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ABSTRACT 
 
Personal care products (PCP) are widely used in order to improve the quality of daily life. In order 

to assure PCP safety, chemical preservatives are included in their formulation. Preservatives are 

used at low levels and usually are present in combination with other preservatives, in order avoid 

gaps in effectiveness. There are several tools to assess microbial safety, including methods like 

Challenge Testing (CT) and Predictive Microbiology. 

In this work, the efficacy in assuring safety of several combinations of different preservatives and 

multifunctional ingredients was studied. Three preservatives, A, B and C, and one multifunctional 

ingredient, Z, were tested. These chemicals were tested towards relevant microbial species in the 

following combinations: triplet ABZ, duo AC and duo CZ, and at different pH values. Challenge 

testing was performed to this different compositions and the results were classified according to 

the acceptance criteria of challenge testing. Using the experimental results of CT, two probabilistic 

growth/no growth models were built, one for ABZ at pH 6 and other for pH 7.  

Results showed that a number of tested combinations were successful in ensuring efficacy 

against the inoculated microorganisms. Also, that the multifunctional ingredient has a real effect 

of boosting the preservatives activity, and therefore it is possible to reduce the preservatives 

concentration in formulations. The modelling results suggest that the models can be used in future 

predictions. In conclusion, the tested combinations are effective to be used in industry and in 

shelf-life studies. In addition, further studies using real products should be performed. 

 

 

 

Keywords: Personal care products; Microbiological safety; Preservatives; Multifunctional 
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RESUMO 
 
Os produtos de higiene pessoal são cada vez mais usados de modo a melhorar a qualidade de 

vida dos consumidores. Os conservantes são incluídos na formulação destes produtos de modo 

a garantir a sua segurança. Os conservantes são utilizados em baixas concentrações, e 

normalmente estão presentes em combinação com outros conservantes. Existem várias 

ferramentas para assegurar a segurança microbiana, incluindo Challenge Testing (CT) e 

Microbiologia Preditiva. 

Neste trabalho foi estudada a eficácia de diferentes conservantes e ingredientes multifuncionais. 

Foram testados três conservantes, A, B e C, e um ingrediente multifuncional, Z. Estes compostos 

foram testados face a espécies microbianas nas combinações: tripleto ABZ, duo AC e duo CZ, a 

diferentes valores de pH. Estas combinações foram testadas por CT e os resultados foram 

classificados de acordo com os critérios de aceitação. Dois modelos probabilísticos de growth/no 

growth foram construídos, usando os resultados experimentais, um para o ABZ a pH 6 e outro a 

pH 7.  

Os resultados relevaram que algumas das combinações testadas foram eficazes face aos 

microrganismos testados. Para além disto, foi concluído que o ingrediente multifuncional teve o 

efeito previsto de aumentar a eficácia dos conservantes. Este facto permite a redução da 

concentração de conservantes nas formulações. Os resultados da modelação foram 

satisfatórios, sugerindo que estes modelos podem ser utilizados para futuras previsões. Em 

conclusão, as combinações testadas foram eficazes e poderão ser utilizadas na indústria de 

produtos de higiene pessoal e na determinação de tempo de prateleira. Recomenda-se que 

sejam efetuados futuros estudos utilizando produtos de higiene pessoal.  
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1 INTRODUCTION & PROBLEM STATEMENT   

 

1.1 Introduction to Unilever and BioTeC+ 

 
Unilever is one of the world’s leading fast-moving consumer goods companies. On any given day, 

2 billion people use Unilever products, generating a turnover of €53.3 billion in 2015 (Unilever, 

2016). Unilever includes more than 400 brands, ranging from food and drink products to household 

and personal care products. 

KU Leuven/BioTeC+ is one of the worldwide leading teams in the field of predictive microbiology 

as indicated by several recognitions. Prof. Jan Van Impe, head of BioTeC+, has (co-)authored more 

than 400 full papers in international journals (over 170), edited 9 books, and his work has been 

cited about 4.000 times (h-index 34). KU Leuven/BioTeC+ has established numerous national and 

international industrial collaborations.  

 

1.2 Problem statement  

 
Personal care products (PCP) need to be enhanced continuously in order to stay ahead in a highly 

competitive market and at the same time, to be in compliance with legislation. This requires 

constant evolution to ensure microbiological stability and preservation during storage and use. 

There is still lack of information about the impact of preservative systems and other ingredients 

(e.g. multifunctional ingredients) on the response of target microorganisms. In addition, any change 

in compositions, raw materials or production process is demanded to be validated by preservative 

challenge testing according to regulation EC 1223/2009 (EU, 2009). 

This project focus in the challenges of enhancing microbiological safety and shelf-life of personal 

care products, using a predictive microbiology approach. The purpose of this project is to optimize 

PCP preservation systems through (i) the composition of synergistic combinations of preservatives 

and multifunctional ingredients, based on product technology, compatibility constraints, safety 

and/or regulatory restrictions, and (ii) the development of predictive models that will provide 

information to design effective challenge tests and to establish practical use of combined 

preservative/multifunctional ingredients in PCP.  

 

1.3 Project overview 

 
In a preliminary study, high-throughput screening was conducted in order to assess efficacy of 

different preservatives on their own or in combination with multifunctional ingredients. The output 

of this preliminary study was a list of synergistic combinations, their effective concentration range 

and the effect of pH on their preservation capacity. These preliminary results were processed 
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before February 2016. Throughout the text, this preliminary studies are mentioned to justify some 

of the decisions or the results. 

The results presented in this report focus only on the study of combinations of preservatives/ 

multifunctional ingredients which were identified as synergistic during the preliminary screening. 

The results presented in this work were processed between February and July 2016. The work was 

conducted in two phases: 

1. Challenge testing (CT) were conducted to test the antimicrobial activity of selected 

combinations of preservatives and/or multifunctional ingredients. 

2. Data developed during CT were used to develop predictive models. These models can be 

used to predict the antimicrobial activity for different combinations of preservatives. 
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2 LITERATURE REVIEW 

2.1 Definition of personal care products (PCP) and food 

 
Personal care products (PCP) are widely used in high quantities throughout the world in order to 

improve the quality of daily life. This term refers to a wide variety of items commonly found in health 

and beauty stores for personal hygiene and beauty, including soaps, shampoos and shower 

products, sunscreens, skin and hair care products, make-ups, toothpastes, personal hygiene 

products and many others (Antignac, et al., 2011). The term personal care product, is not defined 

by law. In the EU, this category of consumer products is regulated as cosmetics in EC 1223/2009 

and defined as “any substance or mixture intended to be placed in contact with the external parts 

of the human body (epidermis, hair system, nails, lips and external genital organs), or with the teeth 

and the mucous membranes of the oral cavity with a view exclusively or mainly to cleaning them, 

perfuming them, changing their appearance, protecting them, keeping them in good condition or 

correcting body odors” (EU, 2009). According to the classification given to cosmetics in the EC 

1223/2009, they can be classified in different categories according to their intended use: skin 

products, hair and scalp products, nail and cuticle products and oral hygiene products (EU, 2009).  

Today’s PCP market is driven by innovation, including new ingredients and unique formulas 

targeted to specific needs. Products need to be improved constantly in order to stay ahead in a 

highly competitive market, where more choice and greater efficacy are expected. At the same time, 

consumers are protected by strict regulations and a strong commitment of manufacturers to ensure 

the safety of cosmetic products. There is a growing demand for PCP containing natural ingredients 

as the consumers favor products perceived as healthier or ecological (Antignac, et al., 2011). In 

this fast-moving consumer goods market, the European cosmetics industry, which in 2012 was 

worth 72.3 billion, is a world leader and dominant cosmetics exporter (1/3 of the global cosmetics 

market), a highly innovative sector (e.g. 10% of all the patents granted in the EU in 2009) and a 

significant employer in Europe (over 4000 small, medium-sized enterprises, 25,000 scientists and 

520,000 students) (CTPA, 2014).  

Food is “any substance or product, whether processed, partially processed or unprocessed, 

intended to be, or reasonably expected to be ingested by humans” according to the European 

Commission’s directive EC 178/2002 (EU, 2002). "Food" includes drink, chewing gum and any 

substance, including water, intentionally incorporated into the food during its manufacture, 

preparation or treatment (EU, 2002). 

Even if consumers are not directly involved in the production, processing or distribution of food, 

they always take part as consumers. Food is available to consumers in a direct way or via a number 

of mediators, including all production, processing and distribution of food to consumers. The 

number of actors in the food chain varies greatly at each level. In the EU, around 12 million farms 

produce agricultural products for processing by about 300 000 enterprises in the food and drink 

industry. Manufacturers sell their products through the 2.8 million enterprises which deliver food to 

the EU's 500 million consumers (EU, 2015). In 2011, food production alone provided for 7.5% of 
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total employment in the EU and a gross value added of more than 420 billion, representing 3.7% 

of EU’s total value added (EU, 2015). 

2.2 Microorganisms associated with consumer products 

 
The World Health Organization’s (WHO) December 2015 report estimates that several foodborne 

diseases can be caused by 31 different agents including bacteria, viruses, parasites, toxins and 

chemicals and affect 600 million people each year, from which 420,000 die. The fact is that these 

cases are not strictly related to non-developed countries: for instance contamination and diseases 

caused by strains of Salmonella species are a public health concern across all the regions of the 

globe (WHO & Foodborne-diseases, 2015). 

In the last 25 years the incidences of foodborne diseases increased. Many analysts have 

associated this problem with social, demographic and behavioral changes in the human population 

and also technological changes (McMeekin & Ross, 2002). These factors include changes in eating 

habits, increased international travel and commerce, globalization of the food industry, population 

pressures leading to breakdown of public health infrastructure and consumer demand for less 

additives in foods and for minimally processed foods (Lund & Baird-Parker, 2000; WHO & Food-

safety, 2015).  

Foodborne illnesses are usually infectious or toxic in nature and caused by bacteria, viruses, 

parasites or chemical substances entering the body through contaminated food or water (WHO & 

Food-safety, 2015). In the case of bacteria, Salmonella, Campylobacter and Escherichia coli, 

specifically the strain O157:H7 in the last case, are among the most common pathogens present 

in foods (WHO & Food-safety, 2015). On the other hand, Pseudomonas aeruginosa and 

Burkholderia cepacia are the most commonly reported microorganisms associated with recalls of 

contaminated cosmetics or PCPs in both Europe and the US (Pitt, et al., 2015). 

2.3 Microbiological safety and quality 

 
The microbiological safety of food, cosmetics or personal care products is of paramount importance 

to manufacturers, regulators and consumers of these products (Pitt, et al., 2015). When producing 

or preserving a food or cosmetic product there are two main concerns: quality and safety. 

Regarding safety, food as well as PCP have to be free of pathogens. The safety of a product is 

related to the risks of foodborne illness that the product can cause to the consumers when 

contaminated by microorganisms (Berthele, et al., 2013). Quality is the second point of focus. 

Quality is related to spoilage and the ability that microorganisms have to proliferate, decomposing 

food and ruining the quality of the product. The appearance, texture, odor and taste typically change 

and quality is lost (Berthele, et al., 2013).  

The EC 178/2002 directive imposes a list of food safety requirements which states that food shall 

not be placed on the market if it is not safe for consumption. A food product should be considered 

unsafe if it is injurious to health or unfit for human consumption (EU, 2002). When determining 
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whether a food or PCP is not safe, the normal conditions of consumption and conditions at each 

stage of production, processing and distribution should be considered (EU, 2002).  

The management of microbial food safety is never simple because there are several factors to be 

considered. A high level of safety can be achieved by rigorously heat-sterilizing the food but thereby 

destroying taste and nutritious value. The consumer demands fresh, tasty, healthy and wholesome 

food products (Havelaar, et al., 2010). Nevertheless, safety is always considered an absolute 

requirement in the food and personal care product’s industry. Food laws everywhere are very clear 

on this point. According to the EU General Food Law “a high level of protection of human life and 

health should be assured in the pursuit of Community policies” (Havelaar, et al., 2010; EU, 2002).  

Food can become contaminated at any point of production and distribution and the primary 

responsibility lies with food producers (WHO & Food-safety, 2015). A food or personal care product 

can be contaminated due to the raw-material or during the production process, transportation or 

already in the hands of the consumer. Post-process contamination from the factory environment is 

a very common means by which commercially processed foods are contaminated. Environmental 

contamination can come from ingredients used in processing, whether directly or indirectly, 

worker’s hands, shoes, walls, floors, and a myriad of other sources (Kornacki, 2010). 

Unlike foodstuffs, a much longer shelf-life of PCP is expected. However, formulas of many 

cosmetics are based on water as the bulk component, which is a decisive factor for microbial 

multiplication (Lundov, et al., 2009). Additionally, cosmetic products contain enough nutrients, 

exhibit a neutral pH and are usually stored at ambient temperature. This suitable environment, 

together with a repeated consumer use, poses a potential risk of microbial contamination (FDA, 

2016).  

2.4 Methods for preservation of microbiological safety 

 
Although there are a lot of different known methods to preserve foods, including heat and chemical 

methods, defining the procedure to make a product safe remains questionable. Reducing and 

controlling the concentration and growth of microorganisms in foods is fundamental to prevent their 

spoilage and guarantee their safety. Foods are naturally contaminated and must undergo 

treatments making them microbiologically stable and safe. However, some treatments compromise 

the sensorial and nutritional qualities of foods (Belda-Galbis, et al., 2014). 

In view of consumer demand for fresh, minimally processed products, without chemical additives 

but with a long shelf life, the application of mild thermal treatments and the use of no thermal 

technologies are seen as promising because conventional processing at high temperatures 

modifies the flavor, odor, color, texture and nutritional value of foods. Furthermore, for some years 

the use of natural substances with bacteriostatic and/or bactericidal properties has been promoted 

in order to obtain safe foods, maintaining or improving product characteristics (Belda-Galbis, et al., 

2014). Several methods to control microbial growth are resumed in the Table 2.1 (Todar, 2008). 
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Table 2.1: Methods to kill or reduce the microbial levels (Todar, 2008). 

Types of 

methods 

Resources used Examples 

 

 

Physical 

methods 

Heat (moist) Autoclaving; boiling 

Heat (dry) Incineration; direct flaming; hot-air oven 

Cold Freezing 

Radiation (Ultraviolet) UV lamps for surfaces sterilization 

Radiation (Gamma rays) Gamma rays for medical devices 

Filtration For high temperature-sensitive media 

 

Chemical 

agents 

Antiseptics Rubbing alcohol; hydrogen peroxide 

Disinfectants Phenols; alcohols; surfactants; halogens; heavy 

metals 

Gas Chemical sterilization 

Preservatives Benzoic acid; sorbic acid 

 

The cosmetics and other personal care products are not sterile. Unlike in many food manufacturing 

processes, the production of these products does not include heat treatments designed to eradicate 

any microorganisms likely to occur (Pitt, et al., 2015). Therefore, in this case more intensive reliance 

is placed on raw material quality and efficacious preservation systems. Most cosmetic products are 

multi-use products that are also required to maintain low contamination levels during consumption, 

meaning that their preservation systems need to be effective against contaminants that come into 

contact with product after opening (Pitt, et al., 2015). 

