citric acids had higher log reductions (P>0.05) than similar 

dry-plated acidulants at the same concentration. When Log reduction comparisons across different 

treatments at 1.0 % (w/w) were performed, LA-ENC had the highest numerical reduction 

compared to LA-RW, CA-RW, CA-ENC, GDL-RW and GDL-ENC though not significant. At 1.0 

% (w/w), encapsulated acidulants had higher log reductions (P>0.05), but as concentrations 

increased to 2.0-3.0 % (w/w), the dry-plated acidulants had significant log reductions compared to 

encapsulated acids at the same concentrations. Overall, both GDL-RW and GDL-ENC had 

significantly lower log reductions compared to encapsulated and dry-plated lactic and citric acids. 

Table 3.1 shows a summary of all the log reductions observed in all treatments after 22 days when 

S. enterica was inoculated on meat patties treated with encapsulated and dry plated GDL, citric 

and lactic acids at inclusion levels of 1.0, 2.0 and 3.0 % (w/w). 

 Decimal Reduction Times (D-Values) 

Table 3.2 shows the effect of the food acidulants at different inclusion levels in treatment 

solutions prepared from dissolving the dry-plated acids in sterile distilled water on the D-values in 

minutes of planktonic cells of S. enterica. There was a difference (P<0.05) in the D-values obtained 

from CA-RW and LA-RW compared to the GDL-RW at all concentrations. There was no 

difference (P>0.05) between the D-values obtained from GDL-RW across all concentrations of 

1.0, 3.0 and 5.0% (w/v).  There was also no difference (P>0.05) in the D-values obtained from 

CA-RW and LA-RW at 1.0 and 5.0% (v/w) although differences between these two acidulants 

were observed at 3.0% whereby citric acid had a lower D-value. Increments in the concentration 
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of treatment solutions from 1.0 to 5.0% resulted in a significant reduction (P<0.05) in D-values 

for both citric and lactic acids but not GDL for the planktonic cells.  

Table 3.3 shows the decimal reduction times in days (D values) for Salmonella enterica 

serovars inoculated and attached to raw meat-based pet food treated with food acidulants, GDL, 

citric and lactic acids at inclusion levels of 1.0%, 2.0% and 3.0% and stored at 4oC. At 1.0% (w/v), 

both encapsulated and dry-plated citric and lactic acids had significantly (P<0.05) lower D-values 

compared to GDL, but exhibited no significant difference in the D-values observed from both CA 

and LA. Also, the encapsulated acidulants at 1.0% exhibited lower D-values than the dry-plated 

acids but no significant difference was observed (P>0.05). At 2.0 and 3.0% inclusion levels in the 

raw diets, dry-plated acidulants such as CA-RW had significantly (P<0.05) lower D-values 

compared to CA-ENC, whereas no difference (P>0.05) was observed in the D-values obtained 

from LA-RW and LA-ENC. The raw diets treated with CA-RW and LA-RW at 3.0% also had the 

least D-values of the study and therefore achieved a 90% reduction in the initial population of S. 

enterica pathogens in approximately 3.4 days. 

 pH of raw meat-based patties 

The acidulants at the three concentrations (1.0, 2.0 and 3.0% (w/w) impacted the pH of the 

meat patties differently (Figure 3.3). In the positive and negative control patties, the pH gradually 

dropped, leveled, and then started rising towards the end of the study. A rapid drop in pH was 

observed in the meat patties that were treated with LA-RW, CA-RW, and GDL-RW. However, 

the patties that were treated with encapsulated acids had a gradual drop in pH compared to the dry-

plated acidulants. The NC and PC had a higher (P<0.05) pH compared to the patties that were 

treated with both dry-plated and encapsulated acids after 22 days.  
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There was a sharp decline (P<0.05) in the pH of the patties treated with dry-plated 

acidulants after day 1 compared to the patties treated with encapsulated acids and the controls. 

However, the decline in pH between the control patties and those treated with encapsulated acids 

was not significant after 1 day. There were no declines in pH observed for the patties that had been 

treated with the same encapsulated acid even when the concentration levels were increased from 

1.0-3.0 % (w/w). For instance, there were no declines (P>0.05) in pH of the patties treated with 

LA-ENC at 1.0, 2.0, or 3.0 % (w/w), moreover, a similar trend was observed in GDL-ENC and 

CA-ENC at the same concentrations. Increasing the concentration of dry-plated acidulants (CA-

RW, LA-RW and GDL-RW) from 1.0-3.0 % (w/w) did not result in any further decline (P>0.05) 

in pH after day 1, as there was a slight increase observed. There was an increase in pH observed 

in the patties that were treated with dry-plated acidulants after 4 days though it was not significant 

among the different concentration levels within treatments. Overall, there was a difference in the 

rate of pH decline for the patties that were treated with either encapsulated or dry-plated acidulants.  

 DISCUSSION 

The MIC test was performed to investigate the minimum concentrations of food acidulants 

that would inhibit microbial proliferation in-vitro. The MIC in this case was to provide an insight 

into the antimicrobial efficacy of the individual dry-plated acidulants (LA-RW, CA-RW and GDL-

RW). For instance, lactic and citric acid had a similar and lower MIC compared to GDL. When 

exposed to CA-RW and LA-RW, the MIC was 0.313 % which was slightly lower than 0.5 % 

reported by Wang et al. (2015). The MBC was intended to provide the lowest concentration of 

food acidulant capable of a 3.0 Log CFU/mL pathogen reduction. The MBC for lactic and citric 

acid were more bactericidal compared to GDL. This is probably because GDL is mainly used as 
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an acidifier which upon dissolution in water becomes partially hydrolyzed to form a weak acid, 

gluconic acid with minimal antimicrobial activity (Zhou et al., 2020).  

The purpose of the in-vitro time kill assay was to investigate the antimicrobial efficacy of 

the different types of dry-plated acidulants against planktonic cells of S. enterica serovars by 

measuring their susceptibility against the acidulants. Lactic and citric acids exhibited more 

antimicrobial potency compared to GDL, even when the concentrations were increased. The log 

reduction of Salmonella enterica observed in the in-vitro (acidified solutions) experiments was 

higher compared to the reduction in raw meat patties. These results were expected as the pathogens 

attach to meat surfaces and exhibit more tolerance to antimicrobial agents according to Cadena et 

al. (2019) and Kiprotich et al. (2021). The reduced susceptibility to food acidulants may be due to 

biofilm formation which serves as a barrier protecting cells from direct contact with acidulants 

(Cadena et al., 2019; Dimakopoulou-Papazoglou et al., 2016). Furthermore, Dimakopoulou-

Papazoglou et al. (2016) reported that Salmonella enterica rapidly produced biofilm when exposed 

to low pH conditions. This was not possible for the planktonic cells in the in-vitro time kill assay, 

as these cells were in direct contact with acidulants, resulting into more cell death. Also, the lower 

log reductions that were reported when S. enterica serovars were inoculated into patties treated 

with acidulants might be due to the buffering effect of the meat proteins that neutralized the 

acidulants, thus reducing their lethality (Kiprotich et al., 2021, Wang et al., 2015, Yeh et al., 2018). 

Overall, raw meat-based patties that were treated with dry-plated acidulants at 2.0 and 3.0 

% had higher log reductions than patties that were treated with encapsulated acids at similar 

concentrations. At 1.0 %, encapsulated acids had higher log reductions compared to dry-plated 

acidulants at the same concentrations. This might be attributed to the buffering capacity of meat 

proteins that neutralized the dry-plated acids which was observed as a slight increase in pH. 
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Encapsulated acidulants on the other hand are coated with edible vegetable films that “melt” over 

time when in contact with a water-based matrix, allowing gradual release of food acid into the 

meat product. At 2.0 and 3.0%, dry-plated acidulants resulted in significantly higher log reductions 

compared to the encapsulated acids at the same concentrations. The increase in the inclusion levels 

of acidulants resulted in syneresis, discoloration, weeping and visible signs of mold growth. For 

instance, Salmonella enterica counts were below detectable limits at day 13 but there was evidence 

of visible mold growth in the patties that were treated with CA-RW and LA-RW at 3.0% (w/w). 

We hypothesized that the rapid decline in pH and acid shock from the dry-plated acidulants might 

have resulted in significant injury and death of vegetative cells of pathogenic bacteria and in this 

case Salmonella enterica, allowing acid tolerant fungi and bacteria to proliferate.  

Food acids, when dissolved in water do not dissociate completely, but rather, in a pH 

dependent manner. Upon adding the acids to meat or poultry, the pH of the meat is lowered to a 

point less than or equal to the dissociation constant (pKa) of the acid, yielding an increased amount 

of H+, which then inactivate bacteria (Taylor et al., 2012). The H+ released from food acid exhibits 

antimicrobial activity primarily by two mechanisms: Cytoplasmic acidification by an influx of H+ 

through a transmembrane gradient disrupting ATP production, regulation, and active transport, 

and secondly, accumulation of dissociated anions from the acidulant until toxic levels are reached 

and cellular metabolic machinery fails, ultimately causing cell death (Taylor et al., 2012). 

The survival of Salmonella enterica within the matrix of the inoculated RMBDs may have 

been potentially affected by the metabolites produced by psychrophilic microorganisms that thrive 

in refrigeration temperatures and thus might have been the dominant population since the latter is 

a mesophile. For instance, some strains of Pseudomonas, a common meat spoilage microorganism, 

have demonstrated competitive inhibition when they were cultured under conditions of low pH 
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and temperature (Thomas & Wimpenny, 1996). Wang et al. (2013) also reported that cell-free 

supernatants containing metabolites of Pseudomonas aeruginosa inhibited biofilm formation in a 

meat-bone matrix.  

