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Abstract

Safety and quality assurance testing must be an integral part of any industrial fermentation
production process. It is challenging to find a method that is fast, reliable and simple to
perform and which can deal with samples containing very high initial bacterial loads and that
can be incorporated easily into an in-house testing procedure. Isothermal microcalorimetry

(IMC) can possibly fulfil all the above.

The work reported in this thesis investigated the suitability and applicability of IMC in real-
world problem-solving. An industrially produced commercial probiotic was taken for a model

study. The approach taken was two-phased: pragmatic and theoretical.

The pragmatic phase consisted of a proof of concept that IMC has the capacity to determine,
consistently and with a high degree of reproducibility, that the fermentations resulted in a
good product, as precisely or better than traditional microbiological plating methods.
Samples taken directly from the real fermentation process were tested using IMC and
resulted in much faster turnaround testing times; higher reproducibility of the experiments;
and better sensitivity in observing good versus contaminated samples.

The theoretical phase consisted of developing simple equations describing exponential
bacterial growth and deriving quantitative parameters such as growth rate, intercept and

area under curve.

The two phases complemented each other resulting in the practical application of the
developed theory. This was done by studying L. rhamnosus in a controlled growth medium
(MRS broth) and establishing standard references (these did not exist previously). The IMC
test designed was to rapidly get permission from the management of the company to bottle
the finished product and save as much time as possible from the end of the fermentation to
bottling and sale with a demonstrated better accuracy that the traditional microbiological
plating methods (these methods required up to two weeks of testing time). IMC was shown
to be a fast (10-15 hours) and accurate method (+ 3%) to get accept/reject result for the

selected microbiological system with potential to be employed in other similar processes.



Impact statement

The main aim of this industrially based project was concerned with the improvement of
turnaround testing times from fermentation completion of commercial probiotic to release to
sale, using isothermal microcalorimetry (IMC). The work on this pragmatic aim resulted in a
remarkably successful outcome which meant that the testing time was reduced from 7-15
days to 11-12 hours. The method developed here is in principle applicable to any industry

where fermentation takes place, and or contamination detection is important.

This success also involved extension of this IMC based project into the theoretical area;
equations describing the exponential growth of microorganisms were developed in order to
advance the matrix of data (parameters) and the theoretical interpretation of the power-time
curve to yield more secure decisions about fermentation success. As a part of the theoretical
success a publication (Cabadaj et al., 2021) was released, which also dealt with the prospect

of automatisation of data processing — a black-box solution.

There are a lot of situations in which it would be rational and plausible to explore the utility
of the systems developed here (microorganisms in a growth medium with resulting matrices
of comparable quantitative parameters) for example, real time analysis of the kinetics of

drug cell interactions (an unexplored area in calorimetry).

Through the work presented herein the field of calorimetry and its crossover with practical
and fundamental microbiology have been advanced. Future publications will result from data
gathered during this work, both based on theory and on the practical developments in
industrial as well as academic settings. These will significantly contribute to the fields of

calorimetry, microbiology and biotechnology at large.
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Figure 1.1

Figure 1.2

Figure 1.3

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

List of figures

A visual diagram of the GIT noting bacterial loads in each part with ecologically
relevant spatial gradients.

The gut microbiome fluctuations in health and disease. (Adapted from
Fassarella et al., 2021.)

A non-exhaustive illustration of the scope for gut microbiota-brain axis to

influence different health conditions. Image taken from Cryan et al. (2019).

Repeatability demonstration on “a good” final product, 10 individual batches of
Symprove tested in TSB a); and 6 individual batches of Symprove tested in
MRS b).

Determination of a mean p-t curve (working reference) from 10 independent
good batches of FV1 a). Comparison between the mean p-t curve and a single
batch of FV1-real-pure made using pure inocula b). Outlining + 2x standard
deviations (SD) c). Details of the shape analysis parameters are tabulated in
d).

lllustrations of contamination perception in 5 different batches of FV1 using
IMC a); the same 5 batches in comparison with the working reference b); and

c) more detailed analysis of batch 333.

P-t curves of 8 batches with conflicting lab results and 2 batches (curves in

bold) in agreement with both laboratory results.

Detail of individual comparisons of 8 batches with conflicting lab results (a, b,
c, d, e, f, h and j) and 2 batches with agreeing lab results (g and i) against the

mean working reference batch (red line in all figures a-j).

Comparison of 2 different suppliers of L. acidophilus. 3 batches from Supplier
1 a); 3 batches from Supplier 2 b); L. acidophilus master batch (NCIMB stock)
grown in 2 batches of wort (red curve is a duplicate of black) prior IMC testing
c); L. acidophilus (Supplier 1) grown in 2 batches of wort prior IMC testing d).
All IMC tests done in TSB. (The same scale was maintained in all four figures
for easy comparison.)
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Figure 2.7

Figure 2.8

Figure 2.9

Figure 3.1

Figure 3.2

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Differences between expected curve (blue) and Supplier 1 curve (black) a);
effect of the organism history b); same organism history i.e., both grown in
wort, master batch (green) and Supplier 1 batch (red) c); effect of the organism
history (Supplier 1) d). (The same scale was maintained in all four figures for

easy comparison.)
Effects of growing (fermenting) L. acidophilus in wort.

L. acidophilus (Supplier 1) — sample previously unopened, direct from the
manufacturer. Undiluted on TSA plate, incubated at 28°C for 48 hours. The
presence of two distinctive organisms is visible. Courtesy of NCIMB.

Phases of bacterial growth in a batch culture. 1-lag, 2-acceleration, 3-
exponential or log, 4-retardation, 5-stationary, 6-decline a); bacterial density

contrasted with variations of growth rate b). (Adapted from Monod, 1949.)

Mathematical transformation of p-t curve. Raw data (top), integration of the

raw data (middle) and logarithm of the raw data (bottom).

Uncontrolled organism (L. rhamnosus, Supplier 1) and uncontrolled medium
(on site produced batches of barley wort). Note that red and blue curves
represent the same batch of testing medium (wort) inoculated with one batch

of L. rhamnosus.

Controlled organism (L. rhamnosus pure) tested in various barley worts.
Dohler wort (DLW) produced externally by a specialist company, the other 3
worts, red, blue and green curves, produced on site). Black curve represents
a batch of DLW that was expired.

Controlled organism (L. rhamnosus pure) tested in controlled medium
(chemically defined medium RPMI 1640). Note the power scale is 10 x
increased in comparison to the previous figures to distinguish the resulting p-t

curves from zero.

All four pure strains of Symprove product tested in chemically defined medium
(RPMI 1640, Sigma Aldrich, UK). (381 series.)

L. rhamnosus pure tested in one batch of TSB(W), (W —designated batch

marking).

Comparison of 2 different batches of L. rhamnosus pure tested in TSB.
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Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Comparison of 3 different suppliers of TSB. 1 batch of full Symprove product
was tested in 3 batches of TSB. TSB(C) was TSB from Corning Mediatech,
Inc, USA; TSB(F) was TSB from Fisher Scientific, UK; TSB(W) was TSB
supplied by Wickham labs, UK.

Mathematical transformation of p-t curve. Raw data (black curve), logarithmic
transformation of the raw data (red curve), integration of the raw data reveals
total heat produced (green curve) and logarithmic transformation of total heat

curve (blue curve).

