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ABSTRACT 

Evolving microbiological testing methods have resulted in the imperative need for the 

development of different types of microbiological reference materials (RM). Research 

articles available in this area reveals that development in RM has been quite substantial in 

chemical testing as compared to microbiological testing, the primary reasons being 

stated, as the ease of spiking and recovery in chemical RM when compared to 

microbiological RM. A major challenge in achieving recovery and stability during the 

development of quantitative microbiological reference materials is influenced by factors 

such as temperature, the type of microbiological media utilized, the analysis method, 

interference from antimicrobial agents in food matrices, and the presence of competitor 

microorganisms in greater quantities than the target microorganisms. Most of the research 

papers in microbiological RM development are from developed economies with limited 

literature available for complex food matrices. An analysis of different International 

Depository Agencies under the Budapest treaty revealed that there are only three 

institutes based in Europe that provide quantitative or assigned value RM in 

Microbiology, thereby highlighting the scarcity in the availability of quantitative RM in 

Microbiology. RM plays a critical role in addressing data accuracy situations and the 

usage of the same has been mandated by ISO 17025:2017 for accredited laboratories. 

Presently in Microbiology food testing laboratories qualitative RM rather than 

quantitative RM is used due to the ease of availability and lucrative cost point of the 

former. 

The present study was conducted with three objectives of finding the best possible 

combination of nutritive and protective agents to be incorporated in the development and 

production of viable and stable assigned value or quantitative microbiological RM along 

with the creation of PT samples with the most common food matrices (skimmed milk 

powder) and validation with commercially available quantitative RM. Nutritive agents 

such as casein hydrolysate, soy protein hydrolysate, and fish protein hydrolysate at the 

concentrations of 5, 10, 15, 20 and 25% were evaluated for long term survival of  two test 

microorganisms, Escherichia coli MTCC 1610T& Salmonella enterica subspecies 
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Arizonae MTCC 660T. The effect of each of the hydrolysates was individually studied on 

E. coli & S. enterica at two different storage temperatures (5±2°C and -18±3°C).

Response surface methodology (RSM) was used for the optimization of the experimental

run. Soy protein hydrolysate and fish protein hydrolysate (mentioned concentrations)

resulted in the long-term survival of E. coli. However, when agar was introduced as

growth media during inoculum preparation. E. coli showed enhanced resistance and long-

term survival even in the presence of 5 – 15% fish protein hydrolysate. Fish protein

hydrolysate was found as the only effective nutritive agent for S. enterica. All three

hydrolysates were found to be ineffective in the survival of E. coli & S. enterica at -

18±3°C, as they were incapable of imparting cryoprotection. Hence for long term

survival, cryoprotectants were incorporated and assessed with RSM optimization.

Glucose, glycerol, trehalose, and bovine serum albumin were selected as the protective

agents to be used in the formulation. The final stage in the development of assigned value

reference material involved encapsulation using 2% carboxy methyl cellulose and 3%

gelatin, so as to   reduce water activity and to ensure that the developed product will have

water solubility. The produced reference materials were then assessed for homogeneity,

stability, and extended shelf life.

One way ANOVA was applied on the viability data of the produced quantitative 

RM of S. enterica and Fstat (0.03) <Fcritical(3.89), p-value (0.97) > 0.05 with overall mean 

log variation of the counts between the groups being (0.03) ≤ 0.1 leading to acceptability 

of homogeneity. The standard deviation observed was 0.14 ≤ Log10 0.35 at 4 months. The 

developed assigned value RM of S.enterica had viability up to 5 months and was 

homogeneous and stable at -18±3°C for 4 months. Similarly, a one-way ANOVA was 

applied to the viability data of the produced quantitative RM of E. coli. The results 

showed that Fstat (0.08) < Fcritical (3.68), and the p-value (0.92) > 0.05, with an overall 

mean log variation of the counts between the groups being 0.12 ≤ 0.1, indicating the 

acceptability of homogeneity. The standard deviation observed was log10 0.17 ≤ Log10 

0.35 and log10 0.33≤ Log10 0.35 at 4 and 5 months, respectively. The developed assigned 
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value RM of E. coli had viability up to 5 months and was homogeneous and stable for 4 

months at -18±3°C . 

The quantitative RM thus produced was subjected to inclusion of skimmed milk 

powder (SMP) as food matrix to create a proficiency testing (PT) sample. Direct 

inclusion of SMP in the produced quantitative RM resulted in contamination, low 

recovery, and loss in viability. Hence it was decided to prepare 10% sterile SMP 

separately and then inoculate in the produced quantitative RM before studying the 

inclusion of food matrix. Ten samples of produced quantitative RM of each 

microorganism were checked, and the z score was found to be within ± 1 indicating a 

normal distribution bell curve. Chi square was calculated for the observed and expected 

value which was observed to be insignificant to the Chi square critical value thus 

accepting the null hypothesis that there is homogeneity and appropriate recovery even 

with inclusion of SMP in the produced quantitative RM. Chi square calculated for E. coli 

was 0.04 and for S. enterica as 0.06, which is < than P value of 16.92 at 0.05 significance 

and 9 degrees of freedom. 

The produced quantitative RM was validated at five different laboratories which 

include three commercial laboratories and two academic laboratories. The z-score 

calculated from the laboratory reported results for E. coli and S. enterica was within ± 1 

indicating normal distribution bell curve and the standard deviation of all the reported 

results was 0.07 for both the microorganisms indicating no significant deviation in the 

reported results of the laboratories. Ten samples of the commercially available 

quantitative RM showed a 0.21 standard deviation which was at par with the produced 

quantitative RM. Hence, we were able to develop homogeneous RM of E. coli and S. 

enterica with a shelf life of 4 months. This study can be extended further to increase the 

shelf life by working on reduction of water activity, inclusion of other protective agents 

along with exploring lower temperature storage of – 80°C. 
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1.0 Introduction 

Reference materials (RM) are used in measurement processes like analytical testing and 

calibration to ensure data or measurement accuracy. RM are the known value samples that 

analysts use to understand whether the test method in use is giving appropriate results or 

fit for purpose. ISO 17025:2017, which is an accreditation standard for testing and 

calibration laboratories, has popularized the usage of RM in food testing laboratories, 

wherein RM are used in all the stages of the measurement process (1). For example, RM 

are being used for method validation, calibration, quality control, interlaboratory 

comparisons for method validation, method verification, including regular monitoring of 

method performance in the laboratory and for assessing laboratory proficiency (2,3). RM 

are essential tools for quality control of any type of testing or analysis (4). The reliability 

of RM depends on various properties such as stability, homogeneity and suitability or 

fitness to its purpose (5). Stability, homogeneity, and recovery are critical and challenging 

factors in the development of microbiological RM (6). Based on the available format for 

microbiological testing, RM can be broadly classified as (i) Qualitative RM; (ii) 

Quantitative RM; (iii) when (i) and (ii) have incorporated food matrices; (iv) Molecular 

RM, e.g., genomic nuclear material (like DNA); (v) Toxins produced by microorganisms 

(like mycotoxin, enterotoxin) (7). 

In routine testing, samples are unknown in terms of their expected value; hence RM are 

used to confirm that all the processes involved in testing are leading to accurate results. 

When RM has assigned or certified values, they are referred to as certified reference 

materials (CRM). 

According to the definition given by the International Organization of Standards 

(ISO) (2), RM are materials that possess sufficient homogeneity and stability for one or 

more specified properties. These properties have been established and are suitable for their 

intended use in measurement analysis. A certified reference material is defined as a 

reference material that is characterized by a metrologically valid procedure. This means it 

is traceable to an unbroken chain of metrological traceability, which leads back to the 
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respective metrological institutes within one’s own country or another country. This 

traceability applies to one or more specified properties. As per standards (1), accredited 

microbiology laboratories need to use certified reference materials (CRM) to achieve 

measurement accuracy. For any kind of testing that generates measurement values, either 

qualitative or quantitative, accuracy is the most important requirement, without which the 

entire effort of the analysts goes in vain (8). The measurement process varies in nature, 

considering the evolution of testing methodologies from as simple as measuring 

temperature to as complex as determining emerging contaminants in food. One of the 

significant differences between microbiological and chemical analysis is the involvement 

of living organisms as an analyte in the former type of testing. Testing methods in 

microbiology can be categorized into qualitative (detection, presence or absence, 

identification of microorganisms, etc.) and quantitative (number of colonies or colony-

forming unit(s) per sample) methods based on the quantity of sample size (9). The size of 

the sample can vary from 1 gram to 25 grams to 375 grams, and in some cases up to 750 

grams which may be defined by the regulatory bodies or testing method. The typical 

microbiological testing involves sample preparation (which can include sample weighing, 

homogenization, serial dilution using diluents), enrichment (pre-enrichment for 

resuscitation and /or selective enrichment for amplifying selective microorganisms of 

interest), culturing (subculture from enrichment broth to solid media) and biochemical 

identification involving incubation at various stages of testing. As per ISO standard (10), 

accuracy refers to both trueness and precision. It can be put forward in the simple equation 

as follows: 

Accuracy = Trueness + Precision. 

Based on this, accuracy can be defined as the closeness of results with each other 

(in case of more than one reading) and the true or reference value. When an actual true 

value is unknown, a mutually agreed or observed reference value is accepted. Trueness is 

defined as the closest agreement between the obtained average value and accepted 

reference value (ISO 5725-1:1994). The accepted reference value (ISO 5725-1:1994) is “a 
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value that serves as an agreed-upon reference for comparison, and is derived as one of the 

following: a) theoretical or assigned value based on scientific principles, 

 b) an assigned or certified value based on experimental work by a national or international 

organization,  

c) a consensus or certified value based on collaborative experimental work under the 

auspices of a scientific group,  

d) when a), b) and c) or not available, the expectation of the measurable quantity, i.e., the 

mean of a specific population of measurements.” In certain cases where outliers are 

observed or expected, the mean is replaced by a median, or simply, outliers are not 

considered for deriving the mean. 

 Commonly available CRM for microbiological laboratories are primarily 

qualitative and limited to strain traceability to culture collection as compared to chemical 

laboratories, where CRM have certified value as well. There are only three international 

depositories across the globe that provide microbiological quantitative RM. Hence, to 

improve measurement accuracy in microbiological laboratories, a focus on the usage of 

quantitative RM is required for estimating the accuracy and precision of quantitative 

microbiological methods. To achieve this, certified or assigned value microbiological RM 

should be cost-effective and readily available indigenously within the country.  

Another microbiological RM format, which is used for the Proficiency Testing 

Program, includes food matrices and assigned value target microbial strains and /or 

competitor microorganisms. RM in food matrices with competitor microorganism/s are 

used in the proficiency testing program (2).  The Centers of Disease Control and 

Preventions (CDC) has published competency guidelines for public health laboratory 

professionals, which mentions participation in proficiency testing (PT) as a part of 

regulatory compliance for public health laboratories in the microbiology testing domain 

(11). Microbiology testing is considered critical for public health as it helps in detecting 

and identifying outbreaks, new diseases, and biological threats. One of the objectives of 
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National Reference Laboratories (NRLs) established by the German Federal Institute for 

Risk Assessment (BfR) is to conduct inter-laboratory studies and participate in ring trials 

and proficiency tests within the national control program for Salmonella (12). Participation 

in PT to assess analytical skills is mandatory for all laboratories accredited under ISO 

17025:2017. Furthermore, as per ISO 17043:2023, PT evaluates the performance of 

participants or laboratory analysts against pre-established criteria through interlaboratory 

comparisons. PT is also called external quality assessment (EQA) in the clinical or medical 

field, as it is an assessment of the analytical performance of an indigenous laboratory with 

its contemporaries or to an accuracy-based reference system (13). The frequency of 

participation in the PT scheme is dependent on guidance documents released by the 

International Laboratory Accreditation Cooperation (ILAC), local geographical 

accreditation committees (Asia Pacific Accreditation Cooperation, European 

Accreditation), and the accreditation bodies responsible for that country. Hence, PT 

frequency can be annual or biannual for all testing parameters or sometimes can be 

dependent on the laboratories to choose, based on their assessment (14). There are 

commercial PT providers (PTPs) across the globe, primarily situated in the USA or EU, 

who provide PT samples, and most of the developing countries in Asia import PT samples 

from them (15). Despite the scarcity of literature on the creation of PT samples, only a few 

countries in Asia, namely China and Vietnam, have in-house manufacturers of 

microbiological PT samples accredited under ISO 17043:2023. 

This study focuses on the development of quantitative microbiological RM, PT 

samples with food matrix (skimmed milk powder) and validation of the produced RM 

along with commercially available RM. Further, the development of quantitative 

microbiological RM by using commonly used preservation techniques, identifying 

appropriate nutritive and protective agents along with determination of homogeneity, 

stability, and assigned value calculation of the developed quantitative RM will be 

emphasized in this study. After the development of quantitative microbiological RM, 

skimmed milk powder can be included as a food matrix to create PT samples. The selected 

target analytes or microorganisms for the development of quantitative RM and PT samples 
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are Escherichia coli and Salmonella enterica. These two are among the most significant 

foodborne pathogens implicated in various food safety-related recalls. The performance of 

the developed quantitative RM, in terms of homogeneity, stability, and shelf-life, will be 

evaluated in comparison with commercially available quantitative RM. 
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2.0 Review of Literature 

Reference materials are widely used in chemical and biological testing laboratories to 

ensure data accuracy as per the requirements of ISO 17025:2017 (1). Microbiological 

qualitative reference materials (RM) offer traceability to culture collections and are widely 

used due to their availability and cost-effectiveness. However, qualitative RM only allows 

for a basic assessment of performance, as they indicate merely the presence or absence of 

growth. In contrast, quantitative or assigned value RM has great benefits compared to 

qualitative RM. Quantitative RM helps in data accuracy and can support troubleshooting 

by identifying the root cause. It has been highlighted that the scarcity in availability and 

high cost of quantitative microbiological RM is due to fewer numbers of RM manufacturers 

(16). 

2.1 Application and Availability of Microbiological Reference Materials based on 

Global and Indian Scenario 

In developed economies like Europe (EU) and the United States (USA), certified value RM 

(CRM) is more emphasized and used in laboratories during routine testing (17). CRM plays 

a significant role in ensuring the quality of data produced in testing laboratories. 

Quantitative RM is used for method validation, quality control, instrument calibration, 

research and development and standardization of process (18,19). The amount of research 

available for microbiological certified value reference material is 1.3% (approximately) 

compared to 87.5% (approximately) for chemical and related certified reference material 

in the Scopus database. Table 1 provides the list of institutes under the Budapest Treaty 

that also act as international depository agencies (IDA) and support researchers by 

providing different types of microbiological RM required for food testing (20). Forty-eight 

institutes across twenty-six countries have been identified as IDA, which act as depositories 

for different types of microbiological RM. These IDA institutes were further assessed by 

visiting their websites to acquire knowledge on the type of microbiological RM provided 

as part of their services. Hence, it can be concluded that there has not been enough study 

available on the development of assigned or certified value reference material in 
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microbiology. Further, on analyzing the data from Table 1, it can be concluded that though 

we have thirty-nine institutes across twenty-six countries in the IDA list providing 

qualitative RM for microbiology food testing, the number of institutes that provide 

quantitative RM for microbiology is as less as three institutes across three countries, i.e., 

France, Germany, and the UK. There are thirty institutes across twenty-one countries that 

provide RM for molecular analysis. At the same time, only two institutes in two countries 

(Australia & USA) provide microbial toxins RM. One of the reasons for the low number 

of institutes providing microbial toxins RM may be the chemical nature of microbial toxins, 

which effectively pushes them under the chemical RM category rather than the 

microbiological RM.  Since only three institutes provide quantitative RM and all of them 

are in Europe, there is an urgent need for growing economies like India to develop 

quantitative or assigned value microbiological RM. This will help growing economies to 

attain data accuracy and have regulatory compliance for microbiological criteria that have 

been established by regulatory agencies like the Food Safety Standards Authority of India 

(FSSAI) (21). A microbiological criterion for food as per the definition in FAO (Food and 

Agricultural Organization) is "the acceptability of a product or a food lot, based on the 

absence or presence, or the number of microorganisms including parasites, and/or quantity 

of their toxins/metabolites, per unit(s) of mass, volume, area or lot." (22). Microbiological 

criteria can be further categorized as food safety microbiological criteria or quality 

microbiological criteria. As per CODEX, microbiological criteria have been used for many 

years (23). Microbiological criteria contribute to the improvement of food hygiene, even 

though they are based on empirical observation achieved by existing measures without any 

direct link to ALOP (appropriate level of protection) concerning public health (24). FSSAI 

has also established microbiological criteria for various food items, and one of its essential 

tasks is the surveillance of food produced in India, for which there are various FSSAI 

recognized microbiology food testing laboratories that assess the microbiological criteria. 

The food business operators who are unable to meet the FSSAI established microbiological 

criterion or criteria are subjected to legislative proceedings, which could lead to penalties, 

business loss, and confinement of business owners in some cases. In order to ensure the 
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accuracy of the testing procedures conducted by FSSAI recognised laboratories, it is 

imperative that these laboratories are accredited to ISO (1). 

Institute of Microbial Technology (IMTech) and National Chemical Laboratory (NCL) 

provide microbiological CRM where the strain is traceable to an internationally recognized 

culture collection in India. National Physical Laboratory (NPL) is the national metrological 

institute (NMI) or national measurement institute of India like the National Institute of 

Standards and Technology (NIST) in the USA or the Institute of Reference Material and 

Measurement (IRMM) in the EU. NPL has all RM under its wing except microbiological 

reference material. From 2017, NPL has come up with BND™ (Bharatiya Nirdeshak 

Dravya) as a trademark for RM produced in India. NPL encourages RM manufacturers and 

start-ups to produce reference material in India. Production of good quality RM in India 

has now been recognized as an essential step by NPL. Apart from the institutes listed in 

Table 1, various RM manufacturers worldwide provide assigned value RM for 

microbiological analysis. Table 2 provides a list of key commercial organizations 

manufacturing quantitative microbiological RM, along with the country of location for 

manufacturing operations. Some of the different formats of quantitative microbiological 

RM without the inclusion of food matrix as listed in the Table 2 includes dried discs 

(Lenticules® and Vitroids™), freeze-dried (BioBalls®), and lyophilized pellets 

(Epower™, easi-tab™). Figure 1 provides details of few key institutes providing different 

formats or types of RM. The formats listed over here or in figure 1 are not exhaustive; a 

considerable amount of work is required to develop better formats. Another 

microbiological RM format includes food matrices and assigned value target microbial 

strains and or competitor microorganisms. Competitor microorganisms could be from the 

same Family or similar Gram staining nature (e.g., presence of Enterobacter with E. coli) 

or the commonly present non-pathogenic microorganisms in a particular food matrix (e.g., 

Lactobacillus in curd). RM in food matrices with competitor microorganism/s is used in 

the Proficiency Testing Program (2). With the advances in technologies and the increased 

usage of techniques like polymerase chain reaction (PCR), there is a growing need for 

nuclear material RM in microbiology. Similarly, toxins produced by food pathogens such 
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as Staphylococcus aureus, or mycotoxins produced by molds like Aspergillus niger, have 

resulted in the development of purified toxin RM as well (25,26).  

There are different formats available for RM in microbiology, like quantitative or 

qualitative viable cells, combined in different food matrices like milk powders, cheese, 

etc., and nuclear materials, toxins produced by pathogenic food bacteria. The essential 

points to consider in the development of microbiological RM are homogeneity and stability 

at different temperatures, including storage and transportation. Different media, methods 

of analysis, interfering agents, and complex food matrices can also impact the recovery of 

microorganisms in reference material. The focus of our study is quantitative RM of 

foodborne pathogens, and the scientific literature available for the same has been 

elaborated in the next section
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Table 1: Key IDA institutes offering microbiological reference materials for food testing* 

Country International Depositary Authority (IDA) Types of RM Reference 

Australia The National Measurement Institute (NMI) Qualitative RM, Molecular – 
Genomic RM, Toxins 

http://www.measurement.gov.au  

Belgium Belgian Coordinated Collections of 
Microorganisms (BCCM) 

Qualitative RM, Molecular – 
Genomic RM  

http://bccm.belspo.be/index.php 

Bulgaria National Bank for Industrial Microorganisms and 
Cell Cultures (NBIMCC) 

Qualitative RM, Molecular – 
Genomic RM  

http://www.nbimcc.org 

Canada International Depository Authority of Canada 
(IDAC) 

Qualitative RM, Molecular – 
Genomic RM 

https://www.canada.ca/fr/sante-
publique/programmes/autorite-
depot-internationale-canada.html  

Chile Colección Chilena de Recursos Genéticos 
Microbianos (CChRGM) 

Qualitative RM, Molecular – 
Genomic RM 

www.cchrgm.cl  

China China General Microbiological Culture Collection 
Center (CGMCC) 

Guangdong Microbial Culture Collection Center 
(GDMCC) 

China Center for Type Culture Collection 
(CCTCC)  

Qualitative RM, Molecular – 
Genomic RM 

http://www.cgmcc.net 

 

http://www.gimcc.net 

http://www.cctcc.org.cn  

Czech Republic Czech Collection of Microorganisms (CCM) Qualitative RM,  Molecular – 
Genomic RM 

www.sci.muni.cz/ccm 
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Finland VTT Culture Collection (VTTCC) Qualitative RM http://culturecollection.vtt.fi 

France Collection nationale de cultures de micro-
organismes (CNCM) 

Qualitative RM, Quantitative RM, 
Molecular – Genomic RM  

https://www.pasteur.fr/en/public-
health/biobanks-and-
collections/collection-nationale-
cultures-microorganismes-cncm 

Germany Leibniz-Institut DSMZ - Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH (DSMZ) 

Qualitative RM, Quantitative RM, 
Molecular – Genomic RM  

http://www.dsmz.de/ 

 

Hungary National Collection of Agricultural and Industrial 
Microorganisms (NCAIM) 

Qualitative RM 
 
http://ncaim.etk.szie.hu 

India Microbial Type Culture Collection and Gene Bank 
(MTCC) 

Microbial Culture Collection (MCC) 

National Agriculturally Important Microbial 
Culture Collection (NAIMCC) 

Qualitative RM, Molecular – 
Genomic RM 

https://mtccindia.res.in 

 

http://www.nccs.res.in  

http://www.nbaim.org.in  

Italy Collection of Industrial Yeasts DBVPG 

Istituto Zooprofilattico Sperimentale della 
Lombardia e dell'Emilia Romagna 

Qualitative RM,  Molecular – 
Genomic RM 

 
http://www. dbvpg.unipg.it 

https://www.izsler.it 

Japan National Institute of Technology and Evaluation 
(NITE), NBRC 

Qualitative RM, Molecular – 
Genomic RM 

http://www.nite.go.jp/en/nbrc/pat
ent/npmd/index.html 

Latvia Microbial Strain Collection of Latvia (MSCL) Qualitative RM,  Molecular – 
Genomic RM 

http://mikro.daba.lv  
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Mexico Colección de Microorganismos del CNRG (CM-
CNRG) 

Qualitative RM, Molecular – 
Genomic RM  

http://cmcnrg.inifap.gob.mx/serv
icios.html  

Morocco Collections Coordonnées Marocaines de 
Microorganismes (CCMM) 

Qualitative RM 
 

www.ccmm.ma  

Netherlands Westerdijk Fungal Biodiversity Institute (CBS) Qualitative RM, Molecular – 
Genomic RM 

http://www.westerdijkinstitute.nl  

Poland IAFB Collection of Industrial Microorganisms 
Institute of Agricultural and Food Biotechnology 
(IAFB) 

Polish Collection of Microorganisms (PCM) 

Qualitative RM https://www.gbif.org/ 

 

www.pcm.org.pl   

Republic of 
Korea 

Korean Agricultural Culture Collection (KACC) 

Korean Collection for Type Cultures (KCTC) 

Korean Culture Center of Microorganisms 
(KCCM) 

Korean Cell Line Research Foundation (KCLRF) 

Qualitative RM,  Molecular – 
Genomic RM 

http://www.genebank.go.kr  

http://kctc.kribb.re.kr/  

 

http://www.kccm.or.kr/  

http://cellbank.snu.ac.kr  

Russian 
Federation 

Russian National Collection of Industrial 
Microorganisms (VKPM) 

Russian Collection of Microorganisms (VKM) 

Qualitative RM, Molecular – 
Genomic RM 

http://www.vkm.ru/collecti.htm  

http://www.vkm.ru  

Slovakia Culture Collection of Yeasts (CCY) Qualitative RM (yeast only) http://www.ccy.sk/  
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*Content in this table has been extracted from global list of institutes as per the Budapest treaty 

**Quantitative RM is provided only by NCTC (Public Health England, UK 

Spain Colección Española de Cultivos Tipo (CECT) Qualitative RM,  Molecular – 
Genomic RM 

http://www.cect.org  

Switzerland Culture Collection of Switzerland (CCOS)  Qualitative RM, Molecular – 
Genomic RM 

http://www.ccos.ch  

United 
Kingdom 

CABI Bioscience, UK Centre (IMI) 

National Collection of Type Cultures (NCTC) 

National Collection of Yeast Cultures (NCYC) 

European Collection of Cell Cultures (ECACC) 

National Collections of Industrial, Food and 
Marine Bacteria (NCIMB) 

Qualitative RM, Quantitative 
RM**, Molecular – Genomic RM 

http://www.cabi.org  

http://www.phe-
culturecollections.org.uk  

http://www.ncyc.co.uk  

http://www.ncimb.com  

 

 

United States of 
America 

Agricultural Research Service Culture Collection 
(NRRL) 

American Type Culture Collection (ATCC) 

Provasoli-Guillard National Center for Marine 
Algae and Microbiota (NCMA) at Bigelow 
Laboratory for Ocean Sciences 

Qualitative RM, Molecular – 
Genomic RM, Toxins 

http://nrrl.ncaur.usda.gov  

http://www.atcc.org  

 

https://ncma.bigelow.org  
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Table 2: List of key commercial organizations manufacturing quantitative microbiological reference materials  

 
Organization Name Trade Name Manufacturing Location Source 

Biosisto - Netherlands https://www.biosisto.com/ 

Biomerieux BioBall® Australia https://www.biomerieux-industry.com/  

FAPAS - UK https://fapas.com/  

ielab BACredi Spain https://www.ielab.es/en/  

Livsmedelsverket  - Sweden https://www.livsmedelsverket.se/en  

LGC easi-tab™ UK, USA https://www.lgcstandards.com/  

MilliporeSigma  Lenticule® Vitroids™ Switzerland https://www.sigmaaldrich.com/  

Microbiologics Epower™ USA https://www.microbiologics.com/  

NSI Lab Solutions Microgel-Flash™ 

Snap-Stick™ 

Unit Dose™ 

USA https://www.nsilabsolutions.com/  

FAPAS - UK https://fapas.com/  
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Figure 1. List of few key institutes providing different types of microbiological reference materials 
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2.2 Quantitative RM  

Quantitative RM of Bacillus cereus (ATCC 9139) was prepared by incorporating its spores 

in milk powder matrix (27).The purity of Bacillus cereus (ATCC 9139) culture was 

confirmed on sheep blood agar (SBA) which was incubated at 37±1°C for 24h. A single 

colony was selected and was suspended in peptone saline (PS) solution which was 8further 

used to inoculate polymyxin pyruvate egg yolk bromothymol blue agar (PEMBA) for rapid 

sporulation of B. cereus. After incubation, PS solution was used to harvest B. cereus 

sporulated cells. The suspension was collected and heated to inactivate vegetative cells. 

Thus, the heated suspension containing only spores was added to sterilized milk and termed 

as high contaminated milk powder (HCMP). To obtain the desired number of colony-

forming particles (cfp) in the reconstituted capsule solution, 0.014% of HCMP was mixed 

with commercially available sterile skimmed milk powder (SMP) which was initially 

gamma-irradiated and spray-dried. The mixing of HCMP with skim milk powder was done 

in multiple steps, wherein at each step, equal amounts of contaminated milk powder were 

mixed with SMP. In the final step, 4 kg of highly contaminated milk powder (HCMP) was 

mixed with approximately 3 kg of sterile SMP. To ensure proper mixing, a mortar and 

pestle were used, followed by spreading the mixture with a paper card. This process was 

repeated three times to obtain a homogeneous sample. A mixing apparatus (Bachofen, 

Basel, Switzerland) was used later to obtain a homogeneously mixed powder. Gelatin 

capsules, pre-sterilized by gamma irradiation, were filled with the mixed powder using an 

aluminium apparatus in a laminar airflow cabinet. Each of the 60 capsules contained 0.317 

grams of powder, totalling 19 grams. 

Thus, RM was certified by the Community Bureau of Reference (BCR) for its accepted 

reference value of cfp and testing for its homogeneity and stability. Stability was tested for 

normal storage temperature as well as higher temperatures to emulate transport conditions. 

To determine the accepted reference value, 12 laboratories were used to determine cfp on 

two different agar media: mannitol egg- yolk polymyxin agar (MEYP) and PEMBA. Based 

on results received from the testing laboratories, the assigned value was calculated, and 

RM was declared as CRM. The reconstitution of capsules also played a significant role in 
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recovery. There were various methods used for the reconstitution, like the placement of 

capsules in prewarmed PS solution, vortexing at various time durations, and analyzing the 

sample within 2 hours of reconstitution. The finalization of the reconstitution method for 

the prepared reference material is also crucial to have maximum recovery. 

2.3 Microbial Preservation Techniques 

Preservation of microbes is an essential step in the development of microbiological RM. 

The most common preservation method includes using a cold temperature (2 to 8°C) to 

store culture slants or plates with colonies followed by lyophilization (28). The main aim 

of all the preservation techniques is to slow down the metabolism of the microorganisms 

and use protectants to prevent further damage caused by the preservation techniques. Other 

preservation techniques are encapsulation, hydrogels, and hydrophilic or hydrophobic 

matrix creation for cell immobilization (29–31). New technologies like the cell alive 

system (CAS) technique, gelatin disk for transportation, microencapsulation by 

electrospinning, and electrospraying for intact microbiome preservation are helpful for the 

preservation of human gut microbes (32).   

2.4 Protective Agents in RM 

To develop reference material, one must produce it in a shelf-stable state. Since most of 

the microorganisms used in RM are prokaryotes, one must also be mindful of the stress 

triggered due to various preservation techniques like lyophilization, cryopreservation, etc. 

Several known protective agents are being studied and used to preserve the viability of the 

microorganisms. The well-known ones include dimethyl sulfoxide, polyvinylpyrrolidone 

(PVP), alcohols like glycerol, methanol, and sorbitol, protein-rich sources like blood 

serum, serum albumin, skimmed milk, peptone, yeast extract, and carbohydrates or their 

sources like saccharose, glucose, and malt extract (33). Gelatin has been used for 

preservation and storage of microbes like Enterobacteriaceae, Neisseria, Streptococcus, 

Branhamella, Haemophilus, Gemella, Pseudomonas, Flavobacterium, and Bacteroides 

species in the form of gelatin disks for a period ranging from 1 to 5 years at -20°C of 
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storage temperature (34). Essential factors in cryopreservation, particularly for pure 

culture, include the stage of cells and their physiological properties, which are dependent 

on their morphology, freezing and thawing rate, and protecting aid composition and 

concentration (35). 

2.4.1 Cryoprotectants 

Storage of microbial cells at freezing or ultra-low temperature is the most common type of 

microbial preservation, which results in the slowing of metabolic activity, leading to the 

survival of cells for a longer time. The general mode of functioning of cryoprotectant 

depends on its permeability. Macromolecules such as bovine serum albumin and SMP 

adsorb on the cell membrane, whereas small molecules such glycerol and dimethyl 

sulphoxide (DMSO) penetrate the cell membrane to offer protection from the outside 

environment changes (36). Most damage to the cells is brought by the unevenness of 

temperature distribution creating ice crystals which can have a detrimental effect on the 

microbial cells resulting in the loss of viability. Glycerol and DMSO are proven and 

commercially available cryoprotectants (32,33). Glycerol saline transport medium is used 

to preserve Salmonella and E. coli in fecal specimens during transport. At 4°C the survival 

is up to 4 weeks whereas for many years at -80°C (37). E.coli and S. enterica can be 

preserved with glycerol at -20°C for short-term preservation (1-3 years) and at -80°C for 

long-term preservation (up to 10 years). The lower the storage temperature, the longer the 

bacteria remain viable (38). Based on the experimental usage of cryoprotective agents, 

DMSO, methanol, ethylene glycol, propylene glycol and serum or serum albumin are the 

most effective cryoprotectants (39).  Cryoprotective agents are generally species-specific, 

though glycerol-based cryoprotectants, along with nutritive agents, can act as universal 

cryoprotectants for single species and artificially created microbial groups (40). 

2.4.2 Protein, Amino Acids, and Sugars 

Different microorganisms have different needs, and some studies indicate that proteins, 

amino acids, and sugars play the role of protectants during cryopreservation or stress 
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conditions. Peptones and peptides are common names used for protein hydrolysates (41). 

Protein hydrolysates provide essential nutrients, including nitrogen, vitamins, and growth 

factors, which are vital for the cultivation of microorganisms. They are used in culture 

media to support the growth and maintenance of microbial cultures (42). The preferred 

sources of protein hydrolysates are by-products and waste produced after processing plants 

and animal products. The types of peptones and peptides present in protein hydrolysates 

depend on the biological source and manufacturing process. The protein hydrolysate 

manufacturing process involves hydrolysis using acids, alkalis, heat, enzymes, or microbial 

fermentation. Hydrolysis generates different types of bioactive peptides with antimicrobial 

properties (41,43,44). The most expensive ingredient in microbiological culture media is 

nitrogen, and studies have been conducted to evaluate FPHs produced from fish or shrimp 

waste and peptones from casein (casein hydrolysate), yeast, soy (soy protein hydrolysate), 

and gelatin as cost-effective alternatives (45–50). Catfish protein hydrolysate has been used 

in the formulation of microbiological secondary reference materials by food-testing 

laboratories under ISO 17025:2017 to maintain data accuracy and prevent false-negative 

reporting. Study involving 14% of fish protein hydrolysate (FPH) produced from catfish 

showed a better viability effect on Salmonella than milk protein (51). The literature 

available on the development of quantitative RM is scanty (18), and only one research 

article on the usage of protein hydrolysate in development of RM. The effect of three types 

of sugars and five types of proteins was studied by Dianawati et al. (2013) for 

microencapsulated Bifidobacterium longum 1941, which was subjected to freezing 

conditions (52). Based on this study, it was concluded that 12% whey protein concentrate, 

12% Sodium caseinate, along 3% w/v glycerol were most effective in maintaining the 

viability of B. longum 1941 up to 99.2% during freezing conditions of storage. Hence, a 

combination of different proteins and sugars can have a better effect on the viability and 

act as a better protectant. There has been substantial research work conducted to identify 

protective agents and their optimal concentration for Lactobacillus cultures, which are 

primarily used to improve gut health. Protective properties of galacto-oligosaccharides 

have been described in preserving Lactobacillus delbrueckii subsp. bulgaricus CIDCA 333 
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(29). The composition of lactose, galactose, and glucose in the commercially available 

galacto-oligosaccharides was necessary for the protective nature. The presence of a higher 

percentage of lactose, galactose, and glucose along with galacto-oligosaccharides resulted 

in higher protection of L. delbrueckii subsp. bulgaricus CIDCA 333. 

 Glucose may not act as a primary cryoprotectant, but it can play a supportive role 

in the preservation of E. coli and Salmonella at low temperatures. Glucose (1%) when used 

in combination with cryoprotectants like glycerol can enhance bacterial survival rate during 

storage at freezing temperature (53,54). Trehalose is a disaccharide known for its protective 

properties, making it useful in the preservation of bacterial cultures. Trehalose maintains 

osmotic balance within the cells, which is crucial during the dehydration and rehydration 

processes associated with freezing and thawing. The role of trehalose in the growth and 

survival of S. enterica at high temperatures has been studied. The study found that trehalose 

accumulation is crucial for maintaining cell viability under stress conditions, including 

freezing (38,55). The addition of trehalose with glucose resulted in minimal disruption of 

protein expression, which resulted in effective cryopreservation of yeast (56).   

2.4.3 Buffers 

Various researchers have listed phosphate buffer and peptone saline as effective media for 

maintaining the viability of microbial cells. Peptone water (0.1%), phosphate buffer saline, 

maximum recovery diluent, etc. have been widely studied and demonstrated to be effective 

for the removal of toxic metabolic wastes or byproducts released by microbial cells, which 

in turn negatively affect cell survival (30,57,58). The revival or reconstitution of preserved 

cultures is an essential step in RM development and applies to various proficiency testing 

schemes. RM manufacturers in microbiology also provide instruction methods for 

reconstitution, which lists the procedure containing a type of recovery diluents and 

microbiological media for better recovery. The instruction also mentions the reconstitution 

period and time limit within which the reconstituted RM needs to be used or cultured. 

Nutritive microbiological media like tryptic soya broth/agar have also been tested to be 

good media for recovering microorganisms. Tryptic soya broth (TSB) is effective for the 
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reconstitution stage, whereas tryptic soya agar (TSA) has been found to give better 

recovery at the colony formation stage (59). 

2.5 Development of Formulation for Quantitative RM 

The primary objective in formulating quantitative RM is to achieve a fixed value of 

microbial cells that remain viable and culturable over a significant period. Preservation 

techniques, such as cold temperature storage and encapsulation, are effective tools for 

controlling microbial cell growth. These techniques are complemented by the inclusion of 

protective agents to prevent cell damage, as noted by various researchers in past (52,60). 

The main key to the development of formulation for quantitative RM involves selection of 

nutritive and protective agents for long-term survival of the target micro-organism along 

with maintaining homogeneity and stability. Based on the available scientific literature on 

preservation of cultures, the three key factors were selected for inclusion in formulation, 

nutritive agent, and protective agent to maintain cell membrane stability to avoid cell death 

and ease in resuscitation, and preservation technique utilizing lower temperature and 

encapsulation to maintain cell dormancy. Figure 2 below gives a schematic representation 

of the different components used for the development of the quantitative RM in this study. 

 

Figure 2. Schematic representation of components used in development of 
quantitative reference material formulation. 
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2.6 Utilization of Response Surface Methodology 

Response Surface Methodology (RSM) has been used in optimization study that involves 

more than two variables for process and product optimization using designed experiments 

(61). The selection of RSM was based on the opportunity to significantly reduce 

experimental runs without compromising the study, as it establishes a correlation between 

the different variable factors and extrapolates to provide the relationship (if present) 

between the different factors in the study (62). The RSM software uses a quadratic 

statistical model and utilizes Analysis of Variance (ANOVA) for the assessment and 

verification of the proposed model by the software. For the design of the experiment, the 

Box-Behnken Design (BBD) was used, as the experiment involved more than three factors 

(63). The statistical model codes the variable factors and the selected concentration in a 

three-level factorial design, which is -1, 0, +1, where 0 represents the center point (64). 

2.7 Determination of Homogeneity, Stability and Assigned Value of RM 

2.7.1 Determination of Homogeneity 

For any format of RM, traceability to the metrological SI unit is mandatory. This implies 

that the microbial strain and the equipment used in the characterization establish an 

unbroken chain of traceability. Estimation of uncertainty measurement is required to 

determine the certified or assigned value of the RM. For estimation of assigned or certified 

values in microbiology, Log base 10 values are used for CFU counts. The precision value 

of CFU obtained in microbiology studies is very extensive as it involves viable cells that 

are widely distributed or non-homogeneous in food matrices. As per ISO standard, 

assessment of homogeneity and stability is crucial for RM samples and is a bit tedious 

when it comes to microbiology RM (5). For estimation of homogeneity, sampling is done 

from the pool of RM prepared. Guidance on the number of samples to be drawn can be 

taken from ISO 33405:2024  for homogeneity and stability assessment (65). Units or 

samples selected from the produced RM batch for homogeneity assessment should have an 

appropriate statistical representation of the population or batch of produced RM. As per 

ISO 17034:2016, the units can be chosen, for example, by random selection, stratified 
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random selection, or systematic selection from a random start point (5). If different batches 

are produced, then the sample needs to represent all the produced batches. Different 

microbiological media and diluents need to be used during this homogeneity assessment as 

the recovery depends on the nutritional value of the media used. TSA or nutrient agar and 

diluents like TSB are used for enrichment steps that can increase the recovery from RM 

samples. Different statistical tools are used for homogeneity assessment, like an estimation 

of the standard deviation in the observed reading. As per ISO 13528:2022, the CFU value 

obtained should follow a binomial distribution or be within the Poisson distribution (66). 

Other values like mean values and fractions of negative value or % negative, where no 

recovery or values are different from the expected value, also need to be calculated for 

homogeneity assessment.  

 

Homogeneity formula    Tշ = Ʃ (Yi – Y+/I)²                (67) 

                                                        (Y+/I) 

Where Yi is the count observed for one capsule and Y+ is the total count from all capsules. 

The Tշ is homogeneity and will follow the X² distribution with I-1 degrees of freedom (I 

= number of samples tested). 

Different laboratories can also be used as part of a collaborative study of reference material, 

which also helps to understand the performance of RM in different conditions and different 

testing methods, and arrive at an accepted reference value for the developed RM (9). 

2.7.2 Determination of Stability 

Stable RM in microbiology is challenging, as we know the impact of temperature and time 

on viable cells. A shelf-life study needs to be conducted to assess the stability of 

microbiology RM. ISO provides details on stability determination. The evaluation of data 

obtained during the stability study can be analyzed for linear regression and the analysis of 

variance (66). A two-tailed t-test can be used to determine a significant difference in the 

value of replicate testing (57). The calculation of recovery is not listed in the ISO 
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17034:2016 document, but it has been calculated in some research papers where stability 

is monitored over a long period (5). Recovery (%) can be calculated based on the initial 

inoculum value and counts observed at different time intervals during storage (58,68). 

2.7.3 Calculation of Assigned Value  

To calculate the assigned or certified value, expert laboratories can be given RM samples 

to determine the assigned value (69). ISO 13528:2022 elaborates on the determination of 

assigned value and standard uncertainty by different approaches, like knowing the amount 

or value used for spiking or formulation, applying certified reference value, the result 

obtained from one laboratory, and a consensus value from expert laboratories (66). The 

limitation of each approach determines the selection of a suitable approach for calculating 

the assigned value. Formulation and certified reference value approach can only be applied 

if the analyte is homogeneously distributed in the food matrix and the availability of 

certified reference material of the target analyte (66). Estimation of the uncertainty budget 

is a necessary calculation that is included in the assigned or certified value and ISO 

19036:2019 can be referred for this purpose in microbiology (70). To establish the value 

for a certified reference material (CRM), it is essential to use measuring equipment, 

glassware, pipettes, etc., that are traceable to the International System of Units (SI). These 

instruments must have an unbroken chain of traceability leading up to a National 

Metrological Institute (NMI). Additionally, when using a culture strain, it must be traceable 

to a recognized culture collection. 

2.8 Current scenario & limitations in PT sample availability 

A brief overview of different microbiological Proficiency Testing Providers (PTPs) 

accredited by accreditation bodies for ISO 17043:2023 has been provided in Table 3. 

Several PTPs provide PT samples of different food matrices with different 

microorganisms. One of the popular formats of food matrix is lyophilized or freeze-dried 

powders used for creating PT samples. The probable reason for selecting this type of format 

is the ease of attaining homogeneity and stability of PT samples as they contain 
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microorganism(s) in the food matrix. Even in a single source water sample with indicator 

microorganisms, there can be variations seen due to random causes (71). Unexpected 

variations, or random causes, can often be attributed to the presence of living 

microorganisms, which result in a non-homogeneous sample. For proficiency testing (PT) 

schemes involving drinking or potable water, proficiency testing providers (PTPs) 

typically use pure cultures in a lyophilized state. Participants then add water to these 

cultures before analysis, which facilitates the ease of transporting water PT samples. For 

spices, the American Spice Trade Association (ASTA) provides a PT sample for 

Salmonella spp. in black pepper, which is in powder form. A similar format is provided by 

other PTPs, representing the spice matrix. From the data available on different food 

matrices used by PTPs to create PT samples, it can be concluded that a representative food 

matrix is used to represent a food segment. For example, lyophilized meat powder and 

lyophilized egg powder are used to represent meat and meat products and egg and egg 

products, respectively. Extended use of PT samples for capability development or 

troubleshooting in developing countries of Asia Pacific (APAC) is limited due to its high 

cost since most of the PTPs are situated in the USA and the EU. Hence, there is a need for 

an increase in the variety of PT samples with different food matrices, focusing on 

increasing the numbers of PTPs in the APAC region. 
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Table 3: Overview of Proficiency Testing schemes offered by accredited Proficiency Testing Providers across the globe  

Country Accreditation 
Agency 

Proficiency Testing Provider Matrix (Food/Water/Environment) Source 

USA A2LA Advanced Analytical Solutions, 
LLC 

Drinking Water, Non-potable water & 
environmental samples 

https://customer.a2la.
org/index.cfm?event=
directory.index 

 
USA A2LA AIHA Proficiency Analytical 

Testing Programs 
Environmental (pure culture) 

USA A2LA AOAC International Mashed potatoes, ground and processed 
meat 

USA A2LA Cherney Microbiological 
Services, Ltd. A wholly-owned 
subsidiary of Matrix Sciences 
International, Inc. 

Rehydrated mashed potato and whey powder 

USA A2LA ERA Drinking Water, Non-potable water & 
environmental samples 

USA A2LA New York State Department of 
Health Wadsworth Center 

Drinking Water, Non-potable water & 
environmental samples 
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USA A2LA Phenova, Inc. Drinking Water, Non-potable water, solid & 
chemical materials & environmental samples 

USA ANAB Matrix Sciences International 
Inc 

Pure culture (no matrix involved) https://search.anab.or
g/ 

 USA ANAB Moffett Proficiency Testing 
Laboratory, Division of Food 
Processing Science & 
Technology, Office of Food 
Safety, Center for Food Safety 

Raw milk, finished milk products, Shellfish 
Growing Area Waters, food products (no 
detail on matrix type provided in scope), and 
animal feed.  

USA ANAB NSI Lab Solutions, Inc. Cannabis, Cannabis Products, and Edibles, 
Food Items (no detail on matrix type 
provided in scope), drinking water, non-
potable water & environmental samples 

USA ANAB Sigma Aldrich RTC, Inc. Drinking water, non-potable water, 
environmental samples, Simulated Drinking 
Water, wastewater, Food & Beverage (no 
detail on matrix type provided in scope) 
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USA ANAB The University of Arizona, 
Aquaculture Pathology 
Laboratory 

Crustaceans 

Canada A2LA Clinical Microbiology 
Proficiency Testing 

Drinking Water & recreational water https://customer.a2la.
org/index.cfm?event=
directory.index 

 Canada A2LA Proficiency Testing Canada Inc. Water 

Germany A2LA Deutsches Referenzburo fur 
Ringversuche und 
Referenzmaterialien GmbH 
(DRRR GmbH) 

Milk, cheese, milk powder, fruit preparation, 
animal feed, food contact material, re-
cooling water,  

Belgium economie ILVO – EV (Eigen Vermogen 
VH Instituut Voor Landbouw- 
EN visserijonderzoek) 

Raw milk https://economie.fgov.
be/en/themes/quality-
and-
safety/accreditation-
belac/accredited-
bodies/proficiency-
testing-organizers 

 

  Prins Leopold Instituut Voor 
Tropische Geneeskunde 

animal tissue (pigs) 

  Réseau Qualité SUD 
(REQUASUD) ASBL 

Smoked salmon, Ham sausage, UHT milk, 
Soy milk 
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Germany DAkks Robert Koch-Institut ZBS Food (no details on matrix type provided in 
scope) & environmental samples 

https://www.dakks.de/
en/accredited-bodies-
search.html  

UK UKAS Fera Science Limited (FAPAS) Meat, Chicken, Rice, Flour, Salad, Fruit 
juice, Fruit, Egg, Fish, Milk & Milk powder, 
Infant formula, Pepper, Confectionery 
(including chocolate), Cocoa powder, 
Cheese, Ready to eat meal, Herbs and spices, 
Mixed vegetables, Animal feed, 
Environmental and sponge swabs, Potable 
water, Recreational water 

https://www.ukas.com
/find-an-
organisation/browse-
by-category/?cat=368 

 

UK UKAS LGC Limited Lyophilized test material, Food products 
(milk powder, oatmeal, tea, herbs, spices, 
etc.), skimmed milk powder, meat, and fish 
products, dairy and meat products, chocolate 
products, gelatine hydrolysate, animal feeds 
– Oatmeal, simulated water, and 
environmental products, plastic surface and 
plates, alcoholic beverages (beer), beverages 
– non-alcoholic, sugar. 