The D-values in minutes (Table 2) for S. enterica exposed to treatment solutions represent 

the times required for a 90% or 1.0 log inactivation of the initial viable population of the pathogen. 

The rapid decrease in the D-values for planktonic cells exposed to both citric and lactic acids 

suggest a faster rate of microbial inactivation compared to when the cells are exposed to GDL. 

However, the D-values in days for S. enterica inoculated and attached to the raw pet food are 

significantly higher than those observed in the in-vitro experiment which is evidence of the 

protective and buffering capacity of meat proteins that allows these pathogens to survive for longer 

periods of time. The similarities in the D-values observed from citric and lactic acids would suggest 

similar antimicrobial mechanisms of action, though this warrants additional research.  

 The pH curves that were observed in the positive and negative control patties were higher 

(~pH 6.4) than the typical pH of meat during cold storage because the meat in this formula was 

obtained from turkey, which at chilling temperatures on day 0 had a pH of 6.5 as reported by Triki 

et al. (2018). The patties that were treated with dry-plated acids had their pH rapidly drop on day 

one unlike the patties that contained encapsulated acidulants. This is because the encapsulation 

process likely ensured gradual release of the acid into the meat matrix. However, color 

transformation from pink to grey was observed in the patties treated with dry-plated acids 2h post-

production. This was unlike the controls and those treated with the encapsulated acidulants that 

maintained their pink color through the entirety of the study.  

Despite possessing potent antimicrobial properties, food acidulants such as dry-plated 

lactic and citric acids may damage product color, lead to syneresis, and result in low quality 



77 

 

RMBDs from the shock of direct acidification. Thus, encapsulation offers alternative methods of 

utilizing food acidulants to enhance the safety of raw meat diets. Additional research is needed to 

determine how other hurdles might be used to potentiate the antimicrobial effect of encapsulated 

acidulants that address safety from pathogenic microbes and spoilage caused by psychrotrophic 

bacteria as slimy and green discolorations were observed on the raw meat patties treated with 

encapsulated acidulants at the end of the study.   

Foodborne pathogens such as Salmonella enterica are common contaminants of RMBDs. 

Incidences of foodborne disease outbreaks and product recalls are likely to increase as more pet 

owners and pet food manufacturing facilities adopt and produce more of these diets. However, 

without efficient and relatively inexpensive means of spoilage and pathogen control, use of GRAS 

additives such encapsulated food acidulants may offer a more practical means of enhancing safety 

in RMBDs. The FDA regulations mandate that a successful pasteurization process should achieve 

at least a 5.0 log reduction, which was observed when dry-plated citric and lactic acids were used 

as antimicrobials but led to significant deterioration in product quality. Therefore, the authors 

advise that encapsulated lactic and citric acids at 1.0 % be applied in combination with different 

hurdles in raw meat-based diets to meet the FDA requirements for the control foodborne pathogens 

like Salmonella enterica. The implication of this research is that safety from enteric foodborne 

pathogens in raw pet food can be addressed without compromising quality, however additional 

research is warranted to study the impact of acidulants on the palatability of RMBDs.   
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FIGURE LEGENDS 

Figure 3.1 . Log CFU/mL of survivors of Salmonella enterica serovars when planktonic cells are 

exposed to treatment solutions of dry-plated food acidulants (RW), GDL-RW, CA-RW and LA-

RW respectively at 1.0% (A), 3.0% (B), and 5.0% (C) (w/v) for 45 minutes (in-vitro assay) 

including the NC (negative control) whereby sterile distilled water was inoculated with Salmonella 

as a control. The bars on the figures represent the standard deviation of the means. 

 

Figure 3.2 Comparison of Log CFU/patty survivors of Salmonella enterica serovars artificially 

inoculated in raw meat patties treated with encapsulated (ENC) and dry-plated (RW) GDL, citric 

and lactic acids at 1.0% (A), 2.0% (B) and 3.0% (C) (w/v) inclusion levels, for up to 22 days 

(microbial challenge study). The NC (negative control) was to monitor background Salmonella 

whereas the PC (positive control) were patties inoculated with Salmonella but contained no 

acidulants. The bars on the figures represent the standard deviation of the means. 

 

Figure 3.3 Comparison of changes in pH of raw meat-based patties treated with different levels of 

encapsulated (ENC) and dry-plated (RW) GDL, citric and lactic acids at 1.0% (A), 2.0% (B) and 

3.0% (C) (w/v) inclusion levels, compared with negative (NC) and positive control (PC) patties 

without acidulants during a 22-day period of storage at 4°C. The bars on the figures represent the 

standard deviation of the means. 
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 Tables 

Table 3.1 The total log reduction of Salmonella enterica serovars that were inoculated in raw 

meat-based patties for dogs after 22 days of exposure to different concentrations (w/w) of 

encapsulated and dry-plated GDL, citric and lactic acids. 

Treatment Log CFU/patty Reduction1 SEM 

PC 1.19A 0.116 

1.0% GDL RW 1.88B 0.019 

1.0% GDL ENC 1.86B 0.061 

1.0% LA RW 2.88C 0.07 

1.0% LA ENC 3.10E 0.104 

1.0% CA RW 2.70CD 0.083 

1.0% CA ENC 2.78CD 0.12 

2.0% GDL RW 2.11BC 0.038 

2.0% GDL ENC 2.02BC 0.109 

2.0% LA RW 4.53E 0.007 

2.0% LA ENC 3.55D 0.145 

2.0% CA RW 4.35E 0.12 

2.0% CA ENC 3.05C 0.07 

3.0% GDL RW 2.25B 0.033 

3.0% GDL ENC 2.61CD 0.033 

3.0% LA RW 6.09H 0.033 

3.0% LA ENC 4.07G 0.175 

3.0% CA RW 6.09H 0.033 

3.0% CA ENC 3.84FG 0.109 

Means with different superscript (A, B, C, D, E, F, G, H) are considered different at P < 0.05. 

1Total log reduction is obtained by subtracting the initial inoculum from the final Log CFU 

counts that had been obtained on day 22. 

*GDL- Glucono delta lactone, CA- Citric acid, LA- Lactic acid, RW- Dry-plated acidulant, 

ENC-encapsulated acidulant. 
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  Table 3.2 Decimal reduction times in minutes (D values) for Salmonella enterica planktonic cells 

suspended in treatment solutions containing acidulants GDL, CA-RW and LA-RW at 1.0%, 3.0% 

and 5.0% (in-vitro). 

Treatment D-Value (Min) SEM 

1.0% GDL 49.85A 0.717 

1.0% LA 35.55C 0.299 

1.0% CA 35.56C 1.328 

3.0% GDL 48.89A 1.128 

3.0% LA 23.56D 0.093 

3.0% CA 15.85E 0.438 

5.0% GDL 45.10B 0.807 

5.0% LA 6.15F 0.016 

5.0% CA 6.72F 0.063 

Means with different superscript (A, B, C, D, E, F) are considered different at P < 0.05. The data 

used to calculate the D-values were derived from bacterial counts of survivors of S. enterica 

inoculated into treatment solutions for up to 45 minutes. 

*GDL- Glucono delta lactone, CA- Citric acid, LA- Lactic acid, RW- Dry-plated acidulant, 

ENC-encapsulated acidulant. 
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 Table 3.3 Decimal reduction times in days (D values) for Salmonella enterica serovars inoculated 

to raw meat-based pet food treated with dry-plated or encapsulated food acidulants, GDL, citric 

and lactic acids at inclusion levels of 1.0%, 2.0% and 3.0% and stored 

Treatment D-Value (Days) SEM 

1.0% CA ENC 8.3EFG 0.015 

1.0% CA RW 10.2DE 0.197 

1.0% GDL ENC 16.0AB 1.736 

1.0% GDL RW 16.9A 1.270 

1.0% LA ENC 8.1EFG 0.073 

1.0% LA RW 9.4DEF 0.151 

2.0% CA ENC 7.7FGH 0.152 

2.0% CA RW 5.3IJ 0.210 

2.0% GDL ENC 13.5C 1.161 

2.0% GDL RW 13.9BC 0.011 

2.0% LA ENC 6.2GHI 0.120 

2.0% LA RW  6.0GHI 0.293 

3.0% CA ENC 6.1GHI 0.108 

3.0% CA RW 3.53J 0.170 

3.0% GDL ENC 10.8D 0.526 

3.0% GDL RW 13.4C 1.122 

3.0% LA ENC 5.6HIJ 0.120 

3.0% LA RW 3.29J 0.187 

Means with different superscript (A, B, C, D, E, F) are considered different at P < 0.05. The data 

used to calculate the D-values were derived from bacterial counts of survivors of S. enterica 

inoculated into raw meat-based patties formulated with different inclusion levels of food acidulants 

for a period of up to 22 days. 

*GDL- Glucono delta lactone, CA- Citric acid, LA- Lactic acid, RW- Dry-plated acidulant, ENC-

encapsulated acidulant. 
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Chapter 4 - Predictive modelling of the survival of Salmonella 

enterica inoculated in Raw Meat-Based Diets for dogs treated with 

combinations of food acidulants 

 Abstract 

The demand for raw meat-based diets (RMBDs) for companion animals keeps increasing 

but the efforts to ensure their microbial safety are still inadequate. The lack of cooking/heat 

pasteurization makes these diets efficient vehicles for the transmission of enteric foodborne 

pathogens. Food acidulants such as citric and lactic acids have been demonstrated as efficient 

antimicrobial interventions, though required in large doses. Thus, the objective of this study was 

to study was to evaluate and model the antimicrobial efficacy of combinations of encapsulated and 

raw citric and lactic acids challenged against Salmonella enterica serovars inoculated in RMBDs.  