L. rhamnosus pure tested in MRS, plate counts (PC) (top), corresponding
optical density readings (OD) in hourly intervals (middle), and p-t curve of the
same culture (bottom). Each experiment performed in triplicate i.e., A, B, C2.
(Data from 4.3.1.1.1.)

Manual fitting of visually observable linear portions (503.1). Red line above
AUC 1 represents the first linear fit into In data, yellow area represents AUC 1
during the studied period (6200 - 17800 seconds).

P-t curves of 503 and 504 series (30 yL of L. rhamnosus pure, directly
inoculated into 2970 pL of sterile MRS).

Semi-logarithmic plots of OD readings against time in comparison with semi-

logarithmic plots of the corresponding power-time curves against time.

Semi-logarithmic plots of OD readings compared with the corresponding
logarithmic plate counts against time. LrC3 in MRS in triplicate (A, B, C2).

Semi-logarithmic plots of partial power-time curves (reading taken hourly to
reflect time steps of the plate counts) compared with corresponding
microbiological plate counts, in triplicate. (503.1 is the reference p-t curve.)

Semi-logarithmic plots of heat (Q) evolved during the IMC experiments

compared with the semi-logarithmic plots of PC (in triplicate).

Fitting exponential trend lines into individual growth curves using Excel. L.

rhamnosus growth curves, three independent repeats.

Degree of reaction completion (secondary axis) as a function of time compared

with heat-time curve of the same experiment. (For information only). a = % |

Q
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Figure 4.18
Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30

Figure 4.31

where q;, is the cumulative heat at time t and Q is the total heat evolved. (L.

rhamnosus 503.1.)
P-t curves of the experiments described above, for comparison.
Logarithmic transformation of 503 series.

L. rhamnosus pure tested in MRS, 10-fold inoculum volume variations. P-t
curves a), and their logarithmic transformation b).

The first 100 yW, (508.2, 30 uL inoculum of L. rhamnosus, 10/mL density).

Estimating the start of the exponential growth for 300 uL using the next lower

inoculum volume 30 pL.

An illustration of units’ difference W vs. yW.

Determining the number of generations using log, of power (logarithm with

base 2).
Potential subjectivity of an operator when analysing data.

L. rhamnosus grown in a regular barley wort produced on-site, tested in MRS
(in duplicate, black and green curves) and its relationship with 503.1 (red

curve) — the reference of L. rhamnosus pure tested in MRS.

L. rhamnosus grown in DLW, tested in MRS (in quadruplicate) and its
relationship with 503.1 — the reference of L. rhamnosus pure (red curve) tested
in MRS.

Logarithmic transformation of p-t curves (455.1(DLW), 470.1(wort) and 503.1).

Red portions indicated in each curve represent linear fits.

L. rhamnosus pure grown in MRS for 24 hours at 37°C, tested in MRS (in
quadruplicate). For comparison, 503.1 (red reference curve) is L. rhamnosus
pure tested in MRS.

L. rhamnosus grown in MRS for 48 hours at 37°C, tested in MRS (in
quadruplicate). For comparison, 503.1 (red reference curve) is L. rhamnosus
pure tested in MRS.

Visual (shape analysis) assessment of p-t curves of L. rhamnosus pure and

the same L. rhamnosus pure pre-cultured for 24 and 48 hours in MRS.
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Figure 4.32

Figure 4.33

Figure 4.34

Figure 4.35

Figure 4.36

Figure 4.37

Figure 4.38

Figure 4.39

Figure 4.40

Figure 4.41

Figure 4.42

Figure 4.43

Figure 4.44

Logarithmic transformation of p-t curves (465.1, 501.1 and 503.1) and applying
a linear regression model. Red portions indicated in each curve represent

linear fits determined visually to get the best R?.
P-t curves of L. acidophilus pure tested in MRS.

P-t curves of L. acidophilus pure (black curve) and the same L. acidophilus
pure spiked with 3 different concentrations of E. faecium; tested in MRS.

P-t curves of FVV1-artificial tested in MRS.

P-t curves of uncontaminated FV1-artificial (black curve) and the same FV1-
artificial batch spiked with 3 different concentrations of E. faecium; tested in
MRS.

Times to reach PP detail for 527 and 535 series (zoom of Figure 4.35). PPss27
are time distant from PPss35. PPs3s5.1 (723uW —blue rectangle) and PPs27.1 (714
MW —black rectangle).

P-t curves of FV1-real tested in MRS. Each curve (experiment) represents a
different batch of FV1-real.

FV1-real without contamination (green solid curve) and the same FV1-real

spiked with 3 different concentrations of A. cibinongensis; tested in MRS.

Comparison of mean p-t curves of FV1-real and FV1-artificial. Each mean
curve was calculated from six independent p-t curves (data from 4.7 —FV1-
real, and 4.6 —FV1-artificial).

Comparison of mean p-t curves (L. acidophilus pure, L. rhamnosus pure, FV1-
artificial and FV1-real). Each curve is a mean of 6 individual experiments (as

presented in the previous sections 4.3, 4.5, 4.6).

Analysis of peak powers (PP). Each column represents a mean of six
experiments (i.e., purple column L. rhamnosus experiments in section 4.3.1;
orange column L. acidophilus experiments in section 4.5; green column FV1-
artificial experiments in section 4.6; blue column FV1-real experiments in the
current section 4.7).

Analysis of times to PP. (Same detail as above Figure 4.42.)

Analysis of AUC to PP. (Same detail as above Figure 4.42.)
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Figure 4.45 Slope k analysis. (Same detail as above Figure 4.42.) Data derived from

logarithmically transformed p-t curves.

Figure A5 P-t curves of the individual Symprove organisms (L. acidophilus, L.
rhamnosus, L. plantarum and E. faecium) tested in a batch of MRS (without

Tween).
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Chapter 1 Introduction
1.1 Overview of this project

Globally, the probiotic industry is growing rapidly and has become hugely important and
commercially competitive with a predicted market value of over USD 80 Billion by the end
of 2025 ((R and M Report, 2018) It is influencing how agriculture, feed, food, food
supplement, medicine, and other sectors choose to incorporate probiotics into their
portfolios. Locally, this trend has been experienced by Symprove Ltd., manufacturer of the
eponymous probiotic food supplement where | was employed as a production manager from
2012-2019 and as a research and development manager from 2019-2022. | do not hold any
stock options nor had other interest in the company. Symprove has seen a growth of
approximately 100-fold in the last decade, 2010-2020, with a further growth predicted for
2024 and beyond. | was in charge of the production of Symprove during the major growth of
the company, later in charge of the research and development department. Quality and
safety assurance testing was done exclusively on the final product using microbial culture
methods (see 1.4.1).

This posed challenges because the testing procedures introduced significant time delays
(up to two weeks) to the final product release for sale, whilst also shortening its shelf life.
We needed a faster method for qualitative and quantitative assessment of both the
production process and the final product. Having an in-house capacity to get a Yes/No
answer (i.e., is the product fit for sale or not?) would be greatly advantageous. Shortening
the testing turn-around times would have a significant impact on the production timelines,
with significant cost benefits. Additionally, the heterogeneous production process of
Symprove was affected by variations in the growth medium (barley extract) that could, in
turn, impact the behaviour of the fermenting bacteria (see 1.4.1). These challenges required

a method which could also investigate metabolic processes during the fermentation.