  UK Health Security Agency, 
Food and Environment 
Proficiency Testing Unit 

Freeze-dried format and control dried 
(Lenticule®) – pure culture 
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France cofrac ASA - Animal Societe Aliment Milk powder, gelled food matrix https://tools.cofrac.fr/
en/easysearch/resultat
s_advanced.php 

France cofrac BIPEA - Bureau 
Interprofessionnel D'etudes 
Analytiques 

Meat products (no detail on matrix type 
provided in scope), alcoholic beverages, 
fishery products (no detail on matrix type 
provided in scope), soft drinks, fresh or 
frozen fruit  

Australia A2LA IFM Quality Services Pty Ltd. Ready-to-test, dry food materials. Content 
varies with each round, e.g., soup mix, 
custard powder, infant formula, 
breadcrumbs, breakfast cereals, etc. Ready-
to-test skim milk powder, chocolate pieces, 
Fresh meat patty (freeze-dried), Fresh 
seafood paste (freeze-dried), Ready-to-test 
herbal preparation, freeze-dried vial of 
culture, swabs 

https://customer.a2la.
org/index.cfm?event=
directory.index 

Vietnam A2LA National Institute for Food 
Control 

Water (Bottled, mineral water, and domestic 
water), beverages (Soft drinks, alcoholic 
beverages), milk, meat & meat products, fish 
and fish products (no detail on matrix type 
provided in scope) 

Vietnam A2LA Quality Assurance and Testing 
Center 3 (QUATEST 3) 

Food and feedstuff (Meat, milk, cereal, 
aquatic products, nutritious powder, 
beverages, feedstuff, etc.) and water 
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Vietnam A2LA Quality Assurance of Vietnam Milk Powder, Milk Product, Animal 
Product, Fishery Product (no detail on matrix 
type provided in scope) 

Japan PJLA Japan Food Inspection 
Corporation Tokyo 
Metoropolitan Area Office 

Quantitative (no details provided on matrix 
type in scope) 

https://www.pjlabs.co
m/search-accredited-
organizations  

China CNAS Guangzhou Customs District 
Technology Center 

Food simulants (lyophilized powder） https://las.cnas.org.cn/
LAS_FQ/publish/exte
rnalQueryPTEn.jsp  

China CNAS Technical Center of Shenyang 
Customs 

Freeze-dried powder/artificial food 

China CNAS Analysis Capability Assessment 
System of Chinese Academy of 
Inspection & Quarantine 

Milk powder 

China CNAS National Institutes for Food & 
Drug Control 

Freeze-dried powder (simulated food),   

Freeze-dried fungus ball 

China CNAS Technical Center of Qingdao 
Customs District 

Simulated foods (Freeze-dried powder) 
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China CNAS Science and Technology 
Research Center of China 
Customs 

Lyophilized powder (Simulated food） 

China CNAS CFAPA Testing Technology 
Company Limited of Dalian 

Simulated food, milk, and milk products (no 
detail on matrix type provided in scope) 

China CNAS Shanghai Institute for Food and 
Drug Control 

Food (no detail on matrix type provided in 
scope) 

China CNAS Technology Centre of Dalian 
Customs District 

Food and Fodder (no detail on matrix type 
provided in scope) 
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2.9 Survival of Pathogenic E. coli & Salmonella in Food Matrices 

In simple terms, a microbiological PT sample should have a target analyte in homogeneous 

and stable form without any drastic change in its numbers and unaffected by the food 

matrix in which it is present. Since this food matrix is not the ideal environment for the 

growth of the target microorganism, survival becomes important. Also, the food matrix 

should not be conducive enough to allow growth of the target analyte as such conditions 

limit quantitative PT study. Microorganisms have evolved and developed adaptability 

while growing in extreme conditions and environments. While searching for articles on the 

development of microbiological PT samples in scientific literature, the search results are 

limited. There were only 402 articles available in the Scopus database with ‘proficiency 

testing’ as a keyword search in the subject area of ‘Microbiology and Immunology’. This 

constitutes only 0.06% of all articles available in the Scopus database with ‘proficiency 

testing’ in the keyword search. Moreover, such studies, including homogeneity and 

stability studies, are trade secrets of PT manufacturers. So, to provide useful information 

that can be used to create and develop PT samples, information and data were sourced from 

food safety incidents, food recalls, and survival studies of pathogens in food matrices. 

Troubleshooting food safety incidents also provides insightful information on favorable 

factors of food matrices, which can be extrapolated and used to design development studies 

for microbiological PT samples. To understand food pathogen survival better, pathogens, 

food matrices, and their interactions were studied. Hence, the factors that can aid in the 

survival of food pathogens and the effect of food matrices that can positively impact the 

survival of Salmonella spp. and E. coli were categorized and discussed in the following 

section. These factors are selected by their degree of influence on the survival of E. coli 

and Salmonella. During the study of these favorable factors, it was noted that some of the 

factors are interdependent and hence clubbed together. Factors like time, temperature, and 

relative humidity are interdependent, as put forward in various survival studies of 

pathogens in food matrices. Some of the intrinsic factors of food matrices like nutrient 

content, antimicrobials, and moisture level of food may or may not be interdependent. We 

have also tried to correlate the selected factors with the common practices observed to be 



50 
 

followed by PTPs viz., storage of PT samples at low temperature, avoiding the presence of 

competitor microorganisms in one PT sample, and preference of low water activity food 

matrices like lyophilized food or a freeze-dried powder to attain better homogeneity and 

stability (15). Figure 3 summarizes the factors that need to be considered during the 

development of PT samples for better survival of food pathogens. These factors, which 

influence the development of PT samples, are inoculum (level, strain type, growth phase, 

and preparation), storage conditions (temperature, time, pH, and relative humidity), 

protectants, and the kind of food matrices used. The details of the impact of these factors 

on the survival of E. coli and Salmonella are discussed in the sections below. 

2.9.1 Effect of inoculum level, strain type, growth phase & inoculum preparation on 

survival 

The survival of any micro-organism is greatly influenced by the initial quantity or level at 

which the said micro-organism is added to a food matrix. The survival rate of E. coli 

O157:H7 and Salmonella spp. inoculated on freshly hulled in-shell walnuts at 8 Log CFU 

per gram of each pathogen and stored for 12 months at 10°C and 65% relative humidity 

(RH) was studied (72). During the initial 8 days of storage, E. coli O157:H7 was detected 

at 2.86 Log CFU per gram, while Salmonella spp. exhibited a count of 4.4 Log CFU per 

gram. After 360 days, Salmonella spp. showed only 0.79 Log CFU per nut, whereas some 

samples fell below the limit of detection for E. coli O157:H7. This suggests that Salmonella 

spp. may have better survival under the given conditions compared to E. coli O157:H7. A 

similar study on the impact of inoculum levels of Salmonella spp. and E. coli O157:H7 

was reported in different nut matrices (in-shell walnuts, almonds, pistachios, pecan 

nutmeats, and pecan kernels), where low inoculum levels led to a significant decline in the 

survival rate of both pathogens. A better recovery rate is expected if the initial inoculum 

level is high, i.e., 7 – 11 Log CFU per gram, combined with storage at a lower temperature 

of 4°C as compared to a higher temperature of 23°C (73–77). Different Salmonella strains 

show different survival levels in different food matrices; for example, S. Oranienburg did 

not show survival on almonds and pistachios post 72 hours of inoculation drying and 
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storage at -19°C or 24°C with 7.3 – 7.5 Log of initial inoculum as compared to S.Anatum, 

S. Enteritidis PT 9c, S. Enteritidis PT 30, S. Montevideo, S. Tennessee. The raw almond 

kernels were inoculated with S. Enteritidis Phage Type 30 (8 Log CFU per almond) and 

stored at -20°C and 4°C for 550 days, showing no significant reduction in the counts, 

thereafter it can be concluded that for some species of Salmonella, larger inoculum value 

is required for survival in nuts (74).  

The initial steps or conditions introduced during inoculum preparation also affect the 

survival of microorganisms significantly under unfavorable conditions of different food 

matrices. In a study, researchers observed that the inoculum from agar plates exhibited 

greater resistance to drying compared to the inoculum taken from broth. This finding 

suggests that using inoculum from agar plates may lead to a better survival rate during 

inoculation (77). Lyophilized culture of S. Anatum, originally isolated from milk chocolate 

by the FDA, was found to have better heat-resistant capacity, supporting the prevention of 

initial osmotic shock of culture when inoculated in milk chocolate (78) Conventional 

testing of a foodborne pathogen from food samples involves selective enrichment steps, 

resulting in a preference for environmental strains rather than pathogenic human-origin 

strains (79). During the initial inoculum growth of E. coli O157:H7 and S. Typhimurium 

on restrictive nutrient media (M9), researchers observed an increased adhesion of both 

pathogens to the spinach surface (80), thus increasing their ability to survive.  

Starvation during the stationary phase and alkaline pH induces E. coli to express the 

production of phage shock protein, which can also be induced by other environmental 

stress conditions, viz., heat shock, osmotic shock, ethanol treatment, and filamentous phage 

infection. These phage shock proteins have been shown to increase the survival of E. coli 

in nutrient-deprived conditions (81). Similarly, cold shock before freezing S. Enteritidis at 

10°C resulted in its better survival rate (82). Under environmental stress of low 

temperatures, E. coli and S. enterica serovar Enteriditis adapt to filamentous phenotypes 

due to gene mutation for cell division (83–85). Filamentation has also been observed for S. 

enterica serovar Oranienburg in response to low water activity (83), whereas S. 

enterica serovar Paratyphi showed filamentous phenotype due to stress included from the 
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presence of salts in solid media (86). The cells in their exponential stage have shown greater 

injury levels due to sub-lethal stress than stationary cells as sub-lethal stress produces a 

burst of intracellular free radicals, which are responsible for the injury and death of 

microbes (87).  

Based on the survival studies data, different strains of Salmonella show different 

survival rates when subjected to the same food matrices. Hence, for manufacturing PT 

samples, a PT provider needs to have a complete understanding of the survival rate and 

performance of the selected strain. If the survival rate is not as expected, PTPs can change 

the strain to a more robust surviving strain, such as an environmental strain rather than 

human pathogenic strain, in the design of the experiment. Similarly, for better survival, the 

inoculum of E. coli & Salmonella can be subjected to stress by cold or heat shock, nutrient 

deprivation, selection of lag phase culture, and a higher inoculum of 7 – 11 log/gram can 

be considered for better survival in the PT sample. 

2.9.2 Effect of storage temperature, time, relative humidity & pH on survival 

Various studies have shown that environmental conditions have a great impact on the 

survival of E. coli and Salmonella. A study investigated the effect of storage temperature 

on Salmonella spp. inoculated in walnuts (73). Results indicated that a storage temperature 

of 4°C was more effective for pathogen survival compared to storage at 23°C. Additionally, 

a low initial inoculum of less than 400 CFU per nut was recovered after 3 months of 

storage. Long-term survival of Salmonella spp. in tree nuts has also been well studied and 

documented (74,77,88). Salmonella spp. can survive better at cold temperatures, and in 

some cases, it was observed that no changes in cell count occurred after one year of storage 

at − 20°C or 4°C (74,75,77,88). Studies conducted with an increase in temperature from 

− 20 to 5°C result in the decline of Salmonella spp. in pecan kernels, crushed cocoa shells, 

and hazelnut shells (75,89,90). Salmonella spp. can survive for a long period under reduced 

water activity supported by lower temperatures (91). The survival rate of foodborne 

pathogens is negatively impacted by an increase in storage temperature and time. The most 
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common storage temperature range that PTPs follow for microbiological PT samples is 

from -20°C to 4°C, with a maximum storage time of six months to one year. 

Relative humidity during storage can play an essential role as higher humidity of 85 – 

95% can influence the moisture level of the food matrices due to the equilibrium 

phenomenon, resulting in increased moisture content of the food matrices (92). With 

controlled temperature maintained at the PT provider end, the ideal relative humidity for 

PT samples is between 30 - 65% during the storage period. 

Apart from temperature, the pH of food matrices also significantly impacts the survival 

of foodborne pathogens. Survival of foodborne pathogens, including S. Typhimurium and 

E. coli O157:H7, was studied in different strength beer, where they were only able to grow

in alcohol-free beer, whereas in mid-strength beer, pathogens could survive for 30 days at 

4°C. Lower temperature favored the survival of pathogens in all types of beer, but a pH 

drop from 4.3 to 4.0 in alcohol-free beer prevented any growth of the pathogens (93). In 

another study, stationary phase cells of non-pathogenic strains of E. coli, E. coli O157:H7, 

and Salmonella spp. were subjected to acid adaptation to pH 5 in Tryptone Soy Broth (TSB) 

at 37°C for 4 hours and then inoculated in ketchup, mustard, and sweet pickle relish which 

are acidic food matrices. Acid adaptation enhanced the survival of E. coli, including 

pathogenic strains of E. coli O157:H7, and Salmonella spp. at 5°C in ketchup (Tsai & 

Ingham 1997). E. coli O157:H7 shows an enhanced ability to survive in acidic conditions 

of pH ≥4.0, and survival is positively influenced by the presence of specific acidulants, 

which include hydrochloric acid, acetic acid, lactic acid, and also by lower temperature, 

and the type of strain (94,95). Lower pH is generally considered as detrimental to the 

survival of food pathogens, hence for making PT samples with acidic food matrices, acid 

adaptation, and low temperature can be considered for aiding better survival of pathogenic 

strains of E. coli & Salmonella in low pH food matrices. 

2.9.3 Influence of protectants on survival 

The presence of glucose-fructose in growth media with 0.95 water activity for 12 hours can 

develop heat resistance in Salmonella spp. (91). Similarly, the positive influence of sodium 
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chloride or glycerol can be observed in the development of heat tolerance in Salmonella 

spp. (91). The significance of the broth base for the survival of Salmonella spp. was 

highlighted by a study. It was found that 8% NaCl in Nutrient Broth exhibits bactericidal 

effects against Salmonella spp., whereas the same concentration of NaCl in TSB (Tryptic 

Soy Broth) did not have bactericidal properties (91). Similar results were demonstrated 

where an increase in NaCl concentration in broth, representing food dressing or sauce 

containing acidic food, increased the survival of E. coli O157 SERL 2 (96). In a similar 

study involving different strains of non-pathogenic E. coli and S. enterica, researchers 

found that a 0.5% concentration of NaCl and 10% sucrose exhibited a protective effect 

against the lethal concentration of acetic acid for all strains of Salmonella and E. coli. (97). 

Protonated forms of acetic acid, malic acid, and L-Lactic acid have been shown to have a 

protective effect on E. coli O157:H7, where D-Lactic acid has the most protective effect at 

1 to 20 mM concentrations (98). Protective solutes can be selected and considered for 

inclusion in PT samples to increase the survival of E. coli & Salmonella in food matrices. 

2.9.4 Significance of water activity on survival 

Low moisture or low water activity food is generally categorized as food having a water 

activity of <0.6. To include more varieties of low moisture food matrices (nuts, 

marshmallows, jerky, nougat, mint, and dried sausages), low water activity food can also 

be assigned within the range of 0.6 to 0.85 (99,100). For optimal functioning and growth, 

microorganisms require water activity of 0.990 to 0.995. The water activity of 0.983 is 

inhibitory for Salmonella spp. whereas under 0.95 has been reported to be detrimental to 

the growth of E. coli. However, when solutes (NaCl) were used for adjustments, the 

minimum water activity for optimal growth of Salmonella spp. and E. coli was 0.950 (101–

103). Foodborne pathogens can remain viable and survive for a prolonged period in dry 

foods, raw materials, and food contact surfaces in food manufacturing environments, for 

example, steel and plastic surfaces, equipment, and food handling personnel (104–106). 

Salmonella spp. and Shiga toxin-producing Escherichia coli (STEC) have been shown to 

survive when dried on paper discs for 35 days at 35°C, whereas their survival rate increased 
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to 70 days at 25°C and was extended to 24 months at 4°C, suggesting prolonged survival 

at lower temperatures (107). Another study of the transfer of S. enterica via artificially 

contaminated salt of 0.49 water activity showed survival for 146 days (108). E. coli O121 

and Salmonella cocktails in wheat flour showed survival from ~7 logs on day one to ~2 

logs on the 360th day (109). One of the biggest challenges bacteria face in low water activity 

foods or dry conditions is managing water content within their cell and avoiding as much 

as possible damage to their cell components, such as DNA and protein components, 

including structures, i.e., the cell membrane, which is essential for their viability. The 

survival process for bacterial cells involves tackling three different stages, which include 

initial acclimatization to dry conditions, dehydration, and avoiding sudden changes in 

environmental conditions during resuscitation. A maximum number of cell deaths occur 

during the initial drying process as the bacterial cells need to react immediately to loss of 

turgor and cell membrane damage. With worsening drying conditions, bacterial cells 

maintain basic survivability by resisting oxidative damage and avoiding DNA damage. The 

presence of specific solutes, i.e., sucrose and trehalose in the medium during drying or low 

moisture conditions has shown a positive influence on the survivability of bacterial cells 

(107,110). The positive influence of these compatible solutes can be attributed to the 

increased accumulation in bacterial cells because of their low molecular weight. This 

process is supported by limiting further water loss without limiting the cellular process 

(111,112). 

Predictive modeling systems designed to assess the survivability of different 

foodborne pathogens in various food matrices have consistently identified pH and water 

activity as key influencing factors (113). Certain strains of STEC and E. coli O157:H7 are 

resistant to acids that can enhance survival in pepperoni, which is a low-moisture food 

(114). Though the accurate mechanism of survival of Salmonella spp. under low water 

activity conditions is not fully known, it can be attributed to lipopolysaccharide (LPS) 

present in the outer cell membranes (115). Higher water activity results in a higher death 

rate of E. coli O157:H7 and Salmonella spp. (116). In various studies, Salmonella spp. has 

shown more excellent heat resistance in low water activity than in high water activity 
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(117,118). Similarly, Salmonella spp. can survive in low moisture food with high-fat 

content and high sugar products (119–121). 

2.9.5 Impact of food matrices on survival 

Food matrices are categorized into food groups or food types based on the major 

ingredient(s) present in the composition of the food. The different components or 

ingredients present in the food can influence the growth and survival of microorganisms.  

2.9.5.1 Influences of different ingredients of food matrices 

S. Typhimurium survival rate was studied in regular and fat cheddar cheese, where the 

decline of S. Typhimurium was observed to be faster in fat-reduced cheese. The study 

further suggested that the reduction of fat levels from 48 to 36% resulted in a significant 

decline in the initial inoculum (122). A study of foodborne outbreaks involving low 

infective doses of Salmonella spp. highlighted the involvement of high fat and high protein 

food matrices, suggesting that such food matrices are protective against low levels of 

pathogens (123–125). Milk solids in skimmed milk can significantly increase heat 

resistance in Salmonella spp. and E. coli O104:H7. Lower percentages of milk solids (10%) 

were found to be effective in the survival of E. coli O104:H7, whereas higher percentages 

of milk solids (42 and 51%) were found effective for S. Typhimurium and S. Alachua (126). 

A study conducted to determine the reduction rate of 6 Log per gram of S. Eastbourne and 

S. Typhimurium in chocolate bars showed that S. Typhimurium was less resistant as 

compared to S. Eastbourne, as it could be recovered from chocolate bars after nine months 

of storage (127). Bitter chocolate showed more reduction in both strains as compared to 

milk chocolate. Similarly, meat meal was observed to provide better survival of Salmonella 

spp. as compared to fish meal and casein when inoculated with strains of Salmonella. 

Microbial contamination of matrices in the laboratory to create a PT sample is not 

similar to natural contamination. In natural contamination, protection is provided to 

microbes since they are embedded within the protein and lipids of the food matrices (128). 

So, to avoid the loss of microbial cells, artificial contamination in the lab should mimic 
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natural contamination as far as possible. S. enterica serovars were observed to be resistant 

to heat treatment up to 90°C in peanut butter and showed only a 3.2 Log reduction of the 

added inoculum (129). The heat resistance of S. enterica serovars was attributed to the 

colloidal nature of peanut butter, of fat and water in the peanut meal phase. Three serovars 

of Salmonella (S. Typhimurium, S. Newport, and S. Montevideo) were inoculated in 

sesame seeds and tahini (paste of sesame seeds) with 5 – 6 Log CFU per gram.  The 

complete reduction was seen in sesame seeds, whereas only 4.5 and 3 Log reductions 

were seen for tahini post 16 weeks of storage at 22°C and 4°C, respectively. Suggesting 

tahini as a better matrix for Salmonella serovar survival (130). Similarly, powdered infant 

formula was observed to be a better matrix, resulting in the survival of sub-lethally injured 

cells of S. Enteritidis and E. coli for 15 months (131). Shredded iceberg lettuce supports 

enhanced growth of E. coli O157:H7 and S. enterica serovars Typhimurium compared to 

uncut lettuce and water at 22°C (132). Cut surfaces can act as a harborage site for E. coli 

O157 and Salmonella spp. by providing a site for attachment and internalization (133).  

For manufacturing PT samples, PTPs use a representative of a particular food 

segment or category such as to represent (1) scope of testing (12). Selection of a particular 

food matrix that can act as a representative of a particular food category or segment needs 

to be made cautiously to facilitate the survival of the pathogen. 

2.9.5.2 Inhibitory effects of food matrices 

Spices and herbs are food matrices that exhibit antimicrobial or bacteriostatic activity. Most 

processed food matrices have preservatives in their formula, which are used to increase the 

shelf life of the products. Peppercorns and fenugreek seeds have shown survival of spore-

formers, coliforms, and pathogens such as E. coli and Salmonella spp. irrespective of the 

widely reported antimicrobial effect of spices and herbs (134). E. coli O157:H7 and S. 

Typhimurium have also been reported to have resistance to the antimicrobial effect of 

cranberry juice (135). 

Clove and garlic have shown better bactericidal activities as compared to mustard and 

ginger, which are bacteriostatic for E. coli O157 and S. Enteritidis (136). Six different 
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strains of Salmonella and E. coli O157:H7 were inoculated on fresh culinary herbs and 

stored at 4°C for 24 days to study the survival rate. Cilantro showed better survival when 

compared to rosemary (137). For an antimicrobial compound to be effective against 

microbes, it needs to be metabolized by them. Hence, during the physiological dormant 

state of foodborne pathogens induced due to stress and starvation, there will be limited 

efficacy of antimicrobials, which in turn explains the survival of foodborne pathogens in 

herbs and spices that contain natural antimicrobials. 

The adaptation study of E. coli has shown that it can adapt to a higher weak acid 

concentration of sodium benzoate and potassium sorbate in a stepwise manner of 1000 ppm 

with repetitive culturing can lead to adaptation to 7000 ppm (138). Mustard flour (10 to 

20%) and acetic acid (0.5%) show retardation in the antimicrobial effect of mustard against 

E. coli O157:H7 (139). For facilitating the survival of pathogenic & non-pathogenic strains 

of E. coli & Salmonella in the presence of antimicrobials, stress-induced cultures, 

stationary or lag phase cultures, and lower-dose antimicrobial adaptation, along with 

protectants, can be considered. 

2.9.5.3 Presence of Other Microorganisms 

Certain pathogens are negatively influenced by the presence of other microorganisms. For 

example, S. Typhimurium is negatively influenced by the presence of Streptococcus and 

lactic acid bacteria due to the production of hydrogen peroxide, lactic acid, and bacteriocins 

produced by the latter (87). S. Enteritidis on chicken and E. coli O157:H7 on beef showed 

an increase in the growth on treated or decontaminated meat due to the absence of non-

pathogenic competitor microorganisms, due to the treatment of meat (140). Similar studies 

of natural competitive flora in fresh river water and bank sediments showed that the 

survival of E. coli and E. coli O157:H7 is independent of competitive flora (141). However, 

the presence of stationary phase cells of S. Typhimurium and exponential phase cells of 

the same pathogen can develop resistance in exponential cells to stress and thus increase 

the survival rate of young cells. This phenomenon can be due to cell-to-cell interaction 

wherein old cells can impart resistance to young cells when present together in a single 
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medium (142). During the review of PT schemes provided by PTPs across the globe, it was 

noted that competitor microorganisms are avoided in the same PT sample. Most of the 

microbiological PT samples have single target microorganisms for qualitative and or 

quantitative determination. PTPs also offer schemes that can have more than two 

microorganisms belonging to the same group to minimize any effect from interactions 

between microorganisms from other groups. LGC Group offers schemes for 

Enterobacteriaceae, which include E. coli, Coliform (Enterobacter), and Total Mesophilic 

Count. Some schemes have Gram-positive microorganisms, viz., Bacillus cereus and 

Staphylococci, together in one PT sample. Based on the PT scheme information available 

on the websites of several PTPs, it can be concluded that the Gram nature of the 

microorganisms is considered for combining the microorganisms or target analyte in one 

scheme. Hence, Gram-positive and Gram-negative microorganisms are grouped separately 

in PT schemes by some of the PTPs. AOAC International provides separate PT samples 

for Salmonella, E. coli O157: H7, and Listeria monocytogenes. There are pathogen-free PT 

schemes provided by some of the PT providers, where E. coli, Coliform, 

Enterobacteriaceae, Aerobic Plate Count, Yeast and Mould are combined in one PT 

sample.



60 
 

 

  

 

 

 

 

 

 

 

 

 

 

  

                 
   

Figure 3. Factors to be considered during development of PT samples for better survival of food pathogens 

Inoculum 

Inoculum Level 

Inoculum Preparation 

Growth Phase & Type 

Microbial Type 

>107 CFU - High initial inoculum can result in better recovery as there is an initial 
reduction observed in food matrices after inoculation 

Inoculum from an agar plate, introduction of starvation, and adaptation to stress during 
inoculum preparation can have a positive influence on survival 

Stationary phase culture, nutrient-deprived or minimal media, the moderate concentration 
of glucose-fructose, sodium chloride, and glycerol in growth media increases survival 

Spore formers and environmental strains can have a better survival rate 

Environmental 
Conditions 

Temperature 

Relative Humidity (RH) 

Lower temperature has a positive effect on microbial survival 

Increase in RH can result in moisture increase in the food matrix during storage which 
can have a detrimental effect on microbial survival & stability 

Protectants 

Moisture 

pH 

Nutrient Composition 

Antimicrobials 

Competitor Flora 

Food Matrix 

Inclusion of certain solutes (trehalose & sucrose) in food can act as a protectant against 
microbes 

Low moisture, freeze-dried or lyophilized food offer better survival, stability, and 
homogeneity 

Protonated forms of acids (acetic, malic, and lactic) can offer protective effect 

High fat & high protein can have a protective effect on pathogen survival 

Antimicrobials in spices can result in a reduction of pathogens in food 

Certain microbes for example lactic acid bacteria in curd can reduce pathogen survival 
when present together. Microorganisms can be grouped in the PT sample based on 

Gram nature, Group, or Family 



61 
 

CHAPTER 3 

HYPOTHESIS
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3.0 Hypothesis 

In the current scenario, RM with and without food matrices are constantly required in 

microbiology laboratories involved in food testing. The major category of RM used 

routinely in food testing microbiology laboratories are qualitative RM which are provided 

by agencies like the American Type Culture Collection (ATCC), Microbial Type Culture 

Collection (MTCC), and National Collection of Type Culture (NCTC). These agencies 

characterize and maintain cultures in their repositories, which have traceability established 

to internationally accepted culture collection (17). For example, most of the MTCC 

cultures are characterized for equivalence to ATCC. They are made available in different 

formats, e.g., on nutrient agar slants, as lyophilized or freeze-dried in vials, capsules, or 

plastic loops. Such strains are procured by reference material providers and further used to 

develop assigned value RM or PT samples. Laboratories typically acquire RM from culture 

collections directly or through deposits made by researchers, which are then revived and 

tested for specific parameters to maintain consistency. Various methods are followed by 

laboratories for maintaining cultures, such as using 5 – 10% glycerol or 15% v/v glycerol 

combined with 5% sucrose and inulin with lyophilization. One of the drawbacks of using 

qualitative RM is their inability to predict the accuracy and precision of the testing process. 

This limitation is overcome by using quantitative or assigned value RM, as we know the 

exact range of micro-organisms present in quantitative RM. Additionally, quantitative RM 

can be used for method validation, method verification, and skill development of 

microbiologists. However, the use of quantitative RM are limited due to its restricted 

availability in developing countries and cost-effectiveness due to its single use. In India, 

there are no commercial manufacturers involved in producing quantitative RM, and less 

than 1.4% of scientific literature available in Scopus pertains to RM and CRM in 

‘Microbiology & Immunology’. Consequently, to address this deficiency and enhance the 

reproducibility of microbiological testing laboratories, urgent research is needed in the 

development of quantitative RM for the most tested microorganisms in food testing labs, 

namely E. coli and Salmonella spp. 
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 The present study aims to develop a cost-effective formulation for creating stable 

and homogeneous quantitative RM of E. coli and Salmonella. Various nutritional and 

cryoprotective agents will be assessed to identify the best combinations that ensure the 

development of validated RM. The preservation technique of encapsulation will be used in 

conjunction with storage at low temperatures to increase the shelf life of the produced 

quantitative RM. Based on the literature review, protein hydrolysates of casein (CH), soy 

(SPH), and fish (FPH) will be evaluated as nutritive agents, along with glucose, glycerol, 

trehalose, and bovine serum albumin as cryoprotectants. Further, response surface 

methodology will be employed following individual analysis of nutritive and 

cryoprotective agents to minimize the experimental runs and identify any synergistic or 

antagonistic effects on the target microorganisms. Figure 4 provides a schematic 

representation of the components used in developing the quantitative reference material 

formulation, and figure 5 outlines the steps involved in quantitative reference material 

development, followed by the inclusion of food matrix and comparison with available 

commercial reference material. The inclusion of SMP as a food matrix will be studied to 

create PT samples after the development of quantitative RM. 

 
Casein hydrolysate (CH), Soy protein hydrolysate (SPH), Fish protein hydrolysate (FPH), Bovine Serum Albumin (BSA) 

Figure 4. Schematic representation of components used in the development of 
quantitative reference material formulation  
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Figure 5.  Steps involved in quantitative reference material development followed by 

inclusion of food matrix and comparison with available commercial reference 

material 

Viability study followed by RSM for two selected food pathogens 

Glucose, Trehalose & Glycerol @ 5, 10, 15, 20 & 25% and bovine serum albumin @ 5 & 10% individually to 
be assessed for 2 Log culture of E. coli & Salmonella at 100 CFU/mL conc. for viability at 5±3°C & -18±3°C 

for 0, 7, 14, 21 & 30 days followed by response surface methodology study 

Encapsulation of E. coli & Salmonella  

Carboxymethylcellulose, guar gum and gelatin selection of ideal concentration based on physical observation 

of consistency, state, and solubility in water 

Study homogeneity and stability of produced reference material 

0 day, 4 days, 7 days, 14 days, 21 days, 30 days, 60 days, 90 days, 120 days till 10 months to ascertain shelf-life stability 

of the produced RM at room temperature, 5±3°C & -18±3°C 

Comparative study with commercially available certified value reference material 

Recovery rate of produced RM will be evaluated against products from commercial supplier  

Viability study of PT sample with inclusion of SMP 

 

Viability study followed by RSM for two selected food pathogens 

Casein hydrolysate, Soy protein hydrolysate & fish protein hydrolysate @ 5, 10, 15, 20 & 25% individually 
to be assessed for 2 Log culture of E. coli & Salmonella at 100 CFU/mL conc. for viability at 5±3°C & -

18±3°C for 0, 7, 14, 21, 30 & 60 days followed by response surface methodology study 
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4.0 Aims & Objectives 

 

4.1 Background 

A simple keyword search for ‘reference material’ and ‘certified reference material’ 

in Scopus yielded 14,068 documents. Of these, 12,311 documents pertain to the subject 

areas of chemistry, biochemistry, genetics, and molecular biology. In contrast, only 181 

documents i.e., approximately 1.4% of the total literature, are related to immunology and 

microbiology. Therefore, it can be concluded that RM for chemical testing has been more 

extensively developed than those for microbiological testing, largely due to the greater ease 

of spiking and recovery compared to microorganisms. Assigned value or quantitative or 

known value cultures are used extensively in pharmaceutical industries to demonstrate the 

accuracy of their readings in microbiology. In the EU and the US, the same practice is 

conducted in food testing laboratories as well. These quantitative RM can shed light not 

only on our testing skills but also on our testing methodology and process. 

According to the IDA list, 39 institutes across 26 countries provide qualitative RM 

for food microbiology testing. However, globally, only three institutes, one each in France, 

Germany, and the UK, offer quantitative microbiological RM. In India, quantitative 

microbiological RM are primarily imported from the US or the EU. The extensive R&D 

conducted by foreign manufacturers often leads to patented technologies, which increase 

costs. Additionally, customs duties further contribute to the high expense, making the 

regular use of quantitative RM in microbiology labs costly and economically impractical. 

Consequently, the development of quantitative microbiological RM could tap into 

unexplored markets in developing countries due to their current limited availability. This 

study can support the ‘Make in India’ mission of NPL and provide guidance to RM 

manufacturers in India to produce quantitative CRM in microbiology. 
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4.2 Objectives 

Looking at the aim of developing quantitative RM, the objectives mentioned below were 

undertaken to achieve the proposed study: 

1. Development of hydrophilic tube of quantitative RM using cryoprotectants with E. coli 

& S. enterica as target analytes. 

2. Develop quantitative RM with food matrix (skimmed milk powder) and compare 

viability with direct inoculation and in tube format. 

3. Validation of developed quantitative RM tube with commercially available quantitative 

RM. 
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5.0 Materials & Methods 

The research work was carried out to develop quantitative RM by identifying nutritive and 

protective agents along with the application of preservation techniques of encapsulation 

and low temperature. After the development of quantitative RM of E. coli and S. enterica, 

PT samples, including SMP as a food matrix were formulated. As a last step to assess the 

performance of the developed quantitative RM, commercially available RM containing 

similar target analytes were tested, and their performances were compared. The 

experimental steps are elaborated in the form of a flowchart in figure A2.  

Figure A2. Flowchart summarizing experimental workflow 
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5.1 Bacterial cultures for the development of quantitative RM 

5.1.1 Procurement of Culture 

The Microbial Type Culture Collection and Gene Bank (MTCC) strain of E. coli MTCC 

1610T and S. enterica subspp. Arizonae MTCC 660T was procured from the Institute of 

Microbial Technology (IMTech), Chandigarh (Figure 6). The MTCC was recognized by 

the World Intellectual Property Organization, Geneva, Switzerland as an IDA under the 

Budapest Treaty and provides microbial culture traceable to reputable culture collections 

which include ATCC, NCTC, German Collection of Microorganisms and Cell Cultures 

(DSM). The MTCC is an affiliate member of the World Federation for Culture Collections 

(WFCC) and is registered with the World Data Centre for Microorganisms (WDCM). 

E. coli MTCC 1610T is equivalent to NCTC 9001, ATCC 11775, CN 4382 & DSM 

30083 whereas S. enterica subspp. Arizonae MTCC 660T is equivalent to NCTC 8297 & 

ATCC 13314 in a lyophilized or freeze-dried state. Both the selected strains are type 

strains, wherein the MTCC has conducted viability and extensive identification tests to 

ascertain the culture type and biochemical response. 

 

 

Figure 6. Cultures received from Microbial Type Culture Collection, IMTech 
(Chandigarh) 

5.1.2 Culture revival & preservation 

Resuscitation of the procured strains was performed as per the instructions received from 

IMTech, on nutrient broth at 25°C following an incubation of 24 h. The ampoules were 

opened carefully due to the presence of a vacuum, and 70% ethanol was used to disinfect 
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the ampoules. A sharp file was used to make a groove at mid-way of the cotton wool present 

inside the ampoule, and the glass ampoule was snapped open by breaking its tip using a 

sterile cloth. The cotton wool was removed from the ampoule, and 0.3 mL of the nutrient 

broth was added to resuspend the lyophilized granules. After 20 minutes, the suspension 

was transferred into 10 mL of the nutrient broth. After the revival of lyophilized cultures, 

quality checks were performed using trypticase soy agar (TSA), MacConkey agar, and 

xylose lysine deoxycholate (XLD) agar. After ascertaining the quality of revived cultures, 

10% glycerol stocks were prepared for long-term usage and stored at -18±3°C. Sterile 

glycerol was added to resuscitate cultures present in the nutrient broth at 10% 

concentration. The prepared glycerol stock (0.5 mL) was further dispensed in sterile 

Eppendorf tubes, which were preserved by storing at -18±3°C until further use.  

5.1.3 Inoculum preparation for study 

For the preparation of 2 Log CFU culture, S. enterica and E. coli were inoculated in 

tryptone soy broth (TSB) and incubated overnight at 37°C, followed by serial dilution. The 

last three serial dilution tubes (10-7, 10-8, and 10-9) were used for estimating the culture 

density. After estimating the titer, the appropriate serial dilution tube was used for the study 

(59,143). Further, the effect of inoculum type on the growth and survival of the test 

organism was studied by reviving the 10% glycerol stock on trypticase soy agar (TSA) 

instead of TSB. In the earlier method of inoculum preparation, the growth medium was 

TSB, and, after revival at 37±1°C for 18 - 24 h, the TSB inoculum was subjected to serial 

dilution in 0.85% saline, and the desired serial dilution was used for further inoculation in 

protein hydrolysates and protectants study.  

For agar-grown inoculum, TSA was used as a growth medium for the revival of S. 

enterica and E. coli present in 10% glycerol stock solutions. The bacterial culture was 

streaked on TSA and incubated at 37±1°C for 18 - 24 h. A single colony was selected for 

serial dilution in 0.85% saline to estimate the titer, and the desired dilution tube was used 

for further inoculation in FPH. Using agar instead of broth for inoculum preparation 

introduced additional environmental stress to previously stressed cultures. These cultures, 
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preserved in glycerol under freezing conditions, were evaluated to determine the survival 

of S. enterica and E. coli due to the substitution of agar as the growth medium (15). 

5.2 Protein hydrolysates used in the study 

Peptones are classified based on their source, and the four major categories are meat (e.g., 

tryptose and gelatin), vegetable (e.g., soy and pea), milk-derived (e.g., casein and whey), 

and mycological (e.g., yeast and fungi) (47). CH, FPH, and SPH were selected for this 

study to represent the three major categories of peptones. The nitrogen content of plant- 

and animal-derived protein hydrolysates ranges from >7% to 15% and is mostly dependent 

on the source and method of hydrolysis employed (thermal, acidic, alkaline, or enzymatic) 

(144–146). The total nitrogen content from proteins estimated with the Kjeldahl method 

based on commercial manufacturer data for CH and SPH were ≥ 8% and ≥ 12%, 

respectively. Stolephorus indicus was used to produce FPH, which has an average of 

12±1% of total nitrogen content from protein (147) 

5.2.1 Fish protein hydrolysate  

FPH was provided by ICAR – Central Institute of Fisheries (CIFT), Kochi, and was 

processed using Indian anchovy (Stolephorus indicus). FPH was received in an airtight 

container was stored until further use. FPH produced by CIFT was a light brown colored 

powder containing <10% moisture and a total nitrogen content of 13.5±0.5%. 

 

5.2.2 Casein hydrolysate 

Technical-grade CH obtained from Loba Chemie (Catalogue no. 02575-500G) was a light 

brown powder with an ash content of 20.80%, sodium chloride content of 15.71% 

estimated by silver nitrate titration method, and a total nitrogen content of 12.7 %. 

5.2.3 Soy protein hydrolysate 

SPH obtained from Merck (Sigma catalogue no. S1674-100G) was a beige-colored powder 

derived from the hydrolysis of soybeans (Glycine max). SPH is soluble in water in the 
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presence of a slight haze containing 4% moisture, 8% ash, 9% amino nitrogen, and 13% 

total nitrogen. 

All three hydrolysates were sterilized using a boiling water bath for 15 minutes and 

autoclaving at 121°C for 5 minutes. Each hydrolysate was studied individually on both 

microorganisms by preparing 5, 10, 15, 20, and 25% concentrations in saline. Viability of 

the microorganisms was assessed in the hydrolysates using TSA at 37±1°C for 18 - 24 h 

for 0, 7, 14, 21, 30 & 60 days. 

5.3 Protectants  

Preservation techniques, such as cold temperature storage and encapsulation, are effective 

tools for controlling microbial cell growth. These techniques are complemented by the 

inclusion of protective agents to prevent cell damage, as noted by various researchers in 

the past (30,52). For this study, glycerol, glucose, trehalose, and bovine serum albumin 

(BSA) were selected due to their proven protective properties (33). Each of these four 

protective agents was individually assessed on both the microorganisms at two different 

temperatures, 5±2°C and -18±3°C. 

5.3.1 Glucose 

Anhydrous glucose (extra pure) of S.B Laboratories Chemicals (CAS No. 50-99-7) having 

a molecular weight of 180.16 g/mol, white colour in appearance and completely soluble in 

water was used as a protectant in this study. 

5.3.2 Glycerol 

Glycerol (purified) of S.B Laboratories Chemicals (CAS No. 56-81-5), a colorless liquid 

having a molecular weight of 92.09 g/mol, and 98% in assay content, was used as a 

protectant. 

5.3.3 Trehalose 

D-(+)-Trehalose dihydrate was procured from an authorized distributor of Merck (Sigma 

catalogue no. 90210-50G). It was a white colored powder of 100% purity as tested by the 
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HPLC method, specific rotation of 177.7 degree, and passes trace metal conformity 

requirement with no presence of glucose as estimated by enzyme assay. 

5.3.4 Bovine Serum Albumin 

Bovine albumin fraction V powder was procured from Loba Chemie (Catalogue no. 02230-

10G). It was cream colored crystalline powder in appearance, with 100% purity estimated 

by assay and 16% nitrogen content. The pH value of 1% solution in water was 7.47 with 

0.029% moisture. 

Glucose, trehalose, and glycerol were sterilized by autoclaving at 121°C for 15 mins, 

whereas BSA was sterilized using a 0.2-micron membrane filter. Glucose, trehalose, and 

glycerol were studied individually on both microorganisms by preparing 5, 10, 15, 20, and 

25% concentrations, whereas BSA was studied at 5 and 10% concentrations prepared in 

saline. The viability of the microorganisms was assessed in the protectants using TSA 

(37±1°C for 18 - 24 h) at 0, 7, 14, 21, and 30 days. 

5.4 Media & Diluents 

TSB and TSA were used in the inoculum preparation for the individual study of 

hydrolysate and protective agents. Trypticase or tryptone soya medium is a versatile 

medium and is mostly used as a revival medium due to its non-selective nature.  

5.4.1 Trypticase Soya Broth 

TSB (composition provided in Appendix 1), commonly known as soybean casein digest 

medium is used as a general-purpose media for the growth of aerobes and fungi. TSB is a 

highly nutritious media used for the cultivation of a wide variety of microorganisms.  

5.4.2 Trypticase Soya Agar 

TSA (composition provided in Appendix 1) was prepared by adding agar at 1.5% 

concentration in TSB. 

5.4.3 Diluent 
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Different concentrations of hydrolysates and protective agents were prepared in saline to 

prevent osmotic imbalance of the target microorganisms to be studied without interfering 

with the study results. Saline (composition provided in Appendix 1) was used as the 

diluent. 

5.4.4 Selective media for culture quality check 

MacConkey agar (composition provided in Appendix 1) and XLD agar (composition 

provided in Appendix 1) were selected for quality check of S. enterica and E. coli, as both 

the microbes provide specific type of colonies on these media.  

5.4.5 Nutrient broth 

Nutrient broth (composition provided in Appendix 1) and nutrient agar (composition 

provided in Appendix 1) were used as a growth medium for resuscitation of freeze-dried 

or lyophilized cultures received from IMTech, Chandigarh.  

5.5 Encapsulation 

Cryopreservation and lyophilization have been the most widely used techniques for 

microbial preservation, but they cannot be applied to all microorganisms and have various 

limitations affecting cellular viability (148). To address the issues of cell protection in 

adverse environments of the culture medium and cultivation conditions, cell 

immobilization techniques have been extensively used in bioprocess. The immobilization 

of probiotic microorganisms on different support media has also been studied, leading to 

prolonged cell viability (149,150). After an initial assessment, the encapsulation 

methodology was employed, including target culture, nutritive agent, and protective agents 

to form the quantitative RM.  

5.5.1 Encapsulating agents 

Gelatin powder was sourced from Loba Chemie (Catalogue no. 03920) and had a faintly 

yellow translucent appearance in granules with 9.29% moisture content. The presence of 

zinc, iron and chromium conforms to the specification and was soluble in water at 1% 
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concentration. Carboxymethyl cellulose sodium salt (CMC) with high viscosity (Loba 

Chemie Catalogue no. 02530) was used for the encapsulation study. It was a white colored 

powder with 4.17% moisture and conforms to the specification requirements of heavy 

metals, including lead, arsenic, and iron. Guar gum (HiMedia Catalogue no. GRM1233) 

was selected as a thickening agent for the encapsulation process. It formed a colloidal 

solution with water and had a beige color in powder format with 10.88% moisture content. 

5.5.2 Physical assessment 

All three encapsulating agents were studied initially for water solubility and the time for 

drying of a formed disc/pellet by the drop method. CMC (0, 1 & 2%), gelatin (1,2,3 & 4%), 

and guar gum (0,1,2,3 &4%) were studied at different concentrations by mixing using a 

magnetic stirrer at 45°C for 30 min to assess consistency. Later, the mixtures were used to 

form pellets, which were dried in a laminar flow for 3 h and checked for the state or form 

of the pellets. Solubility of the dried pellets were assessed by mixing in distilled water and 

checked for residue. 

5.5.3 Process 

Based on the physical assessment, encapsulating agents and their respective concentrations 

were selected for the encapsulating process. The encapsulating agents were heated at 45°C 

and mixed using a magnetic stirrer with selected nutritive and protective agents. Later, 

overnight-grown culture on TSA is added at a concentration to lead to 2 Log culture in 

each Eppendorf tubes to make 1.0 mL of quantitative RM. 

5.6 Response surface methodology software 

Design Expert V 22.0.0.1 (US, Stat-Ease Inc.) software was used for optimization studies 

employing RSM. RSM, a multivariate optimization strategy, was used to reduce reagent or 

consumable spending, along with a reduction in laboratory work owing to the optimization 

of the required experimental runs (151). The selection of RSM was based on the 

opportunity to significantly reduce experimental runs without compromising the study, as 

it establishes a correlation between the different variable factors and extrapolates to provide 
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the relationship (if present) between the different factors in the study. The RSM software 

used a quadratic model, and accuracy was determined using analysis of variance 

(ANOVA).  

5.6.1 Response surface methodology study for protein hydrolysates 

The response from the RSM study was tested for a quadratic model utilizing the BBD, as 

there were three variable factors involved: CS, SPH, and FPH in the optimization study of 

hydrolysates. The lowest level factor for each of the protein hydrolysates was set at 0, the 

mid-level factor at 5%, and the highest factor at 10%; the coded value for the lowest level 

factor, mid-level factor, and the highest level factor was -1, 0, and +1, respectively. The 

coded factor range and corresponding levels are presented in Table 4.  