Nutritionally complete RMBDs were formulated with combinations of raw and encapsulated citric 

and lactic acids (CR, CE, LR, LE) and inoculated with two inoculum levels (6 and 9 Log CFU/mL) 

of S. enterica. The treatments were LE, CE, (LE+CR), (CE+LR), (LE+CE), (LR+CR) and a 

positive (PC) and negative control (NC) that were without any acidulants. Microbial analyses were 

performed on days 0, 1, 4, 7, 10, 13, 16, 19 and 22 where the survivors of S. enterica were 

enumerated, log reductions calculated and predicted log counts modelled in Weibull and log-linear 

models. The combinations of encapsulated and raw acidulants resulted in significantly in lower 

(p<0.05) counts of S. enterica compared to when lactic and citric acids were used alone. 

Encapsulated acidulants (LE+CE) had a higher (p<0.05) inactivation rate of the pathogen than 

when (LR+CR) was used as a treatment. The rate of inactivation of S. enterica increased (p<0.05) 

over time. There was a significant (p<0.05) interaction between time and treatment on the rate of 
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inactivation of S. enterica. The prediction models revealed a significant increase in the rate of 

pathogen inactivation when inoculum levels increased from 6 to 9 log CFU/mL. There was a 

significant interaction between inoculum level and treatments on the rate of inactivation of the 

pathogens in the predictive models. Overall, the Weibull model performed better than the log linear 

models. We concluded that Weibull models were appropriate for modelling the survival kinetics 

of S. enterica in RMBDs treated with combinations of raw and encapsulated acidulants. 

Key words: Raw meat-based diets, RMBDs, food acidulants, predictive modelling, Weibull, log-

linear 

 Introduction 

Raw meat-based diets (RMBDs) are a fast-growing segment of pet foods categorized as 

minimally processed commercial diets (MPCDs). However, majority of the commercially 

available pet foods are still ultra processed commercial diets (UPCDs), which are produced by the 

extrusion, canning and baking processes and involves the application of more than one heating 

cycle on the ingredients (Raditic, 2021; Kiprotich et al., 2023).Minimally processed commercial 

diets are produced with minimal cooking or thermal processing, exposing the ingredients to less 

than one heating cycle, and it includes semi-moist pet foods, RMBDs, biologically appropriate 

foods (BARFs), and raw animal products (RAPs) (Kiprotich and Aldrich, 2022). Raw meat-based 

diets are typically manufactured from uncooked animal sourced proteins and may be supplemented 

with tubers, vegetables, fruits, or cereals (Freeman et al., 2013; Kiprotich and Aldrich, 2022), 

which explains part of the increasing demand for this product, as they are considered to be 

“healthier” and “natural” (Acuff et al., 2021; Kiprotich and Aldrich, 2022). Another reason as to 

why raw and other MPCDs are gaining popularity among pet food consumers and manufacturers 

can be attributed to concerns about the adverse effects of high temperatures used in pet food 
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processing. These temperatures can lead to the formation of advanced glycation end-products 

through Maillard reactions, which have been associated with various diseases in companion 

animals (Delgado-Andrade et al., 2012; van Rooijen et al., 2012; Raditic, 2021; Kiprotich et al., 

2023). The Association of American Feed Control Officials (AAFCO, 2021) defines RMBDs as 

“pet foods that may not be heat-processed, cooked, rendered, hydrolyzed or fermented”, thus 

making RMBDs efficient vectors for transmitting enteric foodborne pathogens to animals and their 

handlers.  

 The contamination of RMBDs with enteric foodborne pathogens has been extensively 

reported in scientific literature. Solis et al., (2022) compared the microbiological quality of 

RMBDs and extruded dog diets and reported that 35.7% of RMBDs had Salmonella spp. and 

Listeria monocytogenes. Solis et al., (2022) also reported that Salmonella spp., Campylobacter 

jejuni and L. monocytogenes had been isolated from fecal samples of the dogs that were fed 

RMBDs whereas those pathogens were not found for the dogs that ate extruded diets. Viegas et 

al., (2020) examined the fecal shedding of Salmonella spp., in dogs that had been fed RMBDs in 

Brazil, and reported that fecal samples obtained from dogs fed RMBDs were 30 times more likely 

to test positive for Salmonella. Moreover, Ramos et al., (2022) observed that multi-drug resistant 

pathogens were more likely to be isolated from feces of dogs fed RMBDs, as it was found that 

fecal samples of dogs that had been fed RMBDs contained isolates of multi-drug resistant E. coli 

that were producers of extended-spectrum beta-lactamase and linked to antibiotic resistance. 

From a public health perspective, Morelli et al., (2019) conducted a survey of dog owners’, 

motivations and attitudes towards RMBDs and reported that 62 out of 218 dog owners were living 

with immunocompromised persons who were at increased risk of succumbing to enteric foodborne 

illnesses caused by pathogens in their animal’s diet. A similar finding was reported by Empert-
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Gallegos et al., (2020) who reported only 20.0% of 419 dog owners who fed their dogs RMBDs 

reported them as a potential vector for the transmission of enteric pathogens. Viegas et al., (2020) 

also reported that 87.9% and 98.8% of their survey respondents in Brazil believed that RMBDs 

did not pose any health risks to animals or humans respectively. Thus, evidence of the 

contamination of RMBDs is readily available and yet there is an increasing demand for these pet 

foods, regardless of their public health and microbial safety concerns.  

The common antimicrobial strategies currently employed against enteric pathogens in 

RMBDs include high-pressure pasteurization (HPP), irradiation, bacteriophages and food 

acidulants (Kiprotich & Aldrich, 2022). However, HPP is the most utilized platform for 

decontamination, but it is still widely inaccessible and costly, thus it increases the production costs 

of RMBDs. Additionally, some scholars have argued that decontamination of ground meats and 

poultry using HPP routinely used in the manufacture of RMBDs is less effective because the 

comminuting of meat increases surface area for pathogen attachment and protection within the 

product matrices (Sheen et al., 2015; Serra-Castello et al., 2022; Kiprotich & Aldrich, 2022). 

To circumvent the pasteurization challenges observed from HPP, generally regarded as 

safe additives such as food acidulants (citric and lactic acids) have been proposed due to their 

ability to be uniformly distributed within the meat matrices of the RMBD. This is because food 

acidulants can be uniformly distributed due to the increased surface area achieved after grinding, 

and thus pathogens and spoilage bacteria can be reached by the antimicrobial agents. Kiprotich et 

al., (2023) were able to achieve a ~2.0-3.0 Log CFU reduction of Salmonella enterica inoculated 

in RMBDs treated with encapsulated and raw lactic and citric acids at 1.0% (w/w). However, the 

raw lactic acid resulted in negative impacts on the color and texture of the RMBDs while causing 

syneresis and weeping when their concentrations are increased from 2.0 to 3.0% (w/w). Kiprotich 
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et al., (2023) reported that the acidulants at 1.0% (w/w) resulted in a significantly less log 

reductions but product quality was better compared to the higher log reductions that were observed 

at 2.0 and 3.0% which resulted in significantly diminished product quality. 

Therefore, we hypothesized that combinations of encapsulated lactic and citric acids or 

combinations between encapsulated and raw acids of lactic and citric acids would result in 

significant log reductions while maintaining product quality because of synergism, potentiation, 

or additive effects. Predictive modeling was proposed to describe pathogen survival in RMBDs 

and how it would be used as an important tool in making food safety decisions and developing and 

optimizing antimicrobial strategies for these “high risk” diets. Thus, the first objective of this study 

was to determine the antimicrobial efficacies of combinations of raw and encapsulated lactic acids 

when used as an antimicrobial in RMBDs inoculated with serovars of S. enterica. The second 

objective was to model the number of survivors of S. enterica inoculated in RMBDs treated with 

combinations or raw and encapsulated acidulants. The overarching goal of the study was to model 

and predict the survival of Salmonella in RMBD with varying levels of contamination when treated 

with food acidulants.   

 

 Materials and methods 

 Bacterial strain and culture conditions 

Three serovars of Salmonella enterica (Typhimurium ATCC 14802, Enteritidis ATCC 

13076 and Heidelberg ATCC 8326) were obtained from the culture collection of the Feed 

Toxicology and Microbiology Laboratory at Kansas State University (Manhattan, KS) while 

frozen at -80o C. The cultures were frozen in cryo-vials in a mixture of Tryptic Soy Broth (TSB) 

(Difco; Becton, Dickinson and Company, Sparks, MD) and glycerol at  7:3 ratio. The vials were 



96 

 

thawed, and their contents were transferred to fresh TSB which was followed by incubation at 

37°C for 24 h to activate the cultures. The working cultures were prepared by a 2-consecutive, 24 

h transfer of the activated cultures into TSB (100 mL), followed by incubation at 37°C. The 

inoculums (9.0 Log CFU/mL and 6.0 Log CFU/mL) were prepared by centrifuging individual 

serovars of S. enterica that had been suspended in 30mL of TSB at 5,000 × g, 10 min, 20°C) using 

a Sorvall X1R centrifuge (Thermo Scientific, Waltham, MA). The cells from each serovar were 

then suspended in 3.0 mL of 0.85% (w/v) NaCl (saline) to obtain a final viable cell concentration 

of ~10.0 Log CFU/mL. Further serial dilutions were performed to obtain a viable cell concentration 

of ~7.0 Log CFU/mL. To make a 3-cocktail mixture of S. enterica serovars, all the cells suspended 

in saline were mixed in 50mL conical tubes. 