A variety of methods was available and, after comparative evaluation isothermal
microcalorimetry (IMC) was selected (1.4.5). IMC is a method that can measure the rate of
heat produced by biological, chemical, and physical processes (Wadso and Galindo, 2009).
Consequently, it can be used to study biological systems such as bacteria during
fermentation because these produce heat detectable by calorimeters. The information so
captured by a calorimeter in the form of power (Js™' or W) as a function of time can be

analysed qualitatively and quantitatively to provide details about the quality of the
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fermentation, with the potential for detecting contaminants at the same time. Furthermore,
given that IMC had been used previously to assess the efficacy of the Symprove product
against other commercial probiotics with success (Fredua-Agyeman and Gaisford, 2015),
the idea of exploring its utility in the production of Symprove came to mind naturally. IMC
method, if successfully developed, could provide a timely, accurate and repeatable tool,
central for quality assurance of the final product with a great potential (if developed further,
which was not the scope of this project) for being also implementable as a real-time
monitoring method. Additionally, the content of IMC ampoules could be analysed after the
IMC tests were completed using either molecular or traditional microbiological methods if

required given the non-destructive nature of IMC sample analysis.

This research investigated the suitability and advantages of IMC as a testing method for
microbiological quality assurance and its potential for product development in an industrial
biotechnological manufacturing process (exemplified by studying Symprove probiotic
product). It set out to develop a testing, safety and quality monitoring, method that
incorporated data collected by IMC from an industrial-production-batch sample, providing
information about microbial growth characteristics and metabolisms of the bacteria, that
would support the decision to either accept or reject a new batch. The data collected by the
calorimeter, although complex, should ideally be analysed through a black-box solution
(BB), where the input would be the data, processed by an algorithm specifically developed
for this purpose, and the output would be yes/no an indication of which parameters were
infout of specification. This method therefore would speed up the process of analysis as,
once established, it could be used by anybody regardless of their understanding of the
mathematics and theory behind it. The output provided specifications (a matrix of
parameters) that a good product needed to be within. Good product was defined as a
product that was released for sale after it passed all quality assurance (QA) testing.

The proposal to explore the potential of IMC in an industrial setting as set out in this thesis
required pursuit of two further objectives. Firstly, to provide a set of references that were
new in our field and would be needed, in future, if a BB for data processing was to be
developed. The testing method was designed to test bacterial growth during fermentation in
order to establish whether this growth was good or not and needed to be contrasted with an
ideal growth (the references). This was done by creating as perfect scenarios as possible
where all experimental parameters were as defined and as controlled as possible e.g.,
bacteria were pure, growth media were as consistent as possible, timings of experiments

were consistent. The research was conducted on a product produced by Symprove Ltd
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(hereafter Symprove), a water-based food supplement containing live and active bacteria.
Symprove was made by fermenting four strains of lactic acid bacteria (in pairs in 2 separate
fermenting vessels: FV1 and FV2) in an extract of germinated barley. The focus of this
project was FV1. Symprove provided the perfect opportunity for exploration of the
calorimetric analysis since it was made in a simple closed batch production process.

Secondly, developing the mathematical background for data processing and analysis that
could be incorporated into the coding for the BB was undertaken. This was done only as a
proof of feasibility on a limited basis. The coding was done in a general-purpose
programming language c¢ and the algorithm for an automatic data processing was available
online until the code developer's death. A number of mathematical models to obtain
information on bacterial systems from IMC data have been developed in recent years by
different researchers in the field. For this project, some of those equations were manually
developed considering the particularities of the bacteria involved in Symprove.

In summary, this was a study which had two main areas of investigation (one —pragmatic
i.e., suitability and applicability into an industrial process control; and the other one —
theoretical i.e., exploring and developing the theoretical background) and was about an
application of calorimetry in an industrial setting, exemplified through Symprove. The
complexity that Symprove presented was a real test of calorimetry. The IMC test was
designed to get the permission, after the fermentation was finished, to go ahead and bottle

to save as much time as possible from the end of the fermentation to bottling and sale.

1.2 The gut

1.2.1 The relevance of the gut for this project.

Since this research investigated the suitability and advantages of IMC as a testing method
for quality assurance and product development in the probiotic manufacturing process, we
needed to operate with a notion of what an efficient probiotic ass, and this relied on an
understanding of the gut in the human body. While the development of a testing method
might seem like a mere technical matter, it necessarily relied on the appropriate contextual
knowledge being applied properly. For example, the gastrointestinal tract environment
affects the fithess of any microorganisms entering it; therefore, it will have an impact on the

metabolic activity of a product containing live bacteria and these effects can be evaluated
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by IMC. The background knowledge about the gut is also useful for the application, to its full
potential, of the testing method being developed for evaluating the production of probiotics.
For example, selecting new strains of bacteria and testing them in specific combinations
could be done by IMC. Furthermore, the fact that probiotics are now being used for rebiosis
(the reversal of dysbiosis) strengthens the importance of having a method such as IMC. It
can measure all metabolic processes, non-destructively, without any sample treatment, with
high sensitivity, enabling them to be studied in detail, qualitatively as well as quantitatively,
and can be applied in an industrial setting to optimise production processes and their final
products. The main limitation of the IMC method is that the obtained data are non-specific.

1.2.2 Description

The alimentary canal (gastrointestinal tract , or gut in short), is a system of organs beginning
with the mouth, passing through the stomach, and ending with the anus, all connected with
muscular tubes, such as the pharynx, oesophagus, small and large intestines, and rectum
(Gray, 1977). The whole gut is a home to and is colonised by a diverse and populous
community of microorganisms dominated by bacteria as seen in Figure 1.1 (Qin et al., 2010)
but also including archaea, bacteriophages, viruses, unicellular eukaryotes, and fungi
(Dieterich et al., 2018), collectively referred to as the gut microbiota (Cani et al., 2016) i.e.,
a community of microorganisms (Berg et al., 2020), residing in the gut. The microbiota has
a significant role, both in health and disease of several other organs, for example the
pancreas (Zhang et al., 2021), gall bladder (Urdaneta and Casadesus, 2017), and liver
(Tranah et al., 2021) and remains an area of intensive scientific and clinical research efforts.
Newly discovered functions like brain-gastric coupling offer insights into how different organs

of the body are interconnected and affect each other (Rebollo et al., 2021).
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Figure 1.1 A visual diagram of the GIT noting bacterial loads in each part with ecologically
relevant spatial gradients. (Adapted from Kennedy and Chang, 2020; oesophagus load
estimated from Gorkiewicz and Moschen, 2018)

The mouth contains the oral microbiota, a diversely composed ecosystem of
microorganisms (Zaura et al., 2014; Baker et al., 2024). The oral microbiota of healthy
humans contains approximately 1 x108/mL bacterial cells based on saliva analysis (Curtis
et al., 2011), however, when dental plaque is analysed, this can yield around 1 x10""/mL
bacterial cells (Sender et al., 2016). The oral microbiome (a microbiome in general is defined
as “the microbiota and their theatre of activity” (Berg et al., 2020)) is relatively stable despite
its highly dynamic nature, where constant perturbations are caused by frequent changes in
acidity, temperature, oxygen and carbohydrate availability, with occasional disturbances

caused by antibiotic therapies (Shaw et al., 2017).
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In a healthy state, the oesophagus has its own resident microbiota, dominated by
Streptococcus species in healthy state (Di Pilato et al., 2016; Zou et al., 2023). The
intermediate areas connecting the oesophagus to the pharynx and the oral cavity at the
proximal end influence the bacterial composition in that location (Snider et al., 2018), and
the same effect can be expected at the distal end by the stomach (Di Pilato et al., 2016).
This region of the gut is a particularly unexplored area. However, as more studies are being
conducted, new evidence suggests that a normal healthy oesophagus microbiota is diverse
and complex, dominated by Gram-positive bacteria with higher diversity, whereas Gram-
negative bacteria with lesser diversity dominate in some disorders (Corning et al., 2018;
Okereke et al., 2019).