Hurdle technology is a formulation strategy that has been used in the food industry since the 

1970’s and describes the intelligent formulation using different hurdles of preservation factors in 

order to achieve self-preserving products or to reduce the need for chemical preservation (Leistner, 

2000). Thus, hurdle technology aims to improve the total quality of products, which range from 

foods to personal care products, by application of an intelligent mix of hurdles (e.g. pH, water 

activity, preservatives). The mode of action of this combined hurdles may be additive or even 

synergistic (McMeekin, et al., 2000). The goal is to block the growth of microorganisms by putting 

in their path various impediments that should each reduce the microorganism population. Each 

impediment should permit a diminished surviving population so that as the number of impediments 

grow the number of survivors will be decreased and eventually reach zero. Some of the organisms 

may overcome the first hurdle; of those that survived, some may overcome the second and so forth 

until none survive the last hurdle (Varvaresou, et al., 2009).  

 

Preservatives 

Preservatives are static agents used to inhibit the growth of microorganisms in nearly all consumer 

products, most often in foods and cosmetics (Microchem-Laboratory, 2015). These antimicrobial 

agents should kill or prevent the growth of microorganisms over a long period of time but must not 
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be toxic to humans (Todar, 2008). Preservatives are especially important in cosmetic products, for 

example make-up, because of their mechanism of action. Cosmetics contact the body, which may 

harbor pathogenic microorganisms at low levels naturally. If the product is contaminated by a 

harmful microorganism from the body, and then grow in the product, the next use of the product 

would essentially become a self-inoculation with pathogens (Microchem-Laboratory, 2015). 

Examples of preservatives are listed in Table 2.2. 

 

Table 2.2: Examples of preservatives used in personal care products (Brannon, 1997; Brul & Coote, 1999; 
EU, 2009). 

Category of 

preservative 

Examples Mode of action 

Organic acids Benzoic acid; Propionic 

acid; Sorbic acid; Formic 

acid 

Optimum activity at acidic pH. 

The preservative diffuses into the cell until pH 

equilibrium is reached, resulting in the accumulation of 

anions and protons inside the cell. 

Formaldehyde 

donors 

Formaldehyde; 

Paraformaldehyde; 

Imidazolidinyl urea; 

Diazolidinyl Urea; 

Methenamine 

Rarely used today. High antimicrobial spectrum. 

Formaldehyde has the potential to react with several 

sites of biological importance. It can alkylate amino and 

sulfhydryl groups of proteins as well as the ring 

nitrogens of purine bases. 

Parabens Methylparaben; 

Ethylparaben; 

Propylparaben; 

Isobutylparaben 

Used in combination with others against gram-negative 

bacteria. 

Not much is known about the mode of action. Most 

likely it is linked to the membrane disruption. 

Alcohols 2-Phenoxyethanol; Benzyl 

alcohol; 

Phenoxyisopropanol;  

These compounds appear to function as a results of 

disrupting cell membrane permeability. But inhibition of 

essential enzymes may also be involved. 

Phenol 

derivatives  

Biphenyl-2-ol; 

Chlorocresol; Triclosan; 

Chloroxylenol; Ortho-

phenylphenol 

The antimicrobial activities of phenol derivatives vary 

widely with the nature and location of the substituent 

groups.  Triclosan’s method of action, for example, is 

related to the inhibition of fatty acid synthesis.  

Isothiazolinone 

compounds 

2-Methyl-2H-isothiazol-3-

one 

Isothiazolones undergo several reactions with cell 

components after binding. The interaction of 

isothiazolones  with microbial cells proceeds via 

several sequential reactions.  

 
The use of combinations of different preservatives in one formulation has several advantages: 

balanced spectrum of action against bacteria, head-space protection, synergistic effect, reduction 

of preservative concentration and prevention of adapted microorganisms (Heydaryinia, et al., 2011; 

Siegert, 2014).  

In order to meet the emerging consumer trend for more natural products, nowadays food 

manufacturers are forced to limit the use of chemical preservatives. A possible alternative to ensure 

food stability can be found from a more classical approach: combination technology (multiple barrier 

technology) which nowadays regains a lot of interest from the food industry. In this method, the 
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growth/no growth boundary of microorganisms can be defined and described by mathematical 

models as a function of the barriers used. By producing foods with combined characteristics within 

the no growth region of microorganisms, manufacturers are able to guarantee the safety and 

stability of their products (Dang, et al., 2010). Another way to prevent the growth of microorganisms 

is to adjust the characteristics of the product, in order to limit microbial growth, by changing the pH 

of the product to the point where it is either too acidic or too basic to support microbial life, for 

example. Many cleaners, for example, have pH values of about 11, which is related to cleaning 

efficacy. Since very few microorganisms can grow in such a alkaline (high pH) environment, such 

products may not require an additional chemical preservative (Berthele, et al., 2013; Microchem-

Laboratory, 2015; FDA, 2016). 

 

2.5 Tools to assess microbiological safety 

 
In the past decades several methods have been developed in order to study the safety of a product. 

Some of them include analyzing the critical point of the production process while others target to 

create mathematical models able to describe microbial growth in the product. Despite the 

differences between these tools, they all aim to ensure the safety of a product. These tools used in 

order to support decision-making regarding product safety include (Havelaar, et al., 2010):  

 Microbiological risk assessment (MRA) models 

 Hazard analysis and critical control point (HACCP) 

 Minimum inhibitory concentration (MIC) and Minimum bactericidal concentration (MBC) 

 Challenge testing (CT) 

 Predictive microbiology (growth/death/survival) 

 Dynamic infectious disease models. Used to understand the spread of diseases in human or 

animal populations, depending on contact patterns and mode of spread of the pathogens, in 

relation to the development of protective immunity. 

 Risk factor models (analytical epidemiology). Used to relate the observed occurrence of 

responses (e.g. illness) to the occurrence of potential predictive factors. 

 Attribution models. Used to estimate the contribution of putative sources to the observed 

occurrence of responses (e.g. illness). 

 Multi-criteria analysis models. Used to support decision makers in making evaluations of 

different options, based on a combination of variables of a different nature (health, economic, 

societal…) with value-based weights.  

2.5.1 Microbiological Risk Assessment (MRA) 

 

Microbiological risk assessment (MRA) is a valuable tool related with understanding, reducing, 

and preventing risks presented by hazardous microorganisms, whether natural or anthropogenic, 

intentional or unintended (USDA & EPA, 2012). There are four main steps in conducting a MRA: (i) 

hazard identification, (ii) hazard characterization/dose-response assessment, (iii) exposure 
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assessment and (iv) risk characterization (Safefood, 2012). The purpose of hazard identification is 

to identify the microorganisms of concern that may be present in the product of interest. Hazard 

characterization is the following step which consists in assessing the pathogen and the nature of 

the problems it can cause. The aim of exposure assessment is to determine the level of the 

microorganism likely to be present in the product at the time of consumption. The final step is the 

measure of the risk level considering the previous three steps (Figure 2.1) (Safefood, 2012).  

 

 

2.5.2 Hazard Analysis and Critical Control Point (HACCP) 

 

HACCP is a widely tool used in food safety management. It is used by regulatory authorities and 

industry. This methodology allows to identify the critical risk points throughout the process and 

define practical actions that have to be taken into account. This methodology allows to focus all the 

resources in the key-points of the process in order to ensure safety of food and cosmetics. The 

HACCP system grounds on 7 actions (Figure 2.2):  (i) conduct a danger’s analysis, (ii) detect the 

critical control points, (iii) establish the limits for each critical control point, (iv) establish the 

monitoring procedures for the control of each critical point, (v) establish the corrective actions for 

when a critical control point is out of the normal levels, (vi) establish procedures that verify that the 

HACCP system works efficiently and finally (vii) establish systems that include all the data, 

procedures and all of the HACCP plan (ArcelorMittal, s.d.). 

 

4. Risk characterization

Consider all information gathered in previous steps and 
determine magnitude of the public health problem.

3. Exposure assessment

Determine who may be exposed and to what degree, duration 
and frequency of exposure.

2. Hazard characterization

Estimate microorganisms ability to cause illness.

Determine which symptons are associated to each disease.

1. Hazard identification

Identify sources of contamination.

Determine likelooh of microorganisms.

Figure 2.1: Main steps of Microbiological Risk Analysis (adapted from CDC, 2011). 
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2.5.3 Minimum inhibitory concentration (MIC) and Minimum bactericidal concentration (MBC) 

 

The MIC, minimum inhibitory concentration and MBC, minimum bactericidal concentration, studies 

are gaining more interest, related to the development of other classes of antimicrobials for 

controlling infections. In addition, the study of the MIC and MBC is crucial when performing a 

challenge test and also when performing a HACCP analysis. The minimum inhibitory concentration 

is the lowest concentration of an antimicrobial that will inhibit the visible growth of a microorganism. 

The minimum bactericidal concentration is the lowest concentration of an antibacterial agent 

required to kill a particular bacterium and make it undetectable by plate counting (Bakri & Douglas, 

2005; Bidlas, et al., 2008). 

From a practical point of view, however, these kind of studies are very interesting because they 

allow the construction of mathematical models. These models use data that relate the variation of 

certain characteristics of the product and the correspondent variation of the MIC and MBC. They 

are particularly important because they allow the construction of a matrix of responses to a broad 

range of specific storage conditions, which is the first step for a complete risk assessment and for 

planning an appropriate HACCP system or even for the construction of challenge tests. 

Furthermore, they allow taking advantage of economically interesting minimal effective doses of 

antimicrobial products (Bakri & Douglas, 2005). 

2.5.4 Challenge testing 

 

Challenge Testing has been and continues to be a useful tool for determining the ability of a food 

or personal care product to support the growth of spoilage organisms or pathogens. A challenge 

test consists of challenging a product with a prescribed inoculum of microorganisms and study the 

ability of the product in killing or reducing the microorganism population. More specifically, first the 

product is inoculated with the target microorganisms, then stored at a controlled temperature, 

samples are withdraw at specified intervals of time and the microbial concentration in the samples 

is counted (Figure 2.3) (Pérez-Rodríguez & Valero, 2013; QACSLab, 2014).  

 

Figure 2.2: Main steps of HACCP (ArcelorMittal, s.d.). 
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According to the Scientific Committee on Consumer Safety of European Union (SCCP) opinion on 

challenge testing for cosmetics, "the manufacturer must guarantee the efficacy of the preservation 

of his cosmetic products experimentally by challenge testing. However, as no legal nor universal 

challenge testing method is available today, it is up to the manufacturer to decide on the details of 

the test to be used". Challenge testing for cosmetics is an essential test, related to the product 

robustness against microbiological contamination. The results are crucial for the cosmetic product 

safety assessment, in line with the requirements of the cosmetics regulation (EC) No 1223/2009 

(EU, 2009; QACSLab, 2014). 

There are several areas of application, such as the determination of a product safety, the 

establishment of shelf-life period of refrigerated or ambient-stored foods or the formulation of 

products in terms of intrinsic control factors such as pH and water activity (aw). An appropriately 

designed microbiological challenge test will validate that a specific process is in compliance with 

the pre-determined performance standard. Another important application of challenge testing is to 

confirm the efficacy of a preservative, meaning its capacity to kill or prevent microorganisms from 

growing, especially if we are dealing with personal care products. The desired result in any 

preservative challenge study is a quick decline for all the tested microorganisms (FDA, 2015; 

Notermans & Veld, 1994; QACSLab, 2014). When defining a CT method, several steps need to be 

taken into account: (i) design of CT, (ii) selection of microorganisms, (iii) inoculum level and 

preparation, (iv) duration of the study and sample analysis, (v) formulation factors and storage 

conditions and (vi) data interpretation.  

Figure 2.3: Procedures of a challenge test (Russell, 2003). 
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2.5.4.1 Design of challenge testing 

Regarding the design of the test, there are relevant factors to be considered as this depends on 

how the product is formulated, manufactured, packaged, distributed, prepared, and consumed. The 

determination of whether challenge studies are appropriate or useful must be made by considering 

such factors as the likelihood of the product to support growth of spoilage organisms or pathogens, 

or a knowledge of the previous history of the product (FDA, 2015). For example, it is not useful to 

conduct challenge studies on frozen foods that would not support growth under proper storage 

conditions. There are four main sections regarding a challenge test: experimental design, inoculum, 

test procedures and interpretation of results (Figure 2.4) (Notermans, et al., 1993).  

 

 
 
 

 

The selection of appropriate pathogens or surrogates, the level of challenge inoculum, the inoculum 

preparation and method of inoculation, the duration of the study, formulation factors and storage 

conditions and sample analyses should also be considered. The interpretation of the data and 

pass/fail criteria are critical in evaluating whether a product needs time/temperature control for 

safety. The failure to account for specific product and environmental factors in the design of the 

test could result in flawed conclusions (Pérez-Rodríguez & Valero, 2013). 

A big disadvantage of challenge testing is that no information is obtained that allows us to predict 

the results when processing parameters or product composition are changed (Notermans & Veld, 

1994). When performing these tests it is only possible to take conclusions about the tested 

conditions, which means that if the goal is to know the results depending on different parameters, 

it is necessary to test all the conditions.  

Figure 2.4: Steps in the design of challenge tests (Notermans & Veld, 1994). 
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2.5.4.2 Selection of microorganisms 

The selection of the microorganisms to be used in CT depends on the knowledge gained through 

commercial experience and/or epidemiological data that indicate that the target product may be 

hazardous because of pathogen growth (QACSLab, 2014). 

The ideal microorganisms are the ones that have been previously isolated from similar formulations. 

In any case, pathogens known for causing illness outbreaks should be included to ensure the 

formulation is robust enough to inhibit those organisms (FDA, 2015). 

In the challenge study multiple specific strains of the pathogens should be included, a cocktail of 5 

or more strains is typically used. Prior to conducting the challenge study, the strains should be 

screened for mutual antagonism because if the strains are not compatible when used as part of 

cocktail, then the results produced by them are not trustable (FDA, 2015). Table 2.3 and Figure 2.5 

(a) and (b) give a list of microorganisms typically used in challenge test of foods and personal care 

products, respectively. 

 

Table 2.3: Pathogens that may be considered for use in challenge studies for various food products (FDA, 
2015). 

Food type Type of microorganism 

Salad dressings  Salmonellae sp., Staphylococcus aureus  

Modified atmosphere packaged products 

(vegetables, meats, poultry, fish) 

Clostridium botulinum, Salmonellae sp., Listeria 

monocytogenes, enterohemorrhagic Escherichia 

coli 

Bakery items (fillings, icings, non-fruit pies) Salmonellae sp., S. aureus 

Dairy products Salmonellae, S. aureus, C. botulinum, 

enterohemorrhagic E. coli, L. monocytogenes 

Confectionery products Salmonellae 

Formula with new preservatives Salmonellae, S. aureus, C. botulinum, 

enterohemorrhagic E. coli, L. monocytogenes 
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2.5.4.3 Inoculum level and preparation 

It is very important to establish the inoculum level that is going to be used to inoculate the target 

product or formulations in the challenge tests. The inoculum level used depends on whether the 

objective of the study is to determine product stability, in which the inoculum level is between 102-

103 cells/g of product, or to validate a step of the process designed to reduce microbial numbers, 

in which is typically used a concentration of 106-107 cells/g of product (FDA, 2015). 