 Preparation of raw meat-based pet food 

A nutritionally complete model RMBD was prepared under sanitary conditions in a food-

grade laboratory using an in-house formula ration to minimize contamination. Human grade 

ingredients (chicken, sweet potato, chicken liver, carrots, and apples) were purchased from a local 

grocery store in Manhattan, Kansas. The ingredients were weighed according to the formula and 

ground into a batter. The PetshureTM encapsulated and dry-plated acidulants (citric and lactic acids) 

were obtained from Balchem Corporation, NJ, for research purposes. The encapsulation is 

performed by coating the food acidulants using edible vegetable oil films, resulting in powdery 

flakes. The ratio of the acidulant to vegetable oil films is 30:70 in the encapsulated acid whereas 

the dry-plated or “raw” acidulant is coated with a filler at a ratio of 60:40. Thus, the encapsulated 

and dry-plated contain 30% and 60% within their matrices respectively. The treatments were 

prepared by weighing out the acidulants in their respective quantities according to the formula 
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rations. Combination treatments were prepared by weighing and mixing the respective ratios of 

the acids under dry conditions. Table 4.1 the different treatments and their inoculum levels.  

Combinations of encapsulated and dry-plated acidulants were added to 2.0 kg batches of 

meat batter and mixed, including the negative and positive control treatments that contained no 

acidulants. The batter was mixed thoroughly and then shaped to form patties of approximately 100 

g. The patties were individually stored in sterile petri dishes and refrigerated for 2 h at 4o C prior 

to inoculation. Prior to inoculation, patties from 8 different treatments were analyzed for 

background Salmonella.  

 Inoculation of raw meat-based pet food 

All the patties in petri dishes except for the negative control were removed from the 

refrigerator and transferred to a biohazard hood. The patties were then gently inoculated with 

0.1mL of the 3-cocktail mix of Salmonella enterica serovars to achieve a final concentration of 

~6.0 and ~9.0 Log CFU/patty. The inoculum was gently spread over the patties to uniformly 

disperse the pathogens. The inoculated patties were then held for 30 minutes in the biohazard hood 

to allow for pathogen attachment before being transferred to the refrigerator 4o C. The negative 

control without any acidulant was not inoculated as they were for testing growth of background 

Salmonella during the study.  

 Microbiological analysis 

Microbial analyses for all the treatments including the negative control were performed on 

days 1, 4, 7, 10, 13, 16, 19, and 22 to mimic the anticipated shelf-life for refrigerated RMBDs. For 

analysis, the RMBD patties were individually scrapped into sterile self-sealing stomacher bags, 

where 100mL of buffered peptone water (BPW) (Difco; Becton, Dickinson and Company, Sparks, 

MD) was added to the bags and pummeled in a stomacher machine (Seward, Islandia, NY, USA) 
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at medium speed for 1 minute. The homogenized mixtures were then serially diluted in 0.1 % 

peptone (Difco; Becton, Dickinson and Company, Sparks, MD) and appropriate dilutions of 0.1mL 

aliquots spread plated on Xylose-Lysine-Tergitol 4 (XLT-4) agar. The negative control samples 

were similarly analyzed for background Salmonella. The agar plates were then incubated at 37o C 

for 48 h and whereby colonies of S. enterica were enumerated and log reductions calculated by 

subtracting the initial number of S. enterica pathogens from the survivors after exposure to food 

acidulants over time. The initial inoculum (Log CFU/patty) was determined through microbial 

analysis of fresh positive control patties after 30 min of attachment in the biohazard hood. The 

detection limit was 102CFU/mL. 

 Model Development and Fitting 

The experimental counts of the survivors of S. enterica in RMBD patties were plotted (Log 

CFU/Patty) against time (days) followed by fitting with the Log-linear (Bigelow, 1920) and 

Weibull (Mafart et al., 2002) models to describe the inactivation curves. The Log-linear model 

was selected to describe a linear inactivation curve, while the Weibull model was included as it is 

a suitable non-linear alternative (convex, concave, or linear) for describing inactivation curves 

(Buzrul, 2022). The inactivation models were fitted using the MS Excel Add-in GinaFit version 

1.8 (Geeraerd et al., 2005 and 2007).   

The equations for the fitted Log-linear (Equation 1) and Weibull (Equation2) models are 

shown below:  

 

log(𝑁𝑡) = log⁡(𝑁𝑜) ∗ e(−𝑘𝑚𝑎𝑥∗𝑡)⁡⁡⁡⁡⁡⁡(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛⁡1) 

log(𝑁𝑡) = log(𝑁𝑜) −⁡ (
𝑡

δ
)𝛽⁡⁡⁡⁡⁡⁡⁡(𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛⁡2) 
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For both equations, Nt and No are the populations at time t (log CFU/Patty) and time = 0. 

For equation 1, kmax is the maximum inactivation time observed (days) for the S. enterica, and 

the D-values are computed as 1/kmax when the Log-linear model is used. For the Weibull model, 

δ is the time required for the first decimal reduction (time required in days to inactivate 90% of 

the pathogens) to occur. The β is the shape parameter for the curve (β > 1 concave, decreases with 

time; β < 1 is convex, increases with time; β = 1 is linear, constant), which describes how the 

inactivation rate changes over time (Gurtler et al., 2019; Usaga et al., 2021). An empirical approach 

was used to assess model fit by evaluating the root mean square error (RMSE), and adjusted R2 – 

values of the models. 

 Statistical Analysis 

This study was conducted as (2 x 7) + 1 factorial arrangement of treatments (2 inoculum 

levels, 7 treatments including the positive controls since they were inoculated, plus a negative 

control) for N= 15. The experiments were done with two independent replications and were plated 

in duplicate. A two-way analysis of variance (ANOVA) was used to determine the effects of 

storage time, acid treatments, and their interaction on the surviving population of S. enterica in the 

treated RMBDs. Two-way ANOVA was also used to determine the effects of inoculum level, acid 

treatment, and their interaction on the total log reduction at the end of the storage period (22 days). 

A one-way ANOVA was used to determine the effects of inoculum level on the total log reduction 

observed for each acid treatment used. For the model fitting results, a two-way ANOVA was also 

used for determining the effects of acid treatment, inoculation level, and their interaction on the 

mean D- and δ- values. The positive control treatment was eliminated from this section of the 

analysis because its δ- values and β were considered outliers. The significant differences between 
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all means were determined using Tukey’s HSD (p < 0.05) and all statistical analyses was done 

using JMP Pro version 16.0 statistical software (SAS Institute, Inc., Cary, N.C.) 

 RESULTS 

 Survival and inactivation of Salmonella enterica in RMBDs treated with food 

acidulants 

There was no background Salmonella detected in the non-inoculated NC samples 

throughout the entirety of the study. Table 4.2 shows the surviving population of S. enterica that 

were inoculated on raw meat-based patties that had been treated with different combinations of 

food acidulants. The initial viable counts of S. enterica that were enumerated from fresh RMBD 

patties after inoculation and 30 min of pathogen attachment were ~6.02 and ~9.04 Log CFU/Patty. 

These counts were close to the target inoculum levels of 6.0 and 9.0 Log CFU/Patty. 

 All treatments resulted in a higher (p<0.05) reduction in viable counts of S. enterica 

compared to the PC treatment, which contained no acidulants. In the 6-log inoculum, treatments 

comprised of combined food acidulants (LE+CR), (LE+CE), (CE+LR), and (LR+CR) resulted in 

lower (p<0.05) surviving populations of S. enterica compared to using individual antimicrobial 

treatments (LE, CE) in the treated patties. Similar number of survivors of S. enterica were observed 

for patties treated with (LE+CR) and (CE+LR), which all resulted in the highest inactivation rates 

observed. Furthermore, (LE+CE) resulted in lower (p<0.05) number of survivors of S. enterica 

compared to (LR+CR) and LE treatments which did not result in different (p>0.05) log counts of 

survivors. The CE treatments resulted in the highest (p<0.05) number of survivors amongst the 

treatments, thus had a least antimicrobial effect that was observed. In the 9-Log inoculum, there 

was no difference (p>0.05) in the number of survivors of S. enterica that had been inoculated in 

the patties containing (LE+CR), (CE+LR) and (LE+CE) treatments. Similarly, there was no 
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difference (p>0.05) between the counts observed from treatments (LR+CR) and LE which were 

lower (p<0.05) than those observed from treatment CE. 

The ANOVA results show that time (p<0.05), treatment (p<0.05), and their interaction 

(p<0.0001) had significant effects on the level of S. enterica survivors in the RMBD patties. In the 

6-log inoculated patties, longer exposure (in days) resulted in greater (p<0.05) reductions in the 

level of S. enterica survivors in the treated patties. This trend was observed at each time point 

except day 4 and 10, wherein changes in the population counts were not different (p>0.05). In the 

9-log inoculated patties, longer exposure resulted in greater (p<0.05) reductions in S. enterica at 

all time points tested.  

The mean total log reduction of the survivors of S. enterica was calculated as the difference 

in the pathogen load of the RMBD patties at day 0 and day 22. The total log reductions observed 

from inoculating 6 or 9 log inoculums to RMBDs treated with different combinations of acidulants 

are reported in Table 4.3. The PC treatment produced the lowest (p<0.05) reduction among 

treatments at 0.7 and 0.9 log CFU/ patty for both 6 and 9 log inoculums, respectively. In the 6-log 

inoculum, (LE+CR) resulted in the highest (p<0.05) log reduction of S. enterica, followed by 

(CE+LR) and (LE+CE) which were not different (p>0.05), followed by LE, and lastly CE and 

(LR+CR) which had similar (p>0.05) and the least log reductions observed amongst all treatments. 