 
Table 4: Coded experimental factor range and levels for protein hydrolysates in 
optimization study 

 

Coded  
Factors 

Actual 
Factors 

Range and levels 

−1 0 +1 

A Casein hydrolysate 0% 5% 10% 

B Soy protein hydrolysate 0% 5% 10% 

C Fish protein hydrolysate 0% 5% 10% 

 

Refrigeration (5±2°C) and freezing temperatures (-18 ± 3°C) were used for storage, and 

after regular intervals, the viability was assessed using TSA in triplicate. The two types of 

variables included in this multivariate study were responses and factors. The responses 

were the dependent variables, and the factors had three levels. Based on individual studies 

on each protein hydrolysate, the factors were finalized at three concentration levels. In our 

study, more than one response was observed, as the response was measured in the form of 

survival/viability at consecutive intervals of 0, 7, 14, and 28 days. Employing BBD for 

RSM was beneficial, as it allowed the estimation of parameters using a quadratic model, 

sequential design build-up, application of blocks, and model lack-of-fit detection (151). 
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The correlations between the variables in the quadratic model and the three variables is 

represented by Eq. 1 whereas the correlation between variables in a linear model and the 

three variables is represented by Eq. 2. The coefficient estimate represents the expected 

change in response per unit change in the factor value when all the remaining factors are 

held constant. The intercept in the orthogonal design is the overall average response of all 

runs. The coefficients are adjusted around that average based on the factor settings. 

 

𝑌 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 𝑥ଵ(𝐴) + 𝑥ଶ(𝐵) +  𝑥ଷ(𝐶) +  𝑥ସ(𝐴𝐵) + 𝑥ହ(𝐴𝐶) + 𝑥଺(𝐵𝐶) +

 𝑥ଵ଻(𝐴)ଶ + 𝑥଼(𝐵)ଶ + 𝑥ଽ(𝐶)ଶ (1) 

 

𝑌 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 𝑥ଵ(𝐴) + 𝑥ଶ(𝐵) +  𝑥ଷ(𝐶)  (2) 

 

where Y = response value (survival rate), A = casein hydrolysate, B = soy protein hydrolysate, C 

= fish protein hydrolysate, and x1– x9 = coefficient estimates of the respective factors. 

 

5.6.2 Response surface methodology study for protective agents 

The effects of each protective agent (glucose, glycerol, trehalose, and bovine serum 

albumin) were individually studied on E. coli and S. enterica at concentrations ranging 

from 5 – 25%. This individual study was used to identify the optimal concentration range 

for each protectant, and further optimization was carried out using the Response Surface 

Method (RSM). The software used for the RSM study was Design Expert™ (V 22.0.0.1) 

from Stat-Ease Inc., USA. The RSM software uses a quadratic statistical model and utilizes 

Analysis of Variance (ANOVA) for the assessment and verification of the proposed model 

by the software. For the design of the experiment, the BBD was used, as the experiment 

involved more than three factors. The statistical model codes the variable factors and the 

selected concentration in a three-level factorial design, which is -1, 0, +1, where 0 

represents the center point (64). The experimental details of the coded value for variable 

factors and the three factorial experimental levels are detailed in Table 5. 
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Table 5: Coded experimental factor range and levels for protectants in optimization 
study 

 

Coded  
Factors 

Actual  
Factors 

Range and levels 

−1 0 +1 

A Glucose 5 10% 15% 

B Glycerol 5 10% 15% 

C Trehalose 5 10% 15% 

D BSA 0 2.5% 5% 

For a four-factor variable (protectants) involving three factorial levels of BBD design, the 

RSM software resulted in a total of 29 experimental runs. The correlation between the 

variables in a quadratic model with four variables is represented by Eq. 3 whereas the linear 

model is represented by Eq. 4. The coefficient estimate represents the expected change in 

response per unit change in factor value when all remaining factors are held constant. The 

intercept in an orthogonal design is the overall average response of all the runs. Response 

value was observed at fixed intervals of 7 days up to 28 days and a total of five responses 

were generated for each experimental run including that of Day 0, when the inoculum was 

added. 

𝑌 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 +  𝑥ଵ(𝐴) + 𝑥ଶ(𝐵)  +  𝑥ଷ(𝐶)  + 𝑥ସ(𝐷)  +  𝑥ହ(𝐴𝐵) +  𝑥଺(𝐴𝐶) +

 𝑥଻(𝐴𝐷) + 𝑥଼(𝐵𝐶) + 𝑥ଽ(𝐵𝐷) + 𝑥ଵ଴(𝐶𝐷)  + 𝑥ଵଵ(𝐴)ଶ  + 𝑥ଵଶ(𝐵)ଶ +  𝑥ଵଷ(𝐶)ଶ     (3) 

 

𝑌 = 𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 𝑥ଵ(𝐴) + 𝑥ଶ(𝐵) +  𝑥ଷ(𝐶)  (4) 

were Y = Response Value (Survival Rate); A = Glucose; B = Glycerol; C = Trehalose; D = BSA & x1 – 

x13 = coefficient estimate of respective factors 

 

5.7 Study of developed quantitative reference materials 

Three batches of quantitative RM were produced and was measured for homogeneity & 

stability as per ISO 33405:2024 and were stored at three different temperatures of room 
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temperature (RT) (31±5°C), refrigerator (5 ± 2°C) & freezer (-18 ± 3°C). Since the batch 

size was <100 units for each storage temperature, homogeneity needs to be assessed for a 

minimum of three RM units or 10% of the batch size. A total of fifteen RM units were 

assessed for each batch in triplicate at each selected interval of time, and the average mean 

was calculated for each of these 15 readings obtained. Hence, the total number of 90 RM 

units (30 RM units per batch) was measured over a period of 150 days (5 months) for of 

produced RM stored at -18 ± 3°C, which is over the requirement of 10 % of the batch size 

(65). Viability testing of the developed quantitative RM was carried out using TSA at 

35±1°C for 24 h. Pour plate technique was used instead of the spread plate technique as 

the former is the most used technique in food, cosmetics, and pharma industries due to ease 

and time saving. The disadvantage of thermal shock associated with pour plate was 

addressed by using temperature-controlled water bath (45±1°C) for tempering of media, 

and the media was added to the sterile petri plate after the addition of the test sample, and 

the added media was mixed by swirling. For the viability testing, five RM tubes from each 

batch were removed from their respective stored temperature and stand at room 

temperature (31±5°C) for 30 mins to thaw, followed by the addition of 1 mL sterile saline 

diluent containing 0.85% sodium chloride and gently mix the content, avoiding agitation 

or bubble formation. After 30 mins post addition of saline, gently mix the content, and 

remove 1 mL of the content, and plate in triplicate on TSA. Standard deviation (SD) was 

calculated individually for individual batches for repeatability and collectively for all three 

batches to evaluate reproducibility. An analysis of variance (ANOVA) was conducted on 

the viability readings to calculate the p-value, F-value, and mean Log variation. This test 

aimed to assess whether the produced quantitative reference materials (RM) exhibit 

homogeneity. SD was monitored for the ten readings obtained from testing of five RM 

units in triplicate at each selected interval of time from three different batches of the 

produced quantitative RM, the SD of the produced RM should be ≤ 0.35 Log10 based on 

the binomial probability of detecting 0 defective units when 10% of the true incidence of 

defective unit in a lot (152,153). 

5.8 Development of proficiency testing sample 
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As a further extension of the application of quantitative RM, it needs to be determined 

whether the developed RM can be used along with the food matrix as a Proficiency Testing 

(PT) sample. As per standards (ISO 17025:2017), accredited microbiology laboratories 

need to use certified reference materials (CRM) and enroll in the PT scheme to ensure the 

competency of lab microbiologists. PT sample is a quantitative RM with a food matrix. 

Various researchers like (4,9,69,154) have mentioned the usage of SMP as a food matrix 

in the development of qualitative or quantitative RM. Also, SMP as a food matrix 

represents the dairy food segment; hence development of a PT sample with a dairy food 

matrix will have a larger application and usage. SMP was added in the developed 

quantitative RM to understand the impact of SMP on the performance of the developed 

quantitative RM and to evaluate the possibility of creating a PT sample. The impact of the 

inclusion of SMP was studied by conducting a recovery or viability study by adding SMP 

in ten quantitative RM units developed of each target analyte using TSA at 37±1°C for 18 

- 24 h. The data was subjected to z-score estimation, which is calculated as per Eq. 5 for 

ten PT samples tested for each microorganism. z-score is used to understand the normal 

distribution of the target analyte in the food matrix. Hence calculated z-score should be 

within the range of +2 and -2.  

𝑧 𝑠𝑐𝑜𝑟𝑒 =  
௫ି µ

ఙ
    (5) 

where 𝑥 = observed or recovery value of an individual PT sample, µ = mean of the 

quantitative RM sample, and σ = standard deviation observed for a set of 10 recovery 

values of the PT sample. 

A chi-square test was applied to the recovery data to determine whether the proposed null 

hypothesis “There is no impact of SMP on the actual value of quantitative RM results” 

holds. Chi-square was calculated as per Eq. 6 and the calculated Chi-square value should 

be less than the tabulated Chi-square value at a 5% level of probability. 

𝒳ଶ =  ∑
(ை௕௦௘௥௩௘ௗ ௩௔௟௨௘ିா௫௣  ௩௔௟௨௘)²

ா௫௣௘௖௧௘ௗ ௩௔௟௨௘
     (6) 
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where 𝒳ଶ = Chi-square and ∑ = Sum 

5.9 Validation of the developed quantitative reference materials with the commercial 

reference material 

This step was conducted to understand the performance of developed quantitative RM with 

respect to the commercially available quantitative RM. 

5.9.1 Assessment of commercial reference material 

Commercially available products from Sigma Aldrich (VitroidsTM) were procured for E. 

coli WDCM 00013 (catalogue no. VT000133) and S. enterica Enteritidis WDCM 00030 

(catalogue no. VT000303), containing ten samples for each microorganism. The samples 

were tested on TSA at 37±1°C for 18 - 24 h and were assessed for standard deviation to be 

within Log10 0.35 along with conformity to the acceptable range mentioned in the 

certificate of analysis. 

5.9.2 Validation study of developed quantitative reference material 

The performance of developed quantitative RM was studied at five institutes, of which 

three were commercial laboratories and two were academic institutes. The list of institutes 

is provided in Table 6. 

Table 6: List and type of institutes used for validation of developed reference 
materials  

Code No. Institute Name Institute Type 

CL 1 Adarsh Scientific Commercial Lab 

CL 2 Autocal Commercial Lab 

CL 3 Geo-Chem Commercial Lab 

AI 1 V.E.S College (Microbiology
Dept)

Academic 

AI 2 LPU (School of Applied
Medical Sciences)

Academic 

The readings obtained from each of the institutes were subjected to z-score calculation as 

per Eq. 5, along with the calculation of standard deviation, which needs to be < Log10 0.35. 
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6.0 Results & Discussion 

To identify nutritive agent for the formulation of quantitative reference materials, protein 

hydrolysates were studied individually (at 5%, 10%, 15%, 20% and 25% concentration) on 

E. coli MTCC 1610T and S. enterica MTCC 660T, leading to the maximum survival of both 

the micro-organisms. Type strains of E. coli and S. enterica were used in this study due to 

the well characterized and reliable nature of type strains, as there are very few studies 

available for development of quantitative microbiological RM. Usage of type strains 

ensures comparability, reliability, and standardization of results for replication. Many 

regulatory food safety authorities (FSSAI, EFSA, US FDA) across globe recommend usage 

of type strains for regulatory compliance to ISO. The ISO standard for the preparation, 

production, storage, and performance testing of culture media has listed type strains for 

performance testing of microbiological culture media (155). As per ISO standard for 

reference material manufacturing, the purity of raw material used should be characterized 

and standardized and since we are developing quantitative RM, type strains address the 

standardization of qualitative properties which include consistent biochemical reactions 

(1,5,65). The pour plate method was used to determine the recovery or viability rate. The 

effect of agar-grown, or agar propagated inoculum was also studied in the presence of FPH 

to understand if the growth on agar imparts any advantage in survival when compared with 

inoculum grown in broth. To identify and optimize the interrelationship between all three 

protein hydrolysates and identify the most effective concentration of protein hydrolysates, 

response surface methodology was conducted at 5±2°C over a storage period of 28 days. 

A similar approach was followed to identify effective protective agents to be included in 

the formulation along with the nutritive agent. As a final step encapsulation process was 

optimized by assessing carboxy methyl cellulose, gelatin and guar gum based on physical 

observation followed by viability study for determination of stability and homogeneity of 

produced quantitative RM. The results associated with the first objective the development 

of a hydrophilic tube of quantitative RM using cryoprotectants with E. coli and S. enterica 

as target analytes, are discussed below. 
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6.1 Effect of protein hydrolysates on the survival of E. coli and S. enterica 

Protein hydrolysates were individually assessed at 5, 10, 15, 20, and 25% concentrations 

to identify their effects on the survival of E. coli and S. enterica. A culture of E. coli (2.85 

Log10) and S. enterica (2.16 Log10) used for the study was prepared using a serial dilution 

of a culture grown overnight in TSB (59,143). The individual study was followed by an 

optimization study using RSM to investigate the presence of synergistic or antagonistic 

effects among the three protein hydrolysates and to identify the best concentration of 

protein hydrolysates leading to the maximum survival of E. coli and S. enterica. 

6.1.1 Effect of casein hydrolysate on the survival of E. coli and S. enterica 

The survival of E. coli and S. enterica was studied at 5, 10, 15, 20, and 25% of CH for 60 

days at 5±2°C. CH exhibited E. coli recovery percentages of 74.86%, 61.87%, 56.21%, 

and 24.53% at concentrations of 5%, 10%, 15%, and 20%, respectively. However, no 

recovery was observed at 25% CH when stored at 5±2°C. Interestingly, after 60 days, only 

the 5% CH concentration showed a 53.83% recovery of E. coli (Figure 7). CH at 25% 

concentration showed an inhibitory effect on E. coli as there was a reduction in inoculum 

by 50.26%, respectively, after 7 days of storage at refrigeration conditions (5±2°C) along 

with a gradual decrease leading to no growth at 21 days. The fact is well supported by the 

previous studies reporting antimicrobial and bacteriostatic properties of bioactive peptides 

present in the hydrolysates towards the pathogenic micro-organisms (156–158). Most of 

these studies suggest that the degree of hydrolysis is directly proportional to the 

antimicrobial properties.  
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Figure 7. Survival of E. coli MTCC 1610T in presence of 5, 10, 15, 20 & 25% casein 

hydrolysate stored at 5±2°C for 60 days. Graph contains viability results obtained at 

fixed intervals of 0,7,14,21, 30, and 60 days with error bars at 95% confidence interval 

and n=2 for each response. 

The results (Figure 8) showed that 5% CH supports the growth of S. enterica (∼59% 

survivors) for up to 30 days, beyond which no survivor was observed. None of the other 

concentrations of CH supported the survival of S. enterica at 5±2°C. Generally, the major 

protein in milk is casein (constituting 80% of the total milk proteins), and it is composed 

of α-, β-, γ-, and κ-casein (159). CHs and peptides derived from casein exhibit antioxidant 

and antimicrobial properties against foodborne pathogens, including E. coli and S. enterica 

(160–165). The generation time and yield of S. Typhimurium were dependent on the source 

of peptones. When used as constituents in buffered peptone water, peptones derived from 

yeast and gelatin produced more significant yields compared to peptones derived from 

casein and soy (47). These results are well supported by another study in which UV-
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irradiated S. Typhimurium was resuscitated with CH in broth and minimal media. No 

survival enhancement was observed for lag phase cells in minimal media and stationary 

phase cells in broth and minimal media, suggesting the ineffectiveness of CH in promoting 

the survival of S. Typhimurium under stress conditions (166). Intermittent survival of S. 

enterica was observed which could result from the environmental stresses, such as low 

temperature and the presence of CH as the sole nutrient. These conditions may lead to a 

viable but non-culturable state that can be resuscitated later (167). 

 

Figure 8. Survival of S. enterica subspp. Arizonae MTCC 660T in presence of 5, 10, 

15, 20 & 25% casein hydrolysate stored at 5±2°C for 60 days. Graph contains viability 

results obtained at fixed intervals of 0,7,14,21, 30, and 60 days with error bars at 95% 

confidence interval and n=2 for each response. 

 

Furthermore, CH did not exhibit any cryoprotective effects under freezing 

conditions, with no survival of E. coli and S. enterica observed at -18 ± 3°C after 7 days of 
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storage. Spray dried milk is one of the common food ingredients that has been studied due 

to several outbreaks of E. coli and Salmonella over the past few decades. In one such study, 

it was concluded that pasteurization is an essential step before spray drying to kill food 

pathogens (E.coli and Salmonella) as high moisture facilitates killing of food pathogens, 

whereas low moisture due to the presence of total solids in milk inhibits reduction (168). 

Since the individual study of protein hydrolysate involved high moisture and due to the 

absence of any cryoprotective properties of protein hydrolysate at freezing conditions, 

there was no survival observed for both the test micro-organisms. 

6.1.2 Effect of soy protein hydrolysate on the survival of E. coli and S. enterica 

The survival of E. coli and S. enterica was studied using 5, 10, 15, 20, and 25% 

concentrations of SPH at 5±2°C, and -18±3°C for a 60-day storage period. SPH at 5 and 

10% concentrations showed the best recovery of 95.87 and 91.42%, respectively, whereas 

15 and 20% SPH showed 75.30 and 44.04% recovery, respectively, for E. coli at 5±2°C 

for a storage period of 60 days. SPH at 25% concentration showed an inhibitory effect on 

E. coli as there was a reduction in inoculum by 58.66%, after 7 days of storage under 

refrigeration conditions (5±2°C), along with a gradual decrease leading to no growth on 

Day 60 (Figure 9). Lower concentrations of SPH (5% and 10%) were found to be most 

suitable concentrations for the survival of E. coli after 60 days when stored under 

refrigeration conditions. Higher concentrations of SPH (25%) had an inhibitory effect on 

the survival of E. coli after 7 days, which was observed as a decrease in the recovery. Soy 

proteins have often been used as a replacement for nitrogen source in the microbiological 

media for the production of recombinant proteins and cell growth of engineered E. coli 

(169,170). One of the drawbacks observed when replacing tryptone with soy protein is that 

although a rich medium containing soy protein can enhance cell growth, it may lead to a 

sudden decrease in E. coli survival during the stationary phase. This decrease could be 

attributed to pH changes, glycation, and an increase in the mutation frequency (171). 

Bioactive peptides from soy protein have been studied for their antimicrobial and 

antioxidant properties against E. coli, where an increase in antioxidant amino acids is 

observed with an increase in the solid concentration of soy protein isolates (172). The same 
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can be extrapolated that at higher concentrations of SPH, the concentration of bioactive 

peptides is higher leading to an inhibitory effect on E. coli. 

 

 

Figure 9. Survival of E. coli MTCC 1610T in the presence of 5, 10, 15, 20 & 25% soy 

protein hydrolysate stored at 5±2°C for 60 days. Graph contains viability results 

obtained at fixed intervals of 0, 7, 14, 21, 30, and 60 days with error bars at 95% 

confidence interval and n=2 for each response. 

All SPH concentrations failed to support the survival of S. enterica at refrigeration 

(Figure 10), as only 10% SPH showed 47.22% survival on Day 7, whereas 5% SPH 

resulted in 27.76% survival on Day 14, which reduced to no survival from Day 21 for all 

SPH concentrations. This pattern may result from the antimicrobial peptides present in the 

plant products (173). SPH is derived from soybeans (Glycine max) that are rich in bioactive 

peptides such as glycinin and β-conglycinin, which have prominent antibacterial and 

antioxidant effects against S. enterica (174). Hydrolysates from soy protein isolates inhibit 

the growth of S. Typhimurium and, in some instances, synergistic inhibitory effects can 
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also be seen with hydrolysates from bovine whey protein and egg protein (175). CH and 

SPH at concentrations of 15 – 25% were unable to support growth from Day 14 of storage, 

which can be attributed to the increase in the concentration of antibacterial peptides from 

15% concentration onwards. This could result from an increase in a particular fraction of 

bioactive peptides present in CH and SPH with increasing concentrations (176,177). 

 

Figure 10. Survival of S. enterica subspp. Arizonae MTCC 660T in presence of 5, 10, 

15, 20 & 25% soy protein hydrolysate stored at 5±2°C for 60 days. Graph contains 

viability results obtained at fixed intervals of 0,7,14,21, 30, and 60 days with error 

bars at 95% confidence interval and n=2 for each response. 

Similar to CH, all concentrations of SPH (5 – 25%) were unable to impart 

cryoprotection at -18±3°C, and no growth was observed from 7 days of storage period 

onwards for E. coli and S. enterica. 

6.1.3 Effect of fish protein hydrolysate on the survival of E. coli and S. enterica 

The survival of E. coli and S. enterica was studied at 5, 10, 15, 20, and 25% 

concentration of FPH at 5±2°C for a 60-day storage period. FPH (5% - 25%) was able to 
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support the survival of E. coli till 30 days and a linear relationship was observed between 

FPH concentration and survival of E. coli. At 5, 10 and 15% concentration of FPH, the 

observed recovery was 16.74, 47.10, and 68.05%, respectively, and the maximum survival 

was observed at 20% (78.84%) and 25% (77.30%) concentration of FPH at 5±2°C on 30 

days (Figure 11). There was no survival observed on the 60th day for all the FPH 

concentrations. A higher concentration of FPH was found to be effective up to 30 days, but 

after 60 days, FPH was found to be ineffective for sustaining the growth of E. coli. Highly 

water-soluble FPH derived from hake filleting waste, containing 80% protein, was used as 

the sole carbon and nitrogen source in a buffer and saline composition. The growth pattern 

of E. coli when exposed to this FPH was comparable to that observed in the reference 

medium (Luria–Bertani medium) (178). Thus, the higher concentration of protein in FPH 

is capable of E. coli growth and survival when used as the sole nitrogen and carbon source. 

The sudden loss of E. coli viability at 60 days can be attributed to increase in glycation, 

mutation frequency, and metabolite buildup (171). 
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Figure 11. Survival of E. coli MTCC 1610T in presence of 5, 10, 15, 20 & 25% fish 

protein hydrolysate stored at 5±2°C for 60 days. Graph contains viability results 

obtained at fixed intervals of 0, 7, 14, 21, 30, and 60 days with error bars at 95% 

confidence interval and n=2 for each response. 

The FPH was the only hydrolysate capable of supporting S. enterica growth when 

stored at 5±2°C for 60 days. At 5, 10, and 15% concentrations of FPH and a storage 

temperature of 5±2°C, the bacterium showed 102.11, 113.29, and 94.42% recovery of S. 

enterica, respectively, at the end of 60 days. However, FPH concentrations of 20, and 25% 

were ineffective in maintaining the viability of S. enterica at 5±2°C after 30 days of storage 

(Figure 12). In a similar study conducted with 14% tuna FPH, the highest viability of 

Salmonella after freeze-drying was 67.08% (179). FPH is identified as the most effective 

protein hydrolysate for sustaining the growth of Salmonella (180). There is a study in which 

FPH was used in matrices along with the freeze-drying technique to create a secondary 

reference material for Salmonella (51). The peptones obtained from cod FPH have 

demonstrated better growth of S. enteritidis compared to the growth of Staphylococcus 

aureus when used in microbiological culture media (180). Higher concentrations of FPH 

(20 and 25%) were unsuitable for the prolonged survival of S. enterica. The results showed 

no growth of the bacterium at a concentration of 25% from Day 7 onwards, whereas a 20% 

concentration of FPH resulted in a decrease in survival from Day 7 onwards, with no 

growth on Day 14. The lack of survival of S. enterica at higher FPH concentrations can be 

attributed to an increase in the concentration of bioactive peptides, leading to an inhibitory 

effect on the test microorganisms (156,158).  
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Figure 12. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5, 

10, 15, 20 & 25% fish protein hydrolysate stored at 5±2°C for 60 days. Graph contains 

viability results obtained at fixed intervals of 0,7,14,21, 30, and 60 days with error 

bars at 95% confidence interval and n=2 for each response. 

A pattern similar to that observed with CH and SPH was also seen with FPH. 

Unfortunately, FPH did not provide cryoprotection to E. coli and S. enterica at -18±3°C, 

and no growth was observed from Day 7 onwards. While these protein hydrolysates exhibit 

nutritive properties for both target microorganisms, they do not possess protective 

properties against adverse temperatures. 

6.1.4 Enhancement of survival in fish protein hydrolysate using an agar-based 
inoculum  

In nutritionally deficient or minimal media devoid of carbon or nitrogen source, E. coli and 

S. enterica are subjected to environment stress, to which a quick adaptation is required. 

The resistance to these stressors defines the survival strategies of both the micro-organisms 

as they are known to survive in numerous natural, commercial, and host environments 
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(181,182). E.coli and S.enterica were transferred through six successive habitats ranging 

from dung-soil mix, excrements of snail, mice, fodder, dung, rhizosphere and phyllosphere 

of oat plants, where different survival rate was observed for all the different habitats (183). 

When S. Typhimurium was inoculated in manure, CFU count dropped directly post 

inoculation with 0.5 Log CFU gdw-1 (per gram manure dry weight) on Day 0 followed by 

increase of 0.5 Log CFU gdw-1 after 8 days. Similarly study with inoculation of manure 

with E. coli resulted in an instant decline of 1.5 Log CFU gdw-1, followed by an increase 

and stabilization to 0.75 Log CFU gdw-1 by Day 16 (184). In another study, involving 

survival of pathogenic E.coli in pond water was studied, where a rapid decrease in E.coli 

population was observed post inoculation in water from 7 Log to 2 Log initial 14 days and 

enrichment was required to detect inoculated E.coli (185). Similarly, in our study as well 

we had observed initial reduction of inoculated cultures of E.coli and S. enterica on Day 0 

in figure 8, 10, 11 and 12. Additionally, protein hydrolysates have been studied extensively 

for the production of bioactive peptides and are mostly present in varying concentrations 

post enzymatic hydrolysis which can contribute in the reduction of initial CFU by 

damaging the cell membrane (186). Adaptability to environmental stress can lead to 

prolonged survival, which can be induced if the inoculum is subjected to various stress 

conditions, including growth on an agar-based medium instead of broth (15). Hence, during 

inoculum preparation of E. coli and S. enterica, TSA was used instead of broth (TSB). The 

inoculum of E. coli (with a 2.76 Log10 initial count) prepared on agar exhibited an enhanced 

survival rate when inoculated into FPH, as compared to the broth-grown inoculum. This 

effect was observed when the samples were stored at 5±2°C for 60 days. After 60 days, 

agar-grown inoculum of E. coli showed recovery of 95.23, 90.23, and 115.13% for 5, 10, 

and 15% concentrations of FPH, respectively, under refrigeration conditions (Figure 13). 

The increase in recovery could be due to an increase in the survival capacity of the 

inoculum grown on agar as compared to the inoculum grown in broth. This can be 

attributed to an increase in the resistance and survival capacity of microorganisms under 

limited water activity (15). With an agar-grown inoculum of E. coli, at 20 and 25% 

concentration of FPH, there was a considerable increase in recovery along with cell growth 
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(135.54 and 115.24%, respectively) up to 30 days. However, on the 60th day at 5±2°C, 

there was a sudden decrease leading to no growth. The reason for the non-survival of E. 

coli in 20 and 25% FPH at the end of 60 days under refrigeration conditions (5±2°C) can 

be attributed to the ineffectiveness of the storage temperature to maintain the dormant state 

as the bacterial cells entered growth phase and death phase subsequently due to the 

development of metabolites and toxins (187). 

 

Figure 13. Survival of agar grown inoculum of E. coli MTCC 1610T in the presence 

of 5, 10, 15, 20 & 25% fish protein hydrolysate stored at 5±2°C for 60 days. Graph 

contains viability results obtained at fixed intervals of 0, 7, 14, 21, 30, and 60 days 

with error bars at 95% confidence interval and n=2 for each response. 

 

The inoculum of S. enterica grown on agar medium (2.74 Log10 culture) was tested 

at 5, 10, 15, 20, and 25% concentrations of FPH and 5±2°C for a storage period of 60 days. 

The comparison of inoculum prepared from broth and agar showed that the latter offers a 

better survival along with an increase in the number of S. enterica cells as compared to the 

former (Figures 12 and 14). The results showed recoveries of 121.29, 120.07, and 123.29% 
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at FPH concentrations of 5, 10, and 15 %, respectively. Although an improvement in 

survival was observed at 20 and 25% FPH concentrations, no growth was observed after 

60 days of storage. The inoculum prepared on agar plates survived after 60 days of storage 

at 5 to 15% FPH concentrations. This could result from an increase in the survival capacity 

of the inoculum grown on agar compared to broth, as the development of resistance in 

Salmonella in response to unfavorable environmental conditions can be achieved by 

growing the inoculum on agar-based media (15). Several studies on the survival of 

Salmonella and E. coli in the presence of environmental stress have shown that inocula 

grown on agar are resistant to adverse conditions like drying, heat, desiccation, and cold 

storage, leading to an increase in the survival rate compared to broth-grown inocula 

(77,79,105,188). This fact can be attributed to the expression of various stress response 

regulons upon the transition from a liquid to a solid medium (81,189). 

 

Figure 14. Survival of agar-grown inoculum of S. enterica subspp. Arizonae MTCC 

660T in the presence of 5, 10, 15, 20 & 25% fish protein hydrolysate stored at 5±2°C 

for 60 days. Graph contains viability results obtained at fixed intervals of 0, 7, 14, 21, 

30, and 60 days with error bars at 95% confidence interval and n=2 for each response. 

Therefore, the inoculum grown on agar medium was used for further optimization 

studies using RSM. 
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6.2 Statistical optimization of protein hydrolysates through response surface 

methodology 

To evaluate synergistic effects among the hydrolysates that could improve the survival of 

E. coli and S. enterica at low temperatures (5±2°C and -18±3°C), response surface 

methodology was used as a tool for statistical optimization Based on the analysis of 

individual hydrolysates, lower concentrations of these hydrolysates were selected (5% to 

15%) as factors for statistical optimization.  Response Surface Methodology (RSM) was 

employed using controllable variables (factors) at concentrations of 0, 5, and 10% for each 

protein hydrolysate (CH, SPH, and FPH). These concentrations were coded as -1, 0, and 

+1, respectively. The experimental design included three-level factor concentrations for all 

three protein hydrolysates, resulting in 17 experimental points or runs. These runs explored 

various combinations of the three protein hydrolysates. The BBD model was used because 

the study design met the minimum three-factor requirements of BBD, and there was more 

than one response that had to be monitored over an interval of 7 days for a storage period 

of 28 days. All the readings were taken in triplicate using blank and culture controls. The 

RSM study at the storage temperature of -18±3°C showed no survival from Day 7 onwards 

for both the target microorganisms.  

6.2.1 Response surface methodology study for statistical optimization of protein 

hydrolysates on E. coli as target analyte 

Based on the analysis of individual protein hydrolysates, lower concentrations of these 

hydrolysates were selected (0%, 5% and 10%) as factors for RSM and agar propagated 

culture of E. coli MTCC 1610T at 2.40 Log10 value was used for the study. Table 7 provides 

details of the BBD, along with the actual recovery and predictive values for E. coli 

converted to Log10 values for storage temperature at 5±2°C. Statistical analysis (ANOVA) 

of the proposed model for the optimization of protein hydrolysates was found to be 

significant, as the observed values of R-squared (0.92 at 28 days) were higher, 

demonstrating a strong correlation between the experimental and predicted values (Table 

8). The linear model was found to be satisfactory and statistically significant by the p-value 
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(<0.0001), non-significant lack of fit (F value 0.43), and fit statistics (adequate precision 

of 23.26 >4) for E. coli at 28 days. The relationship between the survival rate of E. coli and 

the three protein hydrolysates observed on Day 28 is shown in the equation below (7).  

Y =  1.31 − 0.52(A) − 1.10(B) +  0.31(C) (7) 

were Y = Response Value (Survival Rate); A = Casein hydrolysate; B = Soy protein hydrolysate; C = Fish 

protein hydrolysate with their respective coefficient estimate factors 

Through the study, variance inflation factors (VIFs) were observed to be 1.00, 

indicating the orthogonal nature of factors. The calculated values of deviation (actual and 

predicted values of activities) for E. coli for Day 14 (7.63%) & Day 21 (8.25%) were 

observed within the permitted limits (± 10%) whereas the calculated values of deviation 

(actual and predicted values of activities) for Day 0 (13.67%), Day 7 (38.52%), and Day 

28 (22.03%) were observed outside the permitted limits (± 10%). In microbiology studies, 

the standard deviation is very large compared to Chemistry. The precision observed in 

analytical methods is very high when compared to microbiology methods. This is due to 

the non-homogeneous presence of microorganisms in a simple matrix like water (71,190). 

In almost all the research literature studied for the application of RSM in the optimization 

of microbial culture, the captured response is analytical in nature, like the production of 

metabolites and their estimation, rather than viability studies (191). According to ISO 

33405:2024, which outlines procedures for preparing RM, the acceptable standard 

deviation limit is 0.35 Log10 (65). Applying this limit, if we observe a count of 100 

CFU/mL, the acceptable range would be 45 CFU/mL to 224 CFU/mL. This study involves 

living microorganisms in liquid and refrigeration conditions. These conditions are not 

enough to provide a dormancy state to microorganisms, resulting in a higher standard 

deviation as the microorganisms can be at different stages of their growth cycle. Hence, 

RSM can be utilized for microbial viability studies for the count as a response, to get a 

brief idea about the optimization components that need to be based on other factors like 

repeatability and reproducibility of the response. Standard deviation is an effective tool and 

is required to be monitored as per ISO 33405 in the assigned value microbiological RM. 

The general rule of a 10% standard deviation cannot be applied to microbiological studies 
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involving microbial counts as a response rather than microbial metabolites as a response 

(192,193). The results of the viability study for one of the RSM runs are represented in 

Figure 15. The effect of CH, SPH & FPH on the survival of E. coli MTCC 1610T is further 

elaborated by the 3-D surface contour graph (Figure 16), where the maximum response is 

achieved at 5% FPH in the absence of CH and SPH. Different types of protein hydrolysates 

have been evaluated on E. coli for replacement of peptones in microbiological growth 

media, where different protein hydrolysates from fish are the most promising as compared 

to commercial peptones and act as a source of nitrogen, amino acids, and vitamins 

(194,195). A similar result was observed in the 3-D surface contour graph (Figure 16), 

where FPH provided the highest response and acted as a better nutritive agent than CH and 

SPH. 
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Figure 15. Photograph of viability results observed during RSM study optimization 

of protein hydrolysate on E. coli MTCC 1610T at 5±2°C. 

 

Day 7 Day 0 Day 14 

Day 21 Day 28 
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Table 7: Box Behnken design for optimization of protein hydrolysates along with actual and predicted values of E. coli 
MTCC 1610T recovery value converted to Log10 value  

Independent variables Response 1 Response 2 Response 3 Response 4 Response 5 

  

  

Run 

A B C A:CH 

(%) 

B:SPH 

(%) 

C:FSH 

(%) 

Day 0 

Log10(CFU/mL) 

Day 7 

Log10(CFU/mL) 

Day 14 

Log10(CFU/mL) 

Day 21 

Log10(CFU/mL) 

Day 28 

Log10(CFU/mL) 

 
Coded levels Actual levels AV PV AV PV AV PV AV PV AV PV 

1 +1 +1 0 10 10 5 0.30 0.29 0.30 -
0.21 

0.30 0.32 0.30 0.14 0.00 -0.32 

2 0 +1 +1 5 10 10 0.60 0.58 0.48 0.39 1.00 0.99 0.78 0.84 0.3 0.51 
3 0 0 0 5 5 5 1.81 1.59 0.4 1.52 1.51 1.46 1.36 1.46 0.48 1.31 
4 0 -1 -1 5 0 0 2.52 2.60 2.54 2.66 1.99 1.93 1.93 2.07 2.32 2.10 
5 0 +1 -1 5 10 0 0.70 0.76 0.48 0.55 0.48 0.45 0.3 0.34 0.00 -0.11 
6 0 -1 +1 5 0 10 2.63 2.43 2.99 2.49 2.59 2.47 2.64 2.57 2.73 2.72 
7 -1 0 +1 0 5 10 1.80 1.89 1.99 2.12 2 2.13 2.08 2.16 2.37 2.14 
8 0 0 0 5 5 5 1.53 1.59 1.98 1.52 1.38 1.46 1.52 1.46 1.4 1.31 
9 -1 +1 0 0 10 5 1.18 1.06 0.3 1.15 1.2 1.12 1.04 1.04 0.9 0.73 
10 +1 -1 0 10 0 5 2.48 2.13 1.44 1.89 1.72 1.80 1.94 1.87 2.04 1.89 
11 +1 0 +1 10 5 10 0.90 1.12 0.48 0.76 1.26 1.33 1.32 1.26 1.2 1.09 
12 -1 -1 0 0 0 5 2.53 2.90 3.02 3.26 2.60 2.60 2.85 2.77 2.93 2.93 
13 +1 0 -1 10 5 0 1.08 1.30 0.6 0.92 0.78 0.79 0.7 0.76 0.30 0.48 
14 -1 0 -1 0 5 0 2.34 2.07 2.97 2.29 1.46 1.59 1.89 1.66 1.51 1.52 
15 0 0 0 5 5 5 1.48 1.59 2.03 1.52 1.71 1.46 1.28 1.46 1.18 1.31 
16 0 0 0 5 5 5 1.45 1.59 2.26 1.52 1.53 1.46 1.36 1.46 1.2 1.31 
17 0 0 0 5 5 5 1.76 1.59 1.62 1.52 1.34 1.46 1.45 1.46 1.34 1.31 

 
Actual values (AV); predicted values (PV) 
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Table 8: Statistical analysis (ANOVA) by response surface methodology of the proposed model for survival of E. coli 
MTCC 1610T leading to optimization of protein hydrolysates when stored at 5±2°C over a period of 28 days  

 
  

Model 
Day 0 Porb>F Day 7 Porb>F Day 14 Porb>F Day 21 Porb>F Day 28 Porb>F 

8.06  
 (Significant) 

<0.0001 12.66 
(Significant) 

0.0004 6.23 
 (Significant) 

< 0.0001 8.14 
 

(Significant) 

< 0.0001 12.66 
 (Significant) 

< 
0.0001 

A 1.19 0.0002

  
3.73 0.0058 1.28 < 0.0001 1.62 < 0.0001 2.17 0.0002 

B 6.81 < 0.0001 8.88 0.0002 4.38 < 0.0001 6.02 < 0.0001 9.72 < 
0.0001 

C 0.0630 0.2701 0.0528 0.7015 0.5724 < 0.0001 0.5000 < 0.0001 0.7626 0.0096 
R

2 0.9289   0.7391  
0.9747  

0.9775  
0.9216  

Adj. R
2 0.9125   0.6789  

0.9689  
0.9723  

0.9036  

Lack of 
fit 

Not 
Significant 

  Not 
Significant 

  Not  
Significant 

  Not  
Significant 

  Not  
Significant 

   
 

Probability value of Fisher’s variance ratio (Prob>F), coefficient of determination (R
2
) 

The concentration of CH, SPH and FSH is represented by independent variables A, B and C. 

The effect of variables in squared terms (A
2
, B

2
, C

2
) 

Interactive effect of the variables (AB, AC, BC) 
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Figure 16. 3-D Contours showing the effect of casein hydrolysate (A:CH), soy protein hydrolysate (B:SPH) and fish 

protein hydrolysate (C:FPH) on the survival of E. coli MTCC 1610T at 5±2°C on (i)  Day 0, (ii) Day 7, (iii) Day 14, (iv)  

Day 21 and (v) Day 28  

            (i) 
            (ii) 

            (iii) 

            (iv)             (v) 
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6.2.2 Response surface methodology study for statistical optimization of protein 

hydrolysates on S. enterica as target analyte 

As per the outcome of individual protein hydrolysate study, lower concentrations of these 

hydrolysates were selected (0%, 5% and 10%) as factors for RSM study with S. enterica 

as target microorganism. Agar propagated culture of S. enterica MTCC 660T at 2.38 Log10 

culture was used as the initial inoculum for the study Table 9 provides details of the BBD, 

along with the actual recovery and predictive values for S. enterica converted to Log10 

values for storage temperature at 5±2°C. ANOVA of the proposed model for the 

optimization of protein hydrolysates was found to be significant, as the model F- values 

were higher (291.56 at Day 0, 403.13 at Day 7, 345.50 at Day 14, 210.35 at Day 21, and 

403.15 at Day 28) and the model p-values were <0.0001, which needs to be <0.05 to 

confirm the significance of the model (196,197). Similarly, the predicted R² value of 

0.9799 (Day 28) closely matched the adjusted R² value of 0.9956 (Day 28), with a 

difference of less than 0.2. This result (Table 10) demonstrates a strong correlation between 

the experimental and predicted values (61). The coefficients of variance (CV) observed for 

the model were 3.50, 6.89, 4.74, 9.90, and 4.58% at 0, 7, 14, 21, and 28 days, respectively. 

The observed value of CV was less than 10%, indicating that the model was reproducible 

(198). The adequate precision determines the variation in the response relative to the target 

under varying noise conditions, where a value greater than 4 is desired (199,200). 

Specifically, the adequate precision for the model was observed to be 60.18, 68.93, 62.60, 

45.46, and 70.08 for 0, 7, 14, 21, and 28 days, respectively. The overall linear model was 

satisfactory and highly statistically significant (model p < 0.0001, leading to a confidence 

limit of >99%) for S. enterica. For Days 0 and 28, the quadratic model was also satisfactory 

and highly statistically significant (model p-value ≤ 0.0001, leading to a confidence limit 

of >99%). The relationship between the survival rates of S. enterica and the three protein 

hydrolysates observed on Day 28 is shown in equation 8. 

 

𝑌 = 1.91 − 0.32(𝐴) − 1.16(𝐵) + 0.37(𝐶) + 0.16(𝐴𝐵) − 0.13(𝐴𝐶) − 0.26(𝐵𝐶) −

0.04(𝐴)ଶ + 0.20(𝐵)ଶ   + 0.11 (𝐶)ଶ(8) 
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Throughout the study, variance inflation factors (VIFs) were observed to be 1.00, 

indicating their orthogonal nature. Multicollinearity between the independent variables was 

assessed using the VIFs, and because the VIFs were observed to be 1.00, no correlation 

was observed between the independent variables (201). Calculated deviation values (actual 

and predicted values of activities) for S. enterica at Days 0 (3.50%), 7 (6.89%), 14 (4.74%), 

21 (9.90%), and 28 (4.58%) were observed within the allowed limits (±10%), therefore, 

showing the model to be satisfactory and statistically significant (202,203). The signal-to-

noise ratio for S. enterica at Days 0 (60.18), 7 (68.927), 14 (62.601), 21 (45.458), and 28 

(70.083) was greater than the desired ratio (4.0), further indicating the accuracy of the 

proposed model (204). Photographic representation of viability study results for one of the 

RSM runs is represented in Figure 17. The effects of CH, SPH, and FPH on S. enterica 

survival were further elaborated by 3-D surface contour graphs (Figure 18), where the 

maximum survival response was achieved at 5% FPH in the absence of CH and SPH. 
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Figure 17. Photograph of viability results observed during RSM study optimization 
of protein hydrolysate on S. enterica subspp. Arizonae MTCC 660T at 5±2°C. 

Day 0 Day 7 Day 14 

Day 21 Day 28 
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Table 9: Box Behnken design for optimization of protein hydrolysates along with actual and predicted values of S. enterica 
subspp. Arizonae MTCC 660T recovery value converted to Log10 value  

Independent variables Response 1 Response 2 Response 3 Response 4 Response 5 

 

Run 

A B C A:CH 

(%) 

B: SPH 

(%) 

C: 
FSH 

(%) 

Day 0 

Log10(CFU/mL) 

Day 7 

Log10(CFU/mL) 

Day 14 

Log10(CFU/mL) 

Day 21 

Log10(CFU/mL) 

Day 28 

Log10(CFU/mL) 

  
Coded levels Actual levels AV PV AV PV AV PV AV PV AV PV 

1 +1 0 +1 10 5 10 1.18 1.24 0.78 0.83 1.18 1.22 1.18 1.17 1.20 1.19 
2 0 0 0 5 5 5 1.57 1.53 1.38 1.42 1.49 1.44 1.38 1.40 1.28 1.19 

3 -1 -1 0 0 0 5 2.78 2.81 3.02 3.06 2.52 2.48 2.85 2.94 3.03 2.99 
4 +1 -1 0 10 0 5 2.39 2.33 1.78 1.89 1.72 1.75 2.22 2.22 2.08 2.04 

5 -1 +1 0 0 10 5 1.11 1.17 0.90 0.95 1.20 1.14 0.60 0.59 0.30 0.35 

6 0 0 0 5 5 5 1.53 1.53 1.53 1.42 1.38 1.44 1.60 1.40 1.18 1.19 
7 +1 0 -1 10 5 0 1.18 1.21 0.78 0.85 0.90 0.93 0.90 0.92 0.70 0.72 

8 0 0 0 5 5 5 1.49 1.53 1.41 1.42 1.49 1.44 1.20 1.40 1.15 1.19 
9 0 0 0 5 5 5 1.54 1.53 1.40 1.42 1.41 1.44 1.20 1.40 1.18 1.19 
10 0 +1 -1 5 10 0 0.70 0.70 0.30 0.38 0.70 0.63 0.00 0.11 0.30 0.25 
11 0 0 0 5 5 5 1.51 1.53 1.36 1.42 1.36 1.44 1.51 1.40 1.18 1.19 
12 0 -1 -1 5 0 0 2.52 2.55 2.54 2.48 1.99 1.97 2.63 2.45 2.01 2.04 
13 -1 0 +1 0 5 10 1.80 1.77 1.99 2.00 1.93 1.96 2.08 1.89 2.09 2.07 
14 0 -1 +1 5 0 10 2.43 2.43 2.59 2.47 2.36 2.26 2.60 2.70 3.24 3.30 
15 -1 0 -1 0 5 0 2.10 2.04 2.11 2.02 1.57 1.67 1.63 1.64 1.08 1.09 
16 0 +1 +1 5 10 10 0.60 0.57 0.30 0.36 0.85 0.9179 0.30 0.36 0.48 0.45 
17 +1 +1 0 10 10 5 0.30 0.27 0.00 -

0.22 
0.48 0.41 0.00 -0.13 0.00 0.04 

Actual values (AV); predicted values (PV)
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Table 10: Statistical analysis (ANOVA) by response surface methodology of the proposed model for survival of S. enterica 
subspp. Arizonae MTCC 660T leading to optimization of protein hydrolysates when stored at 5±2°C over a period of 28 
days  

  
Model 

Day 0 Porb>F Day 7 Porb>F Day 14 Porb>F Day 21 Porb>F Day 28 Porb>F 

7.93  

 (Significant) 

<0.0001 11.62 

(Significant) 

< 0.0001 4.84 

 (Significant) 

< 0.0001 2.19 

 (Significant) 

< 0.0001 13.31 

 (Significant) 

< 0.0001 

A 0.9384 < 0.0001 2.74 < 0.0001 1.08 < 0.0001 1.02 < 0.0001 0.7938 < 0.0001 
B 6.86 < 0.0001 8.88 < 0.0001 3.59 < 0.0001 11.04 < 0.0001 10.76 < 0.0001 
C 0.0300 0.0161 0.0006 0.8046 0.1682 < 0.0001 0.1250 0.0245 1.07 < 0.0001 
A2 0.0150 0.0610 - - - - - - 0.0070 0.2098 

B2 0.0138 0.0700 - - - - - - 0.1672 0.0003 

C2 0.0022 0.4239 - - - - - - 0.0550 0.0061 

AB 0.0441 0.0065 - - - - - - 0.1056 0.0010 

AC 0.0225 0.0294 - - - - - - 0.0650 0.0040 

BC 0.0000 0.9301 - - - - - - 0.2756 < 0.0001 

R
2 0.9973   0.9894  

0.9876  
0.9798  

0.9981  

Adj. R
2 0.9939   0.9869  

0.9848  
0.9752  

0.9956  
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Lack of 

fit 
Not Significant 

  
Not Significant 

  
Not Significant 

  
Not Significant 

 
Not Significant 

  

Probability value of Fisher’s variance ratio (Prob>F), coefficient of determination (R
2
) 

The concentration of CH, SPH and FSH is represented by independent variables A, B and C. 