Depending on the product formulation, some of the inocula may die off initially before adapting to 

the environment. If the inoculum level used is too low an incorrect assumption can be made, leading 

to results showing that the product is stable when in reality it is not. Conversely, if the inoculum 

level is too high for this purpose, the preservation system may be overwhelmed by the inappropriate 

inoculum size, leading to the incorrect conclusion that the formulation is not stable (FDA, 2015). 

Enough product should be inoculated so that a minimum of three replicates per sampling time is 

available throughout the challenge study.  

2.5.4.4 Duration of the study and sample analysis 

It is of interest to conduct the microbiological challenge study over the desired shelf life of the 

product or for the duration of a specific process. Even more desirable is to challenge the product 

for its entire shelf life plus a margin beyond the desired shelf life because it is important to determine 

what would happen if users would hold and consume the product beyond its intended shelf life. 

Many regulatory agencies require a minimum of data on shelf life plus at least one-third of the 

intended shelf life (FDA, 2015). 

The frequency of testing is governed by the duration of the microbiological challenge study. Usually 

if the shelf life is measured in days, the frequency of testing should be at least daily, if not multiple 

times per day. However, if the shelf life is measured in weeks or months, the test frequency is 

Figure 2.5: (a) to the left: Microorganisms typically used for challenge testing in cosmetics for several 

different methods. (b) to the right: Criteria of acceptance of the challenge test for different methods according 
to the log reduction of microbial levels (reported in (Siegert, 2013; Siegert, 2014)). 

 



 

 

15 

 

typically no less than once per week. All studies should start with "zero time" testing, that is, analysis 

of the product right after inoculation.  

The selection of enumeration media and method (for example, direct plating versus Most Probable 

Number) is dependent on the type of pathogens or surrogates used in the study: non-selective 

media can be used if the product does not have a substantial background microflora, but in cases 

where toxin-producing organisms are used (e.g., Staphylococcus aureus), appropriate toxin testing 

should be performed at each time point using the most current validated method.  

2.5.4.5 Formulation factors and storage conditions 

When evaluating a formulation, it is important to understand the range of key factors that control its 

microbiological stability. Intrinsic factors such as pH, aw, or preservative level may be key to 

preventing the growth of pathogens or spoilage flora that would influence the safety of the product 

during its intended shelf life. It is, therefore, important to test each key variable singly or in 

combination in the formulation under worst-case conditions. In conclusion, the goal is to mimic all 

the properties and conditions that the product has to pass through, and also consider the worst 

case scenario (FDA, 2015).  

2.5.4.6 Data interpretation 

Once the microbiological challenge study is completed, the data should be analyzed to see how 

the pathogens behaved over time. Trend analysis and appropriate graphical plotting (semi-log 

plots) of the data will show whether the target organisms died, remained stable, or increased in 

numbers over time. Combining the quantitative inoculum data for each time point with data on the 

background microflora and the relevant physio-chemical parameters gives a powerful and broad 

representation of the microbiological stability of the formulation under evaluation. When using 

microbiological challenge testing, as part of a process validation protocol, analysis of the data will 

show whether the process is capable of delivering the required level of lethality in conforms to the 

pre-determined performance standard. Based on this information, adjustments can be made to the 

process, if necessary, in order to meet the lethality requirements. In addition, these data can be 

used in developing predictive microbiological models (FDA, 2015).  

 

2.6 Predictive microbiology 

 

“The concept of predictive microbiology is that a detailed knowledge of microbial responses to 

environmental conditions enables objective evaluation of the effect of processing, distribution and 

storage operations on the microbiological safety and quality of foods. It involves the accumulation 

of knowledge on microbial behavior in foods and its distillation into mathematical models” according 

to (McMeekin, et al., 2002). 

Predictive microbiology deals with the development of mathematical models to describe microbial 

evolution in foods or cosmetics as a function of environmental conditions (Li, H. & Xie, G., 2007). 

The goal is to condense the existing microbiological knowledge, microbial behavior and physiology, 
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into mathematical models. These mathematical models help us to understand the growth or death 

of microorganisms in relation to their properties and interactions, and also the intrinsic properties 

of the product that is being tested and the extrinsic factors of the processing environment (Havelaar, 

et al., 2010; Soboleva, et al., 2000). 

Predictive microbiology has received much attention in the past 20 years and models describing 

the behavior of microbes as a function of many environmental parameters have become available 

(Brul, et al., 2008). The concept of predictive microbiology was originally suggested by Australian 

scientists Esty and Meyer in 1922 as a tool to evaluate thermal processes for Clostridium botulinum 

type A spores. Their model found a wide application in the food industry, and especially in the 

canning industry (Pérez-Rodríguez & Valero, 2013). With the development of computer technology 

in the 1980s, predictive microbiology became a reality (Li, H. & Xie, G., 2007). 

There are a lot of mathematical models already worldwide used in the industry that predict 

microbiological growth. However, predictive microbiology has the need to build its own collection 

of mathematical-statistical tools for several reasons: usually the goal is to minimize or prevent 

microbial growth while in industry the goal is to optimize it; the cell concentration used for predictive 

models is much lower than in biotechnology and in food microbiology the kinetics of the lag phase 

are of great importance while it is less important in a bioreactor (Baranyi & Roberts, 1994).  

Predictive microbiology has a lot of possible applications including HACCP, Risk Assessment, shelf 

life studies, innovation and development of a new product, hygienic measures and temperature 

integration, experimental design, development of new products, operation support and incident 

support  (Pérez-Rodríguez & Valero, 2013). In conclusion, the main goal of predictive microbiology 

is to ensure the microbial safety of a food or personal care product by the construction of 

mathematical models that predict microbial growth in certain conditions.  

 

2.7 Predictive models and categories 

 
Predictive microbiology can be considered as a scientific branch of the food microbiology field 

intended to quantitatively assess the microbial behavior in food environments to derive adequate 

mathematical models (Pérez-Rodríguez & Valero, 2013). The goal of the models of applied 

microbiology is to describe, explain, and predict microbial growth, spread, or activity in foods, 

fermentation processes, wastewater or bioremediation. In general, a scientific model is a 

purposeful, simplified representation of reality using mathematical equations that are the 

simplification of a system based on its properties (Esser & Leveau, 2015). 

There are several ways to classify models. They can be classified according to modeling approach 

into empirical or mechanistic models (Fakruddin, et al., 2011). Empirical models usually take the 

form of first or second degree polynomials and are essentially pragmatic describing the data in 

convenient mathematical relationship (curve fitting). Mechanistic or deterministic models are built 

up from theoretical bases and allow interpretation of the response in terms of known phenomena 

and processes. Usually the mechanistic models contain fewer parameters, fit the data better and 

extrapolate more sensibly when compared to empirical models.  
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Models are also usually classified into kinetic or probabilistic models. Kinetic models consist of 

primary, secondary and tertiary models while probability models are used in modeling the growth/no 

growth interface (Pérez-Rodríguez & Valero, 2013).  

2.7.1 Kinetic models 

 

Kinetic models are built considering the rates of growth, inactivation or death. The first step when 

using a kinetic based modeling is to build a primary model, that describes the kinetics of a process 

with as few parameters as possible, while being able to accurately define the growth and 

inactivation phases. These primary models represent the increase (or decrease) in population 

density against time. The second step is the development of a secondary model that describes 

the effect of environmental conditions (temperature, pH, water activity, etc.) on the values of the 

parameters of growth or inactivation of a primary model. Lastly there are the tertiary models which 

are based on computer software programs that provide an interface between the underlying 

mathematics and the user, allowing model inputs to be entered and estimates to be observed 

through simplified graphical outputs (Pérez-Rodríguez & Valero, 2013). 

2.7.1.1 Primary models 

Primary models intend estimating kinetic parameters (e.g., maximum growth rate, lag phase, 

inactivation rate) as a function of treatment time (Pérez-Rodríguez & Valero, 2013). This time can 

assume, for instance, a storage phase, processing, and/or thermal treatment, depending on the 

model application. In this way, these models measure the response of the microorganism with time 

to a single set of conditions (Fakruddin, et al., 2011).  

When defining a primary model to adjust certain data, in a first step, a mathematical model is 

assumed to explain the data, that is, how microbial counts change over time. These microbial 

counts can be a result of either direct or indirect measurements of microbial population density or 

products of microbial metabolism (Fakruddin, et al., 2011). In a second step, such a model is fitted 

to microbiological data by means of a regression that can be linear or nonlinear. As a consequence 

of the fitting process, a number of kinetic parameters embedded in the model is provided. The data 

used to be fitted by the model is normally obtained under specific intrinsic and extrinsic factors. For 

this reason, the kinetic parameters, provided after fitting the model solely, apply for the specific 

factors that where tested which consists of a disadvantage of these type of models (Pérez-

Rodríguez & Valero, 2013). 

In the past, a simple first order model, called the exponential model, has often been used to 

describe microbial dynamics for a fixed set of conditions, Equation 2.1, where N(t) [CFU/mL] 

represents the concentration of microorganisms at time t and µ(·) [1/h] is the specific growth rate 

which depends on the conditions of the process, meaning temperature, pH, water activity and 

availability of substrates or metabolites (Li, H. & Xie, G., 2007; Van Impe, et al., 2005).  

 𝑑𝑁(𝑡)

𝑑𝑡
=  𝜇 ∙ 𝑁(𝑡) 

(2.1) 
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It is noteworthy that for static process conditions the value of µ is constant, corresponding to 

exponential growth. However, microbial growth can be describe in three different phases including: 

(i) a lag phase or the adaptation period  that is defined as an adjustment period  during which 

bacterial cells modify themselves to take advantage of the new environment and initiate exponential 

growth (Ross & McMeekin, 2003), (ii) an exponential growth phase in which microorganisms grow 

exponentially until they reach (iii) a stationary phase during which they reach a maximum population 

level (Figure 2.6) (Pérez-Rodríguez & Valero, 2013; Van Impe, et al., 2005).  

 

 

 

 

 

 

 

 

 

 

 

In the primary models there is a distinction between survival and inactivation models. Survival is 

understood as a process or environmental condition not intentionally designed to kill the microbial 

population but also to not allow growth (e.g. bacteriostatic), whereas inactivation is a process 

implemented to destroy a microbial population in a specific product by certain log numbers (Pérez-

Rodríguez & Valero, 2013). These primary models include growth models, the growth decline 

model, D-values or thermal inactivation, inactivation/survival models, growth rate values and even 

subjective estimation of lag time or times to turbidity/toxin formation (Fakruddin, et al., 2011). 

 

Gompertz Model 

The Gompertz model is a model with three parameters that was developed to describe the 

sigmoidal curve of microbial growth (Figure 2.7). This was achieved by the introducing of an 

asymmetrical sigmoid shape of microbial growth, Equation 2.2, where a, b and c are the model 

parameters (Gibson, et al., 1988).  

 ln(𝑁(𝑡)) = 𝑎 exp(− exp(𝑏 − 𝑐𝑡)) (2.2) 

However, this model has a main disadvantage, it describes a curve with mathematical parameters 

which do not have any biological meaning. In this way it is difficult to estimate the parameters. 

Zwietering et al (1990) modified the Gompertz Equation into Equation 2.3, so the parameters had 

a biological interpretation (Soboleva, et al., 2000). These parameters are the asymptotic value, y*, 

the maximum specific growth rate, µmax, and the lag period, λ. N(t) represents the cell density at 

time t, while N(0) the initial cell density. The Gompertz Equation is widely used due to its simplicity 

despite showing some disadvantages: at time 0 if N≠N0 and if there is no lag phase, it fails to fit the 

data. 

Figure 2.6: General growth curve for microorganisms (Van Impe, et al., 2005). 
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ln (

𝑁(𝑡)

𝑁(0)
) = 𝑦∗ exp {−𝑒𝑥𝑝 [

𝜇𝑚𝑎𝑥exp (1)

𝑦∗
(𝜆 − 𝑡) + 1]} 

 

(2.3) 

 

 
 

Model of Baranyi and Roberts 

Baranyi and Roberts (1994) presented a model to describe the three phases of microbial growth. 

Van Impe (2005) described as Equations 2.4 and 2.5. 

 𝑑𝑁(𝑡)

𝑑𝑡
=  (

𝑄(𝑡)

1 + 𝑄(𝑡)
) 𝜇𝑚𝑎𝑥 (1 −  

𝑁(𝑡)

𝑁𝑚𝑎𝑥

) 𝑁(𝑡)                𝑤𝑖𝑡ℎ 𝑁(𝑡 = 0) = 𝑁0 

 

(2.4) 

 𝑑𝑄(𝑡)

𝑑𝑡
=  𝜇𝑚𝑎𝑥𝑄(𝑡)                          𝑤𝑖𝑡ℎ 𝑄(𝑡 = 0) = 𝑄0 

(2.5) 

Considering Equation 2.4, the first factor on the right-side of the Equation is the adjustment function 

that describes the lag phase. The second factor, µmax, represents the maximum specific growth 

rate, characterizing the exponential growth phase and the third factor, the inhibition function, 

represents the stationary phase. The function Q(t) describes the physiological state of the cells. 

This model has several advantages including the fact that it is easy to use, it is applicable under 

dynamic environmental conditions, the fitting capacity is good and most of the model parameters 

are biologically interpretable (Van Impe, et al., 2005). A disadvantage of this model is related to the 

inhibition function that uses the parameter Nmax without any mechanistic bases as it does not 

incorporate a reason for the microbial population to stop growing.  

2.7.1.2 Secondary models 

These models predict how the parameters of primary models, such as bacterial growth rate and 

lag time, change as a function of the several factors (Pérez-Rodríguez & Valero, 2013). These 

factors can be intrinsic, related to the characteristics of the food itself (e.g. pH) or extrinsic, like 

temperature or salinity (Fakruddin, et al., 2011). 

Mathematical expressions of secondary models can be distinguished as two different approaches. 

The first is the sequential one, in which the effects of the environmental factors are described all 

simultaneously through a polynomial function. This type of model has probably been the most 

extensively used within predictive microbiology. The latter assumes that the environmental factors 

Figure 2.7: A growth curve describing the sigmoidal curve (Zwietering, et al., 1990). 
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are individually modeled, and a general model describes the combined effects of the factors. 

Consequently, it is notably applied in the development of the increasingly popular square root and 

cardinal parameter-type models (Zwietering, et al., 1990). Response surface, Arrhenius, 

Belehradek, secondary models based on gamma concept are some examples of this type of 

models (Fakruddin, et al., 2011). 

 

Arrhenius type model 

The Arrhenius type models are based on the Arrhenius law that describes the temperature 

dependence of chemical reaction rates according to Equation 2.6 (Ratkowsky, et al., 1982), where 

k is the specific reaction rate constant, R is the universal gas constant, T is the absolute temperature 

and Ea is an empirically determined activation energy.  