In the 9-log inoculum, the highest log reductions were observed from treatments (LE+CR), 

(CE+LR) and (LE+CE) in descending order but the difference was not significant (p>0.05). There 

was no difference (p>0.05) in the log reductions that were observed in LE, CE and (LR+CR), 

which all produced the least log reductions among the treatments used. Overall, using a 

combination of encapsulated and raw acidulants such as (LE+CR) and (CE+LR) was more 

effective in reducing the S. enterica levels in RMBD patties compared to using them individually 
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such as the (LE+CE) and (LR+CR) treatments. This trend was observed in both the survivor counts 

and reductions calculated for S. enterica. Lastly, this trend was also consistent at both inoculation 

levels tested (6- and 9-log) in the experiments.  

Inactivation kinetics of Salmonella enterica in RMBDs treated with food acidulants 

The coefficients of the Log-linear and Weibull models fitted for each acid treatment and 

inoculation level tested were shown in Table 4.4 and 4.5, respectively. Both models were 

statistically significant: the log-linear model had an F-value = 409.8 (p<0.0001) and an adjusted 

R-square of 0.98 and Root Mean Square Error (RMSE) of 0.08 which indicated a satisfactory 

goodness of fit. The Weibull model had an F-value = 139.25 (p<0.0001), adjusted R-square of 

0.97 and an RSME of 0.50 which satisfied the goodness of fit requirement.  

Table 4.4 shows the inactivation parameters obtained for the Log-linear model describing 

the linear inactivation of S. enterica in acid-treated RMBD patties inoculated at 6- and 9-log 

inoculation level. These coefficients were then used for plotting the predicted survivor levels in 

the treated patties, which were shown in Figures 4.1 and 4.2. Inoculation level, acid treatment, 

and their interaction all had significant effects (p< 0.05) to the D-values obtained (shown in Table 

4.6). For the 6-log inoculation level, the D-values calculated for the acid treatments show that 

using combined raw and encapsulated acidulants (CE+LR and LE+CR) in RMBD patties resulted 

in lower D- values (2.89 to 3.15) compared to the individual and similar type (encapsulated or raw) 

acidulant treatments (LE, CE, LE+CE, and LR+CR). The RMSE (0.25 to 0.55), and adjusted R2 

(0.82 to 0.91) values show that the Log-linear model has an acceptable fit for describing the 

inactivation of S. enterica due to acid treatment. Similar trends were observed for the 9-log 

inoculation level, wherein using combined (CE+LR and LE+CR) raw and encapsulated acids 

yielded lower D-value levels compared to using individual treatments (LE, CE, LE+CE, and 
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LR+CR). Acceptable model fit was also present for the Log-linear model as RMSE and adjusted 

R2 values ranged from 0.24 to 0.34 and 0.94 to 0.97, respectively. The effect of inoculation level 

on the D-values obtained for each treatment was also significant (p<0.05). Application of acid 

treatments to RMBD patties inoculated at 9-log yielded lower (p<0.05) D-values (2.38 to 2.76 

days) compared to the same treatments being applied to patties inoculated at 6-log level (2.90 to 

4.60 days). Furthermore, better goodness of fit was also observed for the Log-linear model fitted 

for S. enterica inactivation in patties inoculated at 9-log level (RMSE = 0.19 to 0.32; Adjusted R2 

= 0.95 to 0.97) compared to the models obtained in the 6-log inoculated patties.  These results 

show that the Log-linear model will be more effective in predicting S. enterica inactivation in 

RMBD patties when it is inoculated at higher levels.   

Table 4.5 shows the inactivation parameters obtained for the Weibull model, which 

describes a non-linear inactivation for S. enterica in acid-treated RMBD patties inoculated at 6- 

and 9-log inoculation level. These inactivation parameters were then used for plotting the predicted 

survivor counts in the treated RMBD patties, which were shown in Figures 4.3 and 4.4. Like the 

Log-linear model, inoculation level, acid treatment, and their interaction all had significant effects 

on the δ -value obtained from the Weibull model (shown in Table 4.7). For the 6-log inoculation 

level, the use of a combination of raw and encapsulated acids (CE+LR, LE + CR) also led to lower 

δ -values (11.56 to 11.73 days) compared to treatments (LE, CE, LE+CE) comprised of individual 

and similar (raw and encapsulated) acids. In addition, the LR+CR treatment also achieved similar 

inactivation rates (11.68 days) to the combined acid treatments, which contrasts the results in the 

Log-linear model. For the 9-log inoculation level, contrasting results were observed such that the 

treatments consisting of LE+CE, CE+LR, and LR+CR yielded better inactivation rates (7.36 to 

7.77) compared to the LE, CE, and LE+CR treatments (7.96 to 8.37). The effect of inoculation 
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level was also significant, with the δ -values observed from the 9-log inoculation level being lower 

than the values obtained for the 6-log inoculation experiment. The Weibull model also describes 

the shape of the non-linear curve fitted to the inactivation data, which is denoted by the β value. 

All the β values obtained for the inactivation data from each treatment and inoculation level ranged 

from 1.23 to 2.15, which are greater than 1. These values indicate that the curves fitted all possess 

an upward concavity (concave shape), which indicates that the inactivation rate increases with time 

(van Boekel, 2002). The RMSE, and adjusted R2 values show that the Weibull models all had great 

fit as the values ranged from 0.19 to 0.34 and 0.86 to 0.97, respectively. Furthermore, a better 

model fit was achieved for the 9-log inoculation compared to the 6-log inoculation experiment. 

This was demonstrated by the lower RMSE (0.19 to 0.32 vs 0.26 to 0.34) and higher adjusted R2 

values (0.95 to 0.98 vs 0.85 to 0.94) for all the treatments observed. Comparing the goodness-of-

fit parameters (RMSE and adjusted R2) values obtained from the Log-linear and Weibull models 

show that the Weibull model had a better model fit compared to the Log-linear model. This is 

evidenced by the lower RSME values, and higher adjusted R2 values obtained for all acid 

treatments applied at each inoculum level. This is also shown in Figures 4.3 and 4.4, wherein most 

of the observed points are closer to the predicted values of the Weibull model compared to the Th 

Log-linear model (Figure 4.1 and 4.2). Thus, it can be concluded that the inactivation of S. enterica 

in the acid treated RMBD patties is better described by the Weibull (non-linear) model compared 

to a linear model.   

The responses that were obtained from both models showed that inoculum levels and the 

treatments were positively correlated with the inactivation time of S. enterica. Effect estimates 

showed that inoculum levels were quantitatively the most important factor influencing rate of 

inactivation of S. enterica followed by the type of treatments that the pathogens had been exposed 
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to. The interactions between inoculum levels and treatments on the rate of inactivation of 

Salmonella were significant (p<0.05). The positive control was excluded from the Weibull model 

because its δ-value was significantly higher, and the shape was β<1 and this indicated that the rate 

of inactivation decreased with time which was opposite for the rest of the treatments whose β>1 

and thus the PC was considered an outlier.  

A non-linear relationship between the inactivation of S. enterica, inoculum level and 

treatments was observed in the log-linear model. The kmax was described as the maximum 

inactivation time (rate) required by each treatment and was used to calculate the D-values which 

are negative reciprocals of kmax values whereas the RMSE and adjusted R-square were goodness 

of fit indices (Table 4.4). In the 6-log inoculum, the log-linear model coefficients had an RMSE 

of 0.2-0.5 and an adjusted R-square >0.8 which indicated relatively accurate models except for 

treatment (LE+CR) whose RMSE = 0.55, and thus was considered not very accurate. The 

treatments that had combinations of acidulants had lower D-values. For instance, (LE+CR) had 

the least D-value followed by (CE+LR) and (LE+CE) respectively. However, LE had a lower D-

value compared to (LR+CR) whose values were higher than those observed in treatment CE. The 

log-linear model for 9-log inoculum treatments were more accurate based on the performance of 

their coefficients and their goodness of Fit indices i.e., RMSE had a range of 0.24-0.34 and the 

adjusted R-square was >0.94. Thus, the log-linear model for the 9-log inoculum was the more 

accurate model for the predicting the rate of Salmonella inactivation in RMBDs when the levels 

of inoculum and treatments are fixed compared to the 6-log inoculum. The D-values that were 

observed in the 9-log inoculum followed a similar trend observed in the 6 log inoculum. 

A non-linear relationship was also observed in the Weibull model. This model was fit to 

mechanistically explain the effect of different combinations of food acidulants on the survival 
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kinetics of Salmonella when challenged with 6 or 9 log inoculum levels of pathogens. The model 

parameters δ, β and their goodness of fit indices are reported in Table 4.5. The δ-values are 

described as the time required until the first decimal reduction of Salmonella is observed. The β is 

the shape parameter and when β>1, the curve has a concave shape, which indicates that the 

resistance of the cell to inactivation from exposure to food acidulants in RMBDs reduces with 

time, and thus, inactivation of Salmonella enterica increases with time. When β<1, the shape of 

the curve is concave and it indicates that the inactivation of Salmonella in the RMBDs decreases 

with time, and this was observed in the PC treatment. In the 6-log inoculum, the model had δ-

values ranging from 11.56-15, β values ranging from 1.22-2.08 and the goodness of fit indices i.e., 

RSME of 0.26-0.34 and an adjusted R-square of 0.85-0.95 which implied that the model was 

satisfactory. In the 9-log inoculum, the model had δ-values ranging from 7.34-8.37, β values from 

1.23-1.37 and the goodness of fit indices were RSME of 0.19-0.32, and an adjusted R-square of 

0.95-0.98 which was satisfactory. 

In both the 6 and 9 log inoculums, the combination of acidulants resulted in lower δ and β 

values compared to when individual acids were used as antimicrobials in RMBDs. For instance, 

(LE+CR), (CE+LR), (LE+CE) and (LR+CR) all had lower δ and β values compared to LE and 

CE. The 9-log inoculum had both lower δ and β values compared to the 6-log inoculum. This 

implies that the Weibull model was a better predictor for the inactivation of S. enterica inoculated 

in RMBD patties that had been treated with food acidulants. 