The effect of variables in squared terms (A
2
, B

2
, C

2
) 
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Figure 18. 3-D Contours showing the effect of casein hydrolysate (A:CH), soy protein hydrolysate (B:SPH) and fish 

protein hydrolysate (C:FPH) on the survival of S. enterica MTCC 660T at 5±2°C on (i)  Day 0, (ii) Day 7, (iii) Day 14, (iv)  

Day 21 and (v) Day 28

            (i)             (ii)             (iii) 

            (iv)             (v) 
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6.3 Effect of protective agents on the survival of E. coli and S. enterica 

Protective agents were individually studied using 2.88 Log10 culture of E. coli and 2.67 

Log10 culture of S. enterica, which was prepared using serial dilution of overnight grown 

culture in trypticase soya broth (TSB) (59,143). Among protectives, glucose, glycerol, and 

trehalose were individually studied for their effectiveness in supporting the viability of S. 

enterica at 5, 10, 15, 20, and 25% whereas BSA was studied at 5 and 10% concentration.  

For the individual study of protective agents, two different temperatures of 5 ± 2°C and -

18 ± 3°C were used for storage for 30 days. The bacterial viability was assessed at regular 

intervals of 0, 7, 14, 21, and 30 days using trypticase soya agar (TSA) in triplicate. Based 

on the results of individual studies on protective agents, an optimization study using RSM 

was conducted to identify the best suitable combinations and concentrations of protective 

agents (glucose, glycerol, trehalose & BSA). Response from the RSM study was tested for 

the quadratic model utilizing BBD methodology. At a later stage, the encapsulation step 

was introduced to formulate the quantitative RM of E. coli and S. enterica, which was 

checked for homogeneity and stability. 

6.3.1 Effect of glucose on the survival of E. coli and S. enterica 

Glucose at 5, 10, and 15% concentrations was effective in the survival of E. coli at 5±2°C 

and showed a recovery of 107.73, 111.47, and 99.18%, respectively, at 30 days. Whereas 

higher glucose concentrations (20 and 25%) showed loss of viability on day 14, though at 

25% concentration, there was a sudden recovery of 48.57% observed on day 30 (Figure 

19). Under conditions of environmental stress of starvation and low temperature, the 

presence of glucose and other sugars results in the triggering of a small or large group of 

genes in E. coli to overcome such conditions (205). As a response to such conditions, there 

is an effect on cell physiology, an increase in the number of injured cells, and doubling of 

the generation time, which can lead to results of sudden recovery as the injured cells take 

time for recovery and growth (206,207).  At -18 ± 3°C, glucose was able to support the 

survival of E. coli only till day 7, and no survival was observed at the 30th day of storage 

(Figure 20).  
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Figure 19. Survival of E. coli MTCC 1610T in the presence of 5, 10, 15, 20 & 25 % 

glucose stored at 5±2°C for 30 days. The graph contains viability results obtained at 

fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% confidence interval 

and n=2 for each response. 

 

 

Figure 20. Survival of E. coli MTCC 1610T in the presence of 5, 10, 15, 20 & 25% 

glucose stored at -18±3°C for 30 days. The graph contains viability results obtained 
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at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% confidence 

interval and n=2 for each response. 

Glucose concentrations of 5, 10, and 15% at refrigeration temperature (5±2°C) were found 

effective in supporting the survival of S. enterica, showing recovery rates of 58.72, 59.16, 

and 63.94%, respectively, at Day 30. However, glucose at concentrations of 20 and 25% 

was unable to support the viability of S. enterica after day 7 of storage at refrigeration 

temperature (Figure 21). Furthermore, all concentrations of glucose (ranging from 5 to 

25%) were unable to support the survival of S. enterica at -18 ± 3°C, as no growth was 

observed after 7 days of storage (Figure 22). Freezing conditions (-20°C) result in damage 

to Salmonella cells, which leads to a reduction in the initial inoculum, and the killing effect 

is increased in the presence of high moisture content. The presence of sugar can reduce the 

killing effect, provided the relative humidity is lower than the moisture content of 

monolayer formation (208,209). 

 

 

Figure 21. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5, 

10, 15, 20 & 25 % glucose stored at 5±2°C for 30 days. The graph contains viability 
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results obtained at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% 

confidence interval and n=2 for each response. 

 

 

Figure 22. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5, 

10, 15, 20 & 25% glucose stored at -18±3°C for 30 days. The graph contains viability 

results obtained at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% 

confidence interval and n=2 for each response. 

6.3.2 Effect of glycerol on the survival of E. coli and S. enterica 

Glycerol at 5% concentration supported the viability of E. coli by 55.67% at 5±2°C for 30 

days (Figure 23), whereas all the concentrations of glycerol (5% - 20%) were observed to 

support the survival of E. coli at -18 ± 3°C (Figure 24). Glycerol concentrations of 5, 10, 

15, and 20% at -18 ± 3°C showed 62.28, 43.62, 50.28, and 24.29% recovery of the target 

analyte, respectively. At freezing conditions, glycerol provides the most consistent 

protection to E. coli  (210). Glycerol under freezing conditions can reduce cell wall and 

membrane damage of E. coli cells (211).  
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Figure 23. Survival of E. coli MTCC 1610T in the presence of 5, 10, 15, 20 & 25% 

glycerol stored at 5±2°C for 30 days. The graph contains viability results obtained at 

fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% confidence interval 

and n=2 for each response. 

 

Figure 24. Survival of E. coli MTCC 1610T in the presence of 5, 10, 15, 20 & 25% 

glycerol stored at -18±3°C for 30 days. The graph contains viability results obtained 
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at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% confidence 

interval and n=2 for each response. 

Glycerol, at concentrations ranging from 5 to 25% did not support the growth of S. enterica 

at 5 ± 2°C after 14 days of storage (Figure 25). However, 15 and 20% glycerol at -18 ± 

3°C after 30 days demonstrated 17.86 and 67.64% viability of S. enterica, respectively 

(Figure 26). Growth of Salmonella in presence of lower water activity and humectants like 

glycerol, sodium chloride and sucrose can result in formation of filaments which is the 

result of osmotic stress (91,119). Presence of glycerol do not enhance recovery of injured 

S. anatum cells (212). In preservation study of 7 Log10 culture of S. enterica involving 

preservation media containing 10 – 20% glycerol at 4°C, -20°C and -80°C, only -80°C was 

effective for long term storage. There was complete loss of viability after one week for S. 

enterica at 4°C and loss of 3 to 4.7 Log10 at -20°C in media with 20% glycerol (213).  

 

Figure 25. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5, 

10, 15, 20 & 25 % glycerol stored at 5±2°C for 30 days. The graph contains viability 
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results obtained at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% 

confidence interval and n=2 for each response. 

 

Figure 26. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5, 

10, 15, 20 & 25% glycerol stored at -18±3°C for 30 days. The graph contains viability 

results obtained at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% 

confidence interval and n=2 for each response. 

6.3.3 Effect of trehalose on the survival of E. coli and S. enterica 

All the concentrations of trehalose (5 – 25%) were found to be effective in maintaining the 

viability of E. coli MTCC 1610T at 5±2°C. Trehalose at 5, 10, and 15% showed recovery 

of more than 100%, whereas 20 and 25% concentrations of trehalose showed 87.51 and 

91.51% recovery at 5±2°C, respectively, at 30 days of storage (Figure 27). Trehalose was 

ineffective in supporting the survival of E. coli at -18 ± 3°C till 30 days. After 14 days of 

storage at -18 ± 3°C, 20 and 25% concentrations of trehalose showed 34.72 and 39.80% 

recovery of E. coli, respectively, which was reduced to no viability at 21 days of storage 

(Figure 28). 
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Figure 27. Survival of E. coli MTCC 1610T in the presence of 5, 10, 15, 20 & 25% 

trehalose stored at 5±2°C for 30 days. The graph contains viability results obtained 

at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% confidence 

interval and n=2 for each response. 

 

Figure 28. Survival of E. coli MTCC 1610T in the presence of 5, 10, 15, 20 & 25% 

trehalose stored at -18±3°C for 30 days. The graph contains viability results obtained 
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at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% confidence 

interval and n=2 for each response. 

Only a 5% concentration of trehalose resulted in a 50.99% survival of the initially added 

inoculum of S. enterica at 5±2°C after 30 days (Figure 29). Higher concentrations of 

trehalose (15–25%) supported the survival of S. enterica, resulting in survival of 51.69%, 

0.11% and 33.82% respectively at 15%, 20% and 25% of trehalose, until Day 14 under 

freezing conditions (-18 ± 3°C). However, beyond this point, a significant decline occurred, 

resulting in a survival rate of less than 11% of the initially added inoculum at -18 ± 3°C 

(Figure 30). Trehalose synthesis gene (otsA and otsB) in S. enterica serovar Typhimurium  

is required for environmental survival as moderate osmolality can support in development 

of heat resistance and support the growth of S. enterica at a higher limit of the growth 

temperature by maintaining turgor and protein stabilization (55,214) suggesting the role of 

trehalose in the survival of Salmonella at high temperatures rather than lower temperatures.  

 

Figure 29. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5, 

10, 15, 20 & 25 % trehalose stored at 5±2°C for 30 days. The graph contains viability 
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results obtained at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% 

confidence interval and n=2 for each response. 

 

 

Figure 30. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5, 

10, 15, 20 & 25 % trehalose stored at -18±3°C for 30 days. The graph contains viability 

results obtained at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% 

confidence interval and n=2 for each response. 

 

6.3.4 Effect of bovine serum albumin on the survival of E. coli and S. enterica 

At a 5% concentration, BSA resulted in 93.17% recovery of E. coli at 5±2°C after 30 days 

of storage (Figure 31), however, it failed to provide cryoprotection at -18 ± 3°C. Only 

10.46% and 27.04% recovery rates were observed for 5% and 10% BSA concentrations, 

respectively, after a 14-day storage period. Remarkably, no recovery was observed for both 

the concentrations of BSA at -18 ± 3°C on 30 days of storage (Figure 32). Escherichia spp. 

(5 Log10) when subjected to overnight freeze drying at -70°C and rehydration post 
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lyophilization and storage at 4°C for 3 months in presence of 10% BSA showed no 

recovery (215). 

 

Figure 31. Survival of E. coli MTCC 1610T in the presence of 5 & 10% BSA stored at 

5±2°C for 30 days. The graph contains viability results obtained at fixed intervals of 

0, 7, 14, 21, and 30 days with error bars at 95% confidence interval and n=2 for each 

response. 

 

 

Figure 32. Survival of E. coli MTCC 1610T in the presence of 5 & 10 % BSA stored 

at -18±3°C for 30 days. The graph contains viability results obtained at fixed intervals 
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of 0, 7, 14, 21, and 30 days with error bars at 95% confidence interval and n=2 for 

each response. 

At a 10% concentration, BSA significantly improved the viability of S. enterica (85.84%) 

during refrigeration after 21 days of storage, in contrast to the 5% BSA concentration 

(11.27%) (Figure 33). However, no survival was observed on the 30th day for both 

concentrations. Parallelly, both 5% and 10% concentrations of BSA were unable to 

maintain the viability of S. enterica at -18±3°C after 14 days (Figure 34). Although we 

were unable to find a specific study involving the effect of BSA on the survival of 

Salmonella at lower temperatures, a similar study associated with E. coli suggests that BSA 

can impart virulence and antibiotic resistance rather than cryoprotection (216,217).  

 

 

Figure 33. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5 

& 10% BSA stored at 5±2°C for 30 days. The graph contains viability results obtained 

at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% confidence 

interval and n=2 for each response. 
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Figure 34. Survival of S. enterica subspp. Arizonae MTCC 660T in the presence of 5 

& 10 % BSA stored at -18±3°C for 30 days. The graph contains viability results 

obtained at fixed intervals of 0, 7, 14, 21, and 30 days with error bars at 95% 

confidence interval and n=2 for each response. 

Replacement of cellular content with cryoprotectants results in imparting protection for 

microbial cell survival. Cryoprotectants are traditionally classified based on the rate of 

penetration into the microbial cells. The permeability of cryoprotectants is dependent on 

the temperature and cell type. Glycerol, polysaccharide, albumin, protein, gelatin, etc., 

penetrate slowly, hence they induce cryoprotection at concentrations ranging from 10 – 

40%. (33,38). In this study, except for glycerol, none of the studied cryoprotectants were 

able to impart cryoprotection at -18 ± 3°C, which may be due to the ice crystal formation 

leading to the early death of microbial cells before the additives could diffuse and impart 

cryoprotection (218,219). Glycerol can penetrate the cell wall and cell membrane, whereas 

mono- and disaccharides, amino acids, and low molecular weight solvents can penetrate 

the cell wall only (33). Glucose at 1 – 18% concentration with a median of 4%, trehalose 

at 5 – 19% with a median of 10%, and serum albumin at 0.1– 4% have been used as 

cryoprotectants for viruses, bacteria, and yeast (220,221). The mixture of proteins and 
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sugars result in the formation of most effective cryoprotectants (222). Composite 

cryoprotectants have shown better survival rates of microbial cells by reducing cell wall 

and cell membrane damage, maintaining normal morphology and cell membrane integrity 

while improving enzyme activity during freeze drying state (223). Hence to understand the 

impact of all the cryoprotectants used in this study, RSM tool was applied to identify the 

ideal combination for the long-term survival of E. coli and S. enterica. We selected glucose, 

trehalose, and glycerol concentrations ranging from 5 to 15%, along with a 5% BSA 

concentration, for optimization using RSM. 

6.4 Statistical optimization of protective agents through response surface 

methodology 

An optimization study using RSM was conducted to identify the best suitable 

concentrations of protective agents (glucose, glycerol, trehalose & BSA). Responses from 

the RSM study were tested for the quadratic model utilizing BBD. Refrigeration and 

freezing temperatures were used for storage and after regular intervals, the viability was 

assessed using trypticase soya agar (TSA) in triplicate. In the RSM study of protectants, 

the selected concentrations for glucose, trehalose, and glycerol were 5, 10, and 15%, while 

for BSA, the selected concentrations were 0, 2.5, and 5%. The BBD model was employed 

as the study involved more than three factors. Multiple responses were monitored over a 

28-day storage period, with measurements taken at 7-day intervals. The experimental setup 

included three concentration levels for glucose, trehalose, and glycerol (5%, 10%, and 

15%), as well as three concentration levels for BSA (0%, 2.5%, and 5%). This design 

resulted in 29 experimental points for each storage temperature (5±2°C and -18±3°C). All 

the readings were taken in triplicate with blank and culture controls. However, the RSM 

study for protectants conducted at a storage temperature of -18±3°C showed no viability 

from Day 7 onwards for E. coli and S. enterica. 

6.2.1 Response surface methodology study for statistical optimization of protective 
agents on E. coli as target analyte 
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E. coli MTCC 1610T was propagated overnight on agar (TSA) and was used at a titre of 

2.49 Log10 culture as initial inoculum for the RSM study and its survival was monitored 

for 28 days with 5%, 10% and 15% concentration of glucose, glycerol, trehalose and 0, 

2.5% and 5% of BSA. Details of the BBD model with actual recovery and predictive values 

of E. coli to Log10 value for storage temperature at 5±2°C are provided in Table 11. The 

statistical analysis (ANOVA) of the proposed quadratic model for the survival of E. coli at 

5±2°C is summarized in Table 12. The model was found to be satisfactory and statistically 

significant by the p-value (<0.0001), non-significant lack of fit (F value 1.89), and fit 

statistics (adequate precision of 20.74 > 4) for E. coli at 28 days. The RSM study for 

optimization of protectants was found to be significant as the observed values of R-squared 

(0.98, 0.95, 0.91, 0.88 and 0.83 at 0, 7, 14, 21 and 28 days, respectively) were higher, 

demonstrating a strong correlation between the experimental and predicted values. 

Through the study, VIFs were observed to be 1.00, indicating the orthogonal nature of 

factors. The signal to noise ratio observed for the protectant study involving E. coli at Day 

0 (73.162), Day 7 (39.440), Day 14 (30.044), Day 21 (24.921), and Day 28 (20.738) was 

greater than the desired ratio (4.0) further indicating the accuracy of the proposed model. 

The calculated values of deviation (actual and predicted values of activities) for Day 0 

(1.53%), Day 7 (2.89%), Day 14 (4.03%), and Day 21 (6.20%) were observed within the 

permitted limits (± 10%), therefore, showing the model to be satisfactory and statistically 

significant. The calculated values of deviation (actual and predicted values of activities) 

for Day 28 (11.17%) were observed outside the permitted limits (± 10%). The linear model 

was found to be satisfactory and statistically significant by the p-value (<0.0500), non-

significant lack of fit (F value 1.89), and fit statistics (adequate precision of 20.74 >4). A 

photographic representation of the viability study results for one of the RSM runs is shown 

in figure 35. The effect of glucose, trehalose, glycerol & BSA on the survival of E. coli is 

further elaborated by the 3-D surface contour graph (Figure 36), where the maximum 

response is achieved with a higher percentage of glycerol and decreasing levels of glucose 

with the fixed variable of 10% trehalose & 2.5% BSA. Glucose and glycerol have been 

used widely for cryopreservation (224). Glucose is required by microbial cells as a part of 
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their active growth cycle, whereas glycerol has long proven to be an effective 

cryoprotectant by penetrating the microbial cell and protecting the cell membrane and cell 

wall (33).  In various studies involving glucose and glycerol as cryoprotectant additives, 

glycerol is found to provide better survival of microorganisms than glucose at lower 

temperatures (210,224,225). Glycerol, combined with nutritive supplements like peptone 

and yeast extract at -20°C, has resulted in 88.87% and 84.35% survival rates of 15 strains 

of Enterobacterales, including a strain of Escherichia marmotae (226). 

The linear model was found to be satisfactory and statistically significant for E. coli. The 

relationship between the survival rate of E. coli MTCC 1610T and the four protectants 

observed on Day 28 is shown in the equation below (9). 

 

Y =  1.56 − 0.46(A) + 0.08(B) +  0.04(C) − 0.29(𝐷) (9) 

 

were Y = Response Value (Survival Rate); A = Glucose; B = Glycerol; C = Trehalose; D = BSA with their 

respective coefficient estimate factors 
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Figure 35. Photograph of viability results observed during response surface 
methodology study for optimization of protective agents on E. coli MTCC 1610T at 
5±2°C. 

Day 7 Day 0 Day 14 

Day 21 Day 28 



 
 

128 
 
 

Table 11: Box Behnken design for optimization of protectants along with actual and predicted values of E. coli MTCC 
1610T recovery value converted to Log10 value  

 
   Independent variables Response 1 Response 2 Response 3 Response 4 Response 5 

  

  

Run 

A B C D  A: 

Glucose 

(%) 

B: 

Glycerol 

(%) 

C: 

Trehalose 

(%) 

D: 

BSA 

(%) 

Day 0 

Log10(CFU/mL) 

Day 7 

Log10(CFU/mL) 

Day 14 

Log10(CFU/mL) 

Day 21 

Log10(CFU/mL) 

Day 28 

Log10 (CFU/mL) 

 

Coded levels  Actual levels AV PV AV PV AV PV AV PV AV PV 
1 -1 0 0 -1  5 10 10 0 2.36 2.35 2.38 2.36 2.34 2.36 2.40 2.36 2.33 2.31 
2 +1 0 +1 0  15 10 15 2.5 1.60 1.64 1.62 1.66 1.56 1.59 1.43 1.44 1.26 1.14 
3 0 0 0 0  10 10 10 2.5 1.98 1.91 2.02 1.91 1.99 1.88 1.89 1.78 1.66 1.56 
4 +1 0 0 -1  15 10 10 0 1.81 1.77 1.83 1.78 1.80 1.75 1.77 1.65 1.53 1.40 

5 0 0 -1 -1  10 10 5 0 2.02 2.04 1.99 2.03 2.01 2.04 1.87 2.00 1.74 1.82 

6 -1 0 -1 0  5 10 5 2.5 2.14 2.18 2.15 2.16 2.13 2.17 2.06 2.12 1.94 1.98 

7 0 +1 +1 0  10 15 15 2.5 1.96 1.93 1.93 1.95 1.88 1.94 1.83 1.84 1.63 1.68 
8 0 0 0 0  10 10 10 2.5 1.89 1.91 1.83 1.91 1.81 1.88 1.67 1.78 1.41 1.56 
9 0 +1 0 -1  10 15 10 0 2.04 2.06 2.01 2.07 2.03 2.09 1.99 2.05 1.79 1.94 
10 0 0 -1 +1  10 10 5 5 1.75 1.74 1.69 1.71 1.67 1.70 1.56 1.55 1.20 1.23 

11 +1 0 -1 0  15 10 5 2.5 1.57 1.59 1.54 1.58 1.48 1.57 1.41 1.42 0.85 1.07 

12 0 0 0 0  10 10 10 2.5 1.91 1.91 1.92 1.91 1.86 1.88 1.81 1.78 1.69 1.56 
13 0 -1 +1 0  10 5 15 2.5 1.94 1.94 1.96 1.94 1.89 1.86 1.78 1.74 1.57 1.52 
14 -1 -1 0 0  5 5 10 2.5 2.24 2.21 2.20 2.19 2.14 2.15 2.03 2.09 1.92 1.94 
15 -1 +1 0 0  5 15 10 2.5 2.23 2.20 2.25 2.20 2.26 2.23 2.16 2.18 2.08 2.10 

16 0 -1 0 -1  10 5 10 0 2.02 2.06 2.01 2.06 2.01 2.02 1.95 1.96 1.75 1.77 

17 0 +1 0 +1  10 15 10 5 1.72 1.76 1.68 1.75 1.78 1.75 1.69 1.61 1.36 1.35 
18 0 -1 0 +1  10 5 10 5 1.74 1.76 1.69 1.74 1.72 1.68 1.64 1.51 1.28 1.18 
19 -1 0 +1 0  5 10 15 2.5 2.22 2.23 2.19 2.23 2.12 2.20 2.07 2.14 1.97 2.06 
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20 0 0 +1 -1  10 10 15 0 2.08 2.08 2.13 2.11 2.10 2.07 2.01 2.02 1.93 1.89 

21 -1 0 0 +1  5 10 10 5 2.06 2.06 2.09 2.03 2.06 2.02 1.98 1.91 1.85 1.72 

22 0 0 +1 +1  10 10 15 5 1.79 1.79 1.81 1.78 1.76 1.73 1.51 1.57 1.00 1.31 
23 0 -1 -1 0  10 5 5 2.5 1.92 1.89 1.93 1.86 1.96 1.83 1.88 1.72 1.72 1.44 
24 +1 0 0 +1  15 10 10 5 1.48 1.47 1.45 1.46 1.26 1.41 0.95 1.21 0.85 0.81 
25 +1 -1 0 0  15 5 10 2.5 1.64 1.62 1.62 1.61 1.49 1.54 1.23 1.38 0.60 1.02 

26 0 +1 -1 0  10 15 5 2.5 1.90 1.88 1.87 1.87 1.90 1.91 1.73 1.82 1.45 1.61 

27 0 0 0 0  10 10 10 2.5 1.90 1.91 1.83 1.91 1.91 1.88 1.89 1.78 1.64 1.56 
28 +1 +1 0 0  15 15 10 2.5 1.62 1.61 1.73 1.62 1.82 1.62 1.70 1.48 1.52 1.19 
29 0 0 0 0  10 10 10 2.5 1.90 1.91 1.92 1.91 1.90 1.88 1.85 1.78 1.76 1.56 

Actual values (AV); predicted values (PV) 
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Table 12: Statistical analysis (ANOVA) by RSM of the proposed model for survival of E. coli MTCC 1610T leading to 
optimization of protectants when stored at 5±2°C for 28 days  

  

  

Model 

Day 0 Porb>F Day 7 Porb>F Day 14 Porb>F Day 21 Porb>F Day 28 Porb>F 

1.31 
(Significant) 

<0.0001 1.34 
(Significant) 

< 0.0001 1.47 
(Significant) 

< 0.0001 2.10 
(Significant) 

< 0.0001 3.64 

(Significant) 

< 
0.0001 

A 1.04 < 0.0001 1.00 < 0.0001 1.10 < 0.0001 1.48 < 0.0001 2.50 < 0.0001 

B 0.0001 0.7692 0.0003 0.7558 0.0176 0.0929 0.0290 0.1368 0.0817 0.1143 

C 0.0070 0.0085 0.0184 0.8046 0.0021 0.5485 0.0012 0.7569  0.0176 0.4538 

D 0.2670 < 0.0001 0.3136 < 0.0001 0.3468 < 0.0001 0.5896 < 0.0001  1.04  < 0.0001 

R2 0.9847   0.9483 
 

0.9141 
 

0.8771 
 

0.8330 
 

Adj. R2 0.9821   0.9397 
 

0.8998 
 

0.8566 
 

0.8051 
 

Lack of 
fit 

Not 
Significant 

  Not 
Significant 

  Not 
Significant 

  Not 
Significant 

  Not 
Significant 

  

        
 

        
 

  

Probability value of Fisher’s variance ratio (Prob>F), coefficient of determination (R2) 

The concentration of CH, SPH and FSH is represented by independent variables A, B and C. 

The effect of variables in squared terms (A2, B2, C2) 

Interactive effect of the variables (AB, AC, BC) 
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Figure 36. 3-D Contours showing the effect of glucose (A), glycerol (B), trehalose (C), and bovine serum albumin (D) on 

the survival of E. coli MTCC 1610T at 5±2°C on (i)  Day 0, (ii) Day 7, (iii) Day 14, (iv)  Day 21 and (v) Day 28

            (i)             (ii)             (iii) 

            (iv)             (v) 
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6.4.2 Response surface methodology study for statistical optimization of protective 

agents on S. enterica as target analyte 

Concentration selected for glucose, trehalose, and glycerol were 5%, 10% & 15% whereas 

0, 2.5% & 5% concentration level was selected for BSA in the RSM study of protectants. 

S. enterica MTCC 660T was propagated overnight on agar (TSA) and was used at a titre of 

2.51 Log10 culture as initial inoculum for the RSM study, and its survival was monitored 

for a period of 28 days.  Details of the BBD model with actual recovery and predictive 

values of S. enterica to Log10 value for storage temperature at 5±2°C are provided in Table 

13. The statistical analysis using ANOVA of the proposed model for survival of S. enterica 

is elaborated in Table 14. The RSM study for optimization of protectants was found to be 

significant as the observed values of R-squared were >0.92 at Day 0, Day 7, Day 14 & Day 

28, and > 0.86 at Day 21, demonstrating a strong correlation among the experimental and 

predicted values. The model was deemed satisfactory and statistically significant, as 

indicated by the p-value, the non-significant lack of fit, and the fit statistics (Table 14). A 

p-value of less than 0.0001, which is less than 0.05, implies that the model terms are 

significant. Additionally, a lack of fit value of 2.12, observed in the Day 28 response, 

suggests that the lack of fit is not significant. Throughout the study, Variance Inflation 

Factors (VIFs) were observed to be 1.00, indicating the orthogonal nature of the factors.  

The signal to noise ratio for the RSM protectant study at Day 0 (30.370), Day 7 (27.358), 

Day 14 (18.011), Day 21 (20.362), and Day 28 (16.473) was greater than the desired ratio 

(4.0), further indicating the accuracy of the proposed model. The calculated values of 

deviation (actual and predicted values of activities) for Day 0 (6.06%) and Day 7 (9.33%), 

were observed within the permitted limits (± 10%), therefore, showing the model to be 

satisfactory and statistically significant. The calculated values of deviation (actual and 

predicted values of activities) for Day 14 (12.42%), Day 21 (21.01%), and Day 28 

(17.73%) were observed outside the permitted limits (± 10%). RSM study is applied in the 

optimization of metabolites produced by microbial cells. In the microbiology optimization 

studies utilizing RSM which are available in scientific literature, have chemical analysis of 



 
 

133 
 
 

microbial metabolites as a response rather than viability count of the microbial cells (191). 

Counting of colonies involves a higher standard deviation due to the non-homogeneous 

presence of micro-organisms, even in a simple matrix like water (191,227,228).  The 

measurement uncertainty of microbiological testing is generally higher than that of 

chemical testing. Both methods differ in terms of precision. Therefore, the ±10% standard 

deviation (SD) limit applies to chemical analysis, rather than viability count (229). 

A photographic representation of the viability study results for one of the RSM runs 

is represented in figure 37. The impact of glucose, trehalose, glycerol, and Bovine Serum 

Albumin (BSA) on the survival of S. enterica is further illustrated by the 3-D surface 

contour graphs (Figure 38). The graph shows that the maximum response is achieved with 

a higher percentage of glycerol and decreasing levels of glucose while keeping the 

variables of trehalose and BSA fixed at 10 and 2.5%, respectively. The optimal conditions 

for the survival of S. enterica are achieved with a higher concentration of glycerol and a 

lower concentration of glucose in this study. This can be attributed to the role of glucose 

as an energy provider for cells in the active phase, rather than the dormant phase (230). In 

Salmonella survival studies involving glycerol and glucose as humectant or polyol and 

sugar, respectively, gene expression involving features of heat and acid resistance, 

virulence, filamentation, biofilm formation, and survival in low water activity increases in 

the presence of glycerol as compared to glucose at increasing concentration (119,231–234). 

In the dormant phase, microbial cells need to minimize their metabolic activity for survival, 

and this is facilitated by lower temperatures. Therefore, under such conditions, glycerol 

serves as a superior cryoprotective agent compared to glucose (235). Glycerol protects cell 

components at lower temperatures and aids in microbial survival (33,224). 

The linear model was found to be satisfactory and statistically significant for S. 

enterica at Day 0, Day 7, and Day 21. However, for Day 14 and Day 28, S. enterica 

demonstrated quadratic relationship and the quadratic model was proved to be both 

satisfactory and statistically significant on these days. The relationship between the 

survival rate of S. enterica and the four protectants, as observed on Day 28, is illustrated in 

Equation (11). 
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𝑌 = 1.23 − 0.70(𝐴) − 0.30(𝐵) − 0.26(𝐶) − 0.15(𝐷) + 0.04(𝐴𝐵) − 0.07(𝐴𝐶) +

0.09(𝐴𝐷) + 0.01(𝐵𝐶) − 0.05(𝐵𝐷) − 0.08 (𝐶𝐷) − 0.04(𝐴)ଶ − 0.16 (𝐵)ଶ −

0.21(𝐶)ଶ − 0.14(𝐷)ଶ        ………… (11) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. Photograph of viability results observed during response surface 
methodology study optimization of protective agents on S. enterica subspp. Arizonae 
MTCC 660T at 5±2°C. 

Day 0 Day 7 Day 14 

Day 21 Day 28 



 
 

135 
 
 

Table 13: Box Behnken design for optimization of protectants along with actual and predicted values of S. enterica 
subspp. Arizonae MTCC 660T recovery value converted to Log10 value. 

   Independent variables Response 1 Response 2 Response 3 Response 4 Response 5 

  

  

Run 

A B C D  A: 

Glucose 

(%) 

B: 

Glycerol 

(%) 

C: 

Trehalose 

(%) 

D: 

BSA 

(%) 

Day 0 

Log10(CFU/mL) 

Day 7 

Log10(CFU/mL) 

Day 14 

Log10(CFU/mL) 

Day 21 

Log10(CFU/mL) 

Day 28 

Log10(CFU/mL) 

 

Coded levels  Actual levels AV PV AV PV AV PV AV PV AV PV 
1 -1 0 0 -1  5 10 10 0 2.15 1.96 2.12 1.99 2.19 2.05 2.13 1.93 2.06 1.99 
2 +1 0 +1 0  15 10 15 2.5 1.08 1.00 0.78 0.72 0.30 0.27 0.60 0.19 0.00 -0.03 
3 0 0 0 0  10 10 10 2.5 1.54 1.44 1.45 1.33 1.23 1.18 1.08 1.03 1.20 1.23 
4 +1 0 0 -1  15 10 10 0 1.30 1.20 1.18 1.01 1.00 0.84 0.90 0.71 0.48 0.42 
5 0 0 -1 -1  10 10 5 0 1.54 1.64 1.64 1.62 1.45 1.41 1.34 1.55 1.38 1.20 
6 -1 0 -1 0  5 10 5 2.5 1.92 1.88 1.99 1.94 1.83 1.94 1.73 1.88 1.69 1.88 
7 0 +1 +1 0  10 15 15 2.5 1.20 1.21 1.00 0.99 0.48 0.37 0.48 0.49 0.30 0.32 
8 0 0 0 0  10 10 10 2.5 1.41 1.44 1.34 1.33 1.26 1.18 1.30 1.03 1.34 1.23 
9 0 +1 0 -1  10 15 10 0 1.34 1.41 1.20 1.29 0.90 1.03 0.90 1.01 0.60 0.82 
10 0 0 -1 +1  10 10 5 5 1.36 1.36 1.34 1.28 1.20 1.02 1.15 0.99 1.23 1.08 
11 +1 0 -1 0  15 10 5 2.5 1.08 1.12 0.70 0.96 0.78 0.94 0.70 0.66 0.30 0.62 
12 0 0 0 0  10 10 10 2.5 1.18 1.44 1.00 1.33 1.00 1.18 0.95 1.03 1.08 1.23 
13 0 -1 +1 0  10 5 15 2.5 1.45 1.55 1.34 1.42 1.18 1.15 1.08 1.11 0.90 0.91 
14 -1 -1 0 0  5 5 10 2.5 2.02 1.99 2.04 2.03 1.99 2.04 2.01 1.95 1.95 2.09 
15 -1 +1 0 0  5 15 10 2.5 1.68 1.65 1.63 1.60 1.57 1.57 1.46 1.34 1.48 1.40 
16 0 -1 0 -1  10 5 10 0 1.72 1.75 1.62 1.72 1.51 1.52 1.40 1.62 1.32 1.34 
17 0 +1 0 +1  10 15 10 5 1.11 1.13 0.85 0.94 0.30 0.37 0.30 0.45 0.30 0.44 
18 0 -1 0 +1  10 5 10 5 1.48 1.47 1.38 1.37 1.15 1.09 1.04 1.06 1.20 1.13 
19 -1 0 +1 0  5 10 15 2.5 1.78 1.76 1.75 1.69 1.68 1.60 1.62 1.41 1.66 1.50 
20 0 0 +1 -1  10 10 15 0 1.45 1.52 1.28 1.38 0.85 1.05 0.70 1.08 0.78 0.86 
21 -1 0 0 +1  5 10 10 5 1.62 1.68 1.58 1.64 1.40 1.46 1.49 1.36 1.53 1.52 
22 0 0 +1 +1  10 10 15 5 1.26 1.24 0.95 1.03 0.30 0.37 0.00 0.52 0.30 0.40 
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Actual values (AV); predicted values (PV) 

 

 

 

 

 

 

 

 

 

 

 

 

23 0 -1 -1 0  10 5 5 2.5 1.70 1.67 1.62 1.67 1.46 1.48 1.40 1.58 1.53 1.44 
24 +1 0 0 +1  15 10 10 5 1.00 0.92 0.85 0.67 0.30 0.35 0.00 0.14 0.30 0.30 
25 +1 -1 0 0  15 5 10 2.5 1.23 1.23 1.15 1.06 1.00 1.02 0.90 0.73 0.60 0.60 
26 0 +1 -1 0  10 15 5 2.5 1.34 1.33 1.28 1.23 1.11 1.05 1.00 0.96 0.90 0.82 
27 0 0 0 0  10 10 10 2.5 1.48 1.44 1.38 1.33 1.23 1.18 1.20 1.03 1.32 1.23 
28 +1 +1 0 0  15 15 10 2.5 0.90 0.89 0.60 0.62 0.30 0.27 0.00 0.12 0.30 0.08 
29 0 0 0 0  10 10 10 2.5 1.49 1.44 1.45 1.33 1.20 1.18 1.15 1.03 1.23 1.23 
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Table 14: Statistical analysis (ANOVA) by RSM of the proposed model for survival of S. enterica subspp. Arizonae MTCC 
660T leading to optimization of protectants when stored at 5±2°C over a period of 28 days.  

  

  

Model 

Day 0 Porb>F Day 7 Porb>F Day 14 Porb>F Day 21 Porb>F Day 28 Porb>F 

2.37 

(Significant) 

<0.0001 3.95 

(Significant) 

< 0.0001 7.22 

(Significant) 

< 0.0001 7.25 

(Significant) 

< 0.0001 8.54 

(Significant) 

< 0.0001 

A 1.75 < 0.0001 2.85 < 0.0001 4.06 < 0.0001 4.49 < 0.0001 5.87 < 0.0001 

B 0.3434 < 0.0001 0.5590 < 0.0001 1.10 < 0.0001 1.13 < 0.0001 1.09 < 0.0001 

C 0.0432 0.0257 0.1801 0.0022 0.7701 0.0022 0.6721 0.0009 0.7957 0.0002 

D 0.2324 < 0.0001 0.3640 < 0.0001 0.8802 < 0.0001 0.9577 0.0001 0.2581 0.0131 

A2 - - - - 0.0751 0.0665 - - 0.0081 0.6227 

B2 - - - - 0.0284 0.2412 - - 0.1590 0.0426 

C2 - - - - 0.0748 0.0669 - - 0.2802 0.0103 

D2 
    

0.0875 0.0497 
  

0.1347 0.0594 

AB - - - - 0.0196 0.3266 - - 0.0072 0.6419 
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AC - - - - 0.0272 0.2507 - - 0.0182 0.4628 

AD 
    

0.0020 0.7487 
  

0.0306 0.3444 

BC - - - - 0.0306 0.2245 - - 0.0002 0.9343 

BD 
  

- - 0.0144 0.3982 
  

0.0081 0.6226 

CD 
    

0.0225 0.2944 
  

0.0272 0.3718 

R2 0.9282 
 

0.9149 
 

0.9645 
 

0.8647 
 

0.9502 
 

Adj. 

R2 

0.9162 
 

0.9007 
 

0.9291 
 

0.8422 
 

0.9003 
 

Lack 

of fit 

Not Significant   Not Significant   Not Significant   Not Significant   Not Significant   

Probability value of Fisher’s variance ratio (Prob>F), coefficient of determination (R2) 
The concentration of glucose, glycerol, trehalose and BSA is represented by independent variables A, B, C and D. 
The effect of variables in squared terms (A2, B2, C2, D2) 
Interactive effect of the variables (AB, AC, AD, BC, BD, CD) 
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Figure 38. 3-D Contours showing the effect of glucose(A), glycerol (B), trehalose (C), and bovine serum albumin (D) on 

the survival of S. enterica MTCC 660T at 5±2°C on (i)  Day 0, (ii) Day 7, (iii) Day 14, (iv)  Day 21 and (v) Day 28
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6.5 Study of encapsulation agents 

Preservation of probiotics has been widely studied for target delivery and avoiding gastric 

conditions by employing encapsulation techniques (60). Sodium-CMC and gelatin have 

been studied for microencapsulation of probiotics or bioactives by creating water in water 

emulsion, which is soluble in water (236,237). Gelatin has also been used to preserve 

microorganisms during transportation (34,238). Guar gum has been used in the formation 

of hydrogels and films exhibiting properties like thickening, water solubility, pH stability, 

gelling, and binding properties (239). For the encapsulation step, CMC, gelatin & guar gum 

were evaluated for consistency when kept at 45°C for 30 mins (Figure 39), followed by 

disc or pellet formation by drop method (Figure 40) and drying in a laminar for 3 h. The 

formed pellet was added to distilled water, and the solubility of the pellet was assessed. 

Based on the results shown in Table 15, 3% gelatin and 2% CMC were chosen for the 

encapsulation step, along with the elimination of guar gum as it was leaving residues after 

dissolution in water (Figure 41). 

Table 15: Assessment of encapsulating agents based on physical observations 

 

CMC 
(%) 

Guar 
Gum 
(%) 

Gelatin 
(%) 

Observations 
Consistency 

(45°C @ 30 
mins) 

State 
(Drying in 

Laminar for 3 h) 

Solubility in water 

1 1 1 Runny Liquid Dissolves completely 
1 1 2 Runny Liquid Dissolves completely 
1 1 3 Runny Liquid Dissolves completely 
1 2 3 Thick Semi-Solid Longer time to dissolves 

in water 
0 2 3 Thick Semi-Solid Leaves residue post 

dissolution in water 
0 3 3 Thick Semi-Solid Insoluble in water 
0 4 4 Thick Solid Insoluble in water 
2 1 3 Thick Semi-Solid Leaves residue post 

dissolution in water 
2 0 3 Thick Solid Dissolves completely 
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Figure 39. Different concentrations of CMC, guar gum and gelatin for physical assessment of consistency, drying time 

and solubility in water. 
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Figure 40. Pellet or disc formation using the drop method to assess different concentrations of CMC, guar gum and 

gelatin 
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Figure 41. Dissolution of pellets formed using different concentrations of CMC, guar gum and gelatin in distilled water
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6.6 Formulation steps to create quantitative reference material of E. coli and S. 

enterica 

The formulation and process for preparing quantitative RM are depicted in Figure 42, while 

the final product is illustrated in figure 43. The quantitative RM for both microorganisms 

was prepared in three batches and stored at room temperature (31±5°C), refrigeration, and 

freezing conditions for homogeneity and stability studies. 

 

Figure 42. Encapsulation procedure used in the development of quantitative 

reference material formulation of E. coli MTCC 1610T and S. enterica subspp. 

Arizonae MTCC 660T 
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Figure 43. Photograph of the final prepared quantitative reference materials  

6.7 Determination of homogeneity and stability 

6.7.1 Homogeneity and stability study of E. coli based quantitative reference 

materials  

The produced quantitative RM of E. coli was stored at room temperature (31±5°C), 

refrigeration temperature (5±2°C), and freezing temperature (-18±3°C). Room temperature 

was selected to assess the performance of the product during transportation. The standard 

deviation (SD) was observed to be 0.19 after 7 days, whereas after Day 14 of storage at 

room temperature, due to overgrowth of E. coli, SD was outside the acceptable limit. 

Hence, the transportation of the product should not take more than 7 days (Figures 44 and 

45). Under refrigeration conditions, the produced quantitative RM showed 0.07 SD for 30 

days and lost viability on day 60 (Figures 46 and 47). At freezing conditions, the maximum 

viability achieved for the produced quantitative RM was 5 months or 150 days (Figure 48). 

SD of 0.18 was observed up to 4 months, and 0.33 SD at 5 months storage period. There 

was no viability observed for E. coli after 6 months of storage. One way ANOVA was 

performed on the viability results (of 5 months) to assess the homogeneity where the Fstat 

(0.08) < Fcritical (3.68) and p-value (0.92) > 0.05 indicated weak evidence against the null 

hypothesis and failure in rejection of the null hypothesis due to no statical difference and 
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reaffirms that the samples are homogeneous in nature (Table 16). The assigned or expected 

value of the prepared quantitative RM for E. coli, based on readings observed from day 0 

to 120, was calculated to be 2.41 (median value). This calculation includes a maximum 

acceptable standard deviation (SD) of 0.35 Log10 (according to ISO 33405: 2024). The 

expected range is 2.41 ± 0.35 Log10 (2.06 – 2.76). For the assigned value calculation, 

readings up to 120 days were selected instead of 150 days, as the SD at 150 days was 0.33, 

very close to the threshold limit of 0.35 Log10. 

 

 

 

 

 

 

 

 

 

 

Figure 44. Photograph of viability study conducted for produced quantitative RM of 
E. coli MTCC 1610T stored at room temperature of 31±5°C. 

 

Day 0 Day 7 



 
 

147 
 
 

 

 

Figure 45. Photograph of viability study conducted for produced quantitative RM of  
E. coli MTCC 1610T stored at 5±3°C. 

 

Figure 46. Viability study data of E. coli MTCC 1610T quantitative reference material 

stored at room temperature (31±5°C). 
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Figure 47. Viability study data of E. coli MTCC 1610T quantitative reference material 

stored at refrigeration conditions (5±3°C). 
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Figure 48. Photograph of viability study conducted for produced quantitative RM of E. coli MTCC 1610T stored at 

-18±3°C. 
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Table 16: Viability study data converted to logarithmic value for 180 Days and one-way ANOVA analysis result for 

quantitative reference material   of E. coli MTCC 1610
T 

at -18±3°C till 150 Days

* SD calculated till 150 days as it was >0.35 Log10 at 180 days

Day 0  Day 30  Day 60  Day 90  Day 120  Day 150  Day 180 

Batch # 1 2.41 2.68 2.23 2.26 2.47 1.75 0.00 

Batch # 2 2.36 2.70 2.11 2.41 2.41 1.77 0.00 

Batch # 3 2.40 2.63 2.18 2.22 2.50 1.43 0.00 

Average Count 2.39 2.67 2.17 2.26 2.47 1.75 0.00 

Standard Deviation (SD) 
0.02 0.03 0.05 0.08 0.04 0.16 0.00 

Overall SD  0.33* - - 
Groups Count Sum Average Variance 

Batch # 1 6 13.80546 2.30091 0.097952 

Batch #  2 6 13.76184 2.293639 0.101007 

Batch #  3 6 13.36014 2.22669 0.180693 

ANOVA 

Source of Variation SS df MS F P-value F crit 

Between Groups 0.020088 2 0.010044 0.079366 0.924087 3.68232 

Within Groups 1.898263 15 0.126551 

Total 1.918351 17 
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6.7.2 Homogeneity and stability study of S. enterica based quantitative reference 
materials 

The standard deviation (SD) was monitored for three different batches of the produced 

quantitative RM (65). As an internal control, the SD of repeatability and reproducibility of 

the produced RM was set to be less than or equal to 0.35 Log10. According to the binomial 

distribution, to achieve a zero probability of defective units at 10% of defective units per 

lot or 10 sample units tested, the value is 0.35 (240,241). The SD was observed to be 0.04 

after 7 days of storage at room temperature. However, after Day 14, the SD exceeded the 

acceptable limit due to overgrowth (Figures 49 and 50). Therefore, the transportation of 

the product should not exceed 7 days. Under refrigeration conditions, the produced 

quantitative RM showed an SD of 0.18 for 30 days and lost viability at 60 days (Figures 

51 and 52). Under freezing conditions, the maximum viability achieved for the produced 

quantitative RM was 5 months. The SD of 0.14 was observed up to 4 months, and an SD 

of 0.42 was observed at the 5-month storage period (Table 17). Hence, the produced 

quantitative RM of S. enterica has an acceptable shelf life of 4 months or 120 days (Figure 

53). A one-way ANOVA was performed on the viability results to assess homogeneity. 

The F-statistic (0.04) was less than the F-critical value (3.89), the p-value (0.96) was 

greater than 0.05, and the overall mean Log10 variation of the counts between the groups 

(0.001) was less than or equal to 0.1, which indicates no statistical difference. These results 

provide limited evidence against the null hypothesis. The failure to reject the null 

hypothesis suggests that the samples remain homogeneous over 4 months (Table 17). The 

assigned or expected value of the prepared quantitative RM for Salmonella enterica based 

on the readings observed from day 0 to 120 was calculated to be 2.31 (median value). This 

calculation includes a maximum acceptable standard deviation (SD) of 0.35 Log10 (65). 