The stomach, a food processing and storing organ, secretes hydrochloric acid, pepsinogen,
mucus, gastric lipase and intrinsic factor (Feher, 2012). It has an acidic environment ranging
from pH 1.5 to pH 5 (Walter and Ley, 2011), where only a few bacterial species are able to
survive (Lopetuso et al., 2014). The chance of microorganisms to enter the lower parts of
the gut and cause infection or disease is limited because of this extreme environment (Hunt
et al.,, 2015). The stomach antibacterial property can be appreciated from the estimated 1
x10'% microorganisms entering it per day (Riedel et al., 2014), while the residential bacterial
load in the healthy stomach is approximately 1 x10' — 1 x10% CFU/mL (O’Hara and
Shanahan, 2006). The microbial diversity and abundance of different species increases
again beyond the stomach with the highest concentration of bacteria being found in the colon
(McCallum and Tropini, 2024).

The small intestine is divided into three parts: duodenum, jejunum, and ileum. The bacterial
load increases from about 1 x102 microorganisms/mL in the duodenum, up to around 1 x108
microorganisms/mL in the terminal ileum. It is suggested that the short retention time
together with the bile salts and antimicrobial peptides secreted here results in the relatively

low bacterial load compared with the colon (Riedel et al., 2014).

The large intestine, sometimes referred to as “the microbial organ” (Byndloss and Baumler,
2018) or simply as “colon”, is the home to the most populous microbial community, reaching
some 102 cells per gram of the intestinal content (Riedel et al., 2014; Di Domenico et al.,
2022). The colon is divided into several regions starting at the ileocecal sphincter, continuing
with the caecum, ascending, transverse, descending and sigmoid colon finishing in the
rectum with the anus (Feher, 2012). Given that the colon is the most densely colonised part
of the human body, it plays a major role in shaping the overall gut microbiota through
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epithelial cells and their metabolism (Litvak et al., 2018). Among its functions are for example
sensing for nutrients and metabolites, initiating a hormonal cascade needed for nutrient
absorption, production of short chain fatty acids (SCFA) and other by-products such as long
chain fatty acids (LCFA) and polyunsaturated fatty acids (PUFA), thus regulating dendritic
and T-cells and other functions in the body (Ratsika et al., 2021). The ecosystem of the
colon can also be understood as a production facility for the vitamins and substrates needed
for stimulating the immune system and building defence mechanisms against invading

exogenous bacterial species (Bakken, 2009; Maciel-Fiuza et al., 2023).

1.2.3 Function and significance

The main function of the gut is to digest food, turning it into energy and different compounds.
These include vitamins, and other chemicals such as SCFA, all of them needed for a
properly functioning body. The waste of the digestion is disposed during bowel movement.
The ability of the gut microbiota to influence and shape different systems of the body is of
great importance and an area of intensive research (Vogel et al., 2020). For example, a
bidirectional relationship has been established between the gut microbiota and the immune
system (Ralli et al., 2023), where the quality and shape of the second is affected by the
former, and vice versa (Grigg and Sonnenberg, 2017). Another area of recent interest is the
so-called microbiota-gut-brain axis (hereafter we understand by “axis” both the connections
and interactions between different systems in the body), which is understood as a two-way
communication channel between the central nervous system and the microbes in the gut
(Michels et al., 2019).

There are several aspects to this complex relationship, microbial diversity, microbial
imbalance and psychiatric disorders being just three of them (Ahmed et al., 2024). As
Callaghan et al. (2020) have recently suggested, there is a correlation between early life
stress levels and gut microbiota diversity. These authors have also indicated a correlation,
between irritable bowel syndrome (IBS), gastrointestinal distress and higher levels of mood
disorders and anxiety symptoms (Callaghan et al., 2020). There is also evidence pointing at
the association between a mother's mental wellbeing and proper neurodevelopmental
process of the baby through the mother’s milk. Breast milk can be altered as a result of
stress, psychopathologies and other factors such as diet, hence influencing the
macro/micronutrients, bioactive compounds and other constituents of it entering the Gl tract

of the baby (Ratsika et al., 2021; Weerth et al., 2023). Another interesting correlation
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between the gut microbiome and the brain has to do with mechanosensitive and nutrient
sensing pathways. Hunt et al., (2015) have stressed that the gut also serves as a means of
information transmission, and this is fundamental for “gastric nutrient sensing in the

perception of gastric filling and control of hunger and satiation” (Hunt et al., 2015).

A well-functioning gut microbiota plays a significant communication role in health and
disease states (Figure 1.2). The communication with other organs in the body through, for
example gut-heart axis, gut-lung axis, gut-skin axis, gut-bone axis, gut-muscle axis, gut-liver
axis and gut-kidney axis influences processes such as serotonin metabolism, insulin
secretion, lipogenesis, thermogenesis, gene expression, body growth and energy
expenditure (Schroeder and Backhed, 2016; Saxami et al., 2023; Chakraborty et al., 2024;
Olteanu et al., 2024). All the gut-organ axes are also linked to the relevant systems of the
body such as cardiovascular system, respiratory system, integumentary system, skeletal
system, muscular system, digestive system, urinary system and immune system therefore
will play a major role in therapeutic strategies (Saxami et al., 2023; Gao et al., 2024; Nie et
al., 2024; Olteanu et al., 2024).

The relevance of the gut microbiome has been further emphasised recently by the
suggestion that various factors influencing the constitution of the intestinal microbiota during
the first thousand days are critical for important developmental stages with likely functional
and systemic effects for the rest of the life (Cusick and Georgieff, 2016; Robertson et al.,
2019; Ratsika et al., 2021; Toubon et al., 2023).

1.2.4 Acquisition and composition of the gut microbiota

The gut microbiota evolves through three stages starting with a boom in early childhood,
relative stability in adulthood, and decline in old age (Costea et al., 2018). The development
of the gut microbiota and its resilience to perturbations are affected by a number of factors,
relating to both host genotype and environment (Fassarella et al., 2021). The latter include
mode of delivery, diseases, use of antibiotics, geography, type of feeding and lifestyle
(Laursen et al., 2017; Ratsika et al., 2021), and bacterial-host symbiotic interactions (Lee et
al., 2013; Pickard and Chervonsky, 2015; Aminov and Aminova, 2023).