 
𝑘 = 𝐴𝑒𝑥𝑝

−𝐸𝑎
𝑅𝑇  

(2.6) 

This law can be applied to bacterial growth by replacing the reaction rate constant by the growth 

rate constant, μ, and considering Ea the temperature characteristic energy, sometimes assumed 

as the activation energy of the growth limiting reaction.  

 

Cardinal models 

The cardinal models, developed by Rosso, et al., 1993 make use of a general mathematical 

equation containing four parameters, three typical model parameters and a morphological 

parameter. The cardinal temperature model with inflection (CTMI) is considered to have the 

following advantages: (i) the use of biologically meaningful parameters, (ii) simple parameter 

starting values as a result of their biological interpretation and (iii) the lack of structural correlation 

between parameters which enables a rapid convergence. The CTMI model describes the µmax as 

function of three parameters of temperature, Tmax, Tmin, Topt and the specific growth rate µopt at the 

optimal temperature. The model is given by Equation 2.7. 

 
𝜇 (𝑇) =  𝜇𝑜𝑝𝑡

(𝑇 − 𝑇𝑚𝑖𝑛)2(𝑇 − 𝑇𝑚𝑎𝑥)

(𝑇𝑜𝑝𝑡 − 𝑇𝑚𝑎𝑥)[(𝑇𝑜𝑝𝑡 − 𝑇𝑚𝑖𝑛)(𝑇 − 𝑇𝑜𝑝𝑡) − (𝑇𝑜𝑝𝑡 − 𝑇𝑚𝑎𝑥)(𝑇𝑜𝑝𝑡 − 𝑇𝑚𝑖𝑛 − 2𝑇)]
 

(2.7) 

 

The parameters Tmin and Tmax correspond to the temperatures beyond which growth ceases when 

the temperature drops below a minimum or exceeds a maximum. The Topt is the temperature at 

which the maximum specific growth rate equals its optimal value µopt.    

2.7.1.3 Tertiary models 

These are applications of one or more secondary models to generate systems for providing 

predictions to non-modelers, i.e. user-friendly or applications software and expert systems. This 

level would include algorithms to (i) calculate changing conditions on the growth and survival of 

microorganisms, (ii) compare microbial behavior under different conditions, or (iii) graph the growth 

of several microorganisms simultaneously (Fakruddin, et al., 2011). 
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2.7.2 Probabilistic models 

 

Probability models, originally used for predicting the likelihood of organisms to grow and produce 

toxins within a given period of time, have been more recently extended to define the absolute limits 

for growth of microorganisms in specified environments in the presence of a number of different 

stresses (Fakruddin, et al., 2011). These type of models have several applications: for when 

designing a preservation method in minimally processed foods, for alternative formulations in novel 

foods and also for risk assessors so that they can determine the possibility of real contamination of 

a given food or minimize the risk of pathogen growth (Pérez-Rodríguez & Valero, 2013). Kinetic 

models are more adequate for nonpathogenic microorganisms or other microorganisms that can 

be dangerous when exceeding microbial limits, such as Staphylococcus spp.  

Consequently, the combination of both kinetic and probabilistic models can help to provide a 

complete response of the behavior of the microorganisms in the growth and no growth regions 

(Pérez-Rodríguez & Valero, 2013). 

2.7.2.1 Growth/no growth models 

Probability models indicate the probability of growth instead of the growth rate (Fakruddin, et al., 

2011). Microbial safety should be achieved by maintaining the food at specific conditions that inhibit 

growth. The boundary models, so called growth/no growth models (G/NG), are used to gain 

knowledge about these conditions. In these models, the growth or no growth of certain 

microorganisms is tested. Their attention is focused on those conditions in which a given 

microorganism can or cannot grow and their outcome is the probability of growth at the boundary 

zone of certain tested conditions. The boundary interface between growth and no growth maps is 

an area of intense physiological interest due to the fact that biological variability increases near the 

interface (McMeekin & Ross, 2002). 

These G/NG models have important advantages since they would greatly reduce the need for 

microbiological tests and enable evaluations of food safety and stability to be carried out quickly 

and inexpensively (Dang, et al., 2011). In addition, based on the defined no growth regions, food 

developers can quickly formulate new shelf-stable (additive-free) products to meet consumer trends 

for more natural foods nowadays (Dang, et al., 2011). 

Logistic regression models have been used to build this kind of models by Dang and several others. 

The logit function allows the specification of the G/NG boundary at selected levels of growth 

probability and typically involves the use of Equation 2.8, where p represents the probability of 

growth which varies between 0 and 1.  

 𝑙𝑜𝑔𝑖𝑡 (𝑝) =  ln (
𝑝

1 − 𝑝
) 

(2.8) 

The ordinary logistic regression models, relate the logit-term to a polynomial expression of the 

explanatory variables (Equation 2.9). This mathematical expression relates the probability of growth 

with several parameters: bi  (i=1, 2, 3, …) are the coefficients that need to be estimated in the 

construction of the model, while xi are independent variables that represent the environmental 
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factors that are being studied (e.g. pH, concentration of preservatives, etc.) (Dang, et al., 2010; 

Dang, et al., 2011). 

 𝑙𝑜𝑔𝑖𝑡(𝑝) =  𝑏𝑜 + 𝑏1𝑥1 + 𝑏2𝑥2 + ⋯ +  𝑏3𝑥1
2 + 𝑏4𝑥2

2 + ⋯ + 𝑏5𝑥1𝑥2 + 𝑏6𝑥2𝑥3 + ⋯   (2.9) 

 

The results for the G/NG boundaries can also be represented in graphs. An example of a graphical 

illustration of a G/NG model is represented in Figure 2.8 (Dang, et al., 2010). In the axes, the 

different tested conditions are represented (pH and aw in this case). The crosses, triangles and 

circles are the results as each symbol represents a probability of growth, in this case 100% of 

growth, no growth and %ε 0.1% of growth respectively. It is easy to conclude that the lines represent 

the frontier and the conditions in the middle of growth and no growth zones.   

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The main disadvantage is that these models can over fit the data, which means fit the experimental 

error rather than the general trend, unless special precautions are taken to prevent this, for example 

by avoiding higher order terms. Furthermore, these models do not contain any biologically 

interpretable parameters.  

2.7.3 Model development and validation 

 

After constructing a mathematical model to describe the microbial behavior in a certain product and 

conditions, it is necessary to validate this model. Validation is an essential step in the modeling 

process. Models cannot be applied if a validation process is not previously accomplished, which 

typically consists of confirming the predictions experimentally by using any quantitative method. 

Figure 2.8: Graphs of growth/no growth regions reported in (Dang, et al., 2010). G/NG boundary at 22ºC, left 
column, and 30ºC, right column, after 45 day incubation period at different acetic acid concentrations: (g), (h) 
2.0% (v/v), (i), (j), 2.5% (v/v). In the axes are represented the two factors that affect microbial growth: pH and 
water activity. (+) represents 100% growth, (o) represent no growth and (Δ) growth % ε (0,100). The lines 
represent the ordinary logistic regression model with p=90% (___), p=50% (---) and p=10% (….). 
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Challenge tests are used as a method of validation, as the results from these experiments can be 

compared to the model predictions (Fakruddin, et al., 2011).  

Although validation should be performed on food, in many cases, because of the economic cost 

derived from challenge tests, these tests are performed in artificial media. Two steps must be taken 

to validate a model once it has been built (Fakruddin, et al., 2011). The first is to test its accuracy 

with data sets taken from the same experimental conditions as those used to elaborate the model. 

This is called internal validation and aims to determine if the model can sufficiently describe the 

experimental data (Pérez-Rodríguez & Valero, 2013). The external validation is the second step 

and compares model predictions with microbial responses in actual food. This will show the model 

limitations and may show if additional factors must be tested and included in the model (Fakruddin, 

et al., 2011).  

2.8 Future trends and perspectives 

 
Usually the complex diversity of microbial interactions is often not taken into account in predictive 

microbiology. Food is a complex material and usually it has high microbial diversity. In that way, a 

future development of predictive microbiology may be the development of models that predict the 

interaction between different microbial species (Malakar, et al., 2003). 

During the past few years, predictive microbiology has moved into new research areas such as the 

study of the effect of pre-culture conditions on kinetic parameters, modeling based on individual 

cells, stochastic models, bacterial transfer models, and more recently genome scale modeling 

(Brul, et al., 2008). These incipient research areas clearly reflect the continued effort of 

microbiologists to explore much more deeply, even to genomic level, the ultimate factors or 

elements governing microbial behavior. However, we should not forget that the final aim of 

predictive microbiology is to be applied to improving food safety and quality. Thus, the past decade 

has also seen the great development of Quantitative Microbial Risk Assessment (QMRA) as a 

fundamental tool to support making decision processes for food safety management underpinned 

by the use of predictive models (Pérez-Rodríguez & Valero, 2013). 

Most predictive models focus on simplicity and general applicability, and can be classified as black 

or gray box models with emphasis on the description of the general population level microbial 

behavior. In the classic modeling approach, microbial and environmental homogeneity is assumed. 

There are several validated and accepted models that describe pure cultures in simple, liquid media 

under moderate environmental conditions. However, experiments have shown that extrapolation to 

more complex systems, like co-cultures, and more stressing environmental conditions, as heat, is 

not allowed as such (Van Impe, et al., 1995). Considering the interactions between microbial flora 

present in the products is especially importance for dairy products where lactic acid bacteria, 

preservatives used in foods and synergistic effects between organisms have an influence on 

microbial growth (Fakruddin, et al., 2011). Other microbial situations that need microbial modeling 

are growth in heterogeneous foods, on surfaces or boundaries, in microenvironments and biofilms 

(Fakruddin, et al., 2011). 
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3 MATERIALS AND METHODS 
 
In chapter 3, the materials and methods are going to be described in two parts. Firstly, the 

description of the experimental work, including inoculum preparation, tested conditions in CT, and 

CT procedure will be provided. Secondly, a description of the modeling approach, focusing on 

assumptions that were made and the choice of the model will be addressed.  

3.1 Experimental work 

3.1.1 Microbial strains and inoculum preparation 

 

Three different bacterial strains were used as the target microorganisms in this project and are to 

remain confidential. These were chosen and provided by Unilever. The strains were stored in 

cryovials (Microbrank™ Vials with Cryopreservative, Pro-lab diagnostics, UK) at -80ºC in an ultra-

low temperature freezer (U101 Innova®, New Brunswick, UK).  

The inoculum was prepared transferring one cryobead of stock culture of each strain to 3 mL of 

autoclaved Tryptic Soy Broth (TSB) medium (30 g/L TSB, VWR Chemicals, India). After incubation 

(ED 240 Incubator, Binder, Germany) at 30ºC for 24 h, 100 μL of inoculated medium were 

transferred into 100 mL of fresh TSB, which represents the second preculture, and incubated again 

in the same conditions for another 24 h. After the period of incubation, the microbial culture had to 

become concentrated to achieve the microbial level of 109 CFU/mL used for the inoculation of the 

compositions in challenge testing. In order to concentrate, 40 mL were removed from the second 

culture into a 50 mL falcon tube and centrifuged at 12.000 rpm (Eppendorf centrifuge 5810R, VWR, 

Germany) for 10 minutes. The supernatant was discarded and the pellet was resuspended in a 

certain volume of fresh TSB, according to each microorganism (in the range from 4 mL to 10 mL). 

The optical density (OD) was assessed at 600 nm (FilterMax F5, Molecular devices, USA).  

This resulted in a set of three pure cultures of different strains with the microbial level of 109 

CFU/mL. This level was chosen as, in the inoculation step, the inoculum is going to be diluted in 

the factor of 2, meaning that the microbial level in the sample will be in the order of 107 CFU/mL. 

The cultures were mixed in the same volumetric proportion 1:1:1 and the cocktail of the three strains 

was used to inoculate the different compositions. 

3.1.2 Conditions to be tested and preparation of compositions  

 

Formulations of preservatives and multifunctional ingredients 

In this project, several combinations of preservatives were tested in order to study the magnitude 

of their antimicrobial activity, i.e., the level of microbial decrease in these media. The tested 

compositions were composed by mixing different preservatives and multifunctional ingredients, 

which, in this study, are compounds that enhance the activity of preservatives. 
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In total three different preservatives: A, B, and C; and one multifunctional ingredient Z were tested 

for antimicrobial activity (Table 3.1). The aforementioned preservatives and multifunctional 

ingredients were also tested at different pH values. All these chemicals were decided and supplied 

by Unilever and are to remain confidential.  

 

Table 3.1: List of the preservatives, multifunctional ingredients and pH values used in the tested formulations. 

Preservatives Multifunctional ingredient pH values tested 

A  
Z 

5.0 

B 6.0 

C 7.0 

 

The tested samples were organized in combinations, conditions and compositions. A combination 

could consist in triplets, duos or single chemicals. A triplet combination was composed by two 

different preservatives and a multifunctional ingredient. A duo combination was composed by two 

preservatives or one preservative and one multifunctional ingredient.  

A condition was defined as the different mix of preservatives or multifunctional ingredients of one 

combination. For example, the duo AC, composed by preservative A and C, and the duo CZ, 

composed by preservative C and multifunctional ingredient Z, are two different conditions. 

For each condition, different compositions were tested. As an example, for the triplet ABZ, one 

composition with the concentrations of 0.50% (v/v) of A, 0.25% (v/v) of B and 0.10% (w/v) of Z; and 

other with 0.25% of A, 0.50% of B and 0.30% of Z were tested. A composition of this type can be 

described as A1B1Z1 at pH1.  

A (%) / B (%) / Z (%) expresses the concentration of each composition, in the same order of the 

preservatives in the condition name. So one composition of 0.05 / 0.25 / 0.10 (%), for example, 

represents the composition that has an A concentration of 0.05%, B concentration of 0.25% and Z 

concentration of 0.10%. The concentrations will be expressed throughout this work in percentage. 

It can be volumetric (v/v)% or weigh/volume percentage (w/v)%, depending on the chemical.  

In this work, the following conditions were tested:  

 triplet ABZ at pH 6 and pH 7 

 duo AC at pH 5 and 6 

 duo CZ at pH 5 

 variations in the detergent concentration. 

These tested conditions were decided based on the synergistic combinations identified in the 

preliminary studies of this project. Combinations of preservatives and multifunctional ingredients 

which expressed synergy effects and both regions of growth and no growth for a specific 

concentration range, were the ones chosen to be challenge tested. The detergent is one of the 

compounds of the dilution medium, explained in the next section. It was decided by Unilever to 

perform CT with different detergent concentrations in order to study the influence of this chemical 

in microbial decrease. The tested compositions are summarized in Table 3.2. 
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Table 3.2: Summary of all the tested compositions, organized in combinations, conditions and compositions. 
The composition concentrations are expressed in same order of compounds as the name of the correspondent 
condition. The concentrations are in volumetric percentage, (v/v) %, or weight/volume percentage, (w/v)%, 
depending on the compound. 