Consequently, the expected range is 2.31 ± 0.35 Log10 (corresponding to a confidence 

interval of 1.96 – 2.66). 
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Figure 49. Photograph of viability study conducted for produced quantitative RM of 

S. enterica subspp. Arizonae MTCC 660T stored at room temperature of 31±5°C.

Figure 50. Photograph of viability study conducted for produced quantitative 
reference material of S. enterica subspp. Arizonae MTCC 660T stored at of 5±3°C. 
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Figure 51. Viability study data of S. enterica subspp. Arizonae MTCC 660T 

quantitative reference material stored at room temperature (31±5°C). 

 

 

Figure 52. Viability study data of S. enterica subspp. Arizonae MTCC 660T 

quantitative reference material stored at refrigeration conditions (5±3°C).
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Figure 53. Photograph of viability study conducted for produced quantitative reference material of S. enterica subspp. 

Arizonae MTCC 660T stored at -18±3°C. 
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Table 17: Viability study data converted to logarithmic value for 180 Days and One-way ANOVA analysis result for 

quantitative reference material of S. enterica subspp. Arizonae MTCC 660
T
at -18±3°C till 120 Days 

* SD calculated till 120 days as it was >0.35 Log10 at 150 days 

 
Day 0 

  
Day 30 

  
Day 60 

  
Day 90 

  
Day 120 

  
Day 150 

  
Day 180 

  

Batch # 1 2.53 2.64 2.27 2.29 2.31 1.65 
 

0.00 

Batch # 2 2.54 2.61 2.26 2.30 2.28 1.10 0.00 

Batch # 3 2.50 2.61 2.42 2.29 2.31 1.46 0.00 

Average Count 2.52 2.62 2.32 2.29 2.30 1.40 
 

0.00 

Standard Deviation (SD) 0.02 0.01 0.07 0.01 0.01 0.23 0.00 

Overall SD                                                                       0.14*                                                                               - - - - 

Groups Count Sum Average Variance 
  

Batch # 1 5 12.03512438 2.407024875 0.027746858 
  

Batch #  2 5 11.96472173 2.392944346 0.028586607 
  

Batch #  3 5 12.0914119 2.41828238 0.020319029 
  

  
ANOVA 

      
Source of Variation SS df MS F P-value F crit 

Between Groups 0.001611681 2 0.000805841 0.031538722 0.969033477 3.885293835 

Within Groups 0.306609977 12 0.025550831 
   

       
Total 0.308221658 14 
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The second objective was to: Develop quantitative RM with food matrix (skimmed milk 

powder) and compare viability with direct inoculation and in tube format. 

6.8 Development of proficiency testing sample by inclusion of food matrix in 

developed quantitative reference materials 

As all the commercially available SMP are not sterile, and to sterilize SMP by autoclaving, 

one must prepare a 10% solution of SMP in distilled water, which represents reconstituted 

milk. A similar study involving application testing of cryopreserved Staphylococcus 

aureus microspheres was directly added in milk procured from the market to study the 

recovery rate in the food matrix (242). The direct inclusion of SMP in the produced 

quantitative RM resulted in bacterial contamination. Hence, autoclaved SMP solution 

(10%) prepared in distilled water was used for addition in the quantitative RM, followed 

by assessing viability or recovery (Figure 54). Tables 18 and 19 detail the results of the 

viability study or recovery of both the target microorganisms after adding SMP as a food 

matrix in quantitative RM prepared in the first objective. The counts observed were 

converted to Log10 values, and the SD was calculated. SD observed for E. coli and S. 

enterica were 0.07 and 0.11, respectively, which is lower than the acceptable SD of 0.35 

Log10 (65). The expected range calculated for quantitative RM of E. coli was 2.06 – 2.76, 

all the readings observed in Table 18 was observed to be within the assigned range of 

quantitative RM calculated in 6.7.1. The expected range calculated for quantitative RM of 

S. enterica was 1.96 – 2.66, all the readings observed in Table 19 was observed to be within 

the assigned range of quantitative RM calculated in 6.7.2. 

The viability study data observed for quantitative RM of S. enterica MTCC 660T 

and E. coli MTCC 1610T with the inclusion of SMP as food matrix does not have any 

significant impact on the recovery of both the analytes. Hence with the produced 

quantitative RM, SMP can be included as a food matrix to develop PT samples. 
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Figure 54. Photograph of recovery study conducted for produced quantitative RM of 

E. coli MTCC 1610T and S. enterica subspp. Arizonae MTCC 660T along with 

inclusion of 10% SMP. 
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Table 18: Viability study data for quantitative reference materials of E. coli MTCC 1610T with inclusion of skimmed 
milk powder as food matrix  

 

Sample Nos. Observed 
(CFU) 

Log10 (Observed) z-score O-E sq(O-E) sq(O-E)/E 

1 237 2.37 -0.10 -0.04 0.00 0.00 

2 249 2.40 -0.04 -0.01 0.00 0.00 

3 192 2.28 -0.36 -0.13 0.02 0.01 

4 216 2.33 -0.22 -0.08 0.01 0.00 

5 306 2.49 0.22 0.08 0.01 0.00 

6 231 2.36 -0.13 -0.05 0.00 0.00 

7 258 2.41 0.00 0.00 0.00 0.00 

8 188 2.27 -0.39 -0.14 0.02 0.01 

9 174 2.24 -0.48 -0.17 0.03 0.01 

10 210 2.32 -0.25 -0.09 0.01 0.00 
       

Expected Result 2.41 
(2.06 – 2.76)  

  
Sum of variance 

(Chi -square 
calculated) 

      0.04 

Standard Deviation 0.07 
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Table 19: Viability study data for quantitative reference materials of S. enterica MTCC 660T with inclusion of skimmed 
milk powder as food matrix  

Sample Nos. Observed (CFU) Log10 (Observed) z-score O-E sq(O-E) sq(O-E)/E 

1 264 2.42 0.32 0.11 0.01 0.01 

2 282 2.45 0.40 0.14 0.02 0.01 

3 288 2.46 0.43 0.15 0.02 0.01 

4 309 2.49 0.51 0.18 0.03 0.01 

5 162 2.21 -0.29 -0.10 0.01 0.00 

6 189 2.28 -0.10 -0.03 0.00 0.00 

7 315 2.50 0.54 0.19 0.04 0.02 

8 222 2.35 0.10 0.04 0.00 0.00 

9 222 2.35 0.10 0.04 0.00 0.00 

10 174 2.24 -0.20 -0.07 0.00 0.00 
       

Expected Result 2.31 
(1.96 – 2.66)  

  
Sum of variance 
(Chi -square 
calculated)  

0.06 

Standard Deviation 0.11 
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6.9 Determination of homogeneity and stability of proficiency testing samples  

Equations 5 and 6 were used to calculate the z-score and Chi-square, respectively, based 

on the viability study data obtained from Tables 25 and 26. These calculations aimed to 

determine the homogeneity and stability of the sample. The z-score observed for both 

studies fell well within the acceptable range of +2 and -2, and the observed result was 

within the narrower range of +1 and -1. The observed viability was compared with the 

expected value without the inclusion of SMP as a food matrix; the sum of variance or Chi-

square values observed was 0.04 and 0.06 for E. coli and S. enterica, respectively. The 

tabulated Chi-square values at 9 degrees of freedom (n–1) at 0.05 α and 0.995 α are 16.92 

and 1.73. The calculated value of Chi-square is < 0.05 α and < 0.995 α. Since our test 

statistics or calculated Chi-square value is less than the tabulated or critical Chi-square 

value, we fail to reject the null hypothesis, and we do not have sufficient evidence to say 

that the tested samples are non-homogeneous. 

The third objective was the validation of developed quantitative RM tube with 

commercially available quantitative RM 

6.10 Commercial quantitative reference material study 

Ten samples of commercially available quantitative RM of E. coli and S. enterica were 

tested on TSA (Figure 55). The results obtained for commercially available quantitative 

RM were observed to be within the standard deviation of Log10 0.35 and as per the 

acceptable range mentioned in the certificate of analysis. The assigned or certified value 

for E. coli commercial quantitative RM was 93 CFU, and the expected range was 47 – 190 

CFU as per the certificate of analysis. Similarly, for S. enterica commercial quantitative 

RM, the expected range was 46 – 230 CFU with an assigned or expected mean value of 

100 CFU as per the certificate of analysis. The observed value for each of the samples of 

commercial quantitative RM was within the expected range as per the certificate of analysis 

(Tables 20 and 21). The standard deviation calculated for the observed value was 0.21 < 
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0.35 (acceptable limit of standard deviation) for both the tested microorganisms. The shelf 

life was 2 years indicating better stability of the commercial quantitative RM. 

 

  

 

Figure 55. Photograph of commercial quantitative RM of E. coli WDCM 00013 and 

S. enterica Enteritidis WDCM 00030 tested using TSA at 37±1°C for 18 - 24 h.
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Table 20: Viability study data for commercial quantitative reference materials of Escherichia coli WDCM 00013 
VT000133 

 

Sample Nos. Observed (CFU) Log10(Observed) 

1 68 1.83 

2 108 2.03 

3 206 2.31 

4 142 2.15 

5 189 2.28 

6 154 2.19 

7 67 1.83 

8 104 2.02 

9 150 2.18 

10 49 1.69     

Standard deviation calculated 0.21 

Expected range as per certificate of analysis 47 – 190 CFU 

Assigned value as per certificate of analysis 93 CFU 
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Table 21: Viability study data for commercial quantitative reference materials of Salmonella enterica subsp. enterica 
serovar Enteritidis WDCM 00030 VT000303 

 

 

 

SAMPLE NOS. OBSERVED (CFU) LOG10(OBSERVED) 

1 103 2.01 

2 54 1.73 

3 56 1.75 

4 208 2.32 

5 48 1.68 

6 118 2.07 

7 120 2.08 

8 49 1.69 

9 106 2.03 

10 66 1.82    

Standard deviation calculated 0.21 

Expected range as per certificate of analysis 46 – 230 CFU 

Assigned value as per certificate of analysis 100 CFU 
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6.11 External validation of developed quantitative reference materials 

The results obtained for the produced quantitative RM from five different institutes were 

observed to be well within the assigned value range based on the in-house viability study 

(Tables 22 and 23). z -score of each of the reported readings by the institutes were well 

within the acceptable range of +2 to -2 indicating the acceptability of the produced 

quantitative RM. The standard deviation observed for the reported institute was 0.07 which 

is less than the acceptable standard deviation (SD = 0.35). 

Table 22: Viability study data tested by institutes for produced quantitative reference 
materials of E. coli MTCC 1610T 

 

Sr. No. Institute Code* Result Reported 
(CFU) 

Log10(Result) z-score 

1 CL 1 357 2.55 0.44 

2 CL 2 330 2.52 0.02 

3 CL 3 370 2.57 0.48 

4 AI 1 256 2.41 -0.30 

5 AI 2 289 2.46 -0.12 

   
Average Mean 2.50 

   
Standard Deviation 0.07 

   
Expected Mean 2.40 

*Table 6 contains the details (name and type) of the institutes 
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Table 23: Viability study data tested by institutes for produced quantitative reference 
materials of S. enterica MTCC 660T 

 

Sr. No. Institute Code Result Reported 
(CFU) 

Log10(Result) z-score 

1 CL 1 235 2.37 -0.11 

2 CL 2 220 2.34 -0.23 

3 CL 3 310 2.49 0.23 

4 AI 1 310 2.49 0.19 

5 AI 2 274 2.44 0.03 

   
Average Mean 2.43 

   
Standard Deviation 0.07 

   
Expected Mean 2.41 

 

In assessing the performance of both commercial and developed quantitative RM, we 

observed that the standard deviation for the latter (0.07) was lower than that for the former 

(0.21). This indicates reduced variation in the developed quantitative RM. However, it is 

important to note that the long-term stability achieved by the commercial quantitative RM 

over two years is superior and more desirable compared to the four-month stability 

achieved by the developed quantitative RM. Both commercial and developed RM fall 

within the expected range and exhibit an acceptable standard deviation. 
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CHAPTER 7 

SUMMARY AND CONCLUSION
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7.0 Summary & Conclusions 

Quantitative reference materials (RM) play a significant role in ensuring the quality of data 

produced in testing laboratories. The amount of research available in the Scopus database 

for microbiological certified value reference material is ∼1.3% compared to ∼ 87.5% for 

chemical and related certified reference material. This indicates that sufficient studies are 

not available on the development of quantitative or certified value reference materials in 

microbiology. Quantitative microbiological RM are mostly imported from the USA or the 

EU to India. This is true even for other countries where quantitative microbiological RM 

are not produced. Quantitative microbiological RM are currently procured by developing 

countries via importing them from the few meager international institutes situated only in 

developed economies like the EU, USA, or the UK.  In this context, developing countries 

should be encouraged and supported to develop their own quantitative RM indigenously to 

overcome this lacuna and convert this challenge into a great opportunity for creating self-

sufficiency as well as to improve their economy. There is also a great scope for 

improvement in the application of quantitative RM, like capacity building and training. 

There are different formats available for RM in microbiology, like quantitative or 

qualitative viable cells, combined in different food matrices like milk powders, cheese, 

etc., and nuclear materials, toxins produced by pathogenic food bacteria. 

One of the main purposes of this study, hence, was to bridge this gap by developing 

quantitative RM of E. coli and S. enterica, the two most important foodborne micro-

organisms involved in the majority of food safety recalls across the globe. The initial step 

covered in this study is the assessment of nutritive and protective agents, along with the 

application of preservation techniques to develop quantitative RM. The essential points to 

consider in the development of microbiological RM are homogeneity and stability at 

different temperatures, involving storage & transportation. Different media, methods of 

analysis, interfering agents, and complex food matrices can also impact the recovery of 

microorganisms in reference material. For certified reference materials, traceability to the 

SI unit is essential when calculating certified values. Additionally, incorporating 
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uncertainty measurements is crucial. Since quantitative microbiology RM are currently 

imported, the cost of procurement is not easily affordable. Hence affordable assigned value 

RM in this field will increase its utilization in routine testing. RM with certified value can 

also be used for the capacity building of academic students in microbiology.  

For the selection of nutritive agents, different protein hydrolysates were explored. 

Protein hydrolysates have wider applications, apart from their nutritional properties; they 

exhibit biological properties, including antioxidant, antimicrobial, cholesterol-reducing, 

hypoglycemic, and anticancer effects. Bioactive peptides from protein hydrolysates have 

gained significant attention, and several studies have explored their antimicrobial 

properties and as alternatives to peptones in microbiological media as a nitrogen source. In 

this study, we evaluated the nutritive properties of animal and plant-based protein 

hydrolysates for the creation of a secondary reference material for E. coli and Salmonella. 

The key findings were that FPH was the only hydrolysate that effectively maintained the 

long-term viability of S. enterica, whereas both SPH and FPH can act as nutritive agents 

and support the survival of E. coli. Inoculum grown on agar further aided the survival of 

E. coli and S. enterica, resulting in increased recovery and better viability in FPH. 

Additionally, during the RSM optimization study, we observed that 5% FPH from 

Stolephorus indicus led to better recovery and prolonged survival of S. enterica and E. coli 

under refrigeration conditions, but not under freezing conditions. Further, casein 

hydrolysate and SPH can be utilized to isolate bioactive peptides and as food additives for 

Salmonella control in food and food-contact packaging materials. Protein hydrolysates did 

not exhibit any cryoprotection at freezing conditions. The freezing condition is the most 

suitable temperature to keep the microbial cells dormant, which has a major influence on 

standard deviation which is the most important requirement of assigned value RM. Hence, 

protective agents like trehalose, glycerol, glucose, and bovine serum albumin (BSA) were 

explored for inclusion in the formulation to create a secondary RM.  

The presence of trehalose, glucose, and sucrose, which act as growth-promoting 

factors, has been shown to have a positive impact on the survival of microorganisms. 
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Therefore, these protective agents (trehalose, glucose, and glycerol) were individually 

assessed on E. coli and S. enterica for their survival at 5, 10, 15, 20 and 25% concentrations 

whereas BSA was studied at 5 and 10% concentrations at refrigeration and freezing 

conditions for 30 days. This was followed by an RSM optimization study to evaluate any 

synergistic or antagonistic effects among the protective agents. Key findings revealed that 

glycerol and glucose have antagonistic effects. For optimal survival at freezing 

temperatures, glycerol proved more effective than glucose, necessitating a higher 

concentration of glycerol in the formulation. RSM is an effective tool for optimizing 

experimental runs and establishing relationships between variables. However, it may lead 

to a higher standard deviation (SD) when microbial viability is used as a response. FPH 

(5%), glycerol (15%), trehalose (10%), glucose (1%), and BSA (2.5%) were used in the 

matrix formulation of quantitative RM. The encapsulation step was used as a preservation 

technique, wherein 3% gelatin and 2% CMC were introduced to reduce water activity and 

make the final product shelf stable. With the inclusion of protective agents and an 

encapsulation step, freezing conditions (-18±3°C) were identified as the most suitable 

storage temperature. Thus, quantitative RM for microbiology testing was developed using 

protein hydrolysate, cryoprotective agents, and an encapsulation technique. The produced 

quantitative RM of  E. coli and S. enterica demonstrated viability till 150 days at -18±3°C, 

compared to their viability till 30 days at 5±3°C. This suggests that encapsulation is crucial 

for extending the shelf life of the quantitative RM when stored at freezing conditions. The 

study also highlighted the importance of low water activity, freezing temperature (-

18±3°C), and the inclusion of cryoprotectants in the matrix formulation for the quantitative 

reference material to achieve improved shelf stability. All three batches of S. enterica were 

found to be homogeneous and stable for up to 120 days, exhibiting an SD of 0.14 Log10, 

well within the limit of 0.35 Log10. The three batches of E. coli were found to have 

homogeneity and viability till 150 days with 0.33 SD and homogeneity and stability till 

120 days with SD of 0.17 Log10. The sudden loss in viability observed at 180 days suggests 

that other protective agents and further lower temperatures could be explored, along with 
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the identification of formulation robustness with the inclusion of other strains of the target 

micro-organisms. 

The comparative assessment of developed and commercially available quantitative RM 

was conducted using SD. The SD observed for both developed and commercial quantitative 

RM was < 0.35 Log10. The shelf-life range of commercially available quantitative RM was 

two years, against 120 days of the in-house developed quantitative RM. The developed 

quantitative RM has potential applications in microbiological analysis or testing methods. 

It can demonstrate the performance of media, reagents, and sterile consumables, and shows 

promise for a standalone application in growth promotion tests for microbiological media 

qualification in food testing laboratories. To extend the reach of the created assigned value 

reference materials, there is a strong need to increase their shelf life. This can be achieved 

by further improving the encapsulation process and reducing the overall water activity of 

the product.   

The developed quantitative RM were used to formulate proficiency testing (PT) 

samples by including food matrix in the formulation of quantitative RM. The application 

of PT samples in food testing laboratories are for method validation, method verification, 

and training of analysts as a part of competence or skill development. Based on the data 

available on the survival of pathogens in different food matrices, it can be concluded that 

several factors are interlinked or interdependent and responsible for aiding in the survival 

of these foodborne pathogens in food matrices. In this study, we studied the effect of the 

inclusion of SMP as a food matrix in the developed quantitative RM for the creation of PT 

samples. The direct inclusion of SMP in developed quantitative RM resulted in bacterial 

contamination; hence, 10% SMP (autoclaved) was used for the study. The effect of the 

addition of SMP on the survival or viability of the quantitative RM were studied along with 

assessment of homogeneity using z-score and Chi-square. z-score observed for the 

quantitative RM of E. coli and S. enterica were between ± 1 as against the value of ± 2. 

Chi-square test resulted in acceptance of the null hypothesis, demonstrating its 

homogeneous nature and thus can be used for its said applications.  



 
 

171 
 

 

CHAPTER 8 

BIBLIOGRAPHY



 
 

172 
 

1. General requirements for the competence of testing and calibration laboratories 

[Internet]. 2017 [cited 2024 Mar 13]. ISO 17025. Available from: 

https://www.iso.org/standard/66912.html 

2. Conformity assessment — General requirements for proficiency testing [Internet]. 

2023 [cited 2024 Mar 13]. ISO 17043. Available from: 

https://www.iso.org/standard/80864.html 

3. Nielsen SS. Introduction to Food Analysis BT  - Nielsen’s Food Analysis. In: 

Ismail BP, Nielsen SS, editors. Cham: Springer International Publishing; 2024. p. 

3–14. Available from: https://doi.org/10.1007/978-3-031-50643-7_1 

4. Philipp WJ, van Iwaarden P, Schimmel H, Meeus N, Kollmorgen N. Development 

of reference materials for microbiological analysis. Accredit Qual Assur. 

2007;12:134–8.  

5. General requirements for then competence of reference material producers 

[Internet]. 2016 [cited 2024 Mar 13]. ISO 17034. Available from: 

https://www.iso.org/standard/29357.html 

6. Bremser W, Becker R, Kipphardt H, Lehnik-Habrink P, Panne U, Töpfer A. 

Stability testing in an integrated scheme. Accredit Qual Assur [Internet]. 

2006;11(10):489–95. Available from: https://doi.org/10.1007/s00769-006-0152-6 

7. National Institutes of Standards and Technology – Microbial Measurements 

Website [Internet]. Available from: https://www.nist.gov/microbial-measurements 

8. Andrews WH. New trends in food microbiology: an AOAC International 

perspective. J AOAC Int. 1997;80(4):908–12.  

9. Maier EA, Griepink B, in’t Veld PH, Mooijman K, Havelaar AH. Reference 

materials and certified reference materials for water and food microbiology. 

Fresenius J Anal Chem [Internet]. 1993 Feb;345(2–4):140–3. Available from: 

http://link.springer.com/10.1007/BF00322574 



 
 

173 
 

10. Accuracy (trueness and precision) of measurement methods and results — Part 1: 

General principles and definitions [Internet]. 2023. ISO 5725-1.  

11. Centers of Disease Control and Preventions MMWR. Morbidity and mortality 

weekly report Competency guidelines for public health laboratory professionals 

[Internet]. 2015 [cited 2024 Mar 13]. Available from: 

https://stacks.cdc.gov/view/cdc/31045 

12. BfR German Federal Institute for Risk Assessment. NRL for Salmonella [Internet]. 

2022 [cited 2024 Mar 13]. Available from: 

https://www.bfr.bund.de/en/nrl_for_salmonella-10634.html 

13. Miller WG. The role of proficiency testing in achieving standardization and 

harmonization between laboratories ☆. Clin Biochem [Internet]. 2009;42(4–

5):232–5. Available from: http://dx.doi.org/10.1016/j.clinbiochem.2008.09.004 

14. Brookman B, Bélavári C, Butler O, Corbí RM, Horsky M, Jordan H, et al. 

Proficiency testing in analytical chemistry, microbiology and laboratory medicine: 

discussions on current practice and future directions. Accredit Qual Assur 

[Internet]. 2024;29(5):381–9. Available from: https://doi.org/10.1007/s00769-024-

01588-9 

15. Ashish Singh K, Nair SS, Rai R. Survival of Salmonella spp. and Pathogenic 

Escherichia coli in Food Matrixes and Its Relevance in the Development of 

Proficiency Testing Samples. J AOAC Int. 2023;106(4):956–69.  

16. Singh KA, Rai R, Nair SS. Review on development of assigned value 

microbiological reference materials used in food testing. Food Microbiol. 

2022;102.  

17. Rosas C de O, Rodrigues JM, Cruz MHC de la, Lopes SM dos R, Souto A da SS, 

Brandão MLL, et al. Microbiological reference material (bacterial and fungal 

domains): Definition, production rules, use and need for establishment in Brazil. 

Brazilian J Food Technol [Internet]. 2019;22. Available from: 



 
 

174 
 

http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1981-

67232019000100303&tlng=en 

18. Singh KA, Rai R, Nair SS. Review on development of assigned value 

microbiological reference materials used in food testing. Food Microbiol 

[Internet]. 2022 Apr;102:103904. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0740002021001702 

19. Jain S, Jahan A, Singh S. Quality Control in a Microbiology Laboratory BT  - 

Clinical Laboratory Management. In: Yadav SK, Gupta R, Singh S, editors. Cham: 

Springer Nature Switzerland; 2023. p. 147–54. Available from: 

https://doi.org/10.1007/978-3-031-46420-1_27 

20. WIPO website [Internet]. [cited 2024 May 20]. Available from: 

https://www.wipo.int/budapest/en/idadb/ 

21. Food Safety Standards Authority of India (FSSAI) [Internet]. 2024. Available 

from: https://fssai.gov.in/ 

22. Betts R, de Blackburn CW. Detecting pathogens in food. In: Foodborne Pathogens 

[Internet]. Elsevier; 2009. p. 17–65. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/B9781845693626500029 

23. An Evaluation of the Role of Microbiological Criteria for Foods and Food 

Ingredients [Internet]. Washington, D.C.: National Academies Press; 1985. 

Available from: http://www.nap.edu/catalog/372 

24. MD Pierson, DL Zink LS. Indicator Microorganisms and Microbiological Criteria. 

In: Food Microbiology: Fundamentals and Frontiers, Third Edition [Internet]. 

American Society of Microbiology; 2007. p. 69–85. Available from: 

http://www.asmscience.org/content/book/10.1128/9781555815912.ch04 

25. Zeleny R, Nia Y, Schimmel H, Mutel I, Hennekinne JA, Emteborg H, et al. 

Certified reference materials for testing of the presence/absence of Staphylococcus 



 
 

175 
 

aureus enterotoxin A (SEA) in cheese. Anal Bioanal Chem [Internet]. 2016 Aug 

24;408(20):5457–65. Available from: http://link.springer.com/10.1007/s00216-

016-9642-5 

26. Phillips MM, Seal TML, Ness JM, Zhang K. Development and Characterization of 

a Multimycotoxin Reference Material. J AOAC Int [Internet]. 2019 Nov 

1;102(6):1642–50. Available from: 

https://academic.oup.com/jaoac/article/102/6/1642/5658263 

27. In ’t Veld PH, Havelaar AH, Van Strijp-Lockefeer NGWM. The certification of a 

reference material for the evaluation of methods for the enumeration of Bacillus 

cereus. J Appl Microbiol [Internet]. 1999;86(2):266–74. Available from: 

https://www.scopus.com/inward/record.uri?eid=2-s2.0-

0033001185&doi=10.1046%2Fj.1365-

2672.1999.00661.x&partnerID=40&md5=33ac8aa60bb342059379f3209d34c508 

28. Paul JS, Tiwari KL, Jadhav SK. Long Term Preservation of Commercial Important 

Fungi in Glycerol at 4°C. Int J Biol Chem [Internet]. 2015 Feb 15;9(2):79–85. 

Available from: https://www.scialert.net/abstract/?doi=ijbc.2015.79.85 

29. Elizabeth Tymczyszyn E, Gerbino E, Illanes A, Gómez-Zavaglia A. Galacto-

oligosaccharides as protective molecules in the preservation of Lactobacillus 

delbrueckii subsp. bulgaricus. Cryobiology [Internet]. 2011 Apr;62(2):123–9. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S0011224011000149 

30. Martín MJ, Lara-Villoslada F, Ruiz MA, Morales ME. Microencapsulation of 

bacteria: A review of different technologies and their impact on the probiotic 

effects. Innov Food Sci Emerg Technol [Internet]. 2015 Feb;27:15–25. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S146685641400160X 

31. Dianawati D, Mishra V, Shah NP. Survival of Bifidobacterium longum 1941 

microencapsulated with proteins and sugars after freezing and freeze drying. Food 

Res Int [Internet]. 2013 May;51(2):503–9. Available from: 



 
 

176 
 

https://linkinghub.elsevier.com/retrieve/pii/S0963996913000410 

32. Prakash O, Nimonkar Y, Desai D. A Recent Overview of Microbes and 

Microbiome Preservation. Indian J Microbiol [Internet]. 2020 Sep 1;60(3):297–

309. Available from: https://link.springer.com/10.1007/s12088-020-00880-9 

33. Hubálek Z. Protectants used in the cryopreservation of microorganisms. 

Cryobiology [Internet]. 2003;46(3):205–29. Available from: 

https://www.sciencedirect.com/science/article/pii/S0011224003000464 

34. Obara Y, Yamai S, Nikkawa T, Shimoda Y, Miyamoto Y. Preservation and 

transportation of bacteria by a simple gelatin disk method. J Clin Microbiol 

[Internet]. 1981 Jul;14(1):61–6. Available from: 

https://journals.asm.org/doi/10.1128/jcm.14.1.61-66.1981 

35. Smirnova D V., Zalomova L V., Zagainova A V., Makarov V V., Mezhevikina 

LM, Fesenko EE, et al. Cryopreservation of the human gut microbiota: Current 

state and perspectives. Int J Med Microbiol [Internet]. 2019 Jul;309(5):259–69. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S1438422118304806 

36. Yuan L, Chen B, Zhu K, Ren L, Yuan X. Development of macromolecular 

cryoprotectants for cryopreservation of cells. Macromol Rapid Commun. 

2024;45(19):2400309.  

37. Islam P. Creating Bacterial Glycerol Stocks for Long-term Storage v1 [Internet]. 

2020. Available from: https://www.protocols.io/view/creating-bacterial-glycerol-

stocks-for-long-term-s-bf5qjq5w 

38. Criste A, Giuburuncă M, Negrea O, Dan S, Zăhan M. Research concerning use of 

long-term preservation techniques for microorganisms. Sci Pap Anim Sci 

Biotechnol. 2014;47(2):73.  

39. Hubálek Z. Protectants used in the cryopreservation of microorganisms. 

Cryobiology [Internet]. 2003 Jun;46(3):205–29. Available from: 



 
 

177 
 

https://linkinghub.elsevier.com/retrieve/pii/S0011224003000464 

40. Alessandri G, Rizzo SM, Mancabelli L, Fontana F, Longhi G, Turroni F, et al. 

Impact of cryoprotective agents on human gut microbes and in vitro stabilized 

artificial gut microbiota communities. Microb Biotechnol. 2024;17(6):e14509.  

41. Pasupuleti VK, Braun S. State of the Art Manufacturing of Protein Hydrolysates. 

In: Protein Hydrolysates in Biotechnology [Internet]. Dordrecht: Springer 

Netherlands; 2008. p. 11–32. Available from: 

http://link.springer.com/10.1007/978-1-4020-6674-0_2 

42. Singh KA, Nair SS, Rai R, Panda SK, K E. Statistical Optimization of Salmonella 

Survival in Different Protein Hydrolysates. J Pure Appl Microbiol [Internet]. 2024 

Jun 1;18(2):1183–95. Available from: https://microbiologyjournal.org/statistical-

optimization-of-salmonella-survival-in-different-protein-hydrolysates/ 

43. Jia L, Wang L, Liu C, Liang Y, Lin Q. Bioactive peptides from foods: production, 

function, and application. Food Funct [Internet]. 2021;12(16):7108–25. Available 

from: https://xlink.rsc.org/?DOI=D1FO01265G 

44. Nasri R, Abdelhedi O, Nasri M, Jridi M. Fermented protein hydrolysates: 

biological activities and applications. Curr Opin Food Sci [Internet]. 2022 

Feb;43:120–7. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S2214799321001466 

45. Dufossé L, De La Broise D, Guerard F. Evaluation of Nitrogenous Substrates Such 

as Peptones from Fish:A New Method Based on Gompertz Modeling of Microbial 

Growth. Curr Microbiol [Internet]. 2001 Jan 1;42(1):32–8. Available from: 

http://link.springer.com/10.1007/s002840010174 

46. Poernomo A, Buckle KA. Crude peptones from cowtail ray (Trygon sephen) 

viscera as microbial growth media. World J Microbiol Biotechnol [Internet]. 

2002;18(4):337–44. Available from: https://doi.org/10.1023/A:1015208519709 



 
 

178 
 

47. Gray VL, Müller CT, Watkins ID, Lloyd D. Peptones from diverse sources: pivotal 

determinants of bacterial growth dynamics. J Appl Microbiol [Internet]. 2008 Jan 

7;104(2):554–65. Available from: 

https://academic.oup.com/jambio/article/104/2/554/6719067 

48. Ovissipour M, Abedian A, Motamedzadegan A, Rasco B, Safari R, Shahiri H. The 

effect of enzymatic hydrolysis time and temperature on the properties of protein 

hydrolysates from Persian sturgeon (Acipenser persicus) viscera. Food Chem 

[Internet]. 2009 Jul;115(1):238–42. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0308814608014532 

49. Kandra P, Challa MM, Kalangi Padma Jyothi H. Efficient use of shrimp waste: 

present and future trends. Appl Microbiol Biotechnol [Internet]. 2012 Jan 

4;93(1):17–29. Available from: http://link.springer.com/10.1007/s00253-011-

3651-2 

50. Najim SM, Al-Noor JM, Al-Waely WA. Extraction of crude peptone from fish 

wastes for use as a nitrogen source in microbiological media. Glob J Fish Aquac 

Res [Internet]. 2015;2:29–37. Available from: 

https://www.researchgate.net/profile/SalahNajim/publication/309241783_Extractio

n_of_crude_peptone_from_fish_wastes_for_use_as_a_nitrogen_source_in_microb

iological_media/links/582bbefb08aef19cb806c1de/Extraction-of-crude-peptone-

from-fish-wastes-for-use-as 

51. Kurniawati E, Ibrahim B, Desniar D. Potency of Catfish (Clarias sp.) Protein 

Hydrolysates as Candidates Matrices for Microbiology Reference Material. 

Squalen Bull Mar Fish Postharvest Biotechnol [Internet]. 2019 Dec 30;14(3):121. 

Available from: https://www.bbp4b.litbang.kkp.go.id/squalen-

bulletin/index.php/squalen/article/view/404 

52. Dianawati D, Mishra V, Shah NP. Survival of Bifidobacterium longum 1941 

microencapsulated with proteins and sugars after freezing and freeze drying. Food 



 
 

179 
 

Res Int [Internet]. 2013;51(2):503–9. Available from: 

https://www.sciencedirect.com/science/article/pii/S0963996913000410 

53. Jofré A, Aymerich T, Garriga M. Impact of different cryoprotectants on the 

survival of freeze-dried Lactobacillus rhamnosus and Lactobacillus casei/paracasei 

during long-term storage. Benef Microbes [Internet]. 2015 Jan 1;6(3):381–6. 

Available from: https://brill.com/view/journals/bm/6/3/article-p381_16.xml 

54. Arellano-Ayala K, Lim J, Yeo S, Bucheli JEV, Todorov SD, Ji Y, et al. 

Rehydration before Application Improves Functional Properties of Lyophilized 

Lactiplantibacillus plantarum HAC03. Microorganisms [Internet]. 2021 May 

8;9(5):1013. Available from: https://www.mdpi.com/2076-2607/9/5/1013 

55. Cánovas D, Fletcher SA, Hayashi M, Csonka LN. Role of Trehalose in Growth at 

High Temperature of Salmonella enterica Serovar Typhimurium. J Bacteriol 

[Internet]. 2001 Jun;183(11):3365–71. Available from: 

https://journals.asm.org/doi/10.1128/JB.183.11.3365-3371.2001 

56. Ramasamy T, Tevatia R, Ali S, Muhle A, Knight-Connoni V, Chakraborty N. 

Proteomic approach for evaluating cryoprotectant formulations for enhanced post-

cryopreservation recovery of yeast. Sci Rep [Internet]. 2025;15(1):15474. 

Available from: https://doi.org/10.1038/s41598-025-00534-0 

57. Conrad PB, Miller DP, Cielenski PR, de Pablo JJ. Stabilization and Preservation of 

Lactobacillus acidophilus in Saccharide Matrices. Cryobiology [Internet]. 2000 

Aug;41(1):17–24. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0011224000922600 

58. Bircher L, Geirnaert A, Hammes F, Lacroix C, Schwab C. Effect of 

cryopreservation and lyophilization on viability and growth of strict anaerobic 

human gut microbes. Microb Biotechnol [Internet]. 2018 Jul 17;11(4):721–33. 

Available from: https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/1751-

7915.13265 



 
 

180 
 

59. Matsuoka H, Shigetomi T, Funabashi H, Saito M, Igimi S. Tryptic soy medium is 

feasible for the in situ preparation of standards containing small defined numbers 

of microbial cells. J Microbiol Methods [Internet]. 2013 Apr;93(1):49–51. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S0167701213000432 

60. Martinez RCR, Bedani R, Saad SMI. Scientific evidence for health effects 

attributed to the consumption of probiotics and prebiotics: An update for current 

perspectives and future challenges. Br J Nutr. 2015;114(12):1993–2015.  

61. Myers RH, Montgomery DC, Anderson-Cook CM. Response surface 

methodology: process and product optimization using designed experiments. John 

Wiley & Sons; 2016.  

62. Pereira LMS, Milan TM, Tapia-Blácido DR. Using Response Surface 

Methodology (RSM) to optimize 2G bioethanol production: A review. Biomass 

and Bioenergy [Internet]. 2021 Aug;151:106166. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0961953421002026 

63. Bezerra MA, Santelli RE, Oliveira EP, Villar LS, Escaleira LA. Response surface 

methodology (RSM) as a tool for optimization in analytical chemistry. Talanta 

[Internet]. 2008 Sep 15;76(5):965–77. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0039914008004050 

64. Yang Z, Yang Y, Zhang X, Fu B, Xu W, Xue D, et al. Construction of sodium 

alginate/konjac glucomannan/chitosan oligosaccharide/Zeolite P hydrogel 

microspheres loaded with potassium diformate for sustained intestinal bacterial 

inhibition. Eur Polym J [Internet]. 2022 Jun;172:111233. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0014305722002373 

65. Reference materials — Approaches for characterization and assessment of 

homogeneity and stability [Internet]. 2024 [cited 2024 Jun 26]. ISO 33405. 

Available from: https://www.iso.org/standard/84226.html 

66. Statistical methods for use in proficiency testing by interlaboratory comparison 



 
 

181 
 

[Internet]. 2022 [cited 2024 Mar 13]. ISO 13528. Available from: 

https://www.iso.org/standard/78879.html 

67. Mooijman KA, in ’t Veld PH, Hoekstra JA, Heisterkamp SH, Havelaar AH, 

Notermans SHW, Roberts D, Griepink B ME. Commission of the European 

Community, BCR Information, Report EUR 14375 EN. 1992.  

68. Tymczyszyn EE, Sosa N, Gerbino E, Hugo A, Gómez-Zavaglia A, Schebor C. 

Effect of physical properties on the stability of Lactobacillus bulgaricus in a 

freeze-dried galacto-oligosaccharides matrix. Int J Food Microbiol [Internet]. 2012 

Apr;155(3):217–21. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0168160512001018 

69. Veld PH in ‘t, Havelaar AH, Van Strijp‐Lockefeer NGWM. The certification of a 

reference material for the evaluation of methods for the enumeration of Bacillus 

cereus. J Appl Microbiol [Internet]. 1999 Feb 25;86(2):266–74. Available from: 

https://academic.oup.com/jambio/article/86/2/266/6720784 

70. Microbiology of the food chain – Guidelines for the estimations of measurement 

uncertainty for quantitative determinations [Internet]. 2019 [cited 2024 Mar 13]. 

ISO 19036. Available from: https://www.iso.org/standard/71899.html 

71. Tillett HE, Lightfoot NF. Quality control in environmental microbiology compared 

with chemistry: what is homogeneous and what is random? Water Sci Technol 

[Internet]. 1995 Mar 1;31(5–6):471–7. Available from: 

https://iwaponline.com/wst/article/31/5-6/471/5269/Quality-control-in-

environmental-microbiology 

72. Frelka JC, Davidson GR, Harris LJ. Changes in Aerobic Plate and Escherichia 

coli–Coliform Counts and in Populations of Inoculated Foodborne Pathogens on 

Inshell Walnuts during Storage. J Food Prot [Internet]. 2016 Jul;79(7):1143–54. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S0362028X22092791 

73. Blessington T, Theofel CG, Mitcham EJ, Harris LJ. Survival of foodborne 



 
 

182 
 

pathogens on inshell walnuts. Int J Food Microbiol [Internet]. 2013 

Sep;166(3):341–8. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0168160513003516 

74. Kimber MA, Kaur H, Wang L, Danyluk MD, Harris LJ. Survival of Salmonella, 

Escherichia coli O157:H7, and Listeria monocytogenes on Inoculated Almonds 

and Pistachios Stored at −19, 4, and 24°C. J Food Prot [Internet]. 2012 

Aug;75(8):1394–403. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X23042618 

75. Beuchat LR, Mann DA. Factors Affecting Infiltration and Survival of Salmonella 

on In-Shell Pecans and Pecan Nutmeats. J Food Prot [Internet]. 2010 

Jul;73(7):1257–68. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X23059690 

76. Brar PK, Proano LG, Friedrich LM, Harris LJ, Danyluk MD. Survival of 

Salmonella, Escherichia coli O157:H7, and Listeria monocytogenes on Raw 

Peanut and Pecan Kernels Storedat -24, 4, and 22°C. J Food Prot [Internet]. 

2015;78(2):323–32. Available from: 

https://www.sciencedirect.com/science/article/pii/S0362028X23056168 

77. Uesugi AR, Danyluk MD, Harris LJ. Survival of Salmonella Enteritidis Phage 

Type 30 on Inoculated Almonds Stored at −20, 4, 23, and 35°C. J Food Prot 

[Internet]. 2006 Aug;69(8):1851–7. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X22075287 

78. Barrile JC, Cone JF. Effect of Added Moisture on the Heat Resistance of 

Salmonella anatum in Milk Chocolate 1. Appl Microbiol [Internet]. 

1970;19(1):177–8. Available from: https://aem.asm.org/content/19/1/177 

79. Olsvik Ø, Wasteson Y, Lund A, Hornes E. Pathogenic Escherichia coli found in 

food. Int J Food Microbiol [Internet]. 1991 Jan;12(1):103–13. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/016816059190051P 



 
 

183 
 

80. Mayton HM, Marcus IM, Walker SL. Escherichia coli O157:H7 and Salmonella 

Typhimurium adhesion to spinach leaf surfaces: Sensitivity to water chemistry and 

nutrient availability. Food Microbiol [Internet]. 2019;78:134–42. Available from: 

https://www.sciencedirect.com/science/article/pii/S074000201830697X 

81. Weiner L, Model P. Role of an Escherichia coli stress-response operon in 

stationary-phase survival. Proc Natl Acad Sci [Internet]. 1994 Mar 15;91(6):2191–

5. Available from: https://pnas.org/doi/full/10.1073/pnas.91.6.2191 

82. Jeffreys AG, Hak KM, Steffan RJ, Foster JW, Bej AK. Growth, Survival and 

Characterization of cspA in Salmonella enteritidis Following Cold Shock. Curr 

Microbiol [Internet]. 1998;36(1):29–35. Available from: 

https://doi.org/10.1007/s002849900275 

83. Shaw MK. Formation of Filaments and Synthesis of Macromolecules at 

Temperatures Below the Minimum for Growth of Escherichia coli. J Bacteriol 

[Internet]. 1968 Jan;95(1):221–30. Available from: 

https://journals.asm.org/doi/10.1128/jb.95.1.221-230.1968 

84. Cano DA, Mouslim C, Ayala JA, García-del Portillo F, Casadesús J. Cell Division 

Inhibition in Salmonella typhimurium Histidine-Constitutive Strains: an ftsI -Like 

Defect in the Presence of Wild-Type Penicillin-Binding Protein 3 Levels. J 

Bacteriol [Internet]. 1998 Oct;180(19):5231–4. Available from: 

https://journals.asm.org/doi/10.1128/JB.180.19.5231-5234.1998 

85. Phillips, Humphrey, Lappin-Scott. Chilling invokes different morphologies in two 

Salmonella enteritidis PT4 strains. J Appl Microbiol [Internet]. 1998 

Jun;84(5):820–6. Available from: 

https://academic.oup.com/jambio/article/84/5/820/6720883 

86. Yoshida S, Udou T, Mizuguchi Y, Tanabe T. Salt-induced filamentous growth of a 

Salmonella strain isolated from blood. J Clin Microbiol [Internet]. 1986 

Jan;23(1):192–4. Available from: 



 
 

184 
 

https://journals.asm.org/doi/10.1128/jcm.23.1.192-194.1986 

87. Dodd CER, Richards PJ, Aldsworth TG. Suicide through stress: A bacterial 

response to sub-lethal injury in the food environment. Int J Food Microbiol 

[Internet]. 2007;120(1):46–50. Available from: 

https://www.sciencedirect.com/science/article/pii/S0168160507003273 

88. Blessington T, Mitcham EJ, Harris LJ. Survival of Salmonella enterica, 

Escherichia coli O157:H7, and Listeria monocytogenes on Inoculated Walnut 

Kernels during Storage. J Food Prot [Internet]. 2012 Feb;75(2):245–54. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S0362028X23048342 

89. Beuchat LR, Heaton EK. Salmonella Survival on Pecans as Influenced by 

Processing and Storage Conditions. Appl Microbiol [Internet]. 1975;29(6):795–

801. Available from: https://aem.asm.org/content/29/6/795 

90. Komitopoulou E, Peñaloza W. Fate of Salmonella in dry confectionery raw 

materials. J Appl Microbiol [Internet]. 2009 Jun;106(6):1892–900. Available from: 

https://academic.oup.com/jambio/article/106/6/1892/6719660 

91. Mattick KL, Jørgensen F, Legan JD, Lappin-Scott HM, Humphrey TJ. Habituation 

of Salmonella spp. at Reduced Water Activity and Its Effect on Heat Tolerance. 

Appl Environ Microbiol [Internet]. 2000 Nov;66(11):4921–5. Available from: 

https://journals.asm.org/doi/10.1128/AEM.66.11.4921-4925.2000 

92. Keller SE, VanDoren JM, Grasso EM, Halik LA. Growth and survival of 

Salmonella in ground black pepper (Piper nigrum). Food Microbiol [Internet]. 

2013;34(1):182–8. Available from: 

https://www.sciencedirect.com/science/article/pii/S0740002012002687 

93. Menz G, Aldred P, Vriesekoop F. Growth and Survival of Foodborne Pathogens in 

Beer. J Food Prot [Internet]. 2011 Oct;74(10):1670–5. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X22115504 



 
 

185 
 

94. Conner DE, Kotrola JS. Growth and survival of Escherichia coli O157:H7 under 

acidic conditions. Appl Environ Microbiol [Internet]. 1995 Jan;61(1):382–5. 

Available from: https://journals.asm.org/doi/10.1128/aem.61.1.382-385.1995 

95. Buchanan RL, Edelson SG. pH-Dependent Stationary-Phase Acid Resistance 

Response of Enterohemorrhagic Escherichia coli in the Presence of Various 

Acidulants†. J Food Prot [Internet]. 1999;62(3):211–8. Available from: 

https://www.sciencedirect.com/science/article/pii/S0362028X22038339 

96. Chapman B, Jensen N, Ross T, Cole M. Salt, Alone or in Combination with 

Sucrose, Can Improve the Survival of Escherichia coli O157 (SERL 2) in Model 

Acidic Sauces. Appl Environ Microbiol [Internet]. 2006 Aug;72(8):5165–72. 