There is still some controversy over whether the gut microbiota starts establishing (a) before
birth in the uterus with low levels of bacteria (Funkhouser and Bordenstein, 2013; Milani et
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al., 2017); or (b) during and after the birth (Koenig et al., 2011; Vogel et al., 2020; Ratsika
et al., 2021; Kennedy et al., 2023), however, it is clear that the microbiota is there from a
very early stage in the life of the host. The gut microbiota varies between preterm and full-
term infants, where the facultative anaerobes are more representative than strict anaerobes
in preterm compared with full-term infants (Arboleya et al., 2012). Another significant factor
in the development of the gut microbiota is associated with the mode of birth, vaginal or C-
section delivery; for example, Ratsika et al., (2021) contend that the development of the
infant’s microbiota is affected by the mother’s nutrition prior to birth as well as by the mode
of delivery. Furthermore, recent research suggests that communities in all body habitats of
newborns are dominated by Bifidobacterium, Lactobacillus and Bacteroides when delivered
vaginally in contrast to C-section delivered newborns, whose microbiota in all body habitats
are characterised by higher levels of Staphylococci (Ratsika et al., 2021), reflecting the
mother’s skin and hospital bacterial communities (Dominguez-Bello et al., 2010).

Breast milk provides the baby with over 200 different bacterial genera, including Lactobacilli,
Staphylococci, Streptococci and Bifidobacteria (Murphy et al., 2017; Ratsika et al., 2021),
however, the composition of breast milk can vary as a result of for example mother’s diet
(Padilha et al., 2019). The first three years of life are key in establishing a healthy gut
microbiome which will influence the long-term health of the host (Nagpal et al., 2017). There
is evidence suggesting that during the transition period from milk-based feeding to family
diet, the abundance of the species Lactobacillaceae, Bifidobacteriaceae, Enterococcaceae,
and Enterobacteriaceae decrease, while at the same time the species of Lachnospiraceae,
Ruminococcaceae, and Bacteroidaceae increase (Laursen et al., 2017). The low diversity
of microbiota in infants is considered healthy (Laursen et al., 2017), and the shift from low
to high microbial diversity in later age had been attributed to the cessation of breastfeeding
(and the bacteria coming from the mother) as well as to the inclusion of new foods with

higher protein and fibre content (Laursen et al., 2016).

1.2.5 Balance and imbalance in the gut environment

The healthy gut microbiome is composed of different and interacting types of
microorganisms such as bacteria, archaea, viruses, and fungi. There are more than 1000
different bacterial species residing in the gut (Quin et al., 2010), having a specific function
in maintaining health and the proper function of the gut (Guo et al., 2020). This bacterial

diversity is important as some bacteria act as hosts for viruses and may be indicative of the
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human microbial health state (Reyes et al., 2010). Some important characteristics of the gut
microbiota for human health are its stability, resistance, and resilience to change, and this
is where the notion of “gut balance” or “homeostasis” plays a key role with the commensal
bacteria being a critical component (Thriene and Michels, 2023). When the whole intestinal
microbial ecosystem is in a homeostatic state, this is called eubiosis, which is a basic
principle of health of the host as previously suggested by, for example Hippocrates (lebba
et al., 2016).

The wide array of microorganisms coexisting in the human gut creates a balance, in which
the microorganisms both compete and cooperate in order to thrive while the host benefits
as a result. The basic principle of a competing adaptation is through direct and geographical
site-specific access to nutrients (Guo et al., 2020). Commensal bacteria are able to develop
a cross-feeding or cooperation mechanism with other bacteria, whereby both depend on
each other for survival and successful colonisation in the gut (Guo et al., 2020). An example
of the cross-feeding situation can be illustrated when an increase in genes for maltose
utilisation in Escherichia coli is observed in bi-colonized mice with Escherichia coli +
Bacteroides thetaiotaomicron (E. coli + B. thetaiotaomicron) compared with mono-colonised
mice just with E. coli (Li et al., 2015).

The stability of the gut microbiota in healthy individuals shows little change over time
(Clemente et al., 2012) and is associated with a highly diverse microbial population
(Bonsack et al., 2020). However, it is important to stress that stability here implies a dynamic
state in which the gut is in an ecological equilibrium and other factors such as diet and
environment do not fluctuate. The healthy gut will fluctuate (Figure 1.2) around a stable
equilibrium, and the same is true for the unhealthy gut (this time, the new stable equilibrium
is an unhealthy one). This is because the resilience of the gut makes it resistant to change
in the long term without interventions such as medications or probiotics (Fassarella et al.,
2021). The ecological equilibrium in the healthy gut is a function of the microbial diversity
within it. There is a link between this diversity and resilience during perturbations because

the diversity of microorganisms can compensate for missing strains (Fassarella et al., 2021).
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Figure 1.2 The gut microbiota fluctuations in health and disease. (Adapted from
Fassarella et al., 2021.)

The gut ecosystem can be disrupted by a number of factors, for example the use of
antibiotics, injury or surgery, psychological stress, radiation and diet (Prakash et al., 2011),
amongst others. When these factors change the composition and the functional properties
of the gut microbiota, this leads to gut imbalance (i.e., dysbiosis). Dysbiosis can be
characterised by any of the three following states, which often appear concurrently: loss of
beneficial commensal microbes; expansion of pathobionts (members of the commensal
microbiota that have the potential to cause pathology); and loss of diversity (Petersen and
Round, 2014). The resulting change in microbial functional capacity, which can include
microbial pathways for oxidative stress tolerance, immune evasion, metabolite uptake,
carbohydrate or amino acid biosynthesis, has been shown to be upregulated (Butté et al.,
2015). Dysbiosis is normally caused by: (a) enteric infections and resulting inflammation that
reduces the commensal bacteria’s ability to resist colonisation by pathobionts or other
pathogens; (b) diet and xenobiotics (chemical compounds not naturally present or produced
in the host, such as drugs or pollutants); (c) genetic and familial transmission (e.g., mode of
birth) (Levy et al., 2017).

This state of imbalance can, in turn, affect health in other parts of the body, because of the
bidirectional relationship between the gut and other systems described earlier. For example,
Sadler et al. (2020) have demonstrated that having a stroke, results in alteration of the gut

microbiota composition, creating a dysbiosis that thereafter affects the recovery after stroke
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through lowering the amounts of SCFA normally produced by gut microbiota (acting as
recovery mediators). Similarly, SCFA producing bacteria in the gut were decreased (Mowat,
2021) as a result of increased population of proinflammatory invasive adherent pathogen
Escherichia coli, and other invasive adherent Proteobacteria (Campylobacter concisus and
enterohepatic Helicobacter) leading onto developing Inflammatory Bowel Disease (IBD)
(Mukhopadhya et al., 2012; Wiredu Ocansey et al., 2023). The metabolic inflammation so
fuelled by dysbiosis (Tilg et al., 2020) causes dysbiosis associated abnormal gut metabolism
(Liu et al., 2021) and metabolic reprogramming enabling pathogens to adapt to the
inflammatory milieu (Guo et al., 2020). This situation can develop into colorectal cancer, one
of the most commonly diagnosed and fatal cancers worldwide (Sung et al., 2021). Other
conditions associated with dysbiosis, such as autoimmune disease, atopy, metabolic
syndrome, obesity, cardiovascular disease, neurodegenerative conditions, and behavioural
disorders can be managed better by determining both which bacteria are present in the
normal intestine and their functions. Furthermore, it is also important to understand their
interactions with the immune system and to find ways to modulate the gut and thus prevent
infections and diseases triggered, aggravated or associated with dysbiosis (Mowat, 2021).
Additionally, a deeper understanding of brain functions involved in maintaining homeostasis
is essential, as the same are also involved in the regulation of dysbiosis (Bonsack et al.,
2020).