 

 
 
 

Combinations 

Triplet Triplet Duo Duo Duo Triplet 

Conditions and Compositions (%) 

ABZ pH 6 ABZ pH 7 AC pH 5 AC pH 6  CZ pH 5 ABZ  
0.50 / 0.25 / 

0.30 

Variations  

of 

detergent 

0.05 / 0.25 / 0.10 0.05 / 0.25 / 0.10 0.05 / 0.10 0.25 / 0.20 0.05 / 0.10 

0.25 / 0.05 / 0.10 0.25 / 0.05 / 0.10 0.25 / 0.05 0.50 / 0.20 0.05 / 0.15 

0.25 / 0.25 / 0.10 0.25 / 0.25 / 0.10 0.25 / 0.075  0.10 / 0.05 

0.25 / 0.50 / 0.10 0.25 / 0.50 / 0.10 0.25 / 0.10  0.10 / 0.10 

0.50 / 0.25 / 0.10 0.50 / 0.25 / 0.10 0.30 / 0.05  0.10 / 0.20 

0.40 / 0.50 / 0.10 0.50 / 0.50 / 0.10 0.30 / 0.075  0.15 / 0.05 0 % 

0.50 / 0.40 / 0.10 0.60 / 0.70 / 0.10 0.35 / 0.05   9 % 

0.50 / 0.50 / 0.10 0.70 / 0.60 / 0.10 0.35 / 0.075   12 % 

0.60 / 0.70 / 0.10 0.75 / 0.75 / 0.10 0.50 / 0.05    

0.65 / 0.75 / 0.10 0.05 / 0.25 / 0.30     

0.70 / 0.60 / 0.10 0.25 / 0.05 / 0.30     

0.75 / 0.65 / 0.10 0.25 / 0.25 / 0.30     

0.75 / 0.75 / 0.10 0.25 / 0.50 / 0.30     

0.05 / 0.25 / 0.30 0.50 / 0.25 / 0.30     

0.25 / 0.05 / 0.30 0.50 / 0.50 / 0.30     

0.25 / 0.25 / 0.30 0.60 / 0.70 / 0.30     

0.25 / 0.50 / 0.30 0.70 / 0.60 / 0.30     

0.50 / 0.25 / 0.30 0.75 / 0.75 / 0.30     

0.40 / 0.50 / 0.30 0.05 / 0.25 / 0.50     

0.40 / 0.60 / 0.30 0.25 / 0.05 / 0.50     

0.50 / 0.40 / 0.30 0.25 / 0.25 / 0.50     

0.50 / 0.60 / 0.30 0.25 / 0.50 / 0.50     

0.50 / 0.50 / 0.30 0.50 / 0.25 / 0.50     

0.60 / 0.40 / 0.30 0.50 / 0.50 / 0.50     

0.60 / 0.50 / 0.30 0.60 / 0.70 / 0.50     

0.60 / 0.70 / 0.30 0.70 / 0.60 / 0.50     

0.70 / 0.60 / 0.30 0.75 / 0.75 / 0.50     

0.75 / 0.75 / 0.30      

0.05 / 0.25 / 0.50      

0.25 / 0.05 / 0.50      

0.25 / 0.25 / 0.50      

0.25 / 0.50 / 0.50      

0.50 / 0.25 / 0.50      

0.50 / 0.50 / 0.50      

0.55 / 0.55 / 0.50      

0.60 / 0.70 / 0.50      

0.70 / 0.60 / 0.50      

0.75 / 0.75 / 0.50      
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Preparation of preservative media 

In order to prepare the triplets or duos that were used in challenge testing, stock solutions of each 

individual preservative/multifunctional ingredient in a specific concentration and pH were prepared 

individually. The necessary amount of each preservative or multifunctional ingredient was dissolved 

in Dilution Medium (30 g/L of TSB, 0.05% (w/v) of chelating agent and 12% (v/v) of detergent). The 

chelating agent and the detergent are to remain confidential. The function of the dilution medium is 

to mimic the characteristic conditions and compounds present in most personal care products. For 

the pH correction, a pH meter (S220 SevenCompact™ pH/Ion, Mettler Toledo, UK) and 

concentrated solutions of Hydrochloric acid (5 M) and Sodium hydroxide (1 M) were used. 

Afterwards, the individual stock solutions of each preservative were mixed in the right proportions 

to prepare the triplets or duos that were used in challenge testing. 

3.1.3 Acceptance criteria and Methodology of Challenge Testing (CT) 
 

Acceptance criteria of CT 

The procedure of challenge testing consisted in inoculating the different compositions of 

preservatives/multifunctional ingredients to be tested (Table 3.2) with the target microorganisms 

and taking samples at predefined time intervals, as described in detail in the next section 

‘Methodology’. The number of samples in time was modified throughout the project, therefore it 

varied according to each formulation. In general 8 time points were planned to be taken: 0 hours, 

5 h, 10 h, 24 h, 34 h, 2 days, 7 d and 22 d, were 0 hours represents the time of the inoculation. The 

general procedure of challenge testing is described in Figure 3.1.  

 

 

 

 

 

 

Time points 0 h 5 h  … 2 d 7 d 22 d 

Average Microbial level (CFU/mL) 1x107 5x106 … 1x105 3x104 1x104 

 

 

  

 

 
 

 

 

 

 

 

 

  R1     R2    R3     R4    R5  

Figure 3.1: Schematic representation of the used procedure of CT. The falcon represent the tested composition 
and replicates tested in each CT. This antimicrobial composition was artificially contaminated with the target 
microorganisms and samples were taken towards time. The table represents the microbial level (CFU/ml) 
calculated for each time point. Using this data it is possible to plot graphs of the log decrease of the microbial 
population against time, which is represented in the graph on the bottom. 
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A challenge test is a procedure in which a product is exposed to a high concentration of specific 

target microorganisms in order to determine whether it is adequately preserved over its intended 

shelf-life (FDA, 2015). For this specific research project, two criteria were defined in collaboration 

with Unilever for assessing the efficacy of the preservation system (Table 3.3). 

 

Table 3.3: Acceptance criteria of CT defined by Unilever.  

CT criteria based on log reductions of the microbial population 

Criterion 1 3 log reduction after 2 days 

Criterion 2 No observable counts after 7 and 22 days 

 

 

This way, for a composition to satisfy criterion 1, there must be a 3 log reduction in the microbial 

population at 48 hours. Criterion 2 is fulfilled if a composition presents no observable counts at 7 

and 22 days. A composition is considered to ‘pass’ challenge testing if both criteria are satisfied.  

Based on these criteria of CT, experimental conditions were classified into 3 classes (Table 3.4). 

There are 3 classes to which a composition may belong. The class 0 includes the compositions 

that fail both criteria 1 and 2. Class 1 is for the compositions that only meet criterion 2. Finally the 

class 2 consists of the compositions that meet both criteria 1 and 2.  
 

Table 3.4: Comparison between the original criteria for challenge testing and the modelling criteria. 

Original criteria Classes 

Log reductions 3 classes: 0, 1 and 2 

Criterion 1: 

2 days → 3 log reduction 
 

Criterion 2: 

7 days → ND           22 days → ND 

0 → X Fails criterion 1 and 2 

1 → X Fails criterion 1 

       Meets criterion 2 

2 → Meets criteria 1 and 2 

*ND stands for no observable counts. 
 

The sampling scheme and number of replicates per sample have been designed in such a way that 

collected experimental data could lead, to both kinetic and probabilistic models. Results from 

challenge testing give information about the antimicrobial susceptibility towards the cocktail of 

species.  

 

Methodology 

For each composition 3 or 5 replicates were processed, number of replicates depending on the 

composition in question, each one with 30 mL volume of preservative media. First, each one of the 

compositions was inoculated with 300 μL of the inoculum previously described. Immediately after 

inoculation, the time 0 h was sampled: 1 mL of inoculated composition was transferred to 9 mL of 

sterile neutralizer Dey/Engley (D/E), (39 g/L D/E Neutralizing broth, Difco™, Becton Dickinson). 

The neutralizer was used to stop the action of the preservatives and multifunctional ingredients. 

After waiting 10 minutes in order for the neutralizer to have the required effect, the sample was 

plated. For each sample, the neat sample (S) and the dilutions 10-1, 10-2, 10-3, 10-4 and 10-5 were 

plated using the EasySpiral Dilute (Easy Spiral Dilute®, Interscience, France). The dilution medium 
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used to dilute the sample was sterile saline solution of 0.90% (w/v) NaCl (Sigma-Aldrich, Germany). 

General Brain Heart Infusion Agar (BHIA) plating medium was used (Composition (g/L): 12.5 brain 

extract; 5.0 hear extract; 10.0 proteose peptone; 5.0 sodium chloride; 2.5 di-sodium phosphate; 2.0 

Dextrose; 15.0 Agar; VWR Chemicals, Leuven, Belgium). The plates were then incubated at 30ºC 

for 48h. The compositions were incubated (BD 115 Incubater, Binder, Germany) at 25ºC until the 

next sampling time point. For each other time points of 5 h, 10 h, 24 h, 34 h, 48 h, 7 d and 22 d the 

procedure was the same: transfer 1 mL of one sample to a tube of 9 mL of neutralizer, wait for 10 

minutes, and plating in BHIA. After incubation, at 30ºC for 48h, the total number of colonies of each 

plate was counted using an automatic counter (Scan 300®, Interscience, France) and the software 

Scan Interscience. The detection limit of plate counting was 104 CFU/mL. Three controls were 

processed in each challenge testing, in order to evaluate the normal growth of the microorganisms 

thought time. The growth media used in the controls was TSB medium. 

3.2 Modeling approach 
 

 

The development of predictive models was one of the purposes of this project. A probabilistic 

growth/no growth model was chosen, opposed to a kinetic model, due to the typical applications of 

these types of models, defined in the previous section ‘Literature review’. The outcome of this type 

of models is the probability of growth, as they are focused on the conditions in which 

microorganisms can or cannot grow. In this work, instead of mentioning growth or no growth of 

microorganisms, the pass or no passing of challenge testing criteria was considered, which is also 

correlated with growth or not of microorganisms under certain conditions.  

The goal of the model is to predict, for a certain composition of specific concentrations of 

preservative and/or multifunctional ingredient, the microbial decrease through time and therefore, 

whether the compositions pass the challenge test criteria or not. For implementation and 

simulations MATLAB R2012a was used. 

An ordinal multinomial regression model was used. Given the fact that there were not enough data 

it was not possible to consider a polynomial model. A regression was used as the goal was to 

estimate the relationship between variables. An ordinal multinomial model was chosen since the 

results are going to be separated in classes and the order of the classes is important. The three 

previously defined classes of 0, 1 and 2 were the ones used in these models. An assumption was 

made, as this model was considered as linear.  

These models took into account each composition of ABZ and the class to which composition 

belonged, and estimated parameters for the model equation (Equation 3.1). The output of the model 

is the probability of one composition belonging in one of the three defined classes.  

The used model was a system of two equations for which parameters were estimated, according 

to Equation 3.1. This equation is a typical growth/no growth model equation (Equation 2.10). The 

logit function, defined in Equation 2.9, was used and it can be explained as the neprian log of the 

probability of one composition belonging to one class opposed to the probability of not belonging 

to that class. In this Equation 3.1, 𝜋𝑛, n = 0, 1 or 2, represents the probability of a composition 
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belonging in a certain class of 0, 1 or 2, and the 𝜋𝑛 value varies between 0 and 1. The parameters 

that were estimated are represented by 𝛼0, …, 𝛼𝑛 and 𝛼0
′ , …, 𝛼𝑛

′  and it is important to notice that 

they are not the same in both equations. Finally, A, B and Z represent the concentration of 

preservative A, preservative B and multifunctional ingredient Z, respectively, all in percentage (%).  

{

𝑙𝑛 (
𝜋0

𝜋1 + 𝜋2
) =  𝛼0 + 𝛼1 ∙ 𝐴 + 𝛼2 ∙ 𝐵 + 𝛼3 ∙ 𝑍 

𝑙𝑛 (
𝜋0 + 𝜋1

𝜋2
) =  𝛼0

′ + 𝛼1
′ ∙ 𝐴 + 𝛼2

′ ∙ 𝐵 + 𝛼3
′ ∙ 𝑍 

 

 

(3.1) 
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4 RESULTS AND DISCUSSION 

 
In this work two types of results were obtained. Firstly, the experimental results, which represent 

the evolution of microbial numbers as a function of time of exposure to each preservatives 

composition (results summarized in Figures 4.1 to 4.5). According to the obtained data, each 

composition was classified in one of the 3 classes mentioned in “Materials and methods” (Table 

3.4). Secondly, using the experimental results, two mathematical models were built for the triplet 

ABZ, one at pH 6 and the other at pH 7. In view of the experimental results it was possible to build 

the two predictive models, which are presented and discussed in section 4.2. 

4.1 Experimental results 

 

A summary of all the results is represented in Figures 4.1 to 4.5. Each figure and the respective 

axis captions provide information about the tested compositions represented in each graph. A 

system of colors was used in order to easily classify the results. Each color represents one class: 

(i) blue for the compositions which belong to class 0, (ii) orange for the compositions that belong to 

class 1 and (iii) black for compositions that meet class 2 criteria. The results of all the tested 

compositions mentioned in the “Materials and Methods” are represented as follows: the triplet ABZ 

at pH 6 (Figure 4.1) and at pH 7 (Figure 4.2), the duo AC at pH 5 and pH 6 (Figure 4.3), the duo 

CZ at pH 5 (Figure 4.4) and the detergent variations (Figure 4.5).  
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Figure 4.2: The three graphs represent the compositions tested for the triplet ABZ at pH 7. Three different multifunctional ingredient concentrations were tested, represented by 
each graph. The axis represent the A and B concentrations in (v/v) or (w/v)%. Each dot represents one tested composition and (i) blue is for the compositions which belong to 
class 0, (ii) orange for the compositions that belong to class 1 and (iii) black for compositions that meet class 2 criteria. 

 

Figure 4.1: Compositions tested for the triplet ABZ at pH 6. Each graph represents the formulations which were tested for a specific multifunctional ingredient concentration. 
The axis represent the A and B concentrations in (v/v) or (w/v)%. Each dot represents one tested composition and (i) blue is for the compositions which belong to class 0, (ii) 
orange for the compositions that belong to class 1 and (iii) black for compositions that meet class 2 criteria. 
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Figure 4.3: Compositions tested for the duo AC. The graph on the left represents the compositions tested at pH 5, while the one on the right the 
ones tested for pH 6. Each dot represents one tested composition and (i) blue is for the compositions which belong to class 0, (ii) orange for the 
compositions that belong to class 1 and (iii) black for compositions that meet class 2 criteria. 