Available from: https://journals.asm.org/doi/10.1128/AEM.02522-05 

97. Chapman B, Ross T. Escherichia coli and Salmonella enterica Are Protected 

against Acetic Acid, but Not Hydrochloric Acid, by Hypertonicity. Appl Environ 

Microbiol [Internet]. 2009 Jun;75(11):3605–10. Available from: 

https://journals.asm.org/doi/10.1128/AEM.02462-08 

98. Bjornsdottir K, Breidt F, McFeeters RF. Protective Effects of Organic Acids on 

Survival of Escherichia coli O157:H7 in Acidic Environments. Appl Environ 

Microbiol [Internet]. 2006 Jan;72(1):660–4. Available from: 

https://journals.asm.org/doi/10.1128/AEM.72.1.660-664.2006 

99. Smith JP, Daifas DP, El-Khoury W, Koukoutsis J, El-Khoury A. Shelf Life and 

Safety Concerns of Bakery Products—A Review. Crit Rev Food Sci Nutr 

[Internet]. 2004 Jan;44(1):19–55. Available from: 

http://www.tandfonline.com/doi/abs/10.1080/10408690490263774 

100. Gurtler JB, Doyle MP, Kornacki JL, editors. The Microbiological Safety of Low 

Water Activity Foods and Spices [Internet]. New York, NY: Springer New York; 

2014. Available from: https://link.springer.com/10.1007/978-1-4939-2062-4 

101. Sperber WH. Influence of Water Activity on Foodborne Bacteria — A Review. J 



 
 

186 
 

Food Prot [Internet]. 1983 Feb;46(2):142–50. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X23014084 

102. Hills BP, Manning CE, Ridge Y, Brocklehurst T. Water availability and the 

survival of Salmonella typhimurium in porous systems. Int J Food Microbiol 

[Internet]. 1997 May;36(2–3):187–98. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0168160597012658 

103. Shachar D, Yaron S. Heat Tolerance of Salmonella enterica Serovars Agona, 

Enteritidis, and Typhimurium in Peanut Butter. J Food Prot [Internet]. 

2006;69(11):2687–91. Available from: 

https://www.sciencedirect.com/science/article/pii/S0362028X22076475 

104. Kusumaningrum H. Survival of foodborne pathogens on stainless steel surfaces 

and cross-contamination to foods. Int J Food Microbiol [Internet]. 2003 Aug 

25;85(3):227–36. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0168160502005408 

105. Gruzdev N, Pinto R, Sela (Saldinger) S. Persistence of Salmonella enterica during 

dehydration and subsequent cold storage. Food Microbiol [Internet]. 2012 

Dec;32(2):415–22. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0740002012001682 

106. Santillana Farakos SM, Frank JF. Challenges in the Control of Foodborne 

Pathogens in Low-Water Activity Foods and Spices. In: The Microbiological 

Safety of Low Water Activity Foods and Spices [Internet]. New York, NY: 

Springer New York; 2014. p. 15–34. Available from: 

https://link.springer.com/10.1007/978-1-4939-2062-4_2 

107. Hiramatsu R, Matsumoto M, Sakae K, Miyazaki Y. Ability of Shiga Toxin-

Producing Escherichia coli and Salmonella spp. To Survive in a Desiccation 

Model System and in Dry Foods. Appl Environ Microbiol [Internet]. 2005 

Nov;71(11):6657–63. Available from: 



 
 

187 
 

https://journals.asm.org/doi/10.1128/AEM.71.11.6657-6663.2005 

108. Alves Â, Santos-Ferreira N, Magalhães R, Ferreira V, Teixeira P. From chicken to 

salad: Cooking salt as a potential vehicle of Salmonella spp. and Listeria 

monocytogenes cross-contamination. Food Control [Internet]. 2022 

Jul;137:108959. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0956713522001529 

109. Michael M, Acuff JC, Vega D, Sekhon AS, Channaiah LH, Phebus RK. 

Survivability and thermal resistance of Salmonella and Escherichia coli O121 in 

wheat flour during extended storage of 360 days. Int J Food Microbiol [Internet]. 

2022 Feb;362:109495. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0168160521004542 

110. Breeuwer P. Adaptation of pathogenic microorganisms to dry conditions. In: The 

Microbiological Safety of Low Water Activity Foods and Spices. Springer; 2014. 

p. 37–48.  

111. Csonka LN. Physiological and genetic responses of bacteria to osmotic stress. 

Microbiol Rev [Internet]. 1989;53(1):121–47. Available from: 

https://mmbr.asm.org/content/53/1/121 

112. Csonka LN, Hanson AD. PROKARYOTIC OSMOREGULATION: Genetics and 

Physiology. Annu Rev Microbiol [Internet]. 1991 Oct;45(1):569–606. Available 

from: https://www.annualreviews.org/doi/10.1146/annurev.mi.45.100191.003033 

113. Hwang CA, Porto-Fett ACS, Juneja VK, Ingham SC, Ingham BH, Luchansky JB. 

Modeling the survival of Escherichia coli O157:H7, Listeria monocytogenes, and 

Salmonella Typhimurium during fermentation, drying, and storage of soudjouk-

style fermented sausage. Int J Food Microbiol [Internet]. 2009 Feb;129(3):244–52. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S0168160508006259 

114. Glass KA, Kaspar CW, Sindelar JJ, Milkowski AL, Lotz BM, Kang J, et al. 

Validation of Pepperoni Process for Control of Shiga Toxin–Producing 



 
 

188 
 

Escherichia coli. J Food Prot [Internet]. 2012 May;75(5):838–46. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X23016538 

115. Garmiri P, Coles KE, Humphrey TJ, Cogan TA. Role of outer membrane 

lipopolysaccharides in the protection of Salmonella enterica serovar Typhimurium 

from desiccation damage. FEMS Microbiol Lett [Internet]. 2008 Apr;281(2):155–

9. Available from: https://academic.oup.com/femsle/article-

lookup/doi/10.1111/j.1574-6968.2008.01093.x 

116. Hew CM, Hajmeer MN, Farver TB, Riemann HP, Glover JM, Cliver DO. 

Pathogen Survival in Chorizos: Ecological Factors. J Food Prot [Internet]. 2006 

May;69(5):1087–95. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X22074221 

117. Doyle ME, Mazzotta AS. Review of Studies on the Thermal Resistance of 

Salmonellae. J Food Prot [Internet]. 2000 Jun;63(6):779–95. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X22001272 

118. Chick M. Thermal inactivation kinetics of Salmonella serovars on dry cereal. 

[Internet]. 2011. Available from: https://hdl.handle.net/11299/116854 

119. Mattick KL, Jørgensen F, Legan JD, Cole MB, Porter J, Lappin-Scott HM, et al. 

Survival and Filamentation of Salmonella enterica Serovar Enteritidis PT4 and 

Salmonella enterica Serovar Typhimurium DT104 at Low Water Activity. Appl 

Environ Microbiol [Internet]. 2000 Apr;66(4):1274–9. Available from: 

https://journals.asm.org/doi/10.1128/AEM.66.4.1274-1279.2000 

120. Gilbert S, Lake R, Cressey P, King N. Risk profile: Salmonella (non typhoidal) in 

cereal grains. Inst Environ Sci Res Limited, Christchurch Sci Cent [Internet]. 

2010; Available from: http://www.foodsafety.govt.nz/elibrary/industry/salmonella-

in-cereals.pdf 

121. Forsythe S. Powdered Infant Formula. In: The Microbiological Safety of Low 

Water Activity Foods and Spices [Internet]. New York, NY: Springer New York; 



 
 

189 
 

2014. p. 177–211. Available from: https://link.springer.com/10.1007/978-1-4939-

2062-4_11 

122. Mehta A, Tatini SR. An Evaluation of the Microbiological Safety of Reduced-Fat 

Cheddar-like Cheese. J Food Prot [Internet]. 1994;57(9):776–9. Available from: 

https://www.sciencedirect.com/science/article/pii/S0362028X22048153 

123. ARMSTRONG RW, FODOR T, CURLIN GT, COHEN AB, MORRIS GK, 

MARTIN WT, et al. EPIDEMIC SALMONELLA GASTROENTERITIS DUE 

TO CONTAMINATED IMITATION ICE CREAM1. Am J Epidemiol [Internet]. 

1970 Mar;91(3):300–7. Available from: https://academic.oup.com/aje/article-

lookup/doi/10.1093/oxfordjournals.aje.a121140 

124. Craven P, Baine W, Mackel D, Barker W, Gangarosa E, Goldfield M, et al. 

INTERNATIONAL OUTBREAK OF SALMONELLA EASTBOURNE 

INFECTION TRACED TO CONTAMINATED CHOCOLATE. Lancet [Internet]. 

1975;305(7910):788–92. Available from: 

https://www.sciencedirect.com/science/article/pii/S0140673675924460 

125. FONTAINE RE, COHEN ML, MARTIN WT, VERNON TM. EPIDEMIC 

SALMONELLOSIS FROM CHEDDAR CHEESE: SURVEILLANCE AND 

PREVENTION. Am J Epidemiol [Internet]. 1980 Feb;111(2):247–53. Available 

from: https://academic.oup.com/aje/article/208098/EPIDEMIC 

126. Dega CA, Goepfert JM, Amundson CH. Heat Resistance of Salmonellae in 

Concentrated Milk. Appl Microbiol [Internet]. 1972;23(2):415–20. Available 

from: https://aem.asm.org/content/23/2/415 

127. Tamminga SK, Beumer RR, Kampelmacher EH, van Leusden FM. Survival of 

Salmonella eastbourne and Salmonella typhimurium in milk chocolate prepared 

with artificially contaminated milk powder. J Hyg (Lond) [Internet]. 2009/05/15. 

1977;79(3):333–7. Available from: 

https://www.cambridge.org/core/product/B8C71C48A207F54333AB86722A7860



 
 

190 
 

E3 

128. Mossel DAA, Koopman MJ. Losses in Viable Cells of Salmonellae upon 

Inoculation into Dry Animal Feeds of Various Types. Poult Sci [Internet]. 1965 

May;44(3):890–2. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0032579119488408 

129. Shachar D, Yaron S. Heat Tolerance of Salmonella enterica Serovars Agona, 

Enteritidis, and Typhimurium in Peanut Butter. J Food Prot [Internet]. 2006 

Nov;69(11):2687–91. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X22076475 

130. Torlak E, Sert D, Serin P. Fate of Salmonella during sesame seeds roasting and 

storage of tahini. Int J Food Microbiol [Internet]. 2013 May;163(2–3):214–7. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S0168160513001554 

131. Barron JC, Forsythe SJ. Dry Stress and Survival Time of Enterobacter sakazakii 

and Other Enterobacteriaceae in Dehydrated Powdered Infant Formula. J Food 

Prot [Internet]. 2007 Sep;70(9):2111–7. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X22062883 

132. Chang JM, Fang TJ. Survival of Escherichia coli O157:H7 and Salmonella 

enterica serovars Typhimurium in iceberg lettuce and the antimicrobial effect of 

rice vinegar against E. coli O157:H7. Food Microbiol [Internet]. 2007;24(7):745–

51. Available from: 

https://www.sciencedirect.com/science/article/pii/S0740002007000330 

133. Van der Linden I, Avalos Llano KR, Eriksson M, De Vos WH, Van Damme EJM, 

Uyttendaele M, et al. Minimal processing of iceberg lettuce has no substantial 

influence on the survival, attachment and internalization of E. coli O157 and 

Salmonella. Int J Food Microbiol [Internet]. 2016;238:40–9. Available from: 

https://www.sciencedirect.com/science/article/pii/S0168160516303877 

134. Pafumi J. Assessment of the Microbiological Quality of Spices and Herbs. J Food 



 
 

191 
 

Prot [Internet]. 1986;49(12):958–63. Available from: 

https://www.sciencedirect.com/science/article/pii/S0362028X23001606 

135. Côté J, Caillet S, Doyon G, Dussault D, Sylvain JF, Lacroix M. Antimicrobial 

effect of cranberry juice and extracts. Food Control [Internet]. 2011 

Aug;22(8):1413–8. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0956713511000831 

136. Leuschner RG., Zamparini J. Effects of spices on growth and survival of 

Escherichia coli 0157 and Salmonella enterica serovar Enteritidis in broth model 

systems and mayonnaise. Food Control [Internet]. 2002 Sep;13(6–7):399–404. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S0956713502000518 

137. Hsu WY, Simonne A, Jitareerat P. Fates of Seeded Escherichia coli O157:H7 and 

Salmonella on Selected Fresh Culinary Herbs during Refrigerated Storage. J Food 

Prot [Internet]. 2006;69(8):1997–2001. Available from: 

https://www.sciencedirect.com/science/article/pii/S0362028X22075500 

138. Santiesteban-López NA, Rosales M, Palou E, López-Malo A. Growth Response of 

Escherichia coli ATCC 35218 Adapted to Several Concentrations of Sodium 

Benzoate and Potassium Sorbate. J Food Prot [Internet]. 2009;72(11):2301–7. 

Available from: 

https://www.sciencedirect.com/science/article/pii/S0362028X22005427 

139. Rhee MS, Lee SY, Dougherty RH, Kang DH. Antimicrobial Effects of Mustard 

Flour and Acetic Acid against Escherichia coli O157:H7, Listeria monocytogenes , 

and Salmonella enterica Serovar Typhimurium. Appl Environ Microbiol [Internet]. 

2003 May;69(5):2959–63. Available from: 

https://journals.asm.org/doi/10.1128/AEM.69.5.2959-2963.2003 

140. Nissen H, Maugesten T, Lea P. Survival and growth of Escherichia coli O157:H7, 

Yersinia enterocolitica and Salmonella enteritidis on decontaminated and untreated 

meat. Meat Sci [Internet]. 2001;57(3):291–8. Available from: 



 
 

192 
 

https://www.sciencedirect.com/science/article/pii/S0309174000001042 

141. Wanjugi P, Harwood VJ. The influence of predation and competition on the 

survival of commensal and pathogenic fecal bacteria in aquatic habitats. Environ 

Microbiol [Internet]. 2013 Feb 26;15(2):517–26. Available from: 

https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/j.1462-

2920.2012.02877.x 

142. Taylor-Robinson JD, Child M, Pickup R, Strike P, Edwards C. Cell-cell 

interactions influence resistance and survival of Salmonella serotype Typhimurium 

to environmental stress. J Appl Microbiol [Internet]. 2003 Jan;94(1):95–102. 

Available from: https://academic.oup.com/jambio/article/94/1/95/6724150 

143. Reynolds J. Serial dilution protocols. Am Soc Microbiol Washington, DC, USA 

[Internet]. 2005;1–7. Available from: https://asm.org/ASM/media/Protocol-

Images/Serial-Dilution-Protocols.pdf?ext=.pdf. 

144. Colla G, Hoagland L, Ruzzi M, Cardarelli M, Bonini P, Canaguier R, et al. 

Biostimulant Action of Protein Hydrolysates: Unraveling Their Effects on Plant 

Physiology and Microbiome. Front Plant Sci [Internet]. 2017 Dec 22;8. Available 

from: http://journal.frontiersin.org/article/10.3389/fpls.2017.02202/full 

145. Ertani A, Cavani L, Pizzeghello D, Brandellero E, Altissimo A, Ciavatta C, et al. 

Biostimulant activity of two protein hydrolyzates in the growth and nitrogen 

metabolism of maize seedlings. J Plant Nutr Soil Sci [Internet]. 2009 Apr 

2;172(2):237–44. Available from: 

https://onlinelibrary.wiley.com/doi/10.1002/jpln.200800174 

146. Ertani A, Schiavon M, Muscolo A, Nardi S. Alfalfa plant-derived biostimulant 

stimulate short-term growth of salt stressed Zea mays L. plants. Plant Soil 

[Internet]. 2013 Mar 11;364(1–2):145–58. Available from: 

http://link.springer.com/10.1007/s11104-012-1335-z 

147. Ali SSR, Abdhakir ES, Muthukkaruppan R. Proximate and mineral composition of 



 
 

193 
 

commercially important marine fin fishes from the Kasimedu fish landing centre 

Chennai. J Fish Life Sci [Internet]. 2020;5(1):20–5. Available from: 

https://www.researchgate.net/profile/Syed-Raffic-

2/publication/342330465_Proximate_and_mineral_composition_of_commercially

_important_marine_fin_fishes_from_the_Kasimedu_fish_landing_centre_Chennai

_A_R_T_I_C_L_E_I_N_F_O_K_E_Y_W_O_R_D_S_Body_indices_Lipid_P 

148. Alonso S. Novel Preservation Techniques for Microbial Cultures. In 2016. p. 7–33. 

Available from: http://link.springer.com/10.1007/978-3-319-42457-6_2 

149. Mitropoulou G, Nedovic V, Goyal A, Kourkoutas Y. Immobilization Technologies 

in Probiotic Food Production. J Nutr Metab [Internet]. 2013;2013:1–15. Available 

from: http://www.hindawi.com/journals/jnme/2013/716861/ 

150. Gul O, Dervisoglu M. Application of multicriteria decision technique to determine 

optimum sodium alginate concentration for microencapsulation of Lactobacillus 

casei Shirota by extrusion and emulsification. J Food Process Eng [Internet]. 2017 

Jun 28;40(3). Available from: 

https://onlinelibrary.wiley.com/doi/10.1111/jfpe.12481 

151. Ferreira SLC, Bruns RE, Ferreira HS, Matos GD, David JM, Brandão GC, et al. 

Box-Behnken design: An alternative for the optimization of analytical methods. 

Anal Chim Acta [Internet]. 2007 Aug;597(2):179–86. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0003267007011671 

152. Jarvis B. Sampling for microbiological analysis. Microbiol Saf Qual food. 

2000;2:1727–8.  

153. Brandão MLL, Rosas C de O, Lopes Bricio SM, Medeiros V de M, Beltrão da 

Costa J de C, Pinheiro RR, et al. Preparation of Reference Material for Proficiency 

Test for Enumeration of Coliforms in Cheese Matrix. Detection [Internet]. 

2013;01(01):7–12. Available from: 

http://www.scirp.org/journal/doi.aspx?DOI=10.4236/detection.2013.11002 



 
 

194 
 

154. Janning B, in ’t Veld PH, Mooijman KA, Havelaar AH. Development, production 

and certification of microbiological reference materials. Fresenius J Anal Chem 

[Internet]. 1995 Jan;352(1–2):240–5. Available from: 

http://link.springer.com/10.1007/BF00322335 

155. Microbiology of food, animal feed and water — Preparation, production, storage 

and performance testing of culture media [Internet]. 2014. ISO 11133. Available 

from: https://www.iso.org/standard/53610.html 

156. Wald M, Schwarz K, Rehbein H, Bußmann B, Beermann C. Detection of 

antibacterial activity of an enzymatic hydrolysate generated by processing rainbow 

trout by-products with trout pepsin. Food Chem. 2016 Aug 15;205:221–8.  

157. Giromini C, Nonnis S, Givens DI, Lovegrove JA, Rebucci R, Tedeschi G, et al. 

Proteomic/peptidomic profile and Escherichia coli growth inhibitory effect of in 

vitro digested soya protein. Ital J Anim Sci [Internet]. 2021 Jan 1;20(1):1462–7. 

Available from: 

https://www.tandfonline.com/doi/full/10.1080/1828051X.2021.1943016 

158. Baco N, Oslan SNH, Shapawi R, Mohhtar RAM, Noordin WNM, Huda N. 

Antibacterial activity of functional bioactive peptides derived from fish protein 

hydrolysate. IOP Conf Ser Earth Environ Sci [Internet]. 2022 Jan 

1;967(1):012019. Available from: https://iopscience.iop.org/article/10.1088/1755-

1315/967/1/012019 

159. Choi J, Horne DS, Lucey JA. Determination of molecular weight of a purified 

fraction of colloidal calcium phosphate derived from the casein micelles of bovine 

milk. J Dairy Sci [Internet]. 2011 Jul;94(7):3250–61. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0022030211003171 

160. Meisel H. Biochemical properties of bioactive peptides derived from milk 

proteins: Potential nutraceuticals for food and pharmaceutical applications. Livest 

Prod Sci [Internet]. 1997 Oct;50(1–2):125–38. Available from: 



 
 

195 
 

https://linkinghub.elsevier.com/retrieve/pii/S0301622697000833 

161. Arnao MB, Cano A, Acosta M. The hydrophilic and lipophilic contribution to total 

antioxidant activity. Food Chem [Internet]. 2001 May;73(2):239–44. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S0308814600003241 

162. Powers JPS, Hancock RE. The relationship between peptide structure and 

antibacterial activity. Peptides [Internet]. 2003 Nov;24(11):1681–91. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S0196978103003425 

163. Tang W, Yuan H, Zhang H, Wang L, Qian H, Qi X. An antimicrobial peptide 

screened from casein hydrolyzate by Saccharomyces cerevisiae cell membrane 

affinity method. Food Control [Internet]. 2015 Apr;50:413–22. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0956713514005519 

164. Park J, Kim TJ, Song JH, Jang H, Kim JS, Kang SH, et al. Helicobacter pylori 

infection is associated with neurodegeneration in cognitively normal men. J 

Alzheimer’s Dis. 2021;82(4):1591–9.  

165. López-Expósito I, Quirós A, Amigo L, Recio I. Casein hydrolysates as a source of 

antimicrobial, antioxidant and antihypertensive peptides. Lait [Internet]. 2007 Jul 

26;87(4–5):241–9. Available from: http://www.lelait-

journal.org/10.1051/lait:2007019 

166. WILLIAMS PH, CLARKE CH. Pre- and Post-irradiation Effects upon Lethality 

and Reversion in Salmonella typhimurium. J Gen Microbiol [Internet]. 1971 Oct 

1;68(2):199–205. Available from: 

https://www.microbiologyresearch.org/content/journal/micro/10.1099/00221287-

68-2-199 

167. Liu J, Yang L, Kjellerup BV, Xu Z. Viable but nonculturable (VBNC) state, an 

underestimated and controversial microbial survival strategy. Trends Microbiol 

[Internet]. 2023 Oct;31(10):1013–23. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0966842X23001476 



 
 

196 
 

168. MILLER DL, GOEPFERT JM, AMUNDSON CH. SURVIVAL OF 

SALMONELLAE AND Escherichia coli DURING THE SPRAY DRYING OF 

VARIOUS FOOD PRODUCTS. J Food Sci. 1972 Nov 25;37(6):828–31.  

169. Gupta AJ, Gruppen H, Maes D, Boots JW, Wierenga PA. Factors Causing 

Compositional Changes in Soy Protein Hydrolysates and Effects on Cell Culture 

Functionality. J Agric Food Chem [Internet]. 2013 Nov 13;61(45):10613–25. 

Available from: https://pubs.acs.org/doi/10.1021/jf403051z 

170. Guo Y, Zhang Y, Gerhard M, Gao JJ, Mejias-Luque R, Zhang L, et al. Effect of 

Helicobacter pylori on gastrointestinal microbiota: A population-based study in 

Linqu, a high-risk area of gastric cancer. Gut. 2020;69(9):1598–607.  

171. Kram KE, Finkel SE. Rich Medium Composition Affects Escherichia coli 

Survival, Glycation, and Mutation Frequency during Long-Term Batch Culture. 

Kelly RM, editor. Appl Environ Microbiol [Internet]. 2015 Jul;81(13):4442–50. 

Available from: https://journals.asm.org/doi/10.1128/AEM.00722-15 

172. Agyei D. Bioactive proteins and peptides from soybeans. Recent Pat Food Nutr 

Agric. 2015;7(2):100–7.  

173. Kokoska L, Polesny Z, Rada V, Nepovim A, Vanek T. Screening of some Siberian 

medicinal plants for antimicrobial activity. J Ethnopharmacol. 2002;82(1):51–3.  

174. Vasconcellos FCS, Woiciechowski AL, Soccol VT, Mantovani D, Soccol CR. 

Antimicrobial and antioxidant properties of-conglycinin and glycinin from soy 

protein isolate. Int J Curr Microbiol Appl Sci. 2014;3(8):144–57.  

175. de Castro RJS, Sato HH. Simultaneous hydrolysis of proteins from different 

sources to enhance their antibacterial properties through the synergistic action of 

bioactive peptides. Biocatal Agric Biotechnol. 2016;8:209–12.  

176. Elbarbary HA, Abdou AM, Nakamura Y, Park EY, Mohamed HA, Sato K. 

Identification of novel antibacterial peptides isolated from a commercially 



 
 

197 
 

available casein hydrolysate by autofocusing technique. Biofactors. 

2012;38(4):309–15.  

177. Joo JH, Yi S, Lee GH, Lee KT, Oh M. Antimicrobial activity of soy protein 

hydrolysate with Asp. saitoi protease. JOURNAL-KOREAN Soc FOOD Sci Nutr. 

2004;33(2):229–35.  

178. MARTONE C. Fishery by-product as a nutrient source for bacteria and archaea 

growth media. Bioresour Technol [Internet]. 2005 Feb;96(3):383–7. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S096085240400149X 

179. Kurniawati E, Ibrahim B, Desniar. Homogeneity and stability of a secondary 

microbiological reference material candidate for Salmonella in fish matrix. IOP 

Conf Ser Earth Environ Sci [Internet]. 2020 Jan 1;404(1):012036. Available from: 

https://iopscience.iop.org/article/10.1088/1755-1315/404/1/012036 

180. Petrova I, Tolstorebrov I, Zhivlyantseva I, Eikevik TM. Utilization of fish protein 

hydrolysates as peptones for microbiological culture medias. Food Biosci 

[Internet]. 2021 Aug;42:101063. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S2212429221001887 

181. Wu C, Mori M, Abele M, Banaei-Esfahani A, Zhang Z, Okano H, et al. Enzyme 

expression kinetics by Escherichia coli during transition from rich to minimal 

media depends on proteome reserves. Nat Microbiol [Internet]. 2023;8(2):347–59. 

Available from: https://doi.org/10.1038/s41564-022-01310-w 

182. Spector MP, Kenyon WJ. Resistance and survival strategies of Salmonella enterica 

to environmental stresses. Food Res Int [Internet]. 2012 Mar;45(2):455–81. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S096399691100439X 

183. Semenov AM, Kuprianov AA, van Bruggen AHC. Transfer of Enteric Pathogens 

to Successive Habitats as Part of Microbial Cycles. Microb Ecol [Internet]. 

2010;60(1):239–49. Available from: https://doi.org/10.1007/s00248-010-9663-0 



 
 

198 
 

184. Franz E, van Diepeningen AD, de Vos OJ, van Bruggen AHC. Effects of Cattle 

Feeding Regimen and Soil Management Type on the Fate of Escherichia coli 

O157:H7 and Salmonella enterica Serovar Typhimurium in Manure, Manure-

Amended Soil, and Lettuce. Appl Environ Microbiol [Internet]. 2005 

Oct;71(10):6165–74. Available from: 

https://journals.asm.org/doi/10.1128/AEM.71.10.6165-6174.2005 

185. Suhalim R, Huang YW, Burtle GJ. Survival of Escherichia coli O157:H7 in 

channel catfish pond and holding tank water. LWT - Food Sci Technol [Internet]. 

2008 Jul;41(6):1116–21. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0023643807002526 

186. Song R, Wei R, Zhang B, Wang D. Optimization of the Antibacterial Activity of 

Half-Fin Anchovy (Setipinna taty) Hydrolysates. Food Bioprocess Technol 

[Internet]. 2012;5(5):1979–89. Available from: https://doi.org/10.1007/s11947-

010-0505-3 

187. Navarro Llorens JM, Tormo A, Martínez-García E. Stationary phase in gram-

negative bacteria. FEMS Microbiol Rev [Internet]. 2010 Jul;34(4):476–95. 

Available from: https://academic.oup.com/femsre/article-

lookup/doi/10.1111/j.1574-6976.2010.00213.x 

188. Wang X, Devlieghere F, Geeraerd A, Uyttendaele M. Thermal inactivation and 

sublethal injury kinetics of Salmonella enterica and Listeria monocytogenes in 

broth versus agar surface. Int J Food Microbiol [Internet]. 2017 Feb;243:70–7. 

Available from: https://linkinghub.elsevier.com/retrieve/pii/S0168160516306560 

189. Cuny C, Lesbats M, Dukan S. Induction of a Global Stress Response during the 

First Step of Escherichia coli Plate Growth. Appl Environ Microbiol [Internet]. 

2007 Feb;73(3):885–9. Available from: 

https://journals.asm.org/doi/10.1128/AEM.01874-06 

190. Kumar P, Rani A, Singh S, Kumar A. Recent advances on <scp>DNA</scp> and 



 
 

199 
 

omics‐based technology in Food testing and authentication: A review. J Food Saf. 

2022 Aug 13;42(4).  

191. Breig SJM, Luti KJK. Response surface methodology: A review on its applications 

and challenges in microbial cultures. Mater Today Proc [Internet]. 2021;42:2277–

84. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S221478532040032X 

192. Lombard B. Estimation of measurement uncertainty in food microbiology: The 

ISO approach. Accredit Qual Assur. 2006 Apr 14;11(1–2):94–100.  

193. Lombard B, Cornu M, Lahellec C, Feinberg MH. Experimental Evaluation of 

Different Precision Criteria Applicable to Microbiological Counting Methods. J 

AOAC Int. 2005 May 1;88(3):830–41.  

194. Aspmo SI, Horn SJ, Eijsink VGH. Hydrolysates from Atlantic cod (Gadus morhua 

L.) viscera as components of microbial growth media. Process Biochem [Internet]. 

2005 Dec;40(12):3714–22. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S1359511305002278 

195. Klompong V, Benjakul S, Kantachote D, Shahidi F. Characteristics and Use of 

Yellow Stripe Trevally Hydrolysate as Culture Media. J Food Sci [Internet]. 2009 

Aug 31;74(6). Available from: 

https://ift.onlinelibrary.wiley.com/doi/10.1111/j.1750-3841.2009.01213.x 

196. Khuri AI, Mukhopadhyay S. Response surface methodology. Wiley Interdiscip 

Rev Comput Stat. 2010;2(2):128–49.  

197. St»hle L, Wold S. Analysis of variance (ANOVA). Chemom Intell Lab Syst. 1989 

Nov;6(4):259–72.  

198. Quan H, Shih WJ. Assessing Reproducibility by the Within-Subject Coefficient of 

Variation with Random Effects Models. Biometrics. 1996 Dec;52(4):1195.  

199. Kim C, Wang S, Choi KK. Efficient Response Surface Modeling by Using 



 
 

200 
 

Moving Least-Squares Method and Sensitivity. AIAA J. 2005 Nov;43(11):2404–

11.  

200. Chamoli S. ANN and RSM approach for modeling and optimization of designing 

parameters for a V down perforated baffle roughened rectangular channel. 

Alexandria Eng J [Internet]. 2015 Sep;54(3):429–46. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S1110016815000320 

201. Thompson CG, Kim RS, Aloe AM, Becker BJ. Extracting the Variance Inflation 

Factor and Other Multicollinearity Diagnostics from Typical Regression Results. 

Basic Appl Soc Psych. 2017 Mar 4;39(2):81–90.  

202. Kaushik N, Rao PS, Mishra HN. Process optimization for thermal-assisted high 

pressure processing of mango (Mangifera indica L.) pulp using response surface 

methodology. LWT - Food Sci Technol [Internet]. 2016 Jun;69:372–81. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S0023643816300627 

203. Silva AM, Pinto D, Moreira MM, Costa PC, Delerue-Matos C, Rodrigues F. 

Valorization of Kiwiberry Leaves Recovered by Ultrasound-Assisted Extraction 

for Skin Application: A Response Surface Methodology Approach. Antioxidants 

[Internet]. 2022 Apr 12;11(4):763. Available from: https://www.mdpi.com/2076-

3921/11/4/763 

204. Tamoradi T, Kiasat AR, Veisi H, Nobakht V, Karmakar B. RSM process 

optimization of biodiesel production from rapeseed oil and waste corn oil in the 

presence of green and novel catalyst. Sci Rep. 2022 Nov 16;12(1):19652.  

205. Chung HJ, Bang W, Drake MA. Stress Response of Escherichia coli. Compr Rev 

Food Sci Food Saf [Internet]. 2006 Jul 2;5(3):52–64. Available from: 

https://ift.onlinelibrary.wiley.com/doi/10.1111/j.1541-4337.2006.00002.x 

206. Rodriguez O, Castell-Perez ME, Moreira RG. Effect of sugar content and storage 

temperature on the survival and recovery of irradiated Escherichia coli K-12 

MG1655. LWT - Food Sci Technol [Internet]. 2007 May;40(4):690–6. Available 



 
 

201 
 

from: https://linkinghub.elsevier.com/retrieve/pii/S0023643806000545 

207. Hewitt CJ, Nebe-Von Caron G, Axelsson B, McFarlane CM, Nienow AW. Studies 

related to the scale-up of high-cell-densityE. coli fed-batch fermentations using 

multiparameter flow cytometry: Effect of a changing microenvironment with 

respect to glucose and dissolved oxygen concentration. Biotechnol Bioeng 

[Internet]. 2000 Nov 20;70(4):381–90. Available from: 

https://onlinelibrary.wiley.com/doi/10.1002/1097-

0290(20001120)70:4%3C381::AID-BIT3%3E3.0.CO;2-0 

208. Sinskey TJ, Silverman GJ, Goldblith SA. Influence of Platen Temperatures and 

Storage Conditions on the Survival of Freeze-dried Salmonella typhimurium. Appl 

Microbiol [Internet]. 1967 Jan;15(1):22–30. Available from: 

https://journals.asm.org/doi/10.1128/am.15.1.22-30.1967 

209. Niemira BA, Sommers CH, Boyd G. Effect of Freezing, Irradiation, and Frozen 

Storage on Survival of Salmonella in Concentrated Orange Juice. J Food Prot 

[Internet]. 2003 Oct;66(10):1916–9. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0362028X22032987 

210. Clement MT. EFFECTS OF FREEZING, FREEZE-DRYING, AND STORAGE 

IN THE FREEZE-DRIED AND FROZEN STATE ON VIABILITY OF 

ESCHERICHIA COLI CELLS. Can J Microbiol [Internet]. 1961 Feb 1;7(1):99–

106. Available from: http://www.nrcresearchpress.com/doi/10.1139/m61-012 

211. Calcott PH, MacLeod RA. The survival of Escherichia coli from freeze–thaw 

damage: the relative importance of wall and membrane damage. Can J Microbiol 

[Internet]. 1975 Dec 1;21(12):1960–8. Available from: 

http://www.nrcresearchpress.com/doi/10.1139/m75-284 

212. Ray B, Jezeski JJ, Busta FF. Effect of Rehydration on Recovery, Repair, and 

Growth of Injured Freeze-Dried Salmonella anatum. Appl Microbiol [Internet]. 

1971 Aug;22(2):184–9. Available from: 



 
 

202 
 

https://journals.asm.org/doi/10.1128/am.22.2.184-189.1971 

213. SARAKA ND, MONEY M, DOUMBIA S, CISSE S, ODI N, FAYE KH, et al. 

The effects of storage conditions on the viability of enteropathogenics bacteria in 

biobanking of human stools: Cases of Yersinia enterocolitica, Salmonella enterica 

Typhimurium and Vibrio cholerae O: 1. African J Biotechnol [Internet]. 2015 Jan 

7;14(1):38–41. Available from: http://academicjournals.org/journal/AJB/article-

abstract/BD4114149433 

214. Howells AM, Bullifent HL, Dhaliwal K, Griffin K, Garcı́a de Castro A, Frith G, et 

al. Role of trehalose biosynthesis in environmental survival and virulence of 

Salmonella enterica serovar typhimurium. Res Microbiol [Internet]. 2002 

Jun;153(5):281–7. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0923250802013219 

215. Alebouyeh M, Almasian Tehrani N, Fallah F, Azimi L, Sadredinamin M, Yousefi 

N, et al. Protective effects of different lyoprotectants on survival of clinical 

bacterial isolates in a hospital biobank. Cryobiology [Internet]. 2024 

Jun;115:104891. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0011224024000464 

216. Suzuki E, Urushidani T, Maeda S. Bovine serum promotes the formation and 

phenotype memory retention of persister cells in Escherichia coli liquid cultures. 

World J Microbiol Biotechnol [Internet]. 2021 Jul 1;37(7):110. Available from: 

https://link.springer.com/10.1007/s11274-021-03073-8 

217. Badger JL, Kim KS. Environmental Growth Conditions Influence the Ability of 

Escherichia coli K1 To Invade Brain Microvascular Endothelial Cells and Confer 

Serum Resistance. Barbieri JT, editor. Infect Immun [Internet]. 1998 

Dec;66(12):5692–7. Available from: 

https://journals.asm.org/doi/10.1128/IAI.66.12.5692-5697.1998 

218. Singh SK. Freezing of Proteins and Cells. In: Parenteral Medications, Fourth 



 
 

203 
 

Edition. CRC Press; 2019. p. 947–73.  

219. Biological Effects of Low Temperatures. In 2009. p. 37–92. Available from: 

http://link.springer.com/10.1007/978-3-540-88785-0_3 

220. Diniz‐Mendes L, Bernardes E, De Araujo PS, Panek AD, Paschoalin VMF. 

Preservation of frozen yeast cells by trehalose. Biotechnol Bioeng. 

1999;65(5):572–8.  

221. Greiff D, Rightsel WA. Stabilities of suspensions of viruses after freezing or 

drying by vacuum sublimation and storage. Cryobiology. 1967;3(6):432–44.  

222. Abadias M, Benabarre A, Teixidó N, Usall J, Vinas I. Effect of freeze drying and 

protectants on viability of the biocontrol yeast Candida sake. Int J Food Microbiol. 

2001;65(3):173–82.  

223. Li X min, Che L hua, Wu Y, Li C, Xu B cai. An effective strategy for improving 

the freeze-drying survival rate of Lactobacillus curvatus and its potential protective 

mechanism. Food Biosci. 2024;58:103794.  

224. Beșchea GA, Câmpean ŞI, Tăbăcaru MB, Şerban A, Rubinsky B, Năstase G. 

Glucose and glycerol temperature-pressure correlations for the design of 

cryopreservation protocols in an isochoric system at subfreezing temperature. 

Biochem Biophys Res Commun [Internet]. 2021 Jun;559:42–7. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0006291X21007014 

225. Sheu TY, Marshall RT, Heymann H. Improving Survival of Culture Bacteria in 

Frozen Desserts by Microentrapment. J Dairy Sci [Internet]. 1993 Jul;76(7):1902–

7. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0022030293775232 

226. Tutrina A, Zhurilov P. Efficacy assessment of different cryoprotectants for 

preserving the viability of Enterobacterales strains atௗ−ௗ20 °C. Sci Rep [Internet]. 

2024;14(1):20843. Available from: https://doi.org/10.1038/s41598-024-71529-6 



 
 

204 
 

227. Tesfaye T, Sithole B, Ramjugernath D, Ndlela L. Optimisation of surfactant 

decontamination and pre-treatment of waste chicken feathers by using response 

surface methodology. Waste Manag [Internet]. 2018 Feb;72:371–88. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S0956053X17308127 

228. Lencastre Fernandes R, Nierychlo M, Lundin L, Pedersen AE, Puentes Tellez PE, 

Dutta A, et al. Experimental methods and modeling techniques for description of 

cell population heterogeneity. Biotechnol Adv. 2011 Nov;29(6):575–99.  

229. Niemi RM, Niemelä SI. Measurement uncertainty in microbiological cultivation 

methods. Accredit Qual Assur [Internet]. 2001 Aug 1;6(8):372–5. Available from: 

http://link.springer.com/10.1007/s007690100360 

230. Nur IT, Tahera J, Munna MS, Rahman MM, Noor R. Impact of different carbon 

sources on the in vitro growth and viability of Escherichia coli (SUBE01) and 

Salmonella spp.(SUBS01) cells. Bangladesh J Microbiol. 2015;39–44.  

231. Roy PK, Ha AJW, Mizan MFR, Hossain MI, Ashrafudoulla M, Toushik SH, et al. 

Effects of environmental conditions (temperature, pH, and glucose) on biofilm 

formation of Salmonella enterica serotype Kentucky and virulence gene 

expression. Poult Sci. 2021 Jul;100(7):101209.  

232. Corry JEL. The Effect of Sugars and Polyols on the Heat Resistance of 

Salmonellae. J Appl Bacteriol. 1974 Mar 11;37(1):31–43.  

233. Finn S, Rogers L, Händler K, McClure P, Amézquita A, Hinton JCD, et al. 

Exposure of Salmonella enterica Serovar Typhimurium to Three Humectants Used 

in the Food Industry Induces Different Osmoadaptation Systems. Björkroth J, 

editor. Appl Environ Microbiol [Internet]. 2015 Oct;81(19):6800–11. Available 

from: https://journals.asm.org/doi/10.1128/AEM.01379-15 

234. Samelis J, Ikeda JS, Sofos JN. Evaluation of the pH-dependent, stationary-phase 

acid tolerance in Listeria monocytogenes and Salmonella Typhimurium DT104 

induced by culturing in media with 1% glucose: a comparative study with 



 
 

205 
 

Escherichia coli O157:H7. J Appl Microbiol. 2003 Sep;95(3):563–75.  

235. Postgate JR, Hunter JR. On the Survival of Frozen Bacteria. J Gen Microbiol. 

1961 Nov 1;26(3):367–78.  

236. Zhang J, Jia G, Wanbin Z, Minghao J, Wei Y, Hao J, et al. Nanoencapsulation of 

zeaxanthin extracted from Lycium barbarum L. by complex coacervation with 

gelatin and CMC. Food Hydrocoll [Internet]. 2021 Mar;112:106280. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S0268005X19328735 

237. Singh P, Medronho B, Miguel MG, Esquena J. On the encapsulation and viability 

of probiotic bacteria in edible carboxymethyl cellulose-gelatin water-in-water 

emulsions. Food Hydrocoll [Internet]. 2018 Feb;75:41–50. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0268005X17309633 

238. Sharma G, Sharma M, Sood R, Neelamraju J, Lakshmi SG, Madempudi RS, et al. 

Self-preserving gelatin emulgel containing whole cell probiotic for topical use: 

preclinical safety, efficacy, and germination studies. Expert Opin Drug Deliv 

[Internet]. 2021 Nov 2;18(11):1777–89. Available from: 

https://www.tandfonline.com/doi/full/10.1080/17425247.2021.1947239 

239. Thombare N, Jha U, Mishra S, Siddiqui MZ. Guar gum as a promising starting 

material for diverse applications: A review. Int J Biol Macromol [Internet]. 2016 

Jul;88:361–72. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0141813016303099 

240. Appendix J – STWG Part 3 – Uncertainty 7-8-06 - Uncertainty Associated with 

Microbiological Analysis.  

241. Jarvis B, Corry JEL, Hedges AJ. Estimates of measurement uncertainty from 

proficiency testing schemes, internal laboratory quality monitoring and during 

routine enforcement examination of foods. J Appl Microbiol [Internet]. 2007 

Aug;103(2):462–267. Available from: 

https://academic.oup.com/jambio/article/103/2/462/6718378 



 
 

206 
 

242. Wang Z, Chen D, Zheng X, Li Y, Jiang S, Chen Y, et al. Design of Ready-to-Use 

“Ball-in-Ball” Staphylococcus aureus Microsphere Based on Novel Cryoprotectant 

and Drop Freeze-Drying Technology: Effective Preservation and Application. 

Foods [Internet]. 2025 Jun 19;14(12):2142. Available from: 

https://www.mdpi.com/2304-8158/14/12/2142 

 

 

 

 



 
 

207 
 

APPENDIX 



 
 

208 
 

Appendix 1: Composition of medias and diluents used 

 

Table 1: Composition of TSB 

Ingredients Quantity (g/L) 

Pancreatic digest of casein 17.0 

Papaic digest of soyabean meal 3.0 

Sodium chloride 5.0 

Dextrose 2.50 

Dibasic potassium phosphate 2.50 

Distilled Water 1.0 L 

Final pH ( at 25°C) 7.3±0.2 

 

Table 2: Composition of TSA 

Ingredients Quantity (g/L) 

Pancreatic digest of casein 17.0 

Papaic digest of soyabean meal 3.0 

Sodium chloride 5.0 

Dextrose 2.50 

Dibasic potassium phosphate 2.50 

Agar 15.0 

Distilled Water 1.0 L 

Final pH ( at 25°C) 7.4±0.2 
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Table 3: Composition of saline 

Ingredients Quantity 
(g/100 mL) 

Sodium Chloride (NaCl) 0.85 

Distilled Water 100.0 mL 

Final pH ( at 25°C) 6.2±0.5 

 

Table 4: Composition of MacConkey agar 

Ingredients Quantity (g/L) 

Peptone 20.0 

Lactose 10.0 

Bile salts 5.0 

Sodium chloride 5.0 

Neutral red 0.070 

Agar 15.0 

Distilled Water 1.0 L 

Final pH (at 25°C) 7.5±0.2 

 

Table 5: Composition of XLD agar 

Ingredients Quantity (g/L) 

Yeast extract 3.0 

L-Lysine 5.0 

Lactose 7.50 

Sucrose 7.50 

Xylose 3.50 

Sodium chloride 5.0 

Sodium deoxycholate 2.50 

Sodium thiosulphate 6.80 
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Ferric ammonium citrate 0.80 

Phenol red 0.080 

Agar 15.0 

Distilled Water 1.0 L 

Final pH (at 25°C) 7.4±0.2 

 

Table 6: Composition of nutrient broth 

Ingredients Quantity (g/L) 

Peptic digest of animal tissue 5.0 

Sodium chloride 5.0 

Beef extract 1.5 

Yeast extract 1.5 

Distilled Water 1.0 L 

Final pH (at 25°C) 7.4±0.2 

 

Table 7: Composition of nutrient agar 

Ingredients Quantity (g/L) 

Peptic digest of animal tissue 5.0 

Sodium chloride 5.0 

Beef extract 1.5 

Yeast extract 1.5 

Agar 15.0 

Distilled Water 1.0 L 

Final pH (at 25°C) 7.4±0.2 
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Appendix 2: Raw data from RSM software for protein hydrolysates study of  

S. enterica 

ANOVA for Quadratic model 

Response 1: Day 0 

Source Sum of Squares df Mean Square F-value p-value  

Model 7.93 9 0.8811 291.56 < 0.0001 significant 

A-CH 0.9384 1 0.9384 310.52 < 0.0001  

B-SPH 6.86 1 6.86 2271.07 < 0.0001  

C-FPH 0.0300 1 0.0300 9.93 0.0161  

AB 0.0441 1 0.0441 14.59 0.0065  

AC 0.0225 1 0.0225 7.45 0.0294  

BC 0.0000 1 0.0000 0.0083 0.9301  

A² 0.0150 1 0.0150 4.97 0.0610  

B² 0.0138 1 0.0138 4.57 0.0700  

C² 0.0022 1 0.0022 0.7211 0.4239  

Residual 0.0212 7 0.0030    

Lack of Fit 0.0175 3 0.0058 6.33 0.0533 not significant 

Pure Error 0.0037 4 0.0009    

Cor Total 7.95 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 291.56 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, AB, 
AC are significant model terms. Values greater than 0.1000 indicate the model terms are 
not significant. If there are many insignificant model terms (not counting those required 
to support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 6.33 implies there is a 5.33% chance that a Lack of Fit F-
value this large could occur due to noise. Lack of fit is bad -- we want the model to fit. 
This relatively low probability (<10%) is troubling. 