As discussed previously, diet has a significant effect on the composition of the microbiota
(Clemente et al., 2012) and is key in maintaining homeostasis together with a healthy
lifestyle, regular physical activity, and food hygiene (Ferreira et al., 2022). However, if
dysbiosis takes place, leading to a disease state, other ways will be required to restore the
homeostasis (Petersen and Round, 2014). The effectiveness of altering diet as a prevention
of infections caused by opportunistic pathogens appears higher in the steady-state gut. The
same intervention was shown to be ineffective in people at advanced stages of disease e.g.
(Guo et al., 2020). This process of restoration and rebalancing microbial communities back

to a healthy state has been called “rebiosis” (Petersen and Round, 2014).

Recent advances in the field of microbiome research and the next generation multi-omics
(Park et al., 2022; Gao et al., 2023; Chetty et al., 2024; Wu et al., 2024) offer new
approaches to understanding the restoration of gut health pointing toward more
personalised interventions (Sadowsky and Khoruts, 2016; Fassarella et al., 2021). These
advances allow to determine which strains of bacteria might be needed in a specific case, a

prerequisite to personalised treatment. For example, bacterial diversity in IBD patients is
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decreased, while at the same time the bacteriophages (viruses that infect bacteria) increase
significantly. Such effects need to be taken into consideration when a strategy for restoration

of homeostasis is planned (Gogokhia et al., 2019).

For implementing a dysbiosis treatment strategy successfully, one needs to: (1) identify the
most beneficial microbiome (including the diversity, amount and metabolic activity of,
microbes), (2) analyse the microbiota colonizing specific areas of interest in an individual
(e.g., skin, oral cavity, respiratory tract, gastrointestinal tract, urogenital tract), and (3) modify

the patient’s microbiome to achieve effective rebiosis (Dietert and Dietert, 2015).

Traditionally, there have been two main treatment strategies for rebiosis. They include
intensively researched faecal microbiota transplantation (FMT), and biotics administration,
together with specific pathogen metabolic inhibitors (Guo et al., 2020). The term “biotics”
includes prebiotics, probiotics, symbiotic, postbiotics and others. This type of treatment will
be further illustrated in section 1.3. FMT approach is common in clinical practice and offers
a full range of microorganisms from a healthy donor. The biotics field is growing rapidly and
applications in clinical practice are also becoming widespread. More recently, predator-prey
strategies have also been advanced. These use predatory bacteria, bacteriophages or
protists that are more aggressive than those causing the imbalance (Mosca et al., 2016;
Fujiki and Schnabl, 2023).

Older FMT modes of delivery such as nasogastric intubation, or the use of lower endoscopy
are gradually giving way to a novel colon specific delivery FMT oral capsules containing
minimally processed donor material which are coated externally with a blend of bacterially
triggered polysaccharide and pH-responsive polymer which dissolves in the colon (Allegretti
et al., 2019). The risks and adverse events arising from FMT can be broadly categorised
into two (Vrieze et al., 2013): procedure related complications, such as bowel perforation,
or donor related complications, such as transmission of unknown pathogens (Cammarota
etal., 2014; Yu et al., 2023). For this reason, despite the implementation of FMT into clinical
practice becoming more common, some emerging risks connected to this procedure,
including multidrug-resistant organisms, enteropathogenic or Shiga toxin-producing
Escherichia coli, require better donor screening and safety protocols (Gupta ef al., 2021).

For the sake of succinctness, only a few examples of the way in which these strategies
operate in restoring balance will be drawn. There are incipient results pointing towards fixing

dysbiosis in ageing, which contributes to neurodegenerative diseases, through strategies
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that encompass diet and biotics (e.g., fibre-rich foods or indigestible-carbohydrates that help
short-chain fatty acids production, prebiotics, probiotics, and polyphenol) or FMT (Castelli et
al., 2021). Similarly, there is evidence suggesting that in patients with advanced chronic liver
disease the three strategies, biotics, FMT, and predator-prey strategies are promising,
although more data are still needed (Tranah et al., 2021; Bajaj et al., 2022). Ma et al., (2021)
have recently provided a further example of rebiosis achieved through biotics
(psychobiotics) having an important impact on relieving stress and anxiety and hence

showing the neuro potential of the gut microbiota.

1.3 The Biotics Family

1.3.1 Description

“Biotics” is an umbrella term that has been adopted recently to describe an array of new
terminology generally referring to new areas in the development of the “application of
microbes with technological, agro-industrial, ecological, or health purposes” (Vinderola and
Burns, 2021). This is an emerging and rapidly expanding field; knowledge is being generated
so fast, that the WHO had to publish guidelines so not all producers can say their products

are pre-pro-syn-biotics and as such having the health benefits which are an ultimate goal.

1.3.1.1 Probiotics

A report issued in 2002 by a Joint Food and Agriculture Organization (FAO) / World Health
Organization (WHQO) Working Group on Drafting Guidelines for the Evaluation of Probiotics
in Food (FAO, WHO, 2002), recommend the adoption of the definition of probiotics as “Live
microorganisms which when administered in adequate amounts confer a health benefit on
the host” (Nutrition Division FAO/WHO, 2006). This definition was reviewed in 2013 by the
International Scientific Association for Probiotics and Prebiotics (ISAPP) Expert Panel and
they concluded that it is still accurately broad and precise (Hill et al., 2014). There are several
activities that should be carried out to deem products to be probiotics, including bacterial
strains identification, functional characterisation of the strains, validation of the attributed
health benefits, and proper labelling (Pandey et al., 2015).
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1.3.1.2 Prebiotics

Prebiotics are currently defined as “a substrate that is selectively utilized by host
microorganisms conferring a health benefit” (Gibson et al., 2017). The previous definition “a
non-viable food component that confers a health benefit on the host associated with
modulation of the microbiota” (Pineiro et al., 2008) was based on the first definition of
prebiotics by Gibson and Roberfroid (1995), and their subsequent updated versions (Gibson
et al., 2004; Roberfroid, 2007). These successive updates illustrate the dynamic nature of
this field and the need for an agreement on the breadth of the definition and on the relevant
criteria needed for it (Gibson et al., 2004). As the field of biotics advances the need for
regulation increases and as a result The Joint FAO/WHO Food Standards Programme
proposed international guidelines for prebiotics (Codex Alimentarius Commission.
FAO/WHO, 2018).

1.3.1.3 Synbiotics

The current definition of synbiotics, as by ISAPP 2019, states that they are “a mixture
comprising live microorganisms and substrate(s) selectively utilized by host microorganisms
that confers a health benefit on the host” (Swanson et al., 2020). It is worth noting that
resident as well as externally added microorganisms, are considered as integral parts of the
host microbiota despite some being present only temporarily (Swanson et al., 2020). Also,
we should bear in mind that an alternative definition of second-generation synbiotic agents
has been put forward (Vinderola and Burns, 2021), in which “prebiotic agents could be
defined based on their physiological effects or functional capacities in the host rather than

their specific microbial targets” (Sharma and Padwad, 2020).