 

Figure 4.4: Formulations tested for the duo CZ at pH 5. The axis represent 
the C and Z concentrations. i) Blue is for the compositions which belong to 
class 0 and (ii) black for compositions that meet class 2 criteria. 
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Figure 4.5: Tested compositions of detergent variations with the triplet ABZ 
0.50 / 0.25 / 0.30 (%), at different pH. (i) Blue is for the compositions which 
belong to class 0, (ii) orange for class 1 and (iii) black for class 2 criteria. 
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4.1.1 Triplet ABZ 

 

Firstly, the results for the ABZ triplet at pH 6 and 7 (Figures 4.1 and 4.2) will be discussed. For 

the triplet ABZ at pH 6, 38 compositions were tested and for pH 7, 27 compositions. For each pH, 

three different concentrations of multifunctional ingredient were tested: 0.10%, 0.30% and 0.50%. 

These specific concentrations were defined, based the preliminary studies referred in 

“Introduction & Problem Statement” and typical values applicable in industry (bibliographic 

references from 2016, not indicated due to confidentiality).   

In both cases of pH 6 and 7, the multifunctional ingredient effect was very clear. The three graphs 

of ABZ for each pH are displayed in increasing concentration of multifunctional ingredient. 

Comparing the three graphs for each pH it is possible to see the multifunctional ingredient effect 

as, with the increase of Z concentration, the compositions increased in order of class and had 

higher probability of passing CT criteira. Considering the multifunctional ingredient effect in 

the triplet at pH 6, there was only one condition that passes CT criteria, belonging to class 2, at 

the lowest concentration of Z (0.10%) (Figure 4.1). This condition is ABZ pH 6 0.75 / 0.75 / 0.10 

(%). In contrast, for the intermediate concentration of Z, 0.30%, three conditions belonged to class 

2. One of these is the same as for the lowest Z concentration, 0.75 / 0.75 / 0.30 (%), and the two 

other conditions have lower concentrations of A and B. These conditions, 0.60 / 0.70 / 0.30 (%) 

and 0.70 / 0.60 / 0.30 (%) were also tested at Z=0.10%, however, for this concentration, the 

compositions belonged to class 1. Finally, for the highest multifunctional ingredient concentration 

of 0.50%, 5 of the tested compositions passed all the criteria, 0.75 / 0.75 / 0.50 (%), 0.60 / 0.70 / 

0.50 (%), 0.70 / 0.60 / 0.50 (%) and 0.55 / 0.55 / 0.50 (%) and 0.50 / 0.50 / 0.50 (%) (Figure 4.1). 

As for the multifunctional ingredient effect at pH 7, at the lowest Z concentration no 

composition passed the criteria of CT. For the intermediate concentration of 0.30% three 

compositions belonged to class 2, the same three compositions that passed all CT criteria at pH 

6. With the highest concentration of multifunctional ingredient already four compositions belonged 

to class 2, the compositions of 0.75 / 0.75 / 0.50 (%), 0.60 / 0.70 / 0.50 (%), 0.70 / 0.60 / 0.50 (%) 

and 0.50 / 0.50 / 0.50 (%) (Figure 4.2). 

In view of our experimental results, it is obvious that the multifunctional ingredient had a significant 

influence on enhancing preservative activity. Synergistic preservative systems, created by the 

presence of a multifunctional ingredient, used with this purpose of boosting preservative activity, 

have been reported to demonstrate adequate anti-microbial efficacy without the use of harsher 

preservative systems, such as formaldehyde donors or alcohols (bibliographic reference from 

2007, not indicated due to confidentiality). This multifunctional ingredient Z, specifically, has a 

wetting ability that destabilizes and disrupts the microbial cell membrane, enhancing the 

intracellular penetration of preservatives (bibliographic references from 2006 and 2007, not 

indicated due to confidentiality). In conclusion, this multifunctional ingredient activity has a major 

potential as it allows to reduce the preservative concentration in products and design products 

with lower concentrations of preservative chemicals that also satisfy CT criteria, due to the 

multifunctional ingredient presence in the composition.  
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At last, there is a much bigger difference in the results from 0.10% to 0.30% than 0.30% and 

0.50%, which leads us to conclude that the multifunctional ingredient effect is not linear (Figures 

4.1 and 4.2). However, since only three different multifunctional ingredient concentrations were 

tested, it is not possible to take conclusions regarding the linearity of multifunctional ingredient 

effect. Further studies with different multifunctional ingredient levels should be conducted in order 

to study this effect. 

Secondly, it is also possible to conclude that the antimicrobial effect of the preservative 

compositions tested increased as a function of preservatives concentration. Both A and B were 

tested in the same range of concentrations, between 0.05% and 0.75%, for both pH 6 and 7, and 

they were used in similar proportions in most of the compositions. One composition has a bigger 

probability of passing CT if A and B concentrations are high (Figures 4.1 and 4.2).  

It is also possible to see that the results are symmetric. By imagining the line that represents A 

concentration equal to B concentration (x=y), it is easy to conclude, in all of the graphs of Figures 

4.1 and 4.2, both sides of the line are symmetric (Figure 4.6). This leads us to conclude that both 

A and B have the same weight in microbial reduction.  

 

Figure 4.6: Schematic representation of the symmetric of results (grey line representing A=B) and areas of 
lacking information (areas in circle). 

 

Information is lacking regarding compositions with a high concentration of A opposed to a low B 

concentration or otherwise (areas represented with a circle in Figure 4.6). Most of the tested 

compositions were concentrated near the A concentration equal to B concentration range. The 

reason for this is that according to the Cosmetics Regulation (EC) No. 1223/2009, both A and B 

are limited to the same maximum concentration in cosmetics (EU, 2009). In this way, in order to 

assure safety and the law requirements, it is safer to use A and B in similar proportions 

(bibliographic reference from 2009, not indicated due to confidentiality). Otherwise one 

preservative had to be present in a very high concentration, in order to compensate for the lowest 

concentration preservative and to assure the microbial requirements, therefore risking a 

concentration close to the maximum limit allowed by regulation. The preliminary studies, 

mentioned in Chapter 1, exhibited some synergistic effects between A and B. 
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Similar to the growth/no growth probabilistic models, mentioned in the ‘Literature review’, it is 

possible to see boundaries in each graph. The compositions between the region of one class i 

(i=0 or 1) and the region of class i+1, create a boundary of interest. For example, considering 

Figure 4.7, where the results of the triplet for pH 6 at lowest multifunctional ingredient 

concentration are represented, it is possible to see two lines that represent the boundaries 

between each class. These boundaries are a region of uncertainty as a minor variation in the 

concentration of chemicals can be translated in a change of results (McMeekin & Ross, 2002).  

 

Figure 4.7: Results for the triplet ABZ at pH 6 with Z=0.10%. The grey lines represent possible boundaries 
between class 0 and class 1, and also between class 1 and class 2. 

 

Finally it is possible to notice the differences between the results of pH 6 and the ones of pH 7. 

Firstly it is clear that for both pH values, the range of A, B and Z tested concentrations were the 

same. The A and B concentrations continued to vary between 0.05% and 0.75%, while the Z 

concentrations had same values of 0.10%, 0.30% or 0.50% (Figures 4.1 and 4.2). For the lowest 

Z concentration, 0.10%, the compositions were more effective in achieving microbial reduction at 

pH 6 than at pH 7. The compositions 0.50 / 0.50 / 0.10, 0.60 / 0.70 / 0.10 and 0.70 / 0.60 / 0.10 

(%) belonged to class 1 in pH 6, while in pH 7 belonged to class 0. In addition, there was one 

composition in pH 6 that met criteria of class 2, 0.75 / 0.75 / 0.10 (%), while in pH 7 this same 

composition belonged to class 1 (Figures 4.1 and 4.2). The same can be concluded for the 

compositions with a 0.30% concentration of Z: pH 6 compositions were more effective than pH 7. 

However, in this case, the difference of results was focused in the range of low concentrations of 

A and B. More specifically, the compositions 0.05 / 0.25 / 0.30, 0.25 / 0.05 / 0.30 and 0.25 / 0.25 

/ 0.30 (%), belonged to class 0 in the pH 7 results while in pH 6 they belonged to class 1. For the 

0.50% concentration of Z, for low A and B concentrations, the compositions 0.05 / 0.25 / 0.50 and 

0.25 / 0.05 / 0.50 (%) at pH 7, still belonged to class 0, opposite to the same pH 6 compositions 

that belonged to class 1 (Figures 4.1 and 4.2). This means that, for Z=0.50% and for low 

preservatives concentration, the antimicrobial compositions were more effective at pH 6 than at 

pH 7. However, this difference was not reported for higher concentrations of preservatives, as the 
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compositions 0.50 / 0.50 / 0.50, 0.60 / 0.70 / 0.50, 0.70 / 0.60 / 0.50 and 0.75 / 0.75 / 0.50 (%) 

fitted class 2 when tested at pH 6 and at pH 7.  

In summary, it is not possible to indicate that the compositions tested at pH 6 were more effective 

than at pH 7 or otherwise, as it depends on the multifunctional ingredient concentration also. For 

low multifunctional ingredient concentrations, the pH 6 compositions were clearly more effective 

than at pH 7 (Figures 4.1 and 4.2). As for intermediate and high multifunctional ingredient 

concentrations (0.30 and 0.50%), compositions with lower A and B concentrations, were more 

effective at pH 6 than at pH 7. Yet, for this same range of Z, and for intermediate and high A and 

B concentrations, there was not a big different between the results of the compositions at pH 6 or 

at pH 7 (Figures 4.1 and 4.2).  

In literature it was been reported that A, B and Z all have a big pH spectrum of action, varying 

between pH 4-8 in general (bibliographic reference from 2016, not indicated due to 

confidentiality). Small variations on pH, like in this case from pH 6 to 7, have not been related to 

a change in this preservatives activity. However, most of this studies were considering relatively 

high concentrations of preservatives and multifunctional ingredients. Therefore, there is not 

enough information regarding low preservatives concentration, which is precisely the region were 

more differences between pH were found in this work.  

The main conclusion is that the triplet ABZ is a successful combination of chemicals in reducing 

microbial levels of the tested microorganisms. In addition, this blend of preservatives and 

multifunctional ingredient, allows some degrees of freedom in formulation design, as several 

different effective compositions can be obtained by variating A, B, Z or pH. This result is very 

interesting for the future, as it allows to develop an efficacious composition that is also adapted 

to the product in question. It was possible to conclude that this multifunctional ingredient effect is 

of main importance as it allows to diminish a lot the preservatives concentration. Multifunctional 

ingredients are gaining more recognition nowadays and start to be present in almost all 

antimicrobial compositions (Clariant, 2011; Cosmetics & Toiletries, 2014). This type of chemicals 

can be the solution for all the personal care products that contain aggressive preservatives in 

their formulations, as formaldehyde donors or ethanol (bibliographic reference from 2007, not 

indicated due to confidentiality). Seeing the importance that multifunctional ingredients are 

gaining this days, it is only logical that further studies should be performed in this work. The 

multifunctional ingredient Z should be tested at more different concentrations, for example 0.20% 

or 0.40% which are intermediate values of Z compared to the ones tested in this study. This would 

also allow to conclude if the multifunctional ingredient effect is linear or not.  

4.1.2 Duo AC 

 

For the duo AC, 9 compositions were tested at pH 5 and only 2 for pH 6 (Figure 4.3). The axis of 

both graphs show that, in this duo, the concentration range of A and C are not the same. For pH 

5, the A concentration range was between 0.05 and 0.50 %, while the C concentration ranged 

from 0.05 to 0.10 %. The tested concentration range of A and C was different between pH 5 and 

pH 6. The A concentration range was the same for pH 5 and pH 6. The preservative C in pH 6 
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was used in a fixed and higher concentrations, 0.20%, than that in pH 5 experiments, 0.10%. In 

the preliminary studies of the duo AC at pH 5, it was concluded that the boundary of growth/no 

growth existed for C concentrations lower than 0.15%. For pH 6, it was observed that this region 

of boundary was present for C concentrations higher than 0.15%, therefore the 0.20% 

concentration value was chosen.  

Four of the compositions tested at pH 5 belonged to class 0 – 0.05 / 0.10 (%), 0.25 / 0.05 (%), 

0.30 / 0.05 (%) and 0.35 / 0.05 (%) – while the other five compositions belonged to class 2, 

satisfying all of the challenge test criteria – 0.25 / 0.075 (%), 0.25 / 0.10 (%), 0.30 / 0.075 (%), 

0.35 / 0.075 (%) and 0.50 / 0.05 (%). It is interesting to note that a small variation of C could make 

the results change from class 0 to class 2, specifically in the region of preservative A with range 

between 0.25% and 0.35%. In the mentioned A range, a small increase of C, from 0.05% to 

0.075%, translated in very different results – the compositions with 0.05% of C belonged to class 

0, while the ones with 0.075% of C to class 2 (Figure 4.3). Therefore, in this range, the C 

concentration is of main importance. This can be explained also by the preliminary data as those 

results show that there is a strong synergy between preservatives A and C for pH 5, while for pH 

6 there is indifference between the preservatives.  

However, this strong synergy was not reflected in the brother A concentration range. For the 

lowest A concentration, 0.05%, despite having a high concentration of 0.10% of C, the 

composition still did not fulfill any of the original CT criteria. Opposite to this, for the highest 

concentration of A of 0.50% and lowest C concentration of 0.05%, the composition already 

belonged to class 2. It is possible to conclude that the concentration of preservative A is also very 

important for the outcome of the results.  

For the duo AC further studies should be performed in order to have enough information to build 

a model. The pH range of PCP is very wide, as this definition includes a lot of different products. 

Therefore it would be interesting to collect information on synergistic combinations for different 

pH values, as the results would represent several different products. The results of the triplet ABZ 

give information regarding pH 6 and pH 7, near neutral pH values. Further studies of AC (and CZ) 

at pH 5 would be useful for acidic personal care products.  

4.1.3 Duo CZ 

 

In the duo CZ at pH 5, both the preservative C and the multifunctional ingredient Z were tested in 

similar ranges of concentrations. More specifically, C between 0.05 and 0.15% and Z between 

0.05 and 0.20%. In the 7 tested compositions, 5 of them belonged to class 0 and did not pass any 

CT criteria (Figure 4.4).  These are the compositions of 0.05 / 0.10, 0.05 / 0.15, 0.10 / 0.05, 0.10 

/ 0.10 and 0.15 / 0.05 (%). Two compositions, 0.10 / 0.20 and 0.15 / 0.20 (%), passed all the 

criteria of CT and belong to class 2. It is possible to define a boundary of growth/no growth 

between the class 0 range and the class 2 range, where the class 0 range is represented by the 

compositions in blue, and class 2 by the compositions in black. For the same C range, between 

0.10 and 0.15%, by varying the Z concentration between 0.05% and 0.20%, the compositions 

passed from class 0 to class 2 (Figure 4.4). This was caused by the multifunctional ingredient 
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effect described for the case of ABZ, as for the same C values, an increase in the multifunctional 

ingredient concentrations enhances preservative C activity and the results changed (as for 

example, comparing 0.10 / 0.05 with 0.10 / 0.20 (%)) (Figure 4.4).  