Fit Statistics 
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Std. Dev. 0.0550  R² 0.9973 

Mean 1.57  Adjusted R² 0.9939 

C.V. % 3.50  Predicted R² 0.9641 
   Adeq Precision 60.1829 

The Predicted R² of 0.9641 is in reasonable agreement with the Adjusted R² of 0.9939; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 60.183 indicates an adequate signal. This model can be used to navigate the 
design space. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 1.18 1.24 -0.0563 0.750 -2.046 -2.989 1.256⁽¹⁾ -5.177⁽¹⁾ 8 

2 1.57 1.53 0.0420 0.200 0.854 0.836 0.018 0.418 13 

3 2.78 2.81 -0.0287 0.750 -1.046 -1.054 0.328 -1.826 1 

4 2.39 2.33 0.0563 0.750 2.046 2.989 1.256⁽¹⁾ 5.177⁽¹⁾ 2 

5 1.11 1.17 -0.0563 0.750 -2.046 -2.989 1.256⁽¹⁾ -5.177⁽¹⁾ 3 

6 1.53 1.53 0.0020 0.200 0.041 0.038 0.000 0.019 17 

7 1.18 1.21 -0.0288 0.750 -1.046 -1.054 0.328 -1.826 6 

8 1.49 1.53 -0.0380 0.200 -0.773 -0.748 0.015 -0.374 16 

9 1.54 1.53 0.0120 0.200 0.244 0.227 0.001 0.113 15 

10 0.70 0.70 0.0000 0.750 0.000 0.000 0.000 0.000 10 

11 1.51 1.53 -0.0180 0.200 -0.366 -0.342 0.003 -0.171 14 

12 2.52 2.55 -0.0275 0.750 -1.000 -1.001 0.300 -1.733 9 

13 1.80 1.77 0.0288 0.750 1.046 1.054 0.328 1.826 7 

14 2.43 2.43 0.0000 0.750 0.000 0.000 0.000 0.000 11 

15 2.10 2.04 0.0562 0.750 2.046 2.989 1.256⁽¹⁾ 5.177⁽¹⁾ 5 

16 0.60 0.57 0.0275 0.750 1.000 1.001 0.300 1.733 12 

17 0.30 0.27 0.0287 0.750 1.046 1.054 0.328 1.826 4 

⁽¹⁾ Exceeds limits. 
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ANOVA for Linear model 

Response 2: Day 7 

Source Sum of Squares df Mean Square F-value p-value  

Model 11.62 3 3.87 403.13 < 0.0001 significant 

A-CH 2.74 1 2.74 284.91 < 0.0001  

B-SPH 8.88 1 8.88 924.42 < 0.0001  

C-FPH 0.0006 1 0.0006 0.0637 0.8046  

Residual 0.1249 13 0.0096    

Lack of Fit 0.1072 9 0.0119 2.69 0.1769 not significant 

Pure Error 0.0177 4 0.0044    

Cor Total 11.75 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 
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The Model F-value of 403.13 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 2.69 implies the Lack of Fit is not significant relative to the 
pure error. There is a 17.69% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

 

Fit Statistics 

Std. Dev. 0.0980  R² 0.9894 

Mean 1.42  Adjusted R² 0.9869 

C.V. % 6.89  Predicted R² 0.9792 
   Adeq Precision 68.9270 

The Predicted R² of 0.9792 is in reasonable agreement with the Adjusted R² of 0.9869; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 68.927 indicates an adequate signal. This model can be used to navigate the 
design space. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 0.78 0.8280 -0.0480 0.309 -0.589 -0.574 0.039 -0.384 8 

2 1.38 1.42 -0.0418 0.059 -0.439 -0.425 0.003 -0.106 13 

3 3.02 3.06 -0.0405 0.309 -0.497 -0.482 0.028 -0.322 1 

4 1.78 1.89 -0.1105 0.309 -1.356 -1.406 0.205 -0.940 2 

5 0.90 0.9530 -0.0530 0.309 -0.651 -0.635 0.047 -0.425 3 

6 1.53 1.42 0.1082 0.059 1.138 1.152 0.020 0.288 17 

7 0.78 0.8455 -0.0655 0.309 -0.804 -0.792 0.072 -0.530 6 

8 1.41 1.42 -0.0118 0.059 -0.124 -0.119 0.000 -0.030 16 

9 1.40 1.42 -0.0218 0.059 -0.229 -0.220 0.001 -0.055 15 

10 0.30 0.3768 -0.0768 0.309 -0.942 -0.938 0.099 -0.627 10 
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11 1.36 1.42 -0.0618 0.059 -0.649 -0.634 0.007 -0.159 14 

12 2.54 2.48 0.0557 0.309 0.684 0.669 0.052 0.447 9 

13 1.99 2.00 -0.0080 0.309 -0.098 -0.095 0.001 -0.063 7 

14 2.59 2.47 0.1232 0.309 1.512 1.600 0.255 1.070 11 

15 2.11 2.02 0.0945 0.309 1.159 1.176 0.150 0.786 5 

16 0.30 0.3593 -0.0593 0.309 -0.727 -0.713 0.059 -0.477 12 

17 0.00 -0.2170 0.2170 0.309 2.662 3.794⁽¹⁾ 0.792 2.536⁽²⁾ 4 

⁽¹⁾ Observation with |External Stud. Residuals| > 3.72 

⁽²⁾ Exceeds limits. 

 

ANOVA for Linear model 

Response 3: Day 14 

Source Sum of Squares df Mean Square F-value p-value  
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Model 4.84 3 1.61 345.50 < 0.0001 significant 

A-CH 1.08 1 1.08 231.39 < 0.0001  

B-SPH 3.59 1 3.59 769.08 < 0.0001  

C-FPH 0.1682 1 0.1682 36.02 < 0.0001  

Residual 0.0607 13 0.0047    

Lack of Fit 0.0458 9 0.0051 1.36 0.4082 not significant 

Pure Error 0.0149 4 0.0037    

Cor Total 4.90 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 345.50 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 1.36 implies the Lack of Fit is not significant relative to the 
pure error. There is a 40.82% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

 

Fit Statistics 

Std. Dev. 0.0683  R² 0.9876 

Mean 1.44  Adjusted R² 0.9848 

C.V. % 4.74  Predicted R² 0.9773 
   Adeq Precision 62.6007 

The Predicted R² of 0.9773 is in reasonable agreement with the Adjusted R² of 0.9848; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 62.601 indicates an adequate signal. This model can be used to navigate the 
design space. 
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Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 1.18 1.22 -0.0404 0.309 -0.712 -0.698 0.057 -0.466 8 

2 1.49 1.44 0.0471 0.059 0.710 0.696 0.008 0.174 13 

3 2.52 2.48 0.0396 0.309 0.696 0.682 0.054 0.456 1 

4 1.72 1.75 -0.0254 0.309 -0.448 -0.434 0.022 -0.290 2 

5 1.20 1.14 0.0596 0.309 1.048 1.053 0.123 0.704 3 

6 1.38 1.44 -0.0629 0.059 -0.949 -0.946 0.014 -0.236 17 

7 0.90 0.9304 -0.0304 0.309 -0.536 -0.521 0.032 -0.348 6 

8 1.49 1.44 0.0471 0.059 0.710 0.696 0.008 0.174 16 

9 1.41 1.44 -0.0329 0.059 -0.497 -0.482 0.004 -0.121 15 

10 0.70 0.6279 0.0721 0.309 1.268 1.302 0.180 0.870 10 

11 1.36 1.44 -0.0829 0.059 -1.251 -1.282 0.024 -0.320 14 

12 1.99 1.97 0.0221 0.309 0.388 0.375 0.017 0.251 9 

13 1.93 1.96 -0.0254 0.309 -0.448 -0.434 0.022 -0.290 7 

14 2.36 2.26 0.1021 0.309 1.796 1.991 0.361 1.331 11 

15 1.57 1.67 -0.0954 0.309 -1.680 -1.824 0.315 -1.219 5 

16 0.85 0.9179 -0.0679 0.309 -1.196 -1.218 0.160 -0.814 12 

17 0.48 0.4054 0.0746 0.309 1.312 1.354 0.192 0.905 4 
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ANOVA for Linear model 

Response 4: Day 21 

Source Sum of Squares df Mean Square F-value p-value  

Model 12.19 3 4.06 210.35 < 0.0001 significant 

A-CH 1.02 1 1.02 52.92 < 0.0001  

B-SPH 11.04 1 11.04 571.66 < 0.0001  

C-FPH 0.1250 1 0.1250 6.47 0.0245  

Residual 0.2512 13 0.0193    

Lack of Fit 0.1211 9 0.0135 0.4137 0.8751 not significant 

Pure Error 0.1301 4 0.0325    

Cor Total 12.44 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 210.35 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 0.41 implies the Lack of Fit is not significant relative to the 
pure error. There is a 87.51% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

 

Fit Statistics 
Std. Dev. 0.1390  R² 0.9798 

Mean 1.40  Adjusted R² 0.9752 

C.V. % 9.90  Predicted R² 0.9681 
   Adeq Precision 45.4579 

The Predicted R² of 0.9681 is in reasonable agreement with the Adjusted R² of 0.9752; 
i.e. the difference is less than 0.2. 
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Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 45.458 indicates an adequate signal. This model can be used to navigate the 
design space. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 1.18 1.17 0.0078 0.309 0.067 0.065 0.001 0.043 8 

2 1.38 1.40 -0.0247 0.059 -0.183 -0.176 0.001 -0.044 13 

3 2.85 2.94 -0.0872 0.309 -0.755 -0.741 0.064 -0.496 1 

4 2.22 2.22 -0.0022 0.309 -0.019 -0.018 0.000 -0.012 2 

5 0.60 0.5872 0.0128 0.309 0.111 0.106 0.001 0.071 3 

6 1.60 1.40 0.1953 0.059 1.448 1.519 0.033 0.380 17 

7 0.90 0.9222 -0.0222 0.309 -0.192 -0.185 0.004 -0.124 6 

8 1.20 1.40 -0.2047 0.059 -1.518 -1.608 0.036 -0.402 16 

9 1.20 1.40 -0.2047 0.059 -1.518 -1.608 0.036 -0.402 15 

10 0.00 0.1047 -0.1047 0.309 -0.906 -0.899 0.092 -0.601 10 

11 1.51 1.40 0.1053 0.059 0.781 0.768 0.010 0.192 14 

12 2.63 2.45 0.1753 0.309 1.517 1.606 0.257 1.074 9 

13 2.08 1.89 0.1928 0.309 1.668 1.808 0.311 1.209 7 

14 2.60 2.70 -0.1047 0.309 -0.906 -0.899 0.092 -0.601 11 

15 1.63 1.64 -0.0072 0.309 -0.062 -0.060 0.000 -0.040 5 

16 0.30 0.3547 -0.0547 0.309 -0.473 -0.459 0.025 -0.307 12 

17 0.00 -0.1278 0.1278 0.309 1.106 1.116 0.137 0.746 4 

          

 



 
 

220 
 

ANOVA for Quadratic model 

Response 5: Day 28 

Source Sum of Squares df Mean Square F-value p-value  

Model 13.31 9 1.48 403.15 < 0.0001 significant 

A-CH 0.7938 1 0.7938 216.46 < 0.0001  

B-SPH 10.76 1 10.76 2935.47 < 0.0001  

C-FPH 1.07 1 1.07 290.63 < 0.0001  

AB 0.1056 1 0.1056 28.80 0.0010  

AC 0.0650 1 0.0650 17.73 0.0040  

BC 0.2756 1 0.2756 75.16 < 0.0001  

A² 0.0070 1 0.0070 1.91 0.2098  

B² 0.1672 1 0.1672 45.58 0.0003  

C² 0.0550 1 0.0550 14.99 0.0061  

Residual 0.0257 7 0.0037    

Lack of Fit 0.0157 3 0.0052 2.12 0.2408 not significant 

Pure Error 0.0099 4 0.0025    

Cor Total 13.33 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 403.15 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, AB, 
AC, BC, B², C² are significant model terms. Values greater than 0.1000 indicate the 
model terms are not significant. If there are many insignificant model terms (not counting 
those required to support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 2.12 implies the Lack of Fit is not significant relative to the 
pure error. There is a 24.08% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.0606  R² 0.9981 

Mean 1.32  Adjusted R² 0.9956 
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C.V. % 4.58  Predicted R² 0.9799 
   Adeq Precision 70.0828 

The Predicted R² of 0.9799 is in reasonable agreement with the Adjusted R² of 0.9956; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 70.083 indicates an adequate signal. This model can be used to navigate the 
design space. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 1.20 1.19 0.0100 0.750 0.330 0.308 0.033 0.534 8 

2 1.28 1.19 0.0860 0.200 1.588 1.838 0.063 0.919 13 

3 3.03 2.99 0.0400 0.750 1.321 1.412 0.524 2.445⁽¹⁾ 1 

4 2.08 2.04 0.0450 0.750 1.486 1.663 0.663 2.881⁽¹⁾ 2 

5 0.3000 0.3450 -0.0450 0.750 -1.486 -1.663 0.663 -2.881⁽¹⁾ 3 

6 1.18 1.19 -0.0140 0.200 -0.258 -0.240 0.002 -0.120 17 

7 0.7000 0.7150 -0.0150 0.750 -0.495 -0.467 0.074 -0.809 6 

8 1.15 1.19 -0.0440 0.200 -0.812 -0.790 0.016 -0.395 16 

9 1.18 1.19 -0.0140 0.200 -0.258 -0.240 0.002 -0.120 15 

10 0.3000 0.2450 0.0550 0.750 1.816 2.313 0.990 4.006⁽¹⁾ 10 

11 1.18 1.19 -0.0140 0.200 -0.258 -0.240 0.002 -0.120 14 

12 2.01 2.04 -0.0300 0.750 -0.991 -0.989 0.295 -1.714 9 

13 2.09 2.07 0.0150 0.750 0.495 0.467 0.074 0.809 7 

14 3.24 3.30 -0.0550 0.750 -1.816 -2.313 0.990 -4.006⁽¹⁾ 11 

15 1.08 1.09 -0.0100 0.750 -0.330 -0.308 0.033 -0.534 5 

16 0.4800 0.4500 0.0300 0.750 0.991 0.989 0.295 1.714 12 

17 0.0000 0.0400 -0.0400 0.750 -1.321 -1.412 0.524 -2.445⁽¹⁾ 4 

⁽¹⁾ Exceeds limits. 
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Appendix 3: Raw data from RSM software for protein hydrolysates study of E. coli 

Build Information 

File Version 22.0.0.1   

Study Type Response Surface Subtype Randomized 

Design Type Box-Behnken Runs 17 

Design Model Quadratic Blocks No Blocks 

Build Time (ms) 1.0000   

 

Factors 

Factor Name Units Type SubType Minimum Maximum 
Coded 
Low 

Coded 
High 

Mean 
Std. 
Dev. 

A CH Percentage Numeric Continuous 0.0000 10.00 
-1 ↔ 
0.00 

+1 ↔ 
10.00 

5.00 3.54 

B SPH Percentage Numeric Continuous 0.0000 10.00 
-1 ↔ 
0.00 

+1 ↔ 
10.00 

5.00 3.54 

C FPH Percentage Numeric Continuous 0.0000 10.00 
-1 ↔ 
0.00 

+1 ↔ 
10.00 

5.00 3.54 

 

Fit Summary 

Response 1: Day 0 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.2598 0.9125 0.8636 Suggested 

2FI 0.2125 0.3084 0.9260 0.8141  

Quadratic 0.9371 0.1443 0.9000 0.4851  

Cubic 0.1443  0.9487  Aliased 
 

Sequential Model Sum of Squares [Type I] 

Response 1: Day 0 

Source Sum of Squares df Mean Square F-value p-value  
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Mean vs Total 43.17 1 43.17    

Linear vs Mean 8.06 3 2.69 56.62 < 0.0001 Suggested 

2FI vs Linear 0.2157 3 0.0719 1.79 0.2125  

Quadratic vs 2FI 0.0217 3 0.0072 0.1334 0.9371  

Cubic vs Quadratic 0.2685 3 0.0895 3.22 0.1443 Aliased 

Residual 0.1113 4 0.0278    

Total 51.85 17 3.05    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

 

ANOVA for Linear model 

Response 1: Day 0 

Source Sum of Squares df Mean Square F-value p-value  

Model 8.06 3 2.69 56.62 < 0.0001 significant 

A-CH 1.19 1 1.19 25.14 0.0002  

B-SPH 6.81 1 6.81 143.39 < 0.0001  

C-FPH 0.0630 1 0.0630 1.33 0.2701  

Residual 0.6172 13 0.0475    

Lack of Fit 0.5059 9 0.0562 2.02 0.2598 not significant 

Pure Error 0.1113 4 0.0278    

Cor Total 8.68 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 56.62 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 
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The Lack of Fit F-value of 2.02 implies the Lack of Fit is not significant relative to the 
pure error. There is a 25.98% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.2179  R² 0.9289 

Mean 1.59  Adjusted R² 0.9125 

C.V. % 13.67  Predicted R² 0.8636 
   Adeq Precision 24.7648 

The Predicted R² of 0.8636 is in reasonable agreement with the Adjusted R² of 0.9125; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 24.765 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 1.59 1 0.0528 1.48 1.71  

A-CH -0.3862 1 0.0770 -0.5527 -0.2198 1.0000 

B-SPH -0.9225 1 0.0770 -1.09 -0.7561 1.0000 

C-FPH -0.0888 1 0.0770 -0.2552 0.0777 1.0000 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 
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Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 0.3000 0.2848 0.0152 0.309 0.084 0.081 0.001 0.054 4 

2 0.6000 0.5823 0.0177 0.309 0.098 0.094 0.001 0.063 12 

3 1.81 1.59 0.2165 0.059 1.024 1.026 0.016 0.257 13 

4 2.52 2.60 -0.0848 0.309 -0.468 -0.453 0.024 -0.303 9 

5 0.7000 0.7598 -0.0598 0.309 -0.330 -0.318 0.012 -0.213 10 

6 2.63 2.43 0.2027 0.309 1.119 1.131 0.140 0.756 11 

7 1.80 1.89 -0.0910 0.309 -0.503 -0.488 0.028 -0.326 7 

8 1.53 1.59 -0.0635 0.059 -0.301 -0.290 0.001 -0.072 17 

9 1.18 1.06 0.1227 0.309 0.677 0.663 0.051 0.443 3 

10 2.48 2.13 0.3502 0.309 1.933 2.201 0.418 1.471⁽¹⁾ 2 

11 0.9000 1.12 -0.2185 0.309 -1.206 -1.230 0.163 -0.822 8 

12 2.53 2.90 -0.3723 0.309 -2.055 -2.403 0.472 -1.606⁽¹⁾ 1 

13 1.08 1.30 -0.2160 0.309 -1.193 -1.214 0.159 -0.812 6 

14 2.34 2.07 0.2715 0.309 1.499 1.583 0.251 1.058 5 

15 1.48 1.59 -0.1135 0.059 -0.537 -0.522 0.005 -0.130 14 

16 1.45 1.59 -0.1435 0.059 -0.679 -0.664 0.007 -0.166 15 

17 1.76 1.59 0.1665 0.059 0.788 0.775 0.010 0.194 16 

⁽¹⁾ Exceeds limits. 
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Fit Summary 

Response 2: Day 7 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear 0.0004 0.8446 0.6789 0.5822 Suggested 

2FI 0.5248 0.8278 0.6628 0.4508  

Quadratic 0.8323 0.6360 0.5713 -0.1564  

Cubic 0.6360  0.4891  Aliased 
 

ANOVA for Linear model 

Response 2: Day 7 

Source Sum of Squares df Mean Square F-value p-value  

Model 12.66 3 4.22 12.27 0.0004 significant 

A-CH 3.73 1 3.73 10.84 0.0058  

B-SPH 8.88 1 8.88 25.83 0.0002  

C-FPH 0.0528 1 0.0528 0.1536 0.7015  

Residual 4.47 13 0.3439    

Lack of Fit 2.28 9 0.2535 0.4634 0.8446 not significant 

Pure Error 2.19 4 0.5471    

Cor Total 17.13 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 12.27 implies the model is significant. There is only a 0.04% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 0.46 implies the Lack of Fit is not significant relative to the 
pure error. There is a 84.46% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 
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Fit Statistics 

Std. Dev. 0.5864  R² 0.7391 

Mean 1.52  Adjusted R² 0.6789 

C.V. % 38.52  Predicted R² 0.5822 
   Adeq Precision 12.2078 

The Predicted R² of 0.5822 is in reasonable agreement with the Adjusted R² of 0.6789; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 12.208 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 1.52 1 0.1422 1.22 1.83  

A-CH -0.6825 1 0.2073 -1.13 -0.2346 1.0000 

B-SPH -1.05 1 0.2073 -1.50 -0.6059 1.0000 

C-FPH -0.0813 1 0.2073 -0.5291 0.3666 1.0000 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 
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Fit Summary 

Response 3: Day 14 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.8825 0.9689 0.9607 Suggested 

2FI 0.9823 0.7368 0.9602 0.9288  

Quadratic 0.4572 0.7443 0.9599 0.9111  

Cubic 0.7443  0.9469  Aliased 
 

Sequential Model Sum of Squares [Type I] 

Response 3: Day 14 

Source Sum of Squares df Mean Square F-value p-value  

Mean vs Total 36.32 1 36.32    

Linear vs Mean 6.23 3 2.08 167.15 < 0.0001 Suggested 

2FI vs Linear 0.0026 3 0.0009 0.0545 0.9823  

Quadratic vs 2FI 0.0468 3 0.0156 0.9741 0.4572  

Cubic vs Quadratic 0.0272 3 0.0091 0.4279 0.7443 Aliased 

Residual 0.0849 4 0.0212    

Total 42.72 17 2.51    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.1115 0.9747 0.9689 0.9607 0.2514 Suggested 

2FI 0.1261 0.9751 0.9602 0.9288 0.4556  

Quadratic 0.1266 0.9825 0.9599 0.9111 0.5687  

Cubic 0.1457 0.9867 0.9469  * Aliased 

 Case(s) with leverage of 1.0000: PRESS statistic not defined. 
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Focus on the model maximizing the Adjusted R² and the Predicted R². 

 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 0.3000 -0.2139 0.5139 0.309 1.054 1.059 0.124 0.708 4 

2 0.4800 0.3874 0.0926 0.309 0.190 0.183 0.004 0.122 12 

3 0.4000 1.52 -1.12 0.059 -1.973 -2.265 0.061 -0.566 13 

4 2.54 2.66 -0.1174 0.309 -0.241 -0.232 0.006 -0.155 9 

5 0.4800 0.5499 -0.0699 0.309 -0.143 -0.138 0.002 -0.092 10 

6 2.99 2.49 0.4951 0.309 1.016 1.017 0.115 0.680 11 

7 1.99 2.12 -0.1336 0.309 -0.274 -0.264 0.008 -0.177 7 

8 1.98 1.52 0.4576 0.059 0.804 0.793 0.010 0.198 17 

9 0.3000 1.15 -0.8511 0.309 -1.746 -1.917 0.340 -1.281 3 

10 1.44 1.89 -0.4536 0.309 -0.930 -0.925 0.097 -0.618 2 

11 0.4800 0.7586 -0.2786 0.309 -0.571 -0.556 0.036 -0.372 8 

12 3.02 3.26 -0.2386 0.309 -0.489 -0.475 0.027 -0.317 1 

13 0.6000 0.9211 -0.3211 0.309 -0.659 -0.644 0.048 -0.430 6 

14 2.97 2.29 0.6839 0.309 1.403 1.463 0.220 0.978 5 

15 2.03 1.52 0.5076 0.059 0.892 0.885 0.012 0.221 14 

16 2.26 1.52 0.7376 0.059 1.297 1.335 0.026 0.334 15 

17 1.62 1.52 0.0976 0.059 0.172 0.165 0.000 0.041 16 

 

ANOVA for Linear model 

Response 3: Day 14 

Source Sum of Squares df Mean Square F-value p-value  

Model 6.23 3 2.08 167.15 < 0.0001 significant 

A-CH 1.28 1 1.28 102.97 < 0.0001  

B-SPH 4.38 1 4.38 352.42 < 0.0001  

C-FPH 0.5724 1 0.5724 46.05 < 0.0001  

Residual 0.1616 13 0.0124    

Lack of Fit 0.0767 9 0.0085 0.4013 0.8825 not significant 
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Pure Error 0.0849 4 0.0212    

Cor Total 6.39 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 167.15 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 0.40 implies the Lack of Fit is not significant relative to the 
pure error. There is a 88.25% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.1115  R² 0.9747 

Mean 1.46  Adjusted R² 0.9689 

C.V. % 7.63  Predicted R² 0.9607 
   Adeq Precision 42.1584 

The Predicted R² of 0.9607 is in reasonable agreement with the Adjusted R² of 0.9689; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 42.158 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 1.46 1 0.0270 1.40 1.52  

A-CH -0.4000 1 0.0394 -0.4852 -0.3148 1.0000 

B-SPH -0.7400 1 0.0394 -0.8252 -0.6548 1.0000 

C-FPH 0.2675 1 0.0394 0.1823 0.3527 1.0000 



 
 

234 
 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 0.3000 0.3218 -0.0218 0.309 -0.235 -0.226 0.006 -0.151 4 

2 1.0000 0.9893 0.0107 0.309 0.116 0.111 0.001 0.074 12 

3 1.51 1.46 0.0482 0.059 0.446 0.432 0.003 0.108 13 

4 1.99 1.93 0.0557 0.309 0.601 0.586 0.040 0.392 9 

5 0.4800 0.4543 0.0257 0.309 0.278 0.268 0.009 0.179 10 

6 2.59 2.47 0.1207 0.309 1.303 1.342 0.190 0.897 11 

7 2.00 2.13 -0.1293 0.309 -1.395 -1.453 0.217 -0.971 7 

8 1.38 1.46 -0.0818 0.059 -0.756 -0.743 0.009 -0.186 17 

9 1.20 1.12 0.0782 0.309 0.844 0.834 0.080 0.558 3 

10 1.72 1.80 -0.0818 0.309 -0.882 -0.874 0.087 -0.584 2 

11 1.26 1.33 -0.0693 0.309 -0.747 -0.734 0.062 -0.491 8 

12 2.60 2.60 -0.0018 0.309 -0.019 -0.018 0.000 -0.012 1 

13 0.7800 0.7943 -0.0143 0.309 -0.154 -0.148 0.003 -0.099 6 

14 1.46 1.59 -0.1343 0.309 -1.449 -1.520 0.234 -1.016 5 

15 1.71 1.46 0.2482 0.059 2.295 2.859 0.082 0.715 14 

16 1.53 1.46 0.0682 0.059 0.631 0.616 0.006 0.154 15 

17 1.34 1.46 -0.1218 0.059 -1.126 -1.138 0.020 -0.285 16 
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Fit Summary 

Response 4: Day 21 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.2656 0.9723 0.9590 Suggested 

2FI 0.2040 0.3200 0.9768 0.9510  

Quadratic 0.1905 0.4322 0.9825 0.9369  

Cubic 0.4322  0.9835  Aliased 
 

Sequential Model Sum of Squares [Type I] 

Response 4: Day 21 

Source Sum of Squares df Mean Square F-value p-value  

Mean vs Total 36.00 1 36.00    

Linear vs Mean 8.14 3 2.71 188.06 < 0.0001 Suggested 

2FI vs Linear 0.0667 3 0.0222 1.84 0.2040  

Quadratic vs 2FI 0.0571 3 0.0190 2.09 0.1905  

Cubic vs Quadratic 0.0295 3 0.0098 1.15 0.4322 Aliased 

Residual 0.0343 4 0.0086    

Total 44.33 17 2.61    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

ANOVA for Linear model 

Response 4: Day 21 

Source Sum of Squares df Mean Square F-value p-value  

Model 8.14 3 2.71 188.06 < 0.0001 significant 

A-CH 1.62 1 1.62 112.28 < 0.0001  

B-SPH 6.02 1 6.02 417.25 < 0.0001  

C-FPH 0.5000 1 0.5000 34.65 < 0.0001  

Residual 0.1876 13 0.0144    

Lack of Fit 0.1533 9 0.0170 1.98 0.2656 not significant 
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Pure Error 0.0343 4 0.0086    

Cor Total 8.33 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 188.06 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 1.98 implies the Lack of Fit is not significant relative to the 
pure error. There is a 26.56% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.1201  R² 0.9775 

Mean 1.46  Adjusted R² 0.9723 

C.V. % 8.25  Predicted R² 0.9590 
   Adeq Precision 45.2232 

The Predicted R² of 0.9590 is in reasonable agreement with the Adjusted R² of 0.9723; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 45.223 indicates an adequate signal. This model can be used to navigate the 
design space. 

Final Equation in Terms of Coded Factors 

Day 21 = 

+1.46  

-0.4500 A 

-0.8675 B 

+0.2500 C 
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The equation in terms of coded factors can be used to make predictions about the 
response for given levels of each factor. By default, the high levels of the factors are 
coded as +1 and the low levels are coded as -1. The coded equation is useful for 
identifying the relative impact of the factors by comparing the factor coefficients. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 0.3000 0.1378 0.1622 0.309 1.624 1.748 0.295 1.168 4 

2 0.7800 0.8378 -0.0578 0.309 -0.579 -0.563 0.037 -0.377 12 

3 1.36 1.46 -0.0953 0.059 -0.818 -0.807 0.010 -0.202 13 

4 1.93 2.07 -0.1428 0.309 -1.430 -1.497 0.228 -1.000 9 

5 0.3000 0.3378 -0.0378 0.309 -0.378 -0.366 0.016 -0.244 10 

6 2.64 2.57 0.0672 0.309 0.673 0.658 0.051 0.440 11 

7 2.08 2.16 -0.0753 0.309 -0.754 -0.741 0.063 -0.495 7 

8 1.52 1.46 0.0647 0.059 0.555 0.540 0.005 0.135 17 

9 1.04 1.04 0.0022 0.309 0.022 0.021 0.000 0.014 3 

10 1.94 1.87 0.0672 0.309 0.673 0.658 0.051 0.440 2 

11 1.32 1.26 0.0647 0.309 0.648 0.633 0.047 0.423 8 

12 2.85 2.77 0.0772 0.309 0.773 0.760 0.067 0.508 1 

13 0.7000 0.7553 -0.0553 0.309 -0.554 -0.538 0.034 -0.360 6 

14 1.89 1.66 0.2347 0.309 2.350 2.978 0.617 1.990⁽¹⁾ 5 

15 1.28 1.46 -0.1753 0.059 -1.504 -1.590 0.035 -0.398 14 

16 1.36 1.46 -0.0953 0.059 -0.818 -0.807 0.010 -0.202 15 

17 1.45 1.46 -0.0053 0.059 -0.045 -0.044 0.000 -0.011 16 

⁽¹⁾ Exceeds limits. 
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Fit Summary 

Response 5: Day 28 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.8646 0.9036 0.8865 Suggested 

2FI 0.9984 0.7013 0.8750 0.8086  

Quadratic 0.5076 0.6568 0.8693 0.6593  

Cubic 0.6568  0.8409  Aliased 
 

Sequential Model Sum of Squares [Type I] 

Response 5: Day 28 

Source Sum of Squares df Mean Square F-value p-value  

Mean vs Total 28.99 1 28.99    

Linear vs Mean 12.66 3 4.22 50.97 < 0.0001 Suggested 

2FI vs Linear 0.0034 3 0.0011 0.0107 0.9984  

Quadratic vs 2FI 0.2874 3 0.0958 0.8536 0.5076  

Cubic vs Quadratic 0.2391 3 0.0797 0.5835 0.6568 Aliased 

Residual 0.5464 4 0.1366    

Total 42.73 17 2.51    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

ANOVA for Linear model 

Response 5: Day 28 

Source Sum of Squares df Mean Square F-value p-value  

Model 12.66 3 4.22 50.97 < 0.0001 significant 

A-CH 2.17 1 2.17 26.25 0.0002  

B-SPH 9.72 1 9.72 117.45 < 0.0001  

C-FPH 0.7626 1 0.7626 9.21 0.0096  

Residual 1.08 13 0.0828    

Lack of Fit 0.5299 9 0.0589 0.4311 0.8646 not significant 
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Pure Error 0.5464 4 0.1366    

Cor Total 13.74 16     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 50.97 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 0.43 implies the Lack of Fit is not significant relative to the 
pure error. There is a 86.46% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.2877  R² 0.9216 

Mean 1.31  Adjusted R² 0.9036 

C.V. % 22.03  Predicted R² 0.8865 
   Adeq Precision 23.2670 

The Predicted R² of 0.8865 is in reasonable agreement with the Adjusted R² of 0.9036; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 23.267 indicates an adequate signal. This model can be used to navigate the 
design space. 
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Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 0.0000 -0.3179 0.3179 0.309 1.329 1.373 0.197 0.918 4 

2 0.3000 0.5121 -0.2121 0.309 -0.887 -0.879 0.088 -0.588 12 

3 0.4800 1.31 -0.8259 0.059 -2.959 -4.973⁽¹⁾ 0.137 -1.243 13 

4 2.32 2.10 0.2204 0.309 0.921 0.915 0.095 0.612 9 

5 0.0000 -0.1054 0.1054 0.309 0.440 0.426 0.022 0.285 10 

6 2.73 2.72 0.0129 0.309 0.054 0.052 0.000 0.035 11 

7 2.37 2.14 0.2341 0.309 0.979 0.977 0.107 0.653 7 

8 1.40 1.31 0.0941 0.059 0.337 0.325 0.002 0.081 17 

9 0.9000 0.7246 0.1754 0.309 0.733 0.719 0.060 0.481 3 

10 2.04 1.89 0.1529 0.309 0.639 0.624 0.046 0.417 2 

11 1.20 1.09 0.1066 0.309 0.446 0.432 0.022 0.288 8 

12 2.93 2.93 0.0004 0.309 0.002 0.001 0.000 0.001 1 

13 0.3000 0.4759 -0.1759 0.309 -0.735 -0.722 0.060 -0.482 6 

14 1.51 1.52 -0.0084 0.309 -0.035 -0.034 0.000 -0.023 5 

15 1.18 1.31 -0.1259 0.059 -0.451 -0.437 0.003 -0.109 14 

16 1.20 1.31 -0.1059 0.059 -0.379 -0.366 0.002 -0.092 15 

17 1.34 1.31 0.0341 0.059 0.122 0.117 0.000 0.029 16 

⁽¹⁾ Observation with |External Stud. Residuals| > 3.72 

 

Coefficients in Terms of Coded Factors 

Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 1.31 1 0.0698 1.16 1.46  

A-CH -0.5212 1 0.1017 -0.7410 -0.3015 1.0000 

B-SPH -1.10 1 0.1017 -1.32 -0.8827 1.0000 

C-FPH 0.3088 1 0.1017 0.0890 0.5285 1.0000 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 
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Appendix 4: Raw data from RSM software for protectants study of S. enterica 

Fit Summary 

Response 1: Day 0 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.9836 0.9162 0.9035 Suggested 

2FI 0.8737 0.9638 0.9012 0.8623  

Quadratic 0.5019 0.9685 0.8985 0.8402  

Cubic 0.9099 0.8451 0.8396 0.5511 Aliased 
 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.0874 0.9282 0.9162 0.9035 0.2460 Suggested 

2FI 0.0949 0.9365 0.9012 0.8623 0.3512  

Quadratic 0.0962 0.9492 0.8985 0.8402 0.4075  

Cubic 0.1209 0.9656 0.8396 0.5511 1.14 Aliased 

Focus on the model maximizing the Adjusted R² and the Predicted R². 

ANOVA for Linear model 

Response 1: Day 0 

Source Sum of Squares df Mean Square F-value p-value  

Model 2.37 4 0.5918 77.54 < 0.0001 significant 

A-Glucose 1.75 1 1.75 229.05 < 0.0001  

B-Glycerol 0.3434 1 0.3434 45.00 < 0.0001  

C-Trehalose 0.0432 1 0.0432 5.66 0.0257  

D-BSA 0.2324 1 0.2324 30.45 < 0.0001  

Residual 0.1832 24 0.0076    

Lack of Fit 0.1026 20 0.0051 0.2545 0.9836 not significant 

Pure Error 0.0806 4 0.0202    

Cor Total 2.55 28     
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Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 77.54 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, D are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 0.25 implies the Lack of Fit is not significant relative to the 
pure error. There is a 98.36% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.0874  R² 0.9282 

Mean 1.44  Adjusted R² 0.9162 

C.V. % 6.06  Predicted R² 0.9035 
   Adeq Precision 30.3704 

The Predicted R² of 0.9035 is in reasonable agreement with the Adjusted R² of 0.9162; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 30.370 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.44 1 0.0162 1.41 1.48  

A-Glucose -0.3817 1 0.0252 -0.4337 -0.3296 1.0000 

B-Glycerol -0.1692 1 0.0252 -0.2212 -0.1171 1.0000 

C-
Trehalose 

-0.0600 1 0.0252 -0.1120 -0.0080 1.0000 

D-BSA -0.1392 1 0.0252 -0.1912 -0.0871 1.0000 
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The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.15 1.96 0.1874 0.201 2.401 2.696 0.290 1.353⁽¹⁾ 9 

2 1.08 1.00 0.0799 0.201 1.024 1.025 0.053 0.514 20 

3 1.54 1.44 0.0983 0.034 1.145 1.153 0.009 0.218 25 

4 1.30 1.20 0.1008 0.201 1.291 1.310 0.084 0.657 10 

5 1.54 1.64 -0.1009 0.201 -1.292 -1.311 0.084 -0.658 5 

6 1.92 1.88 0.0366 0.201 0.469 0.461 0.011 0.231 17 

7 1.20 1.21 -0.0126 0.201 -0.161 -0.158 0.001 -0.079 16 

8 1.41 1.44 -0.0317 0.034 -0.370 -0.363 0.001 -0.069 26 

9 1.34 1.41 -0.0717 0.201 -0.919 -0.915 0.042 -0.459 22 

10 1.36 1.36 -0.0026 0.201 -0.033 -0.032 0.000 -0.016 7 

11 1.08 1.12 -0.0401 0.201 -0.513 -0.505 0.013 -0.253 18 

12 1.18 1.44 -0.2617 0.034 -3.049 -3.813⁽²⁾ 0.066 -0.721 29 

13 1.45 1.55 -0.1009 0.201 -1.292 -1.311 0.084 -0.658 15 

14 2.02 1.99 0.0274 0.201 0.351 0.345 0.006 0.173 1 

15 1.68 1.65 0.0258 0.201 0.330 0.324 0.005 0.163 3 

16 1.72 1.75 -0.0301 0.201 -0.385 -0.378 0.007 -0.190 21 

17 1.11 1.13 -0.0234 0.201 -0.300 -0.294 0.005 -0.147 24 

18 1.48 1.47 0.0083 0.201 0.106 0.104 0.001 0.052 23 

19 1.78 1.76 0.0166 0.201 0.213 0.208 0.002 0.105 19 

20 1.45 1.52 -0.0709 0.201 -0.908 -0.904 0.042 -0.454 6 

21 1.62 1.68 -0.0642 0.201 -0.823 -0.817 0.034 -0.410 11 

22 1.26 1.24 0.0174 0.201 0.223 0.219 0.003 0.110 8 

23 1.70 1.67 0.0291 0.201 0.373 0.366 0.007 0.184 13 

24 1.0000 0.9209 0.0791 0.201 1.013 1.014 0.052 0.509 12 

25 1.23 1.23 0.0008 0.201 0.010 0.010 0.000 0.005 2 

26 1.34 1.33 0.0074 0.201 0.095 0.093 0.000 0.047 14 

27 1.48 1.44 0.0383 0.034 0.446 0.438 0.001 0.083 27 

28 0.9000 0.8909 0.0091 0.201 0.117 0.114 0.001 0.057 4 

29 1.49 1.44 0.0483 0.034 0.562 0.554 0.002 0.105 28 
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⁽¹⁾ Exceeds limits. 

⁽²⁾ Observation with |External Stud. Residuals| > 3.55 
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Fit Summary 

Response 2: Day 7 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.9601 0.9007 0.8826 Suggested 

2FI 0.8591 0.9244 0.8837 0.8246  

Quadratic 0.7480 0.8842 0.8686 0.7576  

Cubic 0.8224 0.6734 0.8157 -0.0711 Aliased 
 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.1238 0.9149 0.9007 0.8826 0.5074 Suggested 

2FI 0.1340 0.9252 0.8837 0.8246 0.7581  

Quadratic 0.1424 0.9343 0.8686 0.7576 1.05  

Cubic 0.1687 0.9605 0.8157 -0.0711 4.63 Aliased 

Focus on the model maximizing the Adjusted R² and the Predicted R². 

Lack of Fit Tests 

Source Sum of Squares df Mean Square F-value p-value  

Linear 0.2279 20 0.0114 0.3253 0.9601 Suggested 

2FI 0.1831 14 0.0131 0.3734 0.9244  

Quadratic 0.1439 10 0.0144 0.4108 0.8842  

Cubic 0.0306 2 0.0153 0.4372 0.6734 Aliased 

Pure Error 0.1401 4 0.0350    

The selected model should have insignificant lack-of-fit. 

ANOVA for Linear model 

Response 2: Day 7 

Source Sum of Squares df Mean Square F-value p-value  

Model 3.95 4 0.9887 64.48 < 0.0001 significant 
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A-Glucose 2.85 1 2.85 185.99 < 0.0001  

B-Glycerol 0.5590 1 0.5590 36.46 < 0.0001  

C-Trehalose 0.1801 1 0.1801 11.74 0.0022  

D-BSA 0.3640 1 0.3640 23.74 < 0.0001  

Residual 0.3680 24 0.0153    

Lack of Fit 0.2279 20 0.0114 0.3253 0.9601 not significant 

Pure Error 0.1401 4 0.0350    

Cor Total 4.32 28     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 64.48 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, D are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 0.33 implies the Lack of Fit is not significant relative to the 
pure error. There is a 96.01% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.1238  R² 0.9149 

Mean 1.33  Adjusted R² 0.9007 

C.V. % 9.33  Predicted R² 0.8826 
   Adeq Precision 27.3577 

The Predicted R² of 0.8826 is in reasonable agreement with the Adjusted R² of 0.9007; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 27.358 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 
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Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.33 1 0.0230 1.28 1.37  

A-Glucose -0.4875 1 0.0357 -0.5613 -0.4137 1.0000 

B-Glycerol -0.2158 1 0.0357 -0.2896 -0.1421 1.0000 

C-
Trehalose 

-0.1225 1 0.0357 -0.1963 -0.0487 1.0000 

D-BSA -0.1742 1 0.0357 -0.2479 -0.1004 1.0000 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.12 1.99 0.1311 0.201 1.184 1.195 0.071 0.600 9 

2 0.7800 0.7172 0.0628 0.201 0.567 0.559 0.016 0.280 20 

3 1.45 1.33 0.1228 0.034 1.009 1.009 0.007 0.191 25 

4 1.18 1.01 0.1661 0.201 1.501 1.543 0.113 0.774 10 

5 1.64 1.62 0.0161 0.201 0.145 0.142 0.001 0.071 5 

6 1.99 1.94 0.0528 0.201 0.477 0.469 0.011 0.235 17 

7 1.0000 0.9889 0.0111 0.201 0.100 0.098 0.001 0.049 16 

8 1.34 1.33 0.0128 0.034 0.105 0.103 0.000 0.019 26 

9 1.20 1.29 -0.0856 0.201 -0.773 -0.767 0.030 -0.385 22 

10 1.34 1.28 0.0644 0.201 0.582 0.574 0.017 0.288 7 

11 0.7000 0.9622 -0.2622 0.201 -2.369 -2.650 0.283 -1.330⁽¹⁾ 18 

12 1.0000 1.33 -0.3272 0.034 -2.689 -3.150 0.052 -0.595 29 

13 1.34 1.42 -0.0806 0.201 -0.728 -0.721 0.027 -0.362 15 

14 2.04 2.03 0.0094 0.201 0.085 0.083 0.000 0.042 1 

15 1.63 1.60 0.0311 0.201 0.281 0.275 0.004 0.138 3 

16 1.62 1.72 -0.0972 0.201 -0.879 -0.874 0.039 -0.439 21 

17 0.8500 0.9372 -0.0872 0.201 -0.788 -0.782 0.031 -0.392 24 

18 1.38 1.37 0.0111 0.201 0.100 0.098 0.001 0.049 23 

19 1.75 1.69 0.0578 0.201 0.522 0.514 0.014 0.258 19 

20 1.28 1.38 -0.0989 0.201 -0.894 -0.890 0.040 -0.446 6 
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21 1.58 1.64 -0.0606 0.201 -0.547 -0.539 0.015 -0.271 11 

22 0.9500 1.03 -0.0806 0.201 -0.728 -0.721 0.027 -0.362 8 

23 1.62 1.67 -0.0456 0.201 -0.412 -0.405 0.009 -0.203 13 

24 0.8500 0.6656 0.1844 0.201 1.666 1.735 0.140 0.870 12 

25 1.15 1.06 0.0944 0.201 0.853 0.848 0.037 0.426 2 

26 1.28 1.23 0.0461 0.201 0.416 0.409 0.009 0.205 14 

27 1.38 1.33 0.0528 0.034 0.434 0.426 0.001 0.081 27 

28 0.6000 0.6239 -0.0239 0.201 -0.216 -0.212 0.002 -0.106 4 

29 1.45 1.33 0.1228 0.034 1.009 1.009 0.007 0.191 28 

⁽¹⁾ Exceeds limits. 

 5  

7  

9  

11  

13  

15  

  5

  7

  9

  11

  13

  15

0.50  

1.00  

1.50  

2.00  

2.50  

D
ay

 7
 (L

og
10

 (c
FU

/m
l))

A: Glucose (PERCENTAGE)B: Glycerol (PERCENTAGE)

3D SurfaceFactor Coding: Actual
Response: Day 7 (Log10 (cFU/ml))
Design Points:

Above Surface
Below Surface

0.60 2.12

Actual Factors: 
C = 10
D = 2.5



 
 

252 
 

 

 

 

 

Fit Summary 

Response 3: Day 14 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.1578 0.8944 0.8629 Suggested 

2FI 0.7105 0.1260 0.8834 0.7729  

Quadratic 0.0248 0.2621 0.9291 0.8205 Suggested 

Cubic 0.2140 0.3605 0.9542 0.4261 Aliased 
 

A: Glucose (PERCENTAGE)

5 7 9 11 13 15

Da
y 

7 
(L

og
10

 (c
FU

/m
l))

0 .50

1 .00

1 .50

2 .00

2 .50

2

Factor Coding: Actual
Response: Day 7 (Log10 (cFU/ml))

Design Points
95% CI Bands

Actual Factors: 
A = 10
B = 10
C = 10
D = 2.5

B: Glycerol (PERCENTAGE)

5 7 9 11 13 15

Da
y 

7 
(L

og
10

 (c
FU

/m
l))

0 .50

1 .00

1 .50

2 .00

2 .50

2

C: Trehalose (PERCENTAGE)

5 7 9 11 13 15

Da
y 

7 
(L

og
10

 (c
FU

/m
l))

0 .50

1 .00

1 .50

2 .00

2 .50

2

D: BSA (PERCENTAGE)

0 1 2 3 4 5

Da
y 

7 
(L

og
10

 (c
FU

/m
l))

0 .50

1 .00

1 .50

2 .00

2 .50

2



 
 

253 
 

Lack of Fit Tests 

Source Sum of Squares df Mean Square F-value p-value  

Linear 0.6336 20 0.0317 2.87 0.1578 Suggested 

2FI 0.5172 14 0.0369 3.35 0.1260  

Quadratic 0.2214 10 0.0221 2.01 0.2621 Suggested 

Cubic 0.0294 2 0.0147 1.33 0.3605 Aliased 

Pure Error 0.0441 4 0.0110    

The selected model should have insignificant lack-of-fit. 