1.3.1.4 Postbiotics

Postbiotics used to be referred to as bioactive compounds produced during a fermentation
process (Malagon-Rojas et al., 2020) that did not fit into the category probiotics, prebiotics
or synbiotics (Collado et al., 2019), while still having the health beneficial effects on the host
(Mayorgas et al., 2021). In other words, postbiotics could have been any bioactive bacterial
metabolites with beneficial effects on the host (Person and Keefer, 2021). The definition of
postbiotics was rather tentative (Malagon-Rojas et al., 2020; Morniroli et al., 2021), until
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ISAPP’s consensus was reached on the definition of postbiotics as “a preparation of
inanimate microorganisms and/or their components that confers a health benefit on the host”
(Salminen et al., 2021). Having properly defined biotics both current as well as emerging is
imperative given that there is a great interest, in this field from the industry, health and clinical
application and growing evidence of efficacy (Vinderola et al., 2022).

1.3.2 Probiotics and their role in health and disease

The general principle at work when understanding the role of probiotics in health is that
microbial diversity is beneficial to the host’s wellbeing (Chaluvadi et al., 2015). As discussed
previously (1.2.4), the notion of balance linked to a healthy gut is related to the commensal
bacterial diversity. Since the gut is connected to many other systems of the body, as
exemplified by the brain-gut axis, the healthy gut has an impact on the health of the rest of
the body. Hence, the diversity promoted by probiotics translates into general health.
Currently, research on the health benefits of probiotics covers a wide scope of diseases,
such as gastrointestinal diseases (Liu et al., 2018), neurodevelopmental and
neuropsychiatric disorders (Vaghef-Mehrabany et al., 2020; Sharma et al., 2021; Vasiliu,
2023), dermatological/topical problems (Notay et al., 2017; Whiting et al., 2024), immune
system modulations (Singh et al., 2021), pain management and treatment (Rea et al., 2021),
to mention some of them. One prominent function of the gut microbiota is its modulating
capacity. For that reason, it has a key role in controlling metabolic and inflammatory
pathways in the above mentioned and other diseases (Nguyen et al., 2019; Palade et al.,
2022). Consequently, developing new and innovative strategies and treatments for dealing
effectively with disease prevention and disease treatment will inevitably include probiotics.
Studying and understanding the many different axes is proving to be an invaluable tool in
designing and developing innovative strategies for dealing effectively with disease
prevention and treatment. A few examples of how understanding the axes are bringing a
new array of approaches to health and disease are outlined below.

The first example comes from the so-called brain-gut-microbiota-diet axis. The ability to tailor
interventions, such as treatments in synchrony with diets, using postbiotics (Person and
Keefer, 2021), relies on placing the focus of our understanding of the psychiatric,
neurological, and neurodegenerative diseases on the proper development and maintenance
of the brain through the gut (Cryan et al., 2019). Figure 1.3 illustrates interconnectedness

axes that could be drawn for other systems in the body’s holobiont.
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There are several communication channels. For instance, the immune system, the vagus
nerve, and the enteric nervous system are used by the gut microbiota to “talk” to the brain
and vice versa, entailing SCFA, branched chain amino acids (BCAA), and bile acids (Cryan
et al., 2019). Yet, the full implications of biotic therapies in the management of different
diseases associated with the gut remains to be elucidated (Deleu et al., 2021).
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Figure 1.3 A non-exhaustive illustration of the scope for gut microbiota-brain axis to
influence different health conditions. Image taken from Cryan et al. (2019).

The second example is the brain-gut-skin axis. Skin protects the body from all external
elements, including microorganisms, and plays a vital role in maintaining the body’s
homeostasis. The resident microorganisms constitute the skin microbiome (Sfriso et al.,
2020). Dysbiosis in the skin microbiome can cause pathological disorders for example, acne,
eczema and allergies (Sfriso et al., 2020). Often these conditions are reported to have
psychological effects especially in young people with insomnia, depression, or anxiety being
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the most common ones. It is likely that some of the psychological effects might originate
from just having the iliness itself rather than having a gut-brain molecular mechanism.
However, there are only limited treatment options, therefore, the potential for exploring the

utility of probiotics is appealing (Goodarzi et al., 2020).

The third example is the brain-gut-endocannabinoid axis. The endocannabinoid system can
be defined as a metabolic pathway implicated in the communication between the gut
microbiota and the host, regulating the intestinal barrier function (Jansma et al., 2021). For
instance, decreased activity of the endocannabinoid system has been reported in gut
inflammatory disorders (Jansma et al., 2021), whereas obesity, while also being linked to
inflammation in the gut, showed an increased endocannabinoid system activity (Muccioli et
al., 2010). Probiotic and prebiotic interventions to manipulate the endocannabinoid system
activity have been investigated with encouraging results (Cani, 2012; Chevalier et al., 2020;
Pinapati et al., 2024). The potential for the biotic therapies, as adjunct therapies for certain
pain modalities (including IBS or other gut related pains), is encouraged because the

endocannabinoid system can be modulated via the gut microbiota (Rea et al. 2021).

1.3.3 Where probiotics go

The use of probiotics can be traced back to the Neolithic period, in the form of fermentation,
as a food preservation technique (Bourdichon et al., 2012). Fermentation evolved to have
many different uses in food preservation and safety, being also used for improving the
organoleptic (taste and smell) and nutritional quality of foods (Bourdichon et al., 2012). This
is in part because fermentation helps biofilm and pathogen control through, for example an

inhibition and reduction of toxic compounds (Moradi et al., 2020; Shao et al., 2021).

Probiotics, and the biotics family in general, have been developed to have applications in
pharmaceuticals, food industry, and other areas. They have been receiving increased
attention in recent years as the availability of scientific and clinical evidence of their
effectiveness and versatility is growing. Many new bioactive compounds produced by
probiotic bacteria are finding their uses in restoring and maintaining hormonal and metabolic
homeostasis; immunity enhancement; cancer prevention and cancer therapy (Maleki et al.,
2016); mitigation of adverse effects of neurodegenerative diseases, such as Parkinson’s
disease (PD) and Alzheimer’s disease (AD); replacement and fortification of antibiotics;
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personalised treatments; adjunct therapies for gut conditions, and other areas (Novik and
Savich, 2020).

1.3.4 Types of probiotics available

There are three main areas where probiotics are currently being applied in humans, namely
food and beverage, drugs, and dietary supplements. The most commonly used probiotic
species across all three sectors are Lactobacilli and Bifidobacteria (Market Watch, 2021;
GMI, 2023). Other lactic acid bacterial species that are frequently used include Enterococci,
Lactococci and Streptococci (Patro et al., 2016), Bacillus species (Cutting, 2011; Soares et
al., 2023), Escherichia coli strain Nissle 1917 (Pandey et al., 2015) and yeasts such as
Saccharomyces (Czerucka et al., 2007; Suez et al., 2019) have also established their

presence in the food and pharmaceutical industries.

Commercially, dairy products (cheese, fermented milk and yoghurts) and non-dairy products
(juices, meat, fruits and vegetables) have been used as delivery systems for probiotics
(Freitas et al., 2014). Furthermore, extensive efforts have been made to understand how
best to protect probiotic bacteria from the harsh environment of the digestive tract with

encapsulation leading the way (Romano et al., 2016).