4.1.4 Detergent variation 

 

The influence of the detergent concentration on the preservative activity was also studied. The 

referred detergent is one of the three compounds of the dilution media, used in the composition 

media preparation. In this work, the same triplet ABZ 0.50 / 0.25 / 0.30 (%) was tested at pH 6 

and 7, with dilution medium containing different concentrations of detergent. The triplet was tested 

at three detergent concentrations: (i) 12% of detergent concentration tested at both pH 6 and 7 – 

the same concentration used in all CT –, (ii) 9% of detergent concentration tested at pH 6 and 7, 

and (iii) 0% of detergent tested at pH 6.  

Considering the results, the detergent had an influence on the preservative activity (Figure 4.5). 

Firstly, for the same detergent concentration, the results were very similar for both pH values. 

Both compositions tested with a 12% of detergent belonged to class 0. For the compositions with 

a lower detergent concentration at 9%, the results were classified as belonging to class 1, as they 

had no viable counts at 7 and 22 days, but did not reach a 3 log reduction at 2 days. The 

composition tested at 0% of detergent, with no detergent in the dilution medium, belonged to class 

2 and passed all CT criteria. Therefore, these results indicate that the presence of the detergent 

and the detergent concentration influence the efficacy of the compositions. It can be concluded 

that, a higher concentration of detergent causes a loss of preservative effect.  

This detergent belongs to a group of anionic surfactants and therefore, may affect the activity of 

a chemical. It has been reported that when the surfactant concentration exceeds the critical 

micelle concentration, the rate of penetration of drugs in the microorganisms decreases a lot 

(Mishra, et al., 2009). In a micellar medium, a chemical is divided between the micelles and the 

aqueous phase. Only the chemical present in the aqueous phase can interact with cells. It has 

been reported that this theory is valid when the chemical is a preservative system (bibliographic 

reference from 2016, not indicated due to confidentiality). Therefore the effective concentration 

of preservatives in the free media is lower than the reported concentration in the composition. 

The critical micelle concentration, meaning the minimum concentration of the surfactant 

necessary to create micelles, of other very similar detergent to the one used, is in the order of 

0.20% (v/v) in water at 25ºC (bibliographic reference from 1955, not indicated due to 

confidentiality). There are not reported values for the critical micelle concentration of the specific 

detergent studied in this work. However, in this work it is possible to consider this value as the 

critical micelle concentration, considering that both detergents are very similar, and considering 

that the low concentration of chelating agent in the dilution medium does not affect this value. 

Therefore we can conclude that, except in the case of 0% of detergent, all the other compositions 

were tested in conditions with micelles dispersed in the medium. This can be the explanation to 

why the increase of detergent diminishes the preservative activity.  
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Relatively to the detergent influence on preservatives, it would be interesting to study this effect 

for values between 6-12% of detergent concentration. The detergent is one of the components of 

major relevance in personal care products as it is the effective agent responsible for cleaning. 

Given this, it is not possible to reduce the detergent concentration to values lower than around 

6%, as the product would lose its function. Considering the experimental results, it was concluded 

that a higher detergent concentration translates in lower preservatives activity. Therefore the 

detergent concentration could be a factor to microbial inactivation. In the end, a deeper study on 

the detergent parameters, would allow to optimize more parameters on PCP design. 

4.1.5 Discussion of experimental results 

 
Firstly, it is important to comment the materials and methods used for CT. As mentioned in 

‘Literature review’, defining an inoculum level is one of the crucial parts of CT design. In this study, 

the inoculum level used in CT was 107 CFU/mL. The typical initial densities used in CT methods 

for cosmetics range from 105 to 107 CFU/mL (Brannan, et al., 1987; Campana, et al., 2006; 

Ferreira, et al., 2014). In this work, each challenge testing had the duration of 22 days. In the 

literature related to challenge testing in cosmetics, the typical reported duration of the procedure 

last up to 28 days of testing (Brannon, 1997; Campana, et al., 2006).  

One of the compounds of the dilution medium, used as medium for the preparation of antimicrobial 

formulations, was a chelating agent. Chelating agents are usually added in order to improve the 

cleansing ability of surfactants as they reduce water hardness by sequestration, precipitation or 

ion exchange of minerals dissolved in hard water (bibliographic reference from 2010, not indicated 

due to confidentiality). Although the chelating agent was not object of study in this work, it is 

important to mention that this compounds also have been reported to increase the efficacy of 

preservatives (bibliographic reference from 2010, 2014 and 2016 not indicated due to 

confidentiality).  

The obtained results of this work are only valid for the microorganisms of study and the conditions 

of the study, regarding temperature (storage of the antimicrobial compositions at 25ºC during CT) 

for example. It is also important to notice that these tests were performed using lab media instead 

real products. Obviously, the first reason for this was economic as it is very expensive to perform 

high throughput CT in real products, which have very complex formulations. In addition, lab media 

is easily reproducible, simple to work with and easier for obtaining high throughput results (Lund 

& Baird-Parker, 2000). This tests were performed to gain a broader knowledge and further studies 

should be performed with real products (Lund & Baird-Parker, 2000). The results of lab media, 

tested in this work, are representative as Unilever tested some of the present formulations in real 

products and obtained very similar results. Formulations of interest should be tested with real 

products before being implemented in product design.  
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4.2 Modelling 

 

As mentioned in ‘Materials and Methods’, a probabilistic growth/no growth model was chosen 

over a kinetic model. The reason for this is that when microorganisms experience progressively 

harsher conditions that eventually preclude growth, variability increases significantly and kinetic 

models will fail to provide accurate descriptions. Under these circumstances, it is more useful to 

consider the probability for growth, or in this specific case study, the probability of fail/pass the 

acceptance criteria (McMeekin & Ross, 2002).  

In this work, only the results of the triplet ABZ at pH 6 and pH 7 were used in the modelling. It 

was not possible to build models for the duos as there were not enough experimental data. For 

the triplet ABZ, two separate models were build, one for each pH value tested. pH was not 

integrated in the model as there are only data points at two discrete pH values. In order for the 

pH to be a part of the model, more data at different pH values was necessary. 

Using Matlab it was possible to calculate the parameters for the two equations (Equation 3.1). 

The solution of these equations, for one composition, was the probability of belonging to each 

class. The multinomial logistic regression (mnrfit) routine was used to estimate the model 

parameters based on the dataset. The multinomial logistic regression values (mnrval) routine, 

was used to give model predictions based on the model parameters. In the growth/no growth 

models, the parameters have no biological interpretation. Due to this and to confidentiality, the 

obtained parameters for each equation will not be presented. The modelling was developed by 

one colleague of BioTeC+, Simen Akkermans. 

Looking at the experimental results it is possible to explain better why an ordinal multinomial 

regression was used. It was not possible to consider a regression model with interactions of the 

type (A*Z), (A*B) or (B*Z), as there were not enough data. A polynomial second order model could 

not be used also due to lack of data. Only three different Z concentrations were tested, which is 

not enough to jump into conclusions regarding Z and A, or Z and B, interactions.  

For the data presented in the results, it is possible to see that the results look symmetric and that 

A and B have the same weight of preservative efficacy (Figures 4.1 and 4.2). There is no data 

regarding compositions with a higher A concentration opposed to a lower B concentration, or 

otherwise (for example, 0.20% of A and 0.80% of B), as explained in the experimental results. In 

the boundary between classes 1 and 2 it is even possible to trace different lines, since there is 

lack of data on the regions of high A opposed to low B, and low A opposed to high B 

concentrations (Figures 4.8 and 4.9). Consequently, it is not possible to make conclusions 

regarding these regions of uncertainty. Figure 4.8 considers that there are no interactions 

between A and B preservatives, what defines the result is the total A plus B concentration, 

regardless of the individual concentration of each preservative. In Figure 4.9, only the 

compositions with both high A and B pass all the criteria. Even if there A is present in a very high 

concentration opposed to a low concentration of B, it is not enough to pass all the criteria. This 

indicates that it is necessary that both preservatives are present in intermediate or high 

concentrations, suggesting that they need to interact.  
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To build each model, all the compositions of the triplet ABZ at pH 6 and 7, considered in the 

experimental results, were used. Besides these compositions, other extra compositions, not 

mentioned in the experimental results, were used. These extra samples were processed after 

July 2016, meaning that the corresponding experimental data was obtained by someone else 

after the completion of the experimental work presented above. However, in the interest of 

obtaining a more complete model, not only the present results were considered but also the 

compositions that were processed between July and October. In this way, for ABZ at pH 6, 

besides the 38 compositions described in the experimental results (Figure 4.1), other 8 

compositions were considered. For the triplet at pH 7, more 20 compositions were considered 

besides the 27 compositions described previously (Figure 4.2) (Appendix 1). 

4.2.1 Modelling preservative media activity at pH 6 

 
The outcome of this model was the prediction, for any ABZ composition at pH 6, of the probability 

of belonging to each class. For example, for pH 6, the predicted probability values calculated by 

the model, for the composition 0.70 (%) / 0.60 (%) / 0.20 (%), are given by a (0.3 ± 1.3)% 

probability of belonging to class 0, (95 ± 12)% for class 1 and (4 ± 12)% relative to class 2. The 

deviation, δ, was calculated by the stats tool of Matlab. The probability distribution is assumed as 

symmetric. The lower and upper confidence bounds for the predictions, are the predictions minus 

the deviation and predictions plus the deviation, respectively.  

In order to be possible to have a 2D graph view of the results, A and B were considered as equal 

in all the compositions represented in the Figures 4.10 to 4.15. It is important to notice that these 

graphs are only helpful to have a general idea of the results, as they only represent correctly 

compositions which have both A and B present and in which A concentration is equal to B 

concentration. The value read in the x axis represents the A concentration and B concentration 
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Figure 4.9: Results of the triplet ABZ at pH 7 and 
Z=0.50%. The grey line represents the boundary 
between class 1 and 2 considering that there are 
interactions between A and B. 

Figure 4.8: Results of the triplet ABZ at pH 7 and 
Z=0.50%. The grey line represents the boundary 
between class 1 and 2 suggesting that there are no 
interactions between A and B. 
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(not the sum of them). For example, the point (0.40%, 0.20%) of one graph, represents the 0.40 

/ 0.40 / 0.20 (%) ABZ composition. 

In the graphs, the ranges of color represent the probability values. The yellow stands for 100% of 

probability and the dark blue represents 0%. Therefore, the range of compositions present in the 

yellow region, have a 100% of probability of belonging to the class considered in that graph. The 

compositions present in the dark blue range have a 0% probability of belonging to the class 

represented in that graph. The colors of transition represent an area of uncertainty were it is not 

possible to predict if those compositions belong to that class or not (Figures 4.10 to 4.15).  

It is important to bear in mind that all the comments made to this graphs only consider 

compositions with A=B concentrations. The predicted probabilities for A≠B compositions need to 

be calculated by the equations of the model and cannot be read in the graphs. However it is 

interesting to comment this graphs with equal A and B concentrations since most of the tested 

compositions had very similar A and B concentrations, and considering that the obtained results 

suggest that the total weight of A+B may be what is determinant to microbial reduction.  

 

 

 

 

 

Figure 4.10: Graphs for each class, 0, 1 and 2, and for the lower bound of confidence, the predicted value 
and the upper bound, for pH 6. The title of each graph gives information regarding the class and the 
confidence interval represented in the graph. The x axis represents the A and B concentration, from 0.0 to 
0.8%; the y axis represents Z concentration, from 0.1 to 0.5%. 
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For each one of the classes the model predicts the most likely value of the probabilities 

distribution, the lower bound of confidence and the upper bound of confidence (Figure 4.10). In 

this type of models there is always a confidence interval with respect to the chance of belonging 

to a class. The confidence bounds define the lower and upper values of the associated interval 

and define the width of the interval. The width of the interval indicates how uncertain we are about 

the coefficients and the predicted observation. The bounds are defined with a 95% of level of 

confidence. The lower bound can be translated as a pessimistic version of the results and more 

restricted, while the upper bound as an optimistic view of the results.  

Considering the graphs in a general way, it is possible to see that when the class increased, the 

yellow region moved to higher concentrations of A and B (Figure 4.10 and 4.11). This followed 

the experimental results, where the higher the concentration of A and B, the more likely one 

composition would pass more CT criterion, and therefore belong to a higher class. There were 

differences between the predictions for class 0, 1 and 2. In the graph of predicted values for class 

0, the compositions in which the A and B concentration varies from 0.0% to 0.5% and Z between 

0.1% and 0.3% had a higher probability of belonging to this class. As for the corresponding graph 

of class 1, the compositions with the highest probability of belonging to this class, varied between 

almost the entire A and B range, depending mostly on the Z range. For class 2, this yellow region 

moved even to higher values of A and B, starting from 0.7% (Figure 4.10).  

Considering all of this, it is possible to make suggestions regarding future choices of compositions 

able to assure CT criteria, for pH 6. Firstly, very low values of Z, lower than 0.20%, should not be 

considered as these compositions still have a chance of belonging to class 0. By considering 

compositions with Z higher or equal to 0.3%, the chance of belonging to class 0 is eliminated. In 

order to choose a possible antimicrobial effective composition, a range of Z between 0.30 and 

0.50% should be considered. As for A and B, the antimicrobial effective concentrations range 

would vary between 0.50% and 0.80%.  

Figure 4.11: Lower bounds of probability prediction, with 95% of confidence, for each class at pH 6. 
Compositions in yellow have a 100% of probability of belonging to the class considered in the graph, while 
the ones in dark blue have 0% probability. The x axis represents the A and B concentration, from 0.0 to 
0.8%; the y axis represents Z concentration, from 0.1 to 0.5%. 
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4.2.2 Modelling preservative media activity at pH 7 

 

The pH 7 model was built similarly to the pH 6 model. For example, the predicted probabilities 

calculated by pH 7 model, for the composition 0.70 (%) / 0.60 (%) / 0.20 (%), are given by a (2 ± 

3)% probability of belonging to class 0, (81 ± 23)% for class 1 and (17 ± 23)% relative to class 

2. In the pH 6 model, this composition had a chance of 95.19% of belonging to class 1, while in 

the pH 7, this probability reduces to 81% because the probability of belonging to class 2 increases. 

This means that, for pH 7, the composition had both considerable chances of belonging to class 

1 or 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: Graphs for probability of belonging to each class, 0, 1 and 2, and for the lower bound of 
confidence, the predicted value and the upper bound, for pH 7. The title of each graph gives information 
regarding the class and the confidence interval represented in the graph. The x axis represents the A and 
B concentration, from 0.0 to 0.8%; the y axis represents Z concentration, from 0.1 to 0.5%. 
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Comparing the output of the pH 7 model with the pH 6 model, it is possible to see that the range 

of compositions that belonged to class 0 in pH 7 is much bigger than in pH 6 (Figures 4.10 and 

4.12). For class 0 predictions, lower bound and upper bound, the region of 100% probability varied 

between all the ranges of multifunctional ingredient concentration. This means that, regardless of 

the multifunctional ingredient concentration, if the A and B concentrations are low, there was still 

a chance that the composition might belong to class 0. As for class 1, the range of compositions 

was very small, varying between 0.6% and 0.7% of A and B. For class 2, the yellow region moved 

to A and B concentrations higher than 0.7%. In this way, compositions with low concentrations of 

A and B should not be considered, when choosing a composition at pH 7, in order to assure a 

product compliance with CT criteria. The reason for this was that, regardless of the multifunctional 

ingredient concentration, the compositions at pH 7 with lower preservatives concentration still had 

a chance of belonging to class 0.  