The relationship between the independent variables in the models (treatment and inoculum 

level) was investigated to determine the individual effects these variables and when they interacted 

on the survival and inactivation of Salmonella inoculated in RMBDs. Statistical comparisons of 

the mean δ-values and D-values from the Weibull and log-linear models using Tuckey’s HSD 
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revealed a positive correlation between the rate of inactivation of S. enterica, inoculum levels and 

treatments. Effect tests showed that both levels of inoculum (6 and 9 log inoculums) had a 

significant effect on the inactivation of Salmonella. Similarly, the treatments also had a significant 

effect on pathogen inactivation in RMBDs. There was a significant interaction between treatments 

and levels of inoculum in both models. Thus, these results showed that both treatments and levels 

of inoculum affected the inactivation of Salmonella in RMBDs. The least square means and 

standard deviations of δ and β values obtained from the log-linear and Weibull models are reported 

in Tables 4.6 & 4.7. 

The log-linear and Weibull models were used to plot the actual survivors of Salmonella 

enterica that were enumerated from the RMBDs and their predicted log counts that were generated 

from both models, over time (days) and at two inoculum levels. The rate of inactivation of 

Salmonella increased in both models across two inoculum levels over time.  

In the log-linear model, the experimental and predicted values generated from the 6 and 9 

log inoculum models were plotted and are represented in Figures 4.1 & 4.2. The rate of microbial 

inactivation decreases over time. Visual inspection for goodness of fit showed that the 9-log 

inoculum model was a better predictor for inactivation compared to the 6-log model, because of 

its low RMSE and small variation (error bars). However, the rate of microbial inactivation 

increased with an increase in inoculum level from 6 to 9-logs as observed in Table 4.4.  

In the Weibull model, the experimental and predicted values from model were plotted for 

the 2 inoculum levels and represented in Figure 4.3 & 4.4. Similarly, the rate of microbial 

inactivation increases with time in the Weibull model, with model fitted with actual and predicted 

observations for the 9-log inoculum outperforming the 6-log inoculum model, based on the 

findings reported in Table 5. Overall, the models that were fitted for the 9-log inoculum performed 
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better and were better predictors of microbial inactivation, based on the smaller variation (error) 

and from visual inspection of the plots. The standard error of prediction was smaller in the 9-log 

inoculums, visually confirmed on the prediction curves, as the “distance” or difference between 

the experimental and predicted values was smaller than in the 6-log inoculum. When all the models 

were compared, the Weibull models for both 6 and 9-log inoculum performed better as evidenced 

by their lower RMSE, adjusted R-square and visual inspection of fit compared to the log-linear 

model. The log-linear model at 9-log inoculum was a better predictor than the model for the 6-log 

inoculum. Comparing 6 log inoculum for both the Weibull and log-linear models, the Weibull 

model was a better predictor of inactivation of Salmonella compared to the latter.  

 

 Discussion 

 Survival and inactivation of S. enterica in RMBDs 

The combinations of food acidulants (LE+CR), (CE+LR), (LE+CE) and (LR+CR) all 

resulted in a significant inactivation of S. enterica over time compared to when LE and CE were 

used individually. The hypothesis of this study was that combinations of raw and encapsulated 

acidulants would lead to increased antimicrobial efficacy through additive, potentiation or 

synergistic effects based on their mechanisms of microbial inactivation. Wang et al., (2015) 

exposed cells of Salmonella to lactic acid solutions and reported an increased leakage of cell 

proteins, and used SDS-PAGE to confirm the disruptive action of the acidulant on the cytoplasmic 

membrane of the cell and thus they concluded that the inactivation might have been a result of 

physiological and morphological damages on the cells. On the other hand, citric acid is a triprotic 

acid (three pKa values) and thus has three ionization states whose equilibrium is pH dependent 

(Kundukad et al., 2020; Burel et al., 2021). At low pH, citric acid remains in its uncharged and 
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undissociated state, such that the acid freely crosses the cell membrane and dissociates into anions 

and cations in the cytoplasm causing acidification of intracellular media ultimately leading 

structural and functional damage to the cell (Mani-Lopez et al., 2012; Kundukad et al., 2020; Burel 

et al., 2021). However, it is still unclear whether the combination of lactic and citric acids have an 

additive, potentiation or synergistic effects. Microbial log reductions in this present study suggest 

that the relationship between these acidulants might be additive given that the log reductions from 

combination treatments are significantly higher than when individual acids are used. However, 

(LR+CR) treatments had significantly lower antimicrobial efficacy compared to when 

combinations of raw and encapsulated acidulants were used as treatments. The raw acids (LR and 

CR) are unencapsulated and thus their antimicrobial efficacy might be neutralized due to the 

buffering capacity of meat proteins (Wang et al., 2015; Yeh et al., 2018), when added to the 

RMBDs, as Kiprotich et al., (2023) reported that LR resulted into higher inactivation of Salmonella 

in an in-vitro model but lost its efficacy in the meat matrix. Contrary to the above, (LE+CE) 

reported a significantly higher antimicrobial efficacy compared to (LR+CR) although the latter 

contains a higher concentration of acid within its matrix. Our hypothesis is that the process of 

encapsulation results in a delayed release of acid, and thus the initial microbial inactivation is 

relatively slow compared to when raw acids are used. The difference in antimicrobial efficacy 

from our perspective is that the process of encapsulating acidulants also protects the active 

antimicrobial components of the acid from the buffering effect of meat proteins, thus we observe 

increased rates of microbial inactivation with increments in time.  

The 9-log inoculum resulted in a higher rate of microbial inactivation and log reductions 

compared to the 6 log inoculum given that all organisms were subjected to the same treatment. 

The difference in inactivation was evident through the enumeration of surviving populations and 
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total log reductions of S. enterica. The effect of inoculum size/level on survival and inactivation 

has been studied and a term called “inoculum effect” was coined to describe this phenomenon 

(Bildas et al., 2008; Sholpan et al., 2021). Thus, the inoculum effect affects the rate of microbial 

inactivation through a couple of ways such as through quorum sensing. Quorum sensing is a 

phenomenon in which bacteria can regulate their population size, whereby gene expression 

through use of signal molecules depends on population density (Bildas et al., 2008). For instance, 

Surette and Bassler (1998) investigated quorum sensing in Salmonella Typhimurium, and they 

reported that once the population density of the pathogen reached at maximum carrying capacity 

such as at the stationary phase, chemical signals responsible for the growth phase and increased 

metabolic activity were switched off, allowing the population of the microorganisms to decline to 

meet the existing resources within their microecology. Therefore, quorum sensing might be one of 

the reasons why the 9 log inoculum had a more significant inactivation rate compared to the 6 log 

inoculum, because we hypothesize that the high population density in the larger inoculum size 

amidst microbial stressors such as the presence of acidulants might have played a significant role 

in explaining the difference in log reduction for pathogens exposed to the same treatments but at 

different inoculum sizes.  

The log reductions that were observed in this study were significantly higher than those 

reported from the PC treatment. All the treatments in this study were a maximum of 1.0% (w/w) 

acidulant in the ration formula because previous studies from Kiprotich et al., (2023) reported that 

this concentration resulted in minimum changes in color, texture, weeping and syneresis in the 

RMBDs. The log reductions reported in this study in Table 3 significantly differ across inoculum 

levels even though the treatments were the same. Thus, we observe that inoculum levels had a 

significant effect on the log reduction when treatments were constant. There was ~1.0 Log 
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CFU/patty difference in the reductions of Salmonella in the 6 and 9 log inoculum sizes for the 

patties that were treated with LE and CE individually. The reductions observed in the 6 log 

treatment were similar to those reported by Kiprotich et al., (2023) when LE and CE at 1.0% (w/w) 

were challenged against S. enterica inoculated in RMBDs. Thus, we conclude that the inoculum 

levels or degree of contamination of a raw pet food diet influences the antimicrobial efficacy of 

the pasteurization treatments (acidulants).  

 Predictive modelling of the inactivation of S. enterica in RMBDs treated with food 

acidulants 

 Predictive modelling in this study attempts to create a mathematical tool for rationalizing 

the growth and survival of Salmonella enterica in RMBDs under different acidulant treatment 

combinations, inoculum levels and time. Modelling allows the predictive quantification of a 

“hurdle concept” that allows for the cumulative effects of inoculum size (contamination levels), 

time and treatments to be estimated and predicted if the independent variables are to be changed 

(Bildas et al., 2008).  

The log-linear model utilizes a simple approach to describe the inactivation kinetics of S. 

enterica in RMBDs based on the assumption that the correlation between log counts of pathogens 

exposed to food acidulants is linear and negative (Bevilacqua et al., 2015). This model assumes 

that all cells in a population possess the same level of resistance against an antimicrobial agent and 

thus does not consider variation at cellular level (Geeraerd et al., 2005). This model has time as its 

independent variable and is effective at describing inactivation kinetics of microorganisms in 

simple systems (Bevilacqua et al., 2015). In this present study, the log-linear model performed 

poorly in fitting the data from the experiments, as the RMBD matrix can be described as complex 

and thus, the population of S. enterica serovars deviated significantly from linearity. The poor 
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performance of the model might have arisen because some of the acidulant treatments did not 

achieve a critical breakpoint and thus could not exert significant lethal effects on the S. enterica.  