ANOVA for Quadratic model 

Response 3: Day 14 

Source Sum of Squares df Mean Square F-value p-value  

Model 7.22 14 0.5158 27.20 < 0.0001 significant 

A-Glucose 4.06 1 4.06 214.11 < 0.0001  

B-Glycerol 1.10 1 1.10 57.91 < 0.0001  

C-Trehalose 0.7701 1 0.7701 40.61 < 0.0001  

D-BSA 0.8802 1 0.8802 46.42 < 0.0001  

AB 0.0196 1 0.0196 1.03 0.3266  

AC 0.0272 1 0.0272 1.44 0.2507  

AD 0.0020 1 0.0020 0.1068 0.7487  

BC 0.0306 1 0.0306 1.62 0.2245  

BD 0.0144 1 0.0144 0.7594 0.3982  

CD 0.0225 1 0.0225 1.19 0.2944  

A² 0.0751 1 0.0751 3.96 0.0665  

B² 0.0284 1 0.0284 1.50 0.2412  

C² 0.0748 1 0.0748 3.95 0.0669  

D² 0.0875 1 0.0875 4.62 0.0497  

Residual 0.2655 14 0.0190    

Lack of Fit 0.2214 10 0.0221 2.01 0.2621 not significant 

Pure Error 0.0441 4 0.0110    

Cor Total 7.49 28     

Factor coding is Coded. 
Sum of squares is Type III - Partial 
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The Model F-value of 27.20 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, D, D² 
are significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 2.01 implies the Lack of Fit is not significant relative to the 
pure error. There is a 26.21% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.1377  R² 0.9645 

Mean 1.11  Adjusted R² 0.9291 

C.V. % 12.42  Predicted R² 0.8205 
   Adeq Precision 18.0110 

The Predicted R² of 0.8205 is in reasonable agreement with the Adjusted R² of 0.9291; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 18.011 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.18 1 0.0616 1.05 1.32  

A-Glucose -0.5817 1 0.0398 -0.6669 -0.4964 1.0000 

B-Glycerol -0.3025 1 0.0398 -0.3878 -0.2172 1.0000 

C-
Trehalose 

-0.2533 1 0.0398 -0.3386 -0.1681 1.0000 

D-BSA -0.2708 1 0.0398 -0.3561 -0.1856 1.0000 

AB -0.0700 1 0.0689 -0.2177 0.0777 1.0000 

AC -0.0825 1 0.0689 -0.2302 0.0652 1.0000 

AD 0.0225 1 0.0689 -0.1252 0.1702 1.0000 

BC -0.0875 1 0.0689 -0.2352 0.0602 1.0000 
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BD -0.0600 1 0.0689 -0.2077 0.0877 1.0000 

CD -0.0750 1 0.0689 -0.2227 0.0727 1.0000 

A² 0.1076 1 0.0541 -0.0084 0.2235 1.08 

B² -0.0662 1 0.0541 -0.1821 0.0498 1.08 

C² -0.1074 1 0.0541 -0.2234 0.0085 1.08 

D² -0.1162 1 0.0541 -0.2321 -0.0002 1.08 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.19 2.05 0.1396 0.583 1.570 1.667 0.230 1.973 9 

2 0.3000 0.2667 0.0333 0.583 0.375 0.363 0.013 0.430 20 

3 1.23 1.18 0.0460 0.200 0.373 0.362 0.002 0.181 25 

4 1.0000 0.8421 0.1579 0.583 1.777 1.945 0.295 2.302⁽¹⁾ 10 

5 1.45 1.41 0.0404 0.583 0.455 0.441 0.019 0.522 5 

6 1.83 1.94 -0.1067 0.583 -1.200 -1.221 0.134 -1.445 17 

7 0.4800 0.3671 0.1129 0.583 1.270 1.301 0.151 1.540 16 

8 1.26 1.18 0.0760 0.200 0.617 0.603 0.006 0.301 26 

9 0.9000 1.03 -0.1300 0.583 -1.463 -1.531 0.200 -1.812 22 

10 1.20 1.02 0.1821 0.583 2.048 2.359 0.392 2.791⁽¹⁾ 7 

11 0.7800 0.9383 -0.1583 0.583 -1.781 -1.952 0.296 -2.309⁽¹⁾ 18 

12 1.0000 1.18 -0.1840 0.200 -1.494 -1.570 0.037 -0.785 29 

13 1.18 1.15 0.0329 0.583 0.370 0.359 0.013 0.424 15 

14 1.99 2.04 -0.0496 0.583 -0.558 -0.544 0.029 -0.643 1 

15 1.57 1.57 -0.0046 0.583 -0.052 -0.050 0.000 -0.059 3 

16 1.51 1.52 -0.0050 0.583 -0.056 -0.054 0.000 -0.064 21 

17 0.3000 0.3683 -0.0683 0.583 -0.769 -0.757 0.055 -0.896 24 

18 1.15 1.09 0.0567 0.583 0.638 0.623 0.038 0.738 23 

19 1.68 1.60 0.0850 0.583 0.956 0.953 0.085 1.128 19 

20 0.8500 1.05 -0.2029 0.583 -2.283 -2.776 0.486 -3.285⁽¹⁾ 6 

21 1.40 1.46 -0.0638 0.583 -0.717 -0.704 0.048 -0.833 11 

22 0.3000 0.3613 -0.0613 0.583 -0.689 -0.676 0.044 -0.799 8 
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23 1.46 1.48 -0.0188 0.583 -0.211 -0.204 0.004 -0.241 13 

24 0.3000 0.3454 -0.0454 0.583 -0.511 -0.497 0.024 -0.588 12 

25 1.0000 1.02 -0.0162 0.583 -0.183 -0.176 0.003 -0.209 2 

26 1.11 1.05 0.0612 0.583 0.689 0.676 0.044 0.799 14 

27 1.23 1.18 0.0460 0.200 0.373 0.362 0.002 0.181 27 

28 0.3000 0.2713 0.0287 0.583 0.323 0.313 0.010 0.370 4 

29 1.20 1.18 0.0160 0.200 0.130 0.125 0.000 0.063 28 

⁽¹⁾ Exceeds limits. 
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Fit Summary 

Response 4: Day21 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.1410 0.8422 0.7951 Suggested 

2FI 0.8615 0.1011 0.8150 0.6374  

Quadratic 0.1027 0.1467 0.8581 0.6259  

Cubic 0.1181 0.2904 0.9289 -0.0252 Aliased 
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Source Sum of Squares df Mean Square F-value p-value  

Mean vs Total 31.06 1 31.06    

Linear vs Mean 7.25 4 1.81 38.36 < 0.0001 Suggested 

2FI vs Linear 0.1370 6 0.0228 0.4119 0.8615  

Quadratic vs 2FI 0.4026 4 0.1007 2.37 0.1027  

Cubic vs Quadratic 0.4671 8 0.0584 2.74 0.1181 Aliased 

Residual 0.1279 6 0.0213    

Total 39.44 29 1.36    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.2174 0.8647 0.8422 0.7951 1.72 Suggested 

2FI 0.2354 0.8811 0.8150 0.6374 3.04  

Quadratic 0.2062 0.9291 0.8581 0.6259 3.14  

Cubic 0.1460 0.9848 0.9289 -0.0252 8.60 Aliased 

Focus on the model maximizing the Adjusted R² and the Predicted R². 

ANOVA for Linear model 

Response 4: Day21 

Source Sum of Squares df Mean Square F-value p-value  

Model 7.25 4 1.81 38.36 < 0.0001 significant 

A-Glucose 4.49 1 4.49 94.97 < 0.0001  

B-Glycerol 1.13 1 1.13 24.00 < 0.0001  

C-Trehalose 0.6721 1 0.6721 14.22 0.0009  

D-BSA 0.9577 1 0.9577 20.26 0.0001  

Residual 1.13 24 0.0473    

Lack of Fit 1.07 20 0.0533 3.09 0.1410 not significant 

Pure Error 0.0689 4 0.0172    

Cor Total 8.39 28     
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Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 38.36 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, D are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 3.09 implies the Lack of Fit is not significant relative to the 
pure error. There is a 14.10% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.2174  R² 0.8647 

Mean 1.03  Adjusted R² 0.8422 

C.V. % 21.01  Predicted R² 0.7951 
   Adeq Precision 20.3620 

The Predicted R² of 0.7951 is in reasonable agreement with the Adjusted R² of 0.8422; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 20.362 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.03 1 0.0404 0.9515 1.12  

A-Glucose -0.6117 1 0.0628 -0.7412 -0.4821 1.0000 

B-Glycerol -0.3075 1 0.0628 -0.4370 -0.1780 1.0000 

C-
Trehalose 

-0.2367 1 0.0628 -0.3662 -0.1071 1.0000 

D-BSA -0.2825 1 0.0628 -0.4120 -0.1530 1.0000 
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The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.13 1.93 0.2010 0.201 1.034 1.036 0.054 0.520 9 

2 0.6000 0.1865 0.4135 0.201 2.128 2.313 0.228 1.160 20 

3 1.08 1.03 0.0452 0.034 0.211 0.207 0.000 0.039 25 

4 0.9000 0.7057 0.1943 0.201 1.000 1.000 0.050 0.502 10 

5 1.34 1.55 -0.2140 0.201 -1.101 -1.106 0.061 -0.555 5 

6 1.73 1.88 -0.1532 0.201 -0.788 -0.782 0.031 -0.392 17 

7 0.4800 0.4907 -0.0107 0.201 -0.055 -0.054 0.000 -0.027 16 

8 1.30 1.03 0.2652 0.034 1.241 1.256 0.011 0.237 26 

9 0.9000 1.01 -0.1098 0.201 -0.565 -0.557 0.016 -0.279 22 

10 1.15 0.9890 0.1610 0.201 0.828 0.823 0.035 0.413 7 

11 0.7000 0.6598 0.0402 0.201 0.207 0.203 0.002 0.102 18 

12 0.9500 1.03 -0.0848 0.034 -0.397 -0.390 0.001 -0.074 29 

13 1.08 1.11 -0.0257 0.201 -0.132 -0.129 0.001 -0.065 15 

14 2.01 1.95 0.0560 0.201 0.288 0.283 0.004 0.142 1 

15 1.46 1.34 0.1210 0.201 0.623 0.615 0.020 0.308 3 

16 1.40 1.62 -0.2248 0.201 -1.157 -1.166 0.067 -0.585 21 

17 0.3000 0.4448 -0.1448 0.201 -0.745 -0.738 0.028 -0.370 24 

18 1.04 1.06 -0.0198 0.201 -0.102 -0.100 0.001 -0.050 23 

19 1.62 1.41 0.2102 0.201 1.081 1.086 0.059 0.545 19 

20 0.7000 1.08 -0.3807 0.201 -1.959 -2.092 0.193 -1.050 6 

21 1.49 1.36 0.1260 0.201 0.648 0.640 0.021 0.321 11 

22 0.0000 0.5157 -0.5157 0.201 -2.653 -3.090 0.355 -1.551⁽¹⁾ 8 

23 1.40 1.58 -0.1790 0.201 -0.921 -0.918 0.043 -0.461 13 

24 0.0000 0.1407 -0.1407 0.201 -0.724 -0.716 0.026 -0.360 12 

25 0.9000 0.7307 0.1693 0.201 0.871 0.867 0.038 0.435 2 

26 1.0000 0.9640 0.0360 0.201 0.185 0.182 0.002 0.091 14 

27 1.20 1.03 0.1652 0.034 0.773 0.766 0.004 0.145 27 

28 0.0000 0.1157 -0.1157 0.201 -0.595 -0.587 0.018 -0.295 4 

29 1.15 1.03 0.1152 0.034 0.539 0.531 0.002 0.100 28 
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⁽¹⁾ Exceeds limits. 
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Fit Summary 

Response 5: Day 28 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.0844 0.8738 0.8468  

2FI 0.9222 0.0561 0.8476 0.7490  

Quadratic 0.0392 0.1088 0.9003 0.7332 Suggested 

Cubic 0.1883 0.1379 0.9391 -0.1883 Aliased 
 

Sequential Model Sum of Squares [Type I] 

Response 5: Day 28 

Source Sum of Squares df Mean Square F-value p-value  

Mean vs Total 29.52 1 29.52    

Linear vs Mean 8.01 4 2.00 49.48 < 0.0001  

2FI vs Linear 0.0916 6 0.0153 0.3124 0.9222  

Quadratic vs 2FI 0.4322 4 0.1081 3.38 0.0392 Suggested 

Cubic vs Quadratic 0.3306 8 0.0413 2.12 0.1883 Aliased 

Residual 0.1172 6 0.0195    

Total 38.51 29 1.33    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.2012 0.8918 0.8738 0.8468 1.38  

2FI 0.2211 0.9020 0.8476 0.7490 2.25  

Quadratic 0.1788 0.9502 0.9003 0.7332 2.40 Suggested 

Cubic 0.1397 0.9870 0.9391 -0.1883 10.67 Aliased 

Focus on the model maximizing the Adjusted R² and the Predicted R². 
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ANOVA for Quadratic model 

Response 5: Day 28 

Source Sum of Squares df Mean Square F-value p-value  

Model 8.54 14 0.6097 19.06 < 0.0001 significant 

A-Glucose 5.87 1 5.87 183.40 < 0.0001  

B-Glycerol 1.09 1 1.09 34.14 < 0.0001  

C-Trehalose 0.7957 1 0.7957 24.88 0.0002  

D-BSA 0.2581 1 0.2581 8.07 0.0131  

AB 0.0072 1 0.0072 0.2259 0.6419  

AC 0.0182 1 0.0182 0.5698 0.4628  

AD 0.0306 1 0.0306 0.9575 0.3444  

BC 0.0002 1 0.0002 0.0070 0.9343  

BD 0.0081 1 0.0081 0.2533 0.6226  

CD 0.0272 1 0.0272 0.8512 0.3718  

A² 0.0081 1 0.0081 0.2532 0.6227  

B² 0.1590 1 0.1590 4.97 0.0426  

C² 0.2802 1 0.2802 8.76 0.0103  

D² 0.1347 1 0.1347 4.21 0.0594  

Residual 0.4478 14 0.0320    

Lack of Fit 0.4043 10 0.0404 3.72 0.1088 not significant 

Pure Error 0.0435 4 0.0109    

Cor Total 8.98 28     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 19.06 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, B, C, D, 
B², C² are significant model terms. Values greater than 0.1000 indicate the model terms 
are not significant. If there are many insignificant model terms (not counting those 
required to support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 3.72 implies the Lack of Fit is not significant relative to the 
pure error. There is a 10.88% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 
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Fit Statistics 

Std. Dev. 0.1788  R² 0.9502 

Mean 1.01  Adjusted R² 0.9003 

C.V. % 17.73  Predicted R² 0.7332 
   Adeq Precision 16.4727 

The Predicted R² of 0.7332 is in reasonable agreement with the Adjusted R² of 0.9003; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 16.473 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.23 1 0.0800 1.06 1.41  

A-Glucose -0.6992 1 0.0516 -0.8099 -0.5884 1.0000 

B-Glycerol -0.3017 1 0.0516 -0.4124 -0.1909 1.0000 

C-
Trehalose 

-0.2575 1 0.0516 -0.3682 -0.1468 1.0000 

D-BSA -0.1467 1 0.0516 -0.2574 -0.0359 1.0000 

AB 0.0425 1 0.0894 -0.1493 0.2343 1.0000 

AC -0.0675 1 0.0894 -0.2593 0.1243 1.0000 

AD 0.0875 1 0.0894 -0.1043 0.2793 1.0000 

BC 0.0075 1 0.0894 -0.1843 0.1993 1.0000 

BD -0.0450 1 0.0894 -0.2368 0.1468 1.0000 

CD -0.0825 1 0.0894 -0.2743 0.1093 1.0000 

A² -0.0353 1 0.0702 -0.1859 0.1153 1.08 

B² -0.1566 1 0.0702 -0.3072 -0.0060 1.08 

C² -0.2078 1 0.0702 -0.3584 -0.0572 1.08 

D² -0.1441 1 0.0702 -0.2947 0.0065 1.08 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
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VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.06 1.99 0.0721 0.583 0.624 0.610 0.036 0.722 9 

2 0.0000 -0.0333 0.0333 0.583 0.289 0.279 0.008 0.330 20 

3 1.20 1.23 -0.0340 0.200 -0.213 -0.205 0.001 -0.103 25 

4 0.4800 0.4146 0.0654 0.583 0.567 0.552 0.030 0.654 10 

5 1.38 1.20 0.1762 0.583 1.527 1.611 0.218 1.907 5 

6 1.69 1.88 -0.1900 0.583 -1.646 -1.766 0.253 -2.090 17 

7 0.3000 0.3179 -0.0179 0.583 -0.155 -0.150 0.002 -0.177 16 

8 1.34 1.23 0.1060 0.200 0.663 0.649 0.007 0.324 26 

9 0.6000 0.8233 -0.2233 0.583 -1.935 -2.178 0.349 -2.577⁽¹⁾ 22 

10 1.23 1.08 0.1546 0.583 1.339 1.382 0.167 1.635 7 

11 0.3000 0.6167 -0.3167 0.583 -2.743 -3.887 0.702 -4.599⁽¹⁾ 18 

12 1.08 1.23 -0.1540 0.200 -0.963 -0.960 0.015 -0.480 29 

13 0.9000 0.9063 -0.0063 0.583 -0.054 -0.052 0.000 -0.062 15 

14 1.95 2.09 -0.1354 0.583 -1.173 -1.190 0.128 -1.408 1 

15 1.48 1.40 0.0829 0.583 0.718 0.705 0.048 0.834 3 

16 1.32 1.34 -0.0167 0.583 -0.144 -0.139 0.002 -0.165 21 

17 0.3000 0.4400 -0.1400 0.583 -1.213 -1.235 0.137 -1.462 24 

18 1.20 1.13 0.0667 0.583 0.577 0.563 0.031 0.666 23 

19 1.66 1.50 0.1600 0.583 1.386 1.438 0.179 1.701 19 

20 0.7800 0.8538 -0.0738 0.583 -0.639 -0.625 0.038 -0.739 6 

21 1.53 1.52 0.0104 0.583 0.090 0.087 0.001 0.103 11 

22 0.3000 0.3954 -0.0954 0.583 -0.827 -0.817 0.064 -0.966 8 

23 1.53 1.44 0.0937 0.583 0.812 0.802 0.062 0.949 13 

24 0.3000 0.2962 0.0038 0.583 0.032 0.031 0.000 0.037 12 

25 0.6000 0.6021 -0.0021 0.583 -0.018 -0.017 0.000 -0.021 2 

26 0.9000 0.8179 0.0821 0.583 0.711 0.698 0.047 0.826 14 

27 1.32 1.23 0.0860 0.200 0.538 0.524 0.005 0.262 27 

28 0.3000 0.0838 0.2162 0.583 1.873 2.085 0.328 2.467⁽¹⁾ 4 

29 1.23 1.23 -0.0040 0.200 -0.025 -0.024 0.000 -0.012 28 

⁽¹⁾ Exceeds limits. 
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Appendix 5: Raw data from RSM software for protectants study of E. coli 

Build Information 

File Version 22.0.0.0   

Study Type Response Surface Subtype Randomized 

Design Type Box-Behnken Runs 29 

Design Model Quadratic Blocks No Blocks 
 

Responses 

Response Name Units Observations Minimum Maximum Mean 
Std. 
Dev. 

Ratio 

R1 Day 0 Log10(CFU/ml) 29.00 1.48 2.36 1.91 0.2182 1.59 

R2 Day 7 Log10 (cFU/ml) 29.00 1.45 2.38 1.91 0.2243 1.64 

R3 
Day 
14 

Log10 
(CFU/ml) 

29.00 1.26 2.34 1.88 0.2397 1.86 

R4 Day21 Log10(CFU/ml) 29.00 0.95 2.40 1.78 0.2922 2.53 

R5 
Day 
28 

Log10(CFU/ml) 29.00 0.60 2.33 1.56 0.3951 3.88 

 

ANOVA for Linear model 

Response 1: Day 0 

Source Sum of Squares df Mean Square F-value p-value  

Model 1.31 4 0.3281 385.18 < 0.0001 significant 

A-Glucose 1.04 1 1.04 1218.98 < 0.0001  

B-Glycerol 0.0001 1 0.0001 0.0880 0.7692  

C-Trehalose 0.0070 1 0.0070 8.23 0.0085  

D-BSA 0.2670 1 0.2670 313.44 < 0.0001  

Residual 0.0204 24 0.0009    

Lack of Fit 0.0151 20 0.0008 0.5686 0.8231 not significant 

Pure Error 0.0053 4 0.0013    

Cor Total 1.33 28     
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Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 385.18 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, C, D are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 0.57 implies the Lack of Fit is not significant relative to the 
pure error. There is a 82.31% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.0292  R² 0.9847 

Mean 1.91  Adjusted R² 0.9821 

C.V. % 1.53  Predicted R² 0.9780 
   Adeq Precision 73.1625 

The Predicted R² of 0.9780 is in reasonable agreement with the Adjusted R² of 0.9821; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 73.162 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.91 1 0.0054 1.90 1.92  

A-Glucose -0.2942 1 0.0084 -0.3116 -0.2768 1.0000 

B-Glycerol -0.0025 1 0.0084 -0.0199 0.0149 1.0000 

C-
Trehalose 

0.0242 1 0.0084 0.0068 0.0416 1.0000 

D-BSA -0.1492 1 0.0084 -0.1666 -0.1318 1.0000 
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The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.36 2.35 0.0053 0.201 0.203 0.199 0.002 0.100 9 

2 1.60 1.64 -0.0414 0.201 -1.586 -1.641 0.127 -0.824 20 

3 1.98 1.91 0.0686 0.034 2.393 2.684 0.041 0.507 25 

4 1.81 1.77 0.0436 0.201 1.672 1.742 0.141 0.874 10 

5 2.02 2.04 -0.0164 0.201 -0.628 -0.620 0.020 -0.311 5 

6 2.14 2.18 -0.0414 0.201 -1.586 -1.641 0.127 -0.824 17 

7 1.96 1.93 0.0270 0.201 1.033 1.035 0.054 0.519 16 

8 1.89 1.91 -0.0214 0.034 -0.745 -0.738 0.004 -0.140 26 

9 2.04 2.06 -0.0180 0.201 -0.692 -0.684 0.024 -0.343 22 

10 1.75 1.74 0.0120 0.201 0.458 0.451 0.011 0.226 7 

11 1.57 1.59 -0.0230 0.201 -0.883 -0.879 0.039 -0.441 18 

12 1.91 1.91 -0.0014 0.034 -0.048 -0.047 0.000 -0.009 29 

13 1.94 1.94 0.0020 0.201 0.075 0.073 0.000 0.037 15 

14 2.24 2.21 0.0320 0.201 1.225 1.238 0.076 0.621 1 

15 2.23 2.20 0.0270 0.201 1.033 1.035 0.054 0.519 3 

16 2.02 2.06 -0.0430 0.201 -1.650 -1.716 0.137 -0.861 21 

17 1.72 1.76 -0.0397 0.201 -1.522 -1.568 0.117 -0.787 24 

18 1.74 1.76 -0.0247 0.201 -0.947 -0.945 0.045 -0.474 23 

19 2.22 2.23 -0.0097 0.201 -0.372 -0.366 0.007 -0.183 19 

20 2.08 2.08 -0.0047 0.201 -0.181 -0.177 0.002 -0.089 6 

21 2.06 2.06 0.0036 0.201 0.139 0.136 0.001 0.068 11 

22 1.79 1.79 0.0036 0.201 0.139 0.136 0.001 0.068 8 

23 1.92 1.89 0.0303 0.201 1.161 1.170 0.068 0.587 13 

24 1.48 1.47 0.0120 0.201 0.458 0.451 0.011 0.226 12 

25 1.64 1.62 0.0203 0.201 0.778 0.771 0.030 0.387 2 

26 1.90 1.88 0.0153 0.201 0.586 0.578 0.017 0.290 14 

27 1.90 1.91 -0.0114 0.034 -0.397 -0.390 0.001 -0.074 27 

28 1.62 1.61 0.0053 0.201 0.203 0.199 0.002 0.100 4 

29 1.90 1.91 -0.0114 0.034 -0.397 -0.390 0.001 -0.074 28 
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Fit Summary 

Response 1: Day 0 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.8231 0.9821 0.9780 Suggested 

2FI 0.9364 0.7138 0.9782 0.9627  

Quadratic 0.9150 0.5883 0.9737 0.9411  

Cubic 0.9987 0.1140 0.9448 -0.1334 Aliased 
 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.0292 0.9847 0.9821 0.9780 0.0294 Suggested 

2FI 0.0322 0.9860 0.9782 0.9627 0.0498  

Quadratic 0.0354 0.9869 0.9737 0.9411 0.0785  

Cubic 0.0512 0.9882 0.9448 -0.1334 1.51 Aliased 

Focus on the model maximizing the Adjusted R² and the Predicted R². 
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Fit Summary 

Response 2: Day 7 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.9332 0.9397 0.9278 Suggested 

2FI 0.9843 0.8462 0.9237 0.8770  

Quadratic 0.8499 0.7593 0.9105 0.8164  

Cubic 0.9765 0.2561 0.8368 -1.5145 Aliased 
 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.0551 0.9483 0.9397 0.9278 0.1017 Suggested 
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2FI 0.0619 0.9510 0.9237 0.8770 0.1733  

Quadratic 0.0671 0.9552 0.9105 0.8164 0.2585  

Cubic 0.0906 0.9650 0.8368 -1.5145 3.54 Aliased 

Focus on the model maximizing the Adjusted R² and the Predicted R². 

 

ANOVA for Linear model 

Response 2: Day 7 

Source Sum of Squares df Mean Square F-value p-value  

Model 1.34 4 0.3339 110.16 < 0.0001 significant 

A-Glucose 1.00 1 1.00 331.01 < 0.0001  

B-Glycerol 0.0003 1 0.0003 0.0990 0.7558  

C-Trehalose 0.0184 1 0.0184 6.07 0.0213  

D-BSA 0.3136 1 0.3136 103.46 < 0.0001  

Residual 0.0728 24 0.0030    

Lack of Fit 0.0478 20 0.0024 0.3839 0.9332 not significant 

Pure Error 0.0249 4 0.0062    

Cor Total 1.41 28     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 110.16 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, C, D are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 0.38 implies the Lack of Fit is not significant relative to the 
pure error. There is a 93.32% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 
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Coefficients in Terms of Coded Factors 
Factor Coefficient Estimate df Standard Error 95% CI Low 95% CI High VIF 

Intercept 1.91 1 0.0102 1.88 1.93  

A-Glucose -0.2892 1 0.0159 -0.3220 -0.2564 1.0000 

B-Glycerol 0.0050 1 0.0159 -0.0278 0.0378 1.0000 

C-Trehalose 0.0392 1 0.0159 0.0064 0.0720 1.0000 

D-BSA -0.1617 1 0.0159 -0.1945 -0.1289 1.0000 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Fit Statistics 

Std. Dev. 0.0551  R² 0.9483 

Mean 1.91  Adjusted R² 0.9397 

C.V. % 2.89  Predicted R² 0.9278 
   Adeq Precision 39.4402 

The Predicted R² of 0.9278 is in reasonable agreement with the Adjusted R² of 0.9397; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 39.440 indicates an adequate signal. This model can be used to navigate the 
design space. 
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Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.38 2.36 0.0233 0.201 0.474 0.466 0.011 0.234 9 

2 1.62 1.66 -0.0359 0.201 -0.729 -0.721 0.027 -0.362 20 

3 2.02 1.91 0.1141 0.034 2.110 2.288 0.032 0.432 25 

4 1.83 1.78 0.0516 0.201 1.049 1.052 0.055 0.528 10 

5 1.99 2.03 -0.0384 0.201 -0.780 -0.773 0.031 -0.388 5 

6 2.15 2.16 -0.0059 0.201 -0.119 -0.117 0.001 -0.059 17 

7 1.93 1.95 -0.0200 0.201 -0.407 -0.400 0.008 -0.201 16 

8 1.83 1.91 -0.0759 0.034 -1.402 -1.433 0.014 -0.271 26 

9 2.01 2.07 -0.0625 0.201 -1.271 -1.288 0.081 -0.646 22 

10 1.69 1.71 -0.0150 0.201 -0.305 -0.300 0.005 -0.150 7 

11 1.54 1.58 -0.0375 0.201 -0.763 -0.756 0.029 -0.379 18 

12 1.92 1.91 0.0141 0.034 0.261 0.256 0.000 0.048 29 

13 1.96 1.94 0.0200 0.201 0.406 0.399 0.008 0.200 15 

14 2.20 2.19 0.0100 0.201 0.203 0.199 0.002 0.100 1 

15 2.25 2.20 0.0500 0.201 1.015 1.016 0.052 0.510 3 

16 2.01 2.06 -0.0525 0.201 -1.067 -1.071 0.057 -0.537 21 

17 1.68 1.75 -0.0692 0.201 -1.406 -1.437 0.100 -0.721 24 

18 1.69 1.74 -0.0492 0.201 -1.000 -1.000 0.050 -0.502 23 

19 2.19 2.23 -0.0442 0.201 -0.898 -0.894 0.041 -0.449 19 

20 2.13 2.11 0.0233 0.201 0.474 0.466 0.011 0.234 6 

21 2.09 2.03 0.0566 0.201 1.151 1.159 0.067 0.582 11 

22 1.81 1.78 0.0266 0.201 0.541 0.533 0.015 0.268 8 

23 1.93 1.86 0.0683 0.201 1.388 1.417 0.097 0.711 13 

24 1.45 1.46 -0.0050 0.201 -0.102 -0.100 0.001 -0.050 12 

25 1.62 1.61 0.0083 0.201 0.169 0.165 0.001 0.083 2 

26 1.87 1.87 -0.0017 0.201 -0.034 -0.034 0.000 -0.017 14 

27 1.83 1.91 -0.0759 0.034 -1.402 -1.433 0.014 -0.271 27 

28 1.73 1.62 0.1083 0.201 2.201 2.412 0.244 1.210 4 

29 1.92 1.91 0.0141 0.034 0.261 0.256 0.000 0.048 28 
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Fit Summary 

Response 3: Day 14 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.4213 0.8998 0.8710 Suggested 

2FI 0.5377 0.3909 0.8963 0.8042  

Quadratic 0.6708 0.3285 0.8861 0.7183  

Cubic 0.2860 0.3746 0.9160 -0.0226 Aliased 
 

Sequential Model Sum of Squares [Type I] 

Response 3: Day 14 

Source Sum of Squares df Mean Square F-value p-value  

Mean vs Total 102.95 1 102.95    

Linear vs Mean 1.47 4 0.3677 63.85 < 0.0001 Suggested 

2FI vs Linear 0.0310 6 0.0052 0.8666 0.5377  

Quadratic vs 2FI 0.0156 4 0.0039 0.5970 0.6708  

Cubic vs Quadratic 0.0626 8 0.0078 1.62 0.2860 Aliased 

Residual 0.0290 6 0.0048    

Total 104.56 29 3.61    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.0759 0.9141 0.8998 0.8710 0.2076 Suggested 

2FI 0.0772 0.9334 0.8963 0.8042 0.3151  

Quadratic 0.0809 0.9431 0.8861 0.7183 0.4533  

Cubic 0.0695 0.9820 0.9160 -0.0226 1.65 Aliased 

Focus on the model maximizing the Adjusted R² and the Predicted R². 
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ANOVA for Linear model 

Response 3: Day 14 

Source Sum of Squares df Mean Square F-value p-value  

Model 1.47 4 0.3677 63.85 < 0.0001 significant 

A-Glucose 1.10 1 1.10 191.74 < 0.0001  

B-Glycerol 0.0176 1 0.0176 3.06 0.0929  

C-Trehalose 0.0021 1 0.0021 0.3705 0.5485  

D-BSA 0.3468 1 0.3468 60.22 < 0.0001  

Residual 0.1382 24 0.0058    

Lack of Fit 0.1205 20 0.0060 1.36 0.4213 not significant 

Pure Error 0.0177 4 0.0044    

Cor Total 1.61 28     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 63.85 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, D are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 1.36 implies the Lack of Fit is not significant relative to the 
pure error. There is a 42.13% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.0759  R² 0.9141 

Mean 1.88  Adjusted R² 0.8998 

C.V. % 4.03  Predicted R² 0.8710 
   Adeq Precision 30.0440 

The Predicted R² of 0.8710 is in reasonable agreement with the Adjusted R² of 0.8998; 
i.e. the difference is less than 0.2. 
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Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 30.044 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.88 1 0.0141 1.86 1.91  

A-Glucose -0.3033 1 0.0219 -0.3485 -0.2581 1.0000 

B-Glycerol 0.0383 1 0.0219 -0.0069 0.0835 1.0000 

C-
Trehalose 

0.0133 1 0.0219 -0.0319 0.0585 1.0000 

D-BSA -0.1700 1 0.0219 -0.2152 -0.1248 1.0000 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.34 2.36 -0.0175 0.201 -0.258 -0.253 0.003 -0.127 9 

2 1.56 1.59 -0.0341 0.201 -0.503 -0.495 0.013 -0.249 20 

3 1.99 1.88 0.1059 0.034 1.420 1.452 0.014 0.274 25 

4 1.80 1.75 0.0492 0.201 0.725 0.718 0.026 0.360 10 

5 2.01 2.04 -0.0308 0.201 -0.454 -0.447 0.010 -0.224 5 

6 2.13 2.17 -0.0441 0.201 -0.651 -0.643 0.021 -0.323 17 

7 1.88 1.94 -0.0558 0.201 -0.823 -0.817 0.034 -0.410 16 

8 1.81 1.88 -0.0741 0.034 -0.994 -0.994 0.007 -0.188 26 

9 2.03 2.09 -0.0625 0.201 -0.921 -0.918 0.043 -0.461 22 

10 1.67 1.70 -0.0308 0.201 -0.454 -0.447 0.010 -0.224 7 

11 1.48 1.57 -0.0875 0.201 -1.290 -1.309 0.084 -0.657 18 

12 1.86 1.88 -0.0241 0.034 -0.324 -0.318 0.001 -0.060 29 

13 1.89 1.86 0.0309 0.201 0.455 0.447 0.010 0.224 15 

14 2.14 2.15 -0.0091 0.201 -0.135 -0.132 0.001 -0.066 1 
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15 2.26 2.23 0.0342 0.201 0.504 0.496 0.013 0.249 3 

16 2.01 2.02 -0.0058 0.201 -0.086 -0.084 0.000 -0.042 21 

17 1.78 1.75 0.0275 0.201 0.406 0.399 0.008 0.200 24 

18 1.72 1.68 0.0442 0.201 0.652 0.644 0.021 0.323 23 

19 2.12 2.20 -0.0808 0.201 -1.191 -1.202 0.071 -0.603 19 

20 2.10 2.07 0.0325 0.201 0.480 0.472 0.012 0.237 6 

21 2.06 2.02 0.0425 0.201 0.627 0.619 0.020 0.311 11 

22 1.76 1.73 0.0325 0.201 0.480 0.472 0.012 0.237 8 

23 1.96 1.83 0.1275 0.201 1.880 1.993 0.178 1.000 13 

24 1.26 1.41 -0.1508 0.201 -2.223 -2.443 0.249 -1.226 12 

25 1.49 1.54 -0.0525 0.201 -0.774 -0.767 0.030 -0.385 2 

26 1.90 1.91 -0.0091 0.201 -0.135 -0.132 0.001 -0.066 14 

27 1.91 1.88 0.0259 0.034 0.347 0.340 0.001 0.064 27 

28 1.82 1.62 0.2009 0.201 2.961 3.639⁽¹⁾ 0.442 1.826⁽²⁾ 4 

29 1.90 1.88 0.0159 0.034 0.213 0.208 0.000 0.039 28 

⁽¹⁾ Observation with |External Stud. Residuals| > 3.55 

⁽²⁾ Exceeds limits. 
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Fit Summary 

Response 4: Day21 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.3590 0.8566 0.8158 Suggested 

2FI 0.3143 0.3796 0.8660 0.7521  

Quadratic 0.7426 0.3062 0.8490 0.6234  

Cubic 0.1075 0.7937 0.9271 0.7328 Aliased 
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Sequential Model Sum of Squares [Type I] 

Response 4: Day21 

Source Sum of Squares df Mean Square F-value p-value  

Mean vs Total 92.31 1 92.31    

Linear vs Mean 2.10 4 0.5242 42.81 < 0.0001 Suggested 

2FI vs Linear 0.0880 6 0.0147 1.28 0.3143  

Quadratic vs 2FI 0.0253 4 0.0063 0.4909 0.7426  

Cubic vs Quadratic 0.1432 8 0.0179 2.88 0.1075 Aliased 

Residual 0.0374 6 0.0062    

Total 94.70 29 3.27    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

ANOVA for Linear model 

Response 4: Day21 

Source Sum of Squares df Mean Square F-value p-value  

Model 2.10 4 0.5242 42.81 < 0.0001 significant 

A-Glucose 1.48 1 1.48 120.63 < 0.0001  

B-Glycerol 0.0290 1 0.0290 2.37 0.1368  

C-Trehalose 0.0012 1 0.0012 0.0980 0.7569  

D-BSA 0.5896 1 0.5896 48.16 < 0.0001  

Residual 0.2939 24 0.0122    

Lack of Fit 0.2606 20 0.0130 1.57 0.3590 not significant 

Pure Error 0.0333 4 0.0083    

Cor Total 2.39 28     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 42.81 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, D are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
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significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 1.57 implies the Lack of Fit is not significant relative to the 
pure error. There is a 35.90% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.1107  R² 0.8771 

Mean 1.78  Adjusted R² 0.8566 

C.V. % 6.20  Predicted R² 0.8158 
   Adeq Precision 24.9207 

The Predicted R² of 0.8158 is in reasonable agreement with the Adjusted R² of 0.8566; 
i.e. the difference is less than 0.2. 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 24.921 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.78 1 0.0205 1.74 1.83  

A-Glucose -0.3508 1 0.0319 -0.4168 -0.2849 1.0000 

B-Glycerol 0.0492 1 0.0319 -0.0168 0.1151 1.0000 

C-
Trehalose 

0.0100 1 0.0319 -0.0559 0.0759 1.0000 

D-BSA -0.2217 1 0.0319 -0.2876 -0.1557 1.0000 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 
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Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.40 2.36 0.0434 0.201 0.438 0.431 0.010 0.216 9 

2 1.43 1.44 -0.0133 0.201 -0.135 -0.132 0.001 -0.066 20 

3 1.89 1.78 0.1059 0.034 0.974 0.973 0.007 0.184 25 

4 1.77 1.65 0.1150 0.201 1.163 1.172 0.068 0.588 10 

5 1.87 2.00 -0.1258 0.201 -1.272 -1.289 0.081 -0.647 5 

6 2.06 2.12 -0.0650 0.201 -0.657 -0.649 0.022 -0.326 17 

7 1.83 1.84 -0.0133 0.201 -0.135 -0.132 0.001 -0.066 16 

8 1.67 1.78 -0.1141 0.034 -1.050 -1.052 0.008 -0.199 26 

9 1.99 2.05 -0.0650 0.201 -0.657 -0.649 0.022 -0.326 22 

10 1.56 1.55 0.0075 0.201 0.076 0.075 0.000 0.037 7 

11 1.41 1.42 -0.0133 0.201 -0.135 -0.132 0.001 -0.066 18 

12 1.81 1.78 0.0259 0.034 0.238 0.233 0.000 0.044 29 

13 1.78 1.74 0.0350 0.201 0.354 0.348 0.006 0.174 15 

14 2.03 2.09 -0.0558 0.201 -0.564 -0.556 0.016 -0.279 1 

15 2.16 2.18 -0.0241 0.201 -0.244 -0.239 0.003 -0.120 3 

16 1.95 1.96 -0.0066 0.201 -0.067 -0.066 0.000 -0.033 21 

17 1.69 1.61 0.0784 0.201 0.792 0.786 0.032 0.394 24 

18 1.64 1.51 0.1267 0.201 1.281 1.299 0.083 0.652 23 

19 2.07 2.14 -0.0750 0.201 -0.758 -0.751 0.029 -0.377 19 

20 2.01 2.02 -0.0058 0.201 -0.059 -0.057 0.000 -0.029 6 

21 1.98 1.91 0.0667 0.201 0.674 0.667 0.023 0.334 11 

22 1.51 1.57 -0.0625 0.201 -0.632 -0.624 0.020 -0.313 8 

23 1.88 1.72 0.1550 0.201 1.568 1.620 0.124 0.813 13 

24 0.9500 1.21 -0.2616 0.201 -2.646 -3.077 0.352 -1.544⁽¹⁾ 12 

25 1.23 1.38 -0.1541 0.201 -1.559 -1.609 0.122 -0.808 2 

26 1.73 1.82 -0.0933 0.201 -0.943 -0.941 0.045 -0.472 14 

27 1.89 1.78 0.1059 0.034 0.974 0.973 0.007 0.184 27 

28 1.70 1.48 0.2175 0.201 2.200 2.410 0.244 1.209 4 

29 1.85 1.78 0.0659 0.034 0.606 0.598 0.003 0.113 28 

⁽¹⁾ Exceeds limits. 
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Fit Summary 

Response 5: Day 28 

Source 
Sequential p-

value 
Lack of Fit p-

value 
Adjusted 

R² 
Predicted 

R² 
 

Linear < 0.0001 0.2845 0.8051 0.7490 Suggested 

2FI 0.1983 0.3349 0.8314 0.6889  

Quadratic 0.8238 0.2550 0.8041 0.5029  

Cubic 0.2658 0.2857 0.8604 -1.0303 Aliased 
 

Sequential Model Sum of Squares [Type I] 

Response 5: Day 28 

Source Sum of Squares df Mean Square F-value p-value  

Mean vs Total 70.70 1 70.70    

Linear vs Mean 3.64 4 0.9101 29.92 < 0.0001 Suggested 

2FI vs Linear 0.2562 6 0.0427 1.62 0.1983  

Quadratic vs 2FI 0.0457 4 0.0114 0.3733 0.8238  

Cubic vs Quadratic 0.2974 8 0.0372 1.71 0.2658 Aliased 

Residual 0.1307 6 0.0218    

Total 75.07 29 2.59    

Select the highest order polynomial where the additional terms are significant and the 
model is not aliased. 

Model Summary Statistics 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.1744 0.8330 0.8051 0.7490 1.10 Suggested 

2FI 0.1622 0.8916 0.8314 0.6889 1.36  

Quadratic 0.1749 0.9020 0.8041 0.5029 2.17  

Cubic 0.1476 0.9701 0.8604 -1.0303 8.87 Aliased 

Focus on the model maximizing the Adjusted R² and the Predicted R². 
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ANOVA for Linear model 

Response 5: Day 28 

Source Sum of Squares df Mean Square F-value p-value  

Model 3.64 4 0.9101 29.92 < 0.0001 significant 

A-Glucose 2.50 1 2.50 82.29 < 0.0001  

B-Glycerol 0.0817 1 0.0817 2.69 0.1143  

C-Trehalose 0.0176 1 0.0176 0.5798 0.4538  

D-BSA 1.04 1 1.04 34.14 < 0.0001  

Residual 0.7299 24 0.0304    

Lack of Fit 0.6600 20 0.0330 1.89 0.2845 not significant 

Pure Error 0.0699 4 0.0175    

Cor Total 4.37 28     

Factor coding is Coded. 
Sum of squares is Type III - Partial 

The Model F-value of 29.92 implies the model is significant. There is only a 0.01% 
chance that an F-value this large could occur due to noise. 

P-values less than 0.0500 indicate model terms are significant. In this case A, D are 
significant model terms. Values greater than 0.1000 indicate the model terms are not 
significant. If there are many insignificant model terms (not counting those required to 
support hierarchy), model reduction may improve your model. 

The Lack of Fit F-value of 1.89 implies the Lack of Fit is not significant relative to the 
pure error. There is a 28.45% chance that a Lack of Fit F-value this large could occur due 
to noise. Non-significant lack of fit is good -- we want the model to fit. 

Fit Statistics 

Std. Dev. 0.1744  R² 0.8330 

Mean 1.56  Adjusted R² 0.8051 

C.V. % 11.17  Predicted R² 0.7490 
   Adeq Precision 20.7378 

The Predicted R² of 0.7490 is in reasonable agreement with the Adjusted R² of 0.8051; 
i.e. the difference is less than 0.2. 



 
 

287 
 

Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is desirable. 
Your ratio of 20.738 indicates an adequate signal. This model can be used to navigate the 
design space. 

Coefficients in Terms of Coded Factors 

Factor 
Coefficient 
Estimate 

df 
Standard 

Error 
95% CI 

Low 
95% CI 

High 
VIF 

Intercept 1.56 1 0.0324 1.49 1.63  

A-Glucose -0.4567 1 0.0503 -0.5606 -0.3528 1.0000 

B-Glycerol 0.0825 1 0.0503 -0.0214 0.1864 1.0000 

C-
Trehalose 

0.0383 1 0.0503 -0.0656 0.1422 1.0000 

D-BSA -0.2942 1 0.0503 -0.3981 -0.1903 1.0000 

The coefficient estimate represents the expected change in response per unit change in 
factor value when all remaining factors are held constant. The intercept in an orthogonal 
design is the overall average response of all the runs. The coefficients are adjustments 
around that average based on the factor settings. When the factors are orthogonal the 
VIFs are 1; VIFs greater than 1 indicate multi-colinearity, the higher the VIF the more 
severe the correlation of factors. As a rough rule, VIFs less than 10 are tolerable. 

Report 

Run 
Order 

Actual 
Value 

Predicted 
Value 

Residual Leverage 
Internally 

Studentized 
Residuals 

Externally 
Studentized 
Residuals 

Cook's 
Distance 

Influence 
on Fitted 

Value 
DFFITS 

Standard 
Order 

1 2.33 2.31 0.0178 0.201 0.114 0.112 0.001 0.056 9 

2 1.26 1.14 0.1170 0.201 0.750 0.743 0.028 0.373 20 

3 1.66 1.56 0.0986 0.034 0.576 0.567 0.002 0.107 25 

4 1.53 1.40 0.1311 0.201 0.841 0.836 0.036 0.419 10 

5 1.74 1.82 -0.0772 0.201 -0.495 -0.487 0.012 -0.245 5 

6 1.94 1.98 -0.0397 0.201 -0.255 -0.250 0.003 -0.125 17 

7 1.63 1.68 -0.0522 0.201 -0.335 -0.329 0.006 -0.165 16 

8 1.41 1.56 -0.1514 0.034 -0.883 -0.879 0.006 -0.166 26 

9 1.79 1.94 -0.1480 0.201 -0.950 -0.948 0.045 -0.476 22 

10 1.20 1.23 -0.0289 0.201 -0.185 -0.182 0.002 -0.091 7 

11 0.8500 1.07 -0.2164 0.201 -1.388 -1.417 0.097 -0.711 18 

12 1.69 1.56 0.1286 0.034 0.751 0.744 0.004 0.141 29 

13 1.57 1.52 0.0528 0.201 0.339 0.332 0.006 0.167 15 

14 1.92 1.94 -0.0155 0.201 -0.100 -0.098 0.001 -0.049 1 
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15 2.08 2.10 -0.0205 0.201 -0.132 -0.129 0.001 -0.065 3 

16 1.75 1.77 -0.0230 0.201 -0.148 -0.145 0.001 -0.073 21 

17 1.36 1.35 0.0103 0.201 0.066 0.065 0.000 0.032 24 

18 1.28 1.18 0.0953 0.201 0.611 0.603 0.019 0.303 23 

19 1.97 2.06 -0.0864 0.201 -0.554 -0.546 0.015 -0.274 19 

20 1.93 1.89 0.0361 0.201 0.232 0.227 0.003 0.114 6 

21 1.85 1.72 0.1261 0.201 0.809 0.803 0.033 0.403 11 

22 1.0000 1.31 -0.3055 0.201 -1.960 -2.094 0.194 -1.051 8 

23 1.72 1.44 0.2795 0.201 1.793 1.886 0.162 0.946 13 

24 0.8500 0.8105 0.0395 0.201 0.253 0.248 0.003 0.125 12 

25 0.6000 1.02 -0.4222 0.201 -2.709 -3.182 0.370 -1.597⁽¹⁾ 2 

26 1.45 1.61 -0.1555 0.201 -0.998 -0.998 0.050 -0.501 14 

27 1.64 1.56 0.0786 0.034 0.459 0.451 0.002 0.085 27 

28 1.52 1.19 0.3328 0.201 2.135 2.322 0.230 1.165 4 

29 1.76 1.56 0.1986 0.034 1.159 1.168 0.010 0.221 28 

⁽¹⁾ Exceeds limits. 
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Appendix 6: Certificate of analysis of commercial reference material procured 
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Appendix 7: Test report from testing laboratories 
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