Figure 4.13: Lower bounds of probability prediction, with 95% of confidence, for each class at pH 6. 
Compositions in yellow have a 100% of probability of belonging to the class considered in the graph, while 
the ones in dark blue have 0% probability. The x axis represents the A and B concentration, from 0.0 to 
0.8%; the y axis represents Z concentration, from 0.1 to 0.5%. 
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Figure 4.14 and 4.15 represent the graphs of Figures 4.11 and 4.13, respectively, overlapped in 

one graph. This output is the combination of the 95% lower bounds of confidence of all classes. 

As such, it can be stated with 97.5% certainty that the conditions belong to a specific class with 

at least the probability indicated in the color bar. In both figures it is possible to distinguish three 

separate regions, represented in yellow: the region of class 0, the one of class 1 and the region 

of class 2. The region of each class represents the compositions that have a 100% probability of 

belonging to that class. The areas represented in blue, between the different classes, are areas 

of uncertainty. This means that, for compositions presented in the blue area it cannot be assigned 

a specific class.   

Figure 4.14: Results of the probability model established for data at pH 6. Overlapping of the three graphs 
for lower bounds of confidence, in Figure 4.11. The dark blue stands for the compositions which have 0% of 
probability of belonging to one class while the yellow for the compositions that have 100% probability of 
belonging to the correspondent class (as indicated in the color bar). The x axis represents the A and B 
concentration, from 0.0 to 0.8%; the y axis represents Z concentration, from 0.1 to 0.5%. 

Figure 4.15: Results of the probability model established for data at pH 7. Overlapping of the three graphs 
for lower bounds of confidence, in Figure 4.13. The dark blue stands for the compositions which have 0% of 

probability of belonging to one class while the yellow for the compositions that have 100% probability of 
belonging to the correspondent class (as indicated in the color bar). The x axis represents the A and B 
concentration, from 0.0 to 0.8%; the y axis represents Z concentration, from 0.1 to 0.5%. 
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A comparison can be made between the pH 6 compositions, with A concentration equal to B 

concentration, and the same compositions for pH 7. For pH 6, the range of compositions that 

belonged to class 0 is much smaller than at pH 7. The area of class 1 reduced considerably with 

pH increase. Class 1 occupied the majority of the considered area at pH 6, opposite to pH 7, 

where the area of class 1 was very small. However, the range of compositions at pH 7 that 

belonged to class 2 was bigger than at pH 6. Concluding, considering that the goal is to assure 

compliance with CT criteria using compositions with A concentration equal to B concentration, 

both pH 6 and pH 7 were suitable. Regardless, for pH 7 compositions, even with high and 

intermediate Z concentrations, there is a chance that the composition might belong to class 0, if 

A and B concentrations are low. As for pH 6, multifunctional ingredient concentrations equal or 

lower than 0.25% should be avoided as these compositions require high A and B concentrations 

(between 0.70% and 0.80%) to pass CT criteria. Consequently, this demands the use of A and B 

concentrations close to the maximum allowed by law. In both pH values, compositions with high 

Z concentrations (over 0.40%) and A/B concentrations over 0.60% satisfied CT criteria.  

In conclusion, there is not a clear answer whether compositions at pH 6 are considered more 

effective than at pH 7 in assuring microbial decrease. The results of this models are interesting 

to gain knowledge about the different classes regions. However, there is not an obvious 

conclusion to which composition is the best, as it depends if the manufacturer prefers to increase 

on multifunctional ingredient concentration or preservatives concentration in the product of study. 

Most likely this choice also requires adaptation to each product and to how the product chemicals 

interact with each one of these three chemicals used in the preservation system. In order to 

guarantee consumers safety and law requirements, it would be interesting to further study the 

region of intermediate A and B concentrations, for example between 0.50 and 0.75%, and 

intermediate Z concentrations, between 0.30 and 0.45%. This range of chemicals concentration 

represents the area of biggest interest as it can satisfy CT requirements of the product and 

economize the chemicals expenses on the products production.  

Regarding further model development, it would be interesting to include pH on the model and 

interactions of the type (A*Z) or (B*Z). In order to build this more complete model, more pH values 

and Z concentrations values should be studied. The only restriction for the multifunctional 

ingredient is that it needs to be lower than the limit concentration by regulation. Therefore is 

interesting to study the multifunctional ingredient influence on the preservatives activity and 

optimize this parameter. The study of the G/NG interface can provide a quantification of the hurdle 

concept, as it allows to choose conditions that are successful in assuring safety to the consumer 

without the excess of preservatives (McMeekin, et al., 2000). It would also be interesting to 

challenge test compositions which are in the boundary region. These boundary areas are a region 

of interest for future developments as they represent an area of intense physiological interest due 

to the fact that biological variability increases near the interface (McMeekin & Ross, 2002). 
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4.2.3 Model validation 

 
As mentioned in ‘Literature review’, after constructing a model it is necessary to validate it. This 

is an essential step in model building. Validation considers two steps: internal validation and 

external validation (Fakruddin, et al., 2011). In this case it is possible to perform internal validation, 

using the results of the dataset that was used to build the model. Therefore, the accuracy of each 

model can be calculated using the dataset that was used to build the model. The model 

considered the class with the highest percentage of probability as the class to which a composition 

belonged. Consequently, it was possible to compare this class predicted by the model, to the 

class obtained in the experimental results. 

For the model at pH 6, the accuracy obtained was of 89%, while for pH 7 it was 89%. This means 

that for pH 6, 41 formulations, out of 46 formulations of the dataset, were predicted correctly using 

the model. For pH 7, out of the 47 formulations of the dataset used to build the model, 42 

formulations were predicted correctly by the model when compared to the experimental results. 

Considering each prediction individually, for both models, it was possible to see that the 

predictions failed mostly for the formulations that belong to regions of uncertainty. For pH 7, the 

formulations to which the prediction did not correspond to the experimental result, were the 

following: 0.60 / 0.70 / 0.10, 0.70 / 0.60 / 0.10, 0.25 / 0.50 / 0.30, 0.50 / 0.25 / 0.30 and 0.70 / 0.50 

/ 0.20 (%). While for pH 6, this formulations were: 0.50 / 0.50 / 0.10, 0.75 / 0.75 / 0.10, 0.50 / 0.40 

/ 0.20, 0.65 / 0.75 / 0.20 and 0.75 / 0.65 / 0.20 (%). 

It is possible to conclude that the model fails mostly for formulations with lower or intermediate 

multifunctional ingredient concentrations. This conclusion reinforces the necessity of a deeper 

study of formulations with intermediate Z concentrations. 

This values of accuracy are considered low, as they are lower than 90%. The reasons for this is 

that some of the data points belong to the boundary of uncertainty of predictions, and as 

mentioned, in this area of uncertainty no predictions should be made. Another reason for this is 

how the model is built. This model does not consider (A*Z) and (B*Z) interactions. However, one 

of the terms of the model depends on the Z concentration. Therefore, the influence of Z was 

considered linear. However not many different Z concentrations were tested and, as mentioned, 

this relationship does not appear linear when seeing the experimental results.  

External validation compares model predictions with microbial responses in actual personal care 

products. The purpose of this validation is to show model limitations. Therefore this second step 

of validation should be performed by Unilever, considering real products.  
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5 CONCLUSIONS AND FUTURE PERSPECTIVES 
 

 

The goal of this work was to optimize personal care products preservation systems through the 

study of different antimicrobial formulations and the development of predictive models. Based on 

synergistic combinations identified in the preliminary studies, CT were performed. Afterwards 

these results were used to build a predictive model.  

Regarding this study, it is possible to conclude that the CT design was adequate as it allowed to 

obtain relevant results. Both the Materials and Methods used in this work allowed to obtain high 

throughput and pertinent results. It was concluded that with the tested combinations, ABZ, AC 

and CZ, in specific concentrations, can be guaranteed compliance with CT criteria. The models 

provided a satisfactory description of the results and can be used to optimize future compositions. 

However, validation with real products should be performed before implementing any composition 

in industry.  

The principles of a self-preserving technology for PCP include: good manufacturing practice 

(GMP), appropriate packaging, emulsion form, water activity, pH control and multifunctional 

antimicrobial ingredients (Varvaresou, 2009). Considering this and the principles of Hurdle 

technology, defining the antimicrobial agents to be present in a product’s formulation is of 

paramount importance in PCP industry. This industry has been studying for many years 

synergistic combinations of preservatives (Varvaresou, et al., 2009). Methodologies like challenge 

testing have been performed in cosmetic products for years and vastly reported in literature 

(Brannan, et al., 1987; Campana, et al., 2006; Ferreira, et al., 2014).   

However, almost no information is available regarding predictive microbiology applied to PCP. 

Modelling growth/no growth of undesired microorganisms in foods has been studied for several 

years in foods (Baranyi & Roberts, 1994; Dang, et al., 2010), yet not on PCP. Ghalleb et al. and 

Berthele et al. authored some of the new and few studies relative to predictive microbiology of 

cosmetics and it is possible to notice that their works are mostly relative to pH or aw as factors of 

study. The G/NG models allow to estimate quickly the influence of minor changes in product 

formulas on the microbial stability of products, instead of time-consuming shelf-life studies or CT 

(Dang, et al., 2010). Besides, within the no growth region, it is possible to freely design new stable 

formulations.  

Therefore, the work described herein is of main interest regarding the study of predictive 

microbiology on personal care products, applied to preservative systems. Up to now, the choice 

of optimal preservatives mixture was based on empirical testing and often viewed as an art rather 

than a science (Prevot, et al., 2000). This work represents highly ground-breaking knowledge on 

preservative systems PCP. Modelling antimicrobial systems activity is the future. Firstly, it 

represents an economic advantage for companies, as it allows to reduce the quantities of 

preservatives used. Secondly, it allows to satisfy consumer’s demands for products with lower 

concentration of preservatives. It definitely creates a competitive advantage for companies. 

Therefore, an interesting application of this study would be to easily predict successful 

compositions in reducing microbial level, so that they could be incorporated in a product 
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formulation, in order to guarantee that the product is not spoiled during shelf life time. These 

models would eliminate future necessities of time-consuming shelf life studies.  

Concluding, this study shows that predictive microbiology on PCP or cosmetics is a reality and a 

possibility which only started being explored. As for future perspectives, it is possible to predict 

that this area of knowledge will expand in the future. Model building development and microbial 

studies will be closer areas.   
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7 APPENDICES 
 

7.1 Appendix 1 

 
Table 7.1: Formulations of the triplet ABZ at pH 6 and pH 7, used in the modelling, that were not represented in the 
experimental results. 

ABZ pH 6 (%) ABZ pH 7 (%) 

0.40 / 0.50 / 0.20 0.65 / 0.65 / 0.10 

0.50 / 0.40 / 0.20 0.70 / 0.50 / 0.10 

0.60 / 0.70 / 0.20 0.70 / 0.70 / 0.10 

0.65 / 0.75 / 0.20 0.80 / 0.50 / 0.10 

0.70 / 0.60 / 0.20 0.80 / 0.60 / 0.10 

0.75 / 0.65 / 0.20 0.60 / 0.50 / 0.20 

0.50 / 0.70 / 0.50 0.60 / 0.60 / 0.20 

0.70 / 0.50 / 0.50 0.60 / 0.70 / 0.20 

 0.70 / 0.50 / 0.20 

 0.70 / 0.60 / 0.20 

 0.75 / 0.75 / 0.20 

 0.50 / 0.60 / 0.30 

 0.50 / 0.70 / 0.30 

 0.60 / 0.50 / 0.30 

 0.60 / 0.60 / 0.30 

 0.70 / 0.50 / 0.30 

 0.25 / 0.40 / 0.50 

 0.40 / 0.25 / 0.50 

 0.40 / 0.50 / 0.50 

 0.40 / 0.50 / 0.50 
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7.2 Appendix 2 

 

Graphs of the log reduction over time, for each challenge tested composition. Only the graphs of the 

ABZ compositions at pH 6 are presented, given that this Appendix 2 is only to illustrate how the results 

were processed.  

In the graphs different formulations are presented, each one has a different symbol in order to identify 

them easily. A color code was used to describe the results, the same mentioned in the results (i) blue 

for the compositions that meet class 0, (ii) orange for the class 1 compositions and (iii) black for 

compositions which meet class 2.  

 

Figure 7.1: Microbial log reduction over time (in days) for the formulations 0.05 / 0.25 / 0.10, 0.05 / 0.25 / 0.30 and 
0.05 / 0.25 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 

 

Figure 7.2: Microbial log reduction over time (in days) for the formulations 0.25 / 0.05 / 0.10, 0.25 / 0.05 / 0.30 and 
0.25 / 0.05 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 
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Figure 7.3: Microbial log reduction over time (in days) for the formulations 0.25 / 0.25 / 0.10, 0.25 / 0.25 / 0.30 and 
0.25 / 0.25 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 

 

Figure 7.4: Microbial log reduction over time (in days) for the formulations 0.25 / 0.50 / 0.10, 0.25 / 0.50 / 0.30 and 
0.25 / 0.50 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 

 

Figure 7.5: Microbial log reduction over time (in days) for the formulations 0.50 / 0.25 / 0.10, 0.50 / 0.25 / 0.30 and 
0.50 / 0.25 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 
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Figure 7.6: Microbial log reduction over time (in days) for the formulations 0.50 / 0.50 / 0.10, 0.50 / 0.50 / 0.30 and 
0.50 / 0.50 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 

 

Figure 7.7: Microbial log reduction over time (in days) for the formulations 0.60 / 0.70 / 0.10, 0.60 / 0.70 / 0.30 and 
0.60 / 0.70 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 

 

Figure 7.8: Microbial log reduction over time (in days) for the formulations 0.70 / 0.60 / 0.10, 0.70 / 0.60 / 0.30 and 
0.70 / 0.60 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 
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Figure 7.9: Microbial log reduction over time (in days) for the formulations 0.75 / 0.75 / 0.10, 0.75 / 0.75 / 0.30 and 
0.75 / 0.75 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 1 compositions and 
(iii) black for compositions which meet class 2. 

 

Figure 7.10: Microbial log reduction over time (in days) for the formulations 0.40 / 0.50 / 0.10, 0.50 / 0.40 / 0.10, 
0.50 / 0.40 / 0.30, 0.40 / 0.50 / 0.30 and 0.55 / 0.55 / 0.50 (%). (i) Blue for the compositions that meet class 0, (ii) 
orange for the class 1 compositions and (iii) black for compositions which meet class 2. 

 

Figure 7.11: Microbial log reduction over time (in days) for the formulations 0.40 / 0.60 / 0.30, 0.50 / 0.60 / 0.30, 
0.60 / 0.50 / 0.30 and 0.60 / 0.40 / 0.30 (%). (i) Blue for the compositions that meet class 0, (ii) orange for the class 
1 compositions and (iii) black for compositions which meet class 2. 
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