The Weibull model was a simple alternative to the log-linear model and was used to 

describe non-linear inactivation kinetics of S. enterica that were either convex or concave survival 

curves. Unlike the log-linear model, the Weibull model takes into consideration biological 

variation such as inoculum levels, treatments, and time and how these variables contribute to the 

inactivation of S. enterica in RMBDs. Thus, van Boekel (2002) described the Weibull model as a 

statistical model of the distribution of microbial inactivation times for a specific population of 

microorganisms. In this study, the Weibull model was more accurate in predicting microbial 

inactivation times based on the goodness of fit indices that were observed. The Weibull model is 

better than the log-linear one because it incorporates shoulder and or tailing observations which 

allows for accurate fitting of the “primary” modeling of microbial inactivation (Buzrul, 2022). The 

shoulder on a Weibull curve can is described as a period when the inactivation rate of the bacteria 

is reduced at the beginning of the curve, whereas the tailing is referred to as a reduced rate of 

inactivation at the end of the curve (Albert and Mafart, 2005). A shoulder was observed in the 

curves that were fit from the Weibull model in our study as the rate of inactivation was 

considerably reduced at the beginning of the study, however, there was no tail as the microbial 

inactivation increased towards the end of the curve. Because the Weibull model captures the 

shoulder and or tail, it allows microbial inactivation to be modeled accurately. 

The survival kinetics of S. enterica in RMBDs treated with food acidulants followed a non-

linear pattern with the rate of microbial inactivation increasing over time. The rates of inactivation 

were higher in the 9-log inoculum compared to the 6-log inoculum levels. The slow rate of 

microbial decline between days 0 and 13 followed a typical microbial inactivation curve, because 
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the treatments needed to reach a critical point to have a lethal effect in Salmonella population. The 

slow inactivation rates can be attributed to the encapsulation process that allows for a delayed 

release of acidulant in the meat matrix.  

Microbial modeling yields predicted values of pathogen inactivation in a pasteurization 

process, which allows for the optimization, control and design of food processing platforms (de 

Oliveira, 2019). Modelling is a useful tool for characterizing survival curves of pathogenic and 

spoilage microbes, and this supports antimicrobial and food safety decisions in animal food such 

as RMBDs, that are at great risk of contamination and product recalls, with the possibility of 

causing foodborne illness outbreaks.   

 Conclusion 

The demand for RMBDs will likely keep on increasing as anthropomorphisms shape 

consumer choices in what kind of pet foods they would like their animals to consume. Thus, the 

problem of ensuring that these RMBDs are microbially safe and meet federal and state mandated 

quality requirements will continue. Combination of different food acidulants (lactic and citric 

acids) yield better log reductions and reduce the time required for pathogen inactivation, thus 

reducing the concentration of acidulants required for pasteurization, which ensures that product 

quality is preserved. Modelling introduces a new food safety approach to ensuring that RMBDs 

are microbially safe as it effectively utilizes mathematical models to describe the introduction of 

pathogens into diets, growth and survival of pathogens over time. Modeling also allows for the 

quantitative description of pathogen inactivation when exposed to antimicrobial interventions such 

as food acidulants and an ability to predict the quantity of pathogens in a RMBD at the time of 

consumption. Utilization of models such as the Weibull model can improve the predictability of 

pathogen survival in RMBDs and thus aid in the optimization of pasteurization practices by pet 
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food manufacturers such as the application of food acidulants to enhance quality and microbial 

safety of these diets.  
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 Tables 

Table 4.1 Treatments and their respective doses showing the different combinations of food 

acidulants. 

Inoculum (Log CFU/mL Treatments Concentration of acidulants (w/w) 

0 NC N/A 

9 Log CFU/patty PC N/A 

 LE 1.0% 

 CE 1.0% 

 (LE + CE) 0.5% LE + 0.5% CE 

 (CE + LR) 0.5% CE + 0.5% LR 

 (LE + CR) 0.5% LE + 0.5% CR 

 (LR + CR) 0.5% LR + 0.5% CR 

6 Log CFU/patty PC N/A 

 LE 1.0% 

 CE 1.0% 

 (LE + CE) 0.5% LE + 0.5% CE 

 (CE + LR) 0.5% CE + 0.5% LR 

 (LE + CR) 0.5% LE + 0.5% CR 

 (LR + CR) 0.5% LR + 0.5% CR 

*PC = Positive control *NC = Negative control *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE 

= Encapsulated citric acid *CR = Raw citric acid  
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Table 4.2 Mean (SD) log counts of the survivors of Salmonella enterica recovered in the RMBD patties treated with food acidulants 

for the 6 and 9 log inoculum levels 

Survivors of Salmonella enterica (Log CFU/Patty) 

Treatments Time (Days) 

6 Log 

CFU/patty                                                                        

0 1 4 7 10 13 16 19 22 

PC 6.08(0.9)aA 5.67 

(0.05)aB 

5.48 

(0.02)aD 

5.79 

(0.06)aC 

5.65 

(0.03)aD 

5.62 

(0.02)aE 

5.57 

(0.03)aF 

5.42 

(0.07)aG 

5.38 

(0.03)aH 

LE 6.08(0.9)cA 5.55 

(0.08)cB 

5.19 

(0.09)cD 

5.18 

(0.15)cC 

5.16 

(0.09)cD 

4.95 

(0.03)cE 

4.80 

(0.07)cF 

3.54 

(0.03)cG 

3.36 

(0.02)cH 

CE 6.08(0.9)bA 5.56 

(0.1)bB 

5.27 

(0.12)bD 

5.35 

(0.03)bC 

5.20 

(0.06)bD 

4.98 

(0.01)bE 

4.93 

(0.02)bF 

3.72 

(0.03)bG 

3.62 

(0.03)bH 

(LE+CE) 6.08(0.9)dA 5.62 

(0.07)dB 

5.25 

(0.06)dD 

5.37 

(0.05)dC 

5.21 

(0.04)dD 

4.93 

(0.03)dE 

4.48 

(0.03)dF 

3.34 

(0.05)dG 

3.00 

(0.11)dH 

(CE + LR) 6.08(0.9)eA 5.64 

(0.06)eB 

5.26 

(0.17)eD 

5.36 

(0.05)eC 

5.29 

(0.09)eD 

4.68 

(0.04)eE 

3.93 

(0.06)eF 

3.11 

(0.09)eG 

2.87 

(0.07)eH 

(LE + CR) 6.08(0.9)eA 5.58 

(0.09)eB 

5.37 

(0.15)eD 

5.43 

(0.06)eC 

5.35 

(0.03)eD 

4.66 

(0.06)eE 

3.80 

(0.07)eF 

3.03 

(0.07)eG 

2.57 

(0.11)eH 

(LR + CR) 6.08(0.9)cA 5.63 

(0.06)cB 

5.17 

(0.09)cD 

5.39 

(0.02)cC 

5.30 

(0.03)cD 

4.75 

(0.03)cE 

4.25 

(0.10)cF 

3.83 

(0.03)cG 

3.76 

(0.03)cH 

9 Log CFU/patty 

PC 9.04 

(0.13)Aa 

8.85 

(0.06)aB 

8.77(0.06)aC 8.56 

(0.06)aD 

8.49 

(0.04)aE 

8.34 

(0.08)aF 

8.22 

(0.07)aG 

8.12 

(0.07)aH 

8.13 

(0.18)aI 

LE 9.04 

(0.13)dA 

8.56 

(0.11)dB 

8.55 

(0.10)dC 

8.54 

(0.09)dD 

7.42 

(0.06)dE 

6.86 

(0.03)dF 

6.75 

(0.05)dG 

5.51 

(0.05)dH 

5.34 

(0.03)dI 

CE 9.04 

(0.13)cA 

8.16 

(0.17)cB 

8.67 

(0.03)cC 

8.16 

(0.12)cD 

7.51 

(0.04)cE 

6.97 

(0.02)cF 

6.90 

(0.04)cG 

5.71 

(0.05)cH 

5.61 

(0.02)cI 

(LE + CE) 9.04 

(0.13)eA 

8.74 

(0.03)B 

8.57 

(0.06)eC 

7.96 

(0.12)eD 

7.36 

(0.04)eE 

6.92 

(0.02)eF 

6.76 

(0.06)eG 

5.37 

(0.03)eH 

5.17 

(0.09)eI 

(CE + LR) 9.04 

(0.13)eA 

8.80 

(0.06)eB 

8.55 

(0.04)eC 

7.92 

(0.22)eD 

7.64 

(0.02)eE 

6.96 

(0.02)eF 

6.37 

(0.05)eG 

5.31 

(0.05)eH 

5.13 

(0.06)eI 

(LE + CR) 9.04 

(0.13)eA 

8.78 

(0.09)eB 

8.63 

(0.05)eC 

8.42 

(0.14)eD 

7.60 

(0.02)eE 

6.93 

(0.02)eF 

6.35 

(0.06)eG 

5.17 

(0.02)eH 

4.99 

(0.06)eI 
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(LR + CR) 9.04 

(0.13)bA 

8.85 

(0.02)b 

8.68 

(0.03)bC 

8.39 

(0.09)bD 

7.69 

(0.01)bE 

6.88 

(0.02)bF 

6.81 

(0.02)bG 

5.72 

(0.02)bH 

5.65 

(0.03)bI 

Note: Mean counts with different lowercase superscripts are inn each row are significantly different due to treatments (p<0.05); mean counts with 

different uppercase superscripts in each column are significantly different due to increase in time (days) (p<0.05); the interactions between treatment 

and time was significant (p<0.05); values enclosed in parenthesis are standard deviations (SD). 