1.3.5 Commercial importance of probiotics

In 1994, the Dietary Supplement Health and Education Act in the USA was passed, and it
was this legislation that enabled an exponential boom in the global probiotic market which
was worth approximately USD 14.9 billion in 2007. The legislation allowed probiotic agents
to be marketed as dietary supplements without the strict regulatory requirements necessary
for sale and marketing of prescription drugs (Gogineni et al., 2013). Currently, it is predicted
that the global market for probiotics will generate revenue of around USD 81.8 billion by the
end of 2025 (R and M Report, 2018). The probiotics dietary supplements segment alone
(where Symprove currently belongs) was estimated at USD 4.6 billion in 2020 and was
projected to reach USD 7.1 billion by 2027 (R and M Report 2021), however, the newest
report indicates that the estimated market value for 2022 was already at USD 8.1 billion and
is to increase to USD 12.3 billion by 2030 (R and M Report, 2024).
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Probiotic products, which are designed to deliver live beneficial bacteria into the host, face
unique challenges with regard to design and development of the formula, manufacturing
process, scaling-up production volumes, quality and safety assurance, and marketisation.
To meet these challenges, the industry, regulatory bodies, testing laboratories and research
institutes converge in the process of achieving a set of requirements and standards for
control and validation (Jackson et al., 2019). For example, the increasing demand for
probiotic products stresses the need for fast and reliable quality assurance testing methods
(Patro et al., 2016; Ziyaina et al., 2020; Manoj et al., 2021). There are several new ways in
which probiotics are being used. For example, to prevent foodborne ilinesses (Likotrafiti and
Rhoades, 2016); to manufacture bioactive edible packaging (Moradi et al., 2021); to
biofortify foods (Banik et al., 2020) and to develop non-lactic plant-based matrices (Sethi
and Anurag, 2021). These new applications and production methods require new
approaches to testing the safety and quality of probiotic preparations (Zawistowska-Rojek
et al., 2022; Boyte et al., 2023). The need for further development is amplified as the existing
methods either do not work well or are not fit for purpose in all areas of the probiotic industry
(Marinova et al., 2019; Capozzi et al., 2020).

From a commercial perspective, there is a growing need to establish a number of
parameters relating the effect of probiotics on the host (Qi et al., 2020). Some of these
parameters comprise indications and contraindications with medicines and recommendation
for specific health conditions (Gogineni et al., 2013; Purdel et al., 2023). They also include
knowledge of how probiotic supplementation can affect the gut microbiome recovery after
antibiotic treatment (Suez et al., 2018) and understanding of the interactions between
individual components within a given product (Fredua-Agyeman et al., 2017b). All these
parameters will have an impact on how the products are formulated and recommended for

use to achieve optimal effects.

1.3.6 Outline of the essential components of a good/functional probiotic

There is some consensus that the following properties should be present in an ideal probiotic
strain for oral administration : non-pathogenic, acid and bile tolerant, genetically stable, fast
generation time, effective adhesion to gut lining, anti-genotoxic and able to survive
production processing (Pandey et al., 2015). Therefore, it is important to understand the
gut’s environment with its changing spatial gradients as outlined in Figure 1.1. This will aid

in development of new probiotics and optimisation of existing probiotics to make sure these
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are functioning as intended and highly efficacious. However, there are also several other
criteria in order to classify a potential microorganism as probiotic in foods and food
supplements. For instance, the strain must be sufficiently characterised according to the
International Code of Nomenclature of Prokaryotes (Parker et al., 2019). It also should be
safe for the intended use (for example, for human consumption). The strain should qualify
for either being on the Qualified Presumption of Safety list on grounds of historical evidence
(Koutsoumanis et al., 2020; Koutsoumanis et al., 2022) or being subject to the Novel Food
Regulation (European parliament and the Council, 2015), or its equivalent in other countries.
It is also recommended for the probiotic to be supported by at least one positive human
clinical trial, and to be alive in the product at an efficacious dose throughout shelf life (Binda
et al., 2020).

Additional characteristics that are considered beneficial for consumer satisfaction and
acceptance include delivery system (tablets, capsules, liquid formats), organoleptic
palatability, the story behind the product (being eco-friendly, organic, ethically sourced and

produced).

Having outlined the main characteristics of probiotics, both from a theoretical and a
commercial perspective, the discussion will now be placed on the specific probiotic product,

Symprove, which is the focus of this research.

1.3.7 General description of Symprove

Symprove is a liquid food supplement. Considering the definitions of the different members
of the biotics family illustrated above (1.3.1), Symprove is a combination of all of them. It
consists of prebiotic in the form of an extract of germinated barley that contains simple and
complex sugars, including fructo-oligosaccharides. The probiotic part is the four live and
active lactic acid bacteria. These bacteria produce a postbiotic, a lactate that is present in
the product throughout its shelf life (Marzorati et al., 2020). Since the product contains four
species of lactic acid bacteria in a water-based extract of germinated barley, it also meets

the definition of a symbiotic.

Symprove was initially formulated for people to maintain and support their digestive health
as well as to manage symptoms of IBS. As will be discussed below, the product helps build
up and balance the gut microbiota with friendly bacteria. Symprove can be used by people
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who are lactose and gluten intolerant. The product is ready to use and is suitable for most
vulnerable groups including children, pregnant women, elderly people, and people with food
allergies. The product should be stored and consumed as recommended by the
manufacturer, with additional advice from a health care professional if needed. The
functionality of the product lies in modifying the colon environment through the production
of lactic acid and related lactate that serves as a food source for other beneficial microbes.
They turn the lactate into different compounds, such as SCFA, within the gut environment.

The full description of the product and the production process will be given in section 1.4.

Given the scope of this research (specific probiotic food supplement production), a brief
summary of studies and clinical trials where Symprove was used is below. In general, two

types of studies (in vitro and in vivo) were conducted.

In vitro studies focused on two main areas: product efficacy in some diseases and product
formulation quality. Product efficacy investigations are detailed in a Clostridium difficile
infection model (Fredua-Agyeman et al., 2017a; Van den Abbeele et al., 2018), common gut
pathogens model (Dodoo et al., 2019), ulcerative colitis model (Ghyselinck et al., 2020),
Parkinson’s disease model (Ghyselinck et al., 2021), and in modulating effects on the gut
microbiota (Marzorati et al., 2018; Moens et al., 2019; Marzorati et al., 2020). Product
formulation quality was assessed in a simulated gastric model (Fredua-Agyeman and
Gaisford, 2015) and from studying the interactions between the individual bacterial species

within Symprove (Fredua-Agyeman et al., 2017b).

In vivo studies, in humans, which used Symprove examined the effects of the product on
IBS (Sisson et al., 2014), IBD (Sisson et al., 2015; Bjarnason et al., 2019), Diverticular

disease (Kvasnovsky et al., 2017) and Infection and inflammation (Hassan, 2020).

1.4 Symprove production process and quality assurance

1.4.1 Background

The initial research into formulating Symprove conducted in the 1990s set the ground for
the proposed solution and a patent filed by Thurlby (2006). Although the formulation and the
production process developed and described in the patent was the foundation for the current
production process, it has gone through several alterations since then to accommodate the
demand for an increased production volume. Symprove formulation was based on the
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growth parameters of its constituent bacteria, their metabolites and the speed of delivery of
it when passing through the digestive system, specifically the stomach, to safely arrive in

the large intestine for maximum host benefit.

The production process started with germinating barley, the base growth substrate for the
subsequent fermentation