*PC = Positive control *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric acid *CR = Raw citric acid  

 

 

 



121 

 

Table 4.3 The total log reduction of Salmonella enterica serovars that were inoculated in raw 

meat-based (RMBDs) patties for dogs after 22 days of exposure to different combinations of 

encapsulated and raw citric and lactic acids 

 Mean total Log Reduction/Patty after 22 days 

Treatment 6 Log CFU/patty  9 Log CFU/patty 

PC 0.70 (0.09) A 0.91 (0.26) A 

LE 2.72 (0.10) C 3.70 (0.15) BC 

CE 2.45 (0.07) BC 3.42 (0.12) B 

(LE + CE) 3.08 (0.17) D 3.87 (0.13) D 

(CE + LR) 3.21 (0.16) D 3.91 (0.08) D 

(LE + CR) 3.51 (0.18) E 4.05 (0.19) D 

(LR + CR) 2.32 (0.11) B 3.38 (0.15) B 

Note: Means with different superscripts in each row are considered different at p<0.05. Total log reduction 

is obtained by subtracting the initial inoculum from the final Log CFU counts that had been obtained on 

day 22. 

*PC = Positive control *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric 

acid *CR = Raw citric acid  

 

 

Table 4.4 Log-linear model coefficients and goodness of fit indices obtained from the counts of 

survivors of Salmonella enterica in RMBDs after exposure to food acidulants. 

Treatments Model parameters Goodness of Fit indices 

6 Log inoculum Kmax D-Values RMSE Adjusted R-square 

LE 0.24 (0.01) 4.21 (0.17) 0.37 0.82 

CE 0.21 (0.01) 4.60 (0.11) 0.34 0.82 

(LE + CE) 0.28 (0.01) 3.54 (0.12) 0.38 0.86 

(CE + LR) 0.32 (0.01) 3.15 (0.05) 0.36 0.90 

(LE + CR) 0.35 (0.01) 2.89 (0.05) 0.55 0.88 

(LR + CR) 0.23 (0.01) 4.35 (0.01) 0.25 0.91 

9 Log Inoculum     

LE 0.39 (0.01) 2.55 (0.03) 0.34 0.94 

CE 0.36 (0.01) 2.76 (0.07) 0.26 0.95 

(LE + CE) 0.41 (0.01) 2.45 (0.06) 0.26 0.97 

(CE + LR) 0.42 (0.01) 2.38 (0.05) 0.24 0.97 

(LE + CR) 0.45 (0.02) 2.25 (0.09) 0.32 0.96 

(LR + CR) 0.38 (0.01) 2.63 (0.06) 0.25 0.96 

Note: Model coefficients and goodness of fit indices were obtained using TableCurve 2.0 v5.0; kmax and 

D-values are regression parameters obtained from fitting the model. The PC was not included in the model 

because it had an outlier effect. 

*PC = Positive control *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric 

acid *CR = Raw citric acid  
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Table 4.5 Weibull model coefficients and goodness of fit indices obtained from the counts of 

survivors of Salmonella enterica in RMBDs after exposure to food acidulants. 

Treatments Model parameters Goodness of Fit indices 

6 Log inoculum δ β RMSE Adjusted R-square 

LE 14.65 (0.27) 2.08 (0.12) 0.34 0.86 

CE 15.00 (0.69) 1.98 (0.21) 0.32 0.85 

(LE + CE) 13.64 (0.11) 2.15 (0.09) 0.28 0.92 

(CE + LR) 11.56 (0.19) 1.75 (0.09) 0.29 0.94 

(LE + CR) 11.73 (0.17) 1.94 (0.08) 0.27 0.95 

(LR + CR) 11.63 (0.70) 1.22 (0.11) 0.26 0.90 

9 Log Inoculum     

LE 8.37 (0.28) 1.37 (0.04) 0.32 0.95 

CE 7.96 (0.82) 1.23 (0.01) 0.25 0.96 

(LE + CE) 7.34 (0.24) 1.23 (0.03) 0.25 0.97 

(CE + LR) 7.36 (0.89) 1.27 (0.13) 0.19 0.98 

(LE + CR) 8.00 (0.33) 1.43 (0.03) 0.23 0.98 

(LR + CR) 7.77 (0.40) 1.23 (0.05) 0.24 0.97 

Note: Model coefficients and goodness of fit indices were obtained using TableCurve 2.0 v5.0; β and δ-

values are regression parameters obtained from fitting the model. The PC was not included in the model 

because it had an outlier effect. 

*β = Beta values and δ = Delta values 

*PC = Positive control *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric 

acid *CR = Raw citric acid  
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Table 4.6 Mean (SD) D-values of Salmonella enterica obtained from the log-linear models for the 

6 and 9 log inoculum levels. 

 D-value (Time to inactivate 1.0 Log of Salmonella) 

Treatment 6 Log CFU/patty  9 Log CFU/patty 

LE 4.22 (0.17) bA 2.55 (0.03) bB 

CE 4.60 (0.11) aA 2.76 (0.07) aB 

(LE + CE) 3.54 (0.12) cA 2.45 (0.06) cB 

(CE + LR) 3.16 (0.05) dA 2.38 (0.05) dB 

(LE + CR) 2.90 (0.05) eA 2.25 (0.09) eB 

(LR + CR) 4.35 (0.01) bA 2.63 (0.06) bB 

Note: Mean D-values with different lowercase superscripts in each row are significantly different due to 

treatments (p<0.05); mean D-values with different uppercase superscripts in each column are significantly 

different due to inoculum levels (p<0.05); the interactions between treatment and inoculum level was 

significant (p<0.05); values enclosed in parenthesis are standard deviations (SD). 

*PC = Positive control *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric 

acid *CR = Raw citric acid  

 

 

Table 4.7 Mean (SD) δ-values of Salmonella enterica obtained from the Weibull models for the 6 

and 9 log inoculum levels. 

 δ-value (decimal reduction time) of Salmonella 

Treatment 6 Log CFU/mL  9 Log CFU/mL 

LE 14.65 (0.28) aA 8.37 (0.28) aB 

CE 15.00 (0.69) aA 7.96 (0.82) aB 

(LE + CE) 13.64 (0.11) bA 7.36 (0.24) bB 

(CE + LR) 11.56 (0.19) cA 7.36 (0.89) cB 

(LE + CR) 11.73 (0.17) bcA 8.00 (0.33) bcB 

(LR + CR) 11.68 (0.70) cA 7.77 (0.40) cB 

Note: Mean δ-values with different lowercase superscripts in each row are significantly different due to 

treatments (p<0.05); mean δ-values with different uppercase superscripts in each column are significantly 

different due to inoculum levels (p<0.05); the interactions between treatment and inoculum level was 

significant (p<0.05); values enclosed in parenthesis are standard deviations (SD). 

*δ = Delta values 

*PC = Positive control *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric 

acid *CR = Raw citric acid  

 

 

 

 



124 

 

 Figure legends 

Figure 4.1 (A, B, C, D, E and F).  Counts of survivors of Salmonella enterica serovars enumerated 

from RMBD patties that were treated with food acidulants and inoculated with 6 log CFU/mL 

inoculum and modeled using the log-linear model. The bars on the figures represent standard deviation 

(SD) *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric acid *CR = Raw 

citric acid  

Figure 4.2 (A, B, C, D, E and F). Counts of survivors of Salmonella enterica serovars enumerated 

from RMBD patties that were treated with food acidulants and inoculated with 9 log CFU/mL 

inoculum and modeled using the log-linear model. The bars on the figures represent standard deviation 

(SD)  *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric acid *CR = Raw 

citric acid.  

Figure 4.3 (A, B, C, D, E and F). Counts of survivors of Salmonella enterica serovars enumerated 

from RMBD patties that were treated with food acidulants and inoculated with 6 log CFU/mL 

inoculum and modeled using the Weibull model. The bars on the figures represent standard deviation 

(SD)  *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric acid *CR = Raw 

citric acid. 

Figure 4.4 (A, B, C, D, E and F). Counts of survivors of Salmonella enterica serovars enumerated 

from RMBD patties that were treated with food acidulants and inoculated with 9 log CFU/mL 

inoculum and modeled using the Weibull model. The bars on the figures represent standard deviation 

(SD)  *LE = Encapsulated lactic acid *LR = Raw lactic acid *CE = Encapsulated citric acid *CR = Raw 

citric acid.
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Figure 1. A B C 
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Figure 2. A B C 
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Figure 3. A B C 
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Figure 4. A B C 
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Chapter 5 - Reflection 

The central question that this dissertation sought to address was whether food acidulants 

could be used to control the proliferation of spoilage and pathogenic microorganisms in raw meat-

based diets (RMBDs). The subsequent studies sought to corroborate our hypothesis and answer 

our central question, and these findings have been discussed in this dissertation. 

The studies reported in this dissertation established that food acidulants could be used as a 

practical pathogen mitigation strategy to control spoilage and pathogenic bacteria in RMBDs. 

Encapsulated food acidulants resulted in better product quality RMBDs compared to when dry-

plated acidulants were used. Combinations of food acidulants increased the antimicrobial efficacy 

of the treatments and reduced the dose of acids required through an additive effect. The prediction 

models were found to be reliable tools for understanding pathogen survival and inactivation when 

inoculated in RMBDs treated with food acidulants. The models can be used to make important 

food safety decisions when producing RMBDs as they can be used to determine the rate of 

pathogen inactivation with significant accuracy based on the models discussed herein. 

However, the results we obtained in the study were not sufficient to meet the microbial log 

reduction required from a pasteurization process as mandated by the FDA (~5.0 Log CFU/g). 

Therefore, this dissertation recommends that future studies adopt hurdle technologies that would 

potentially result in synergistic antimicrobial effects. Coupling food acidulants to high-pressure 

pasteurization, essential oils, utilizing controlled or modified atmospheric packaging, or non-

thermal technologies such as cold plasma. Combinations of these antimicrobial platforms with 

acidulants would increase their efficacy through synergy since they all have different antimicrobial 

mechanisms of action. 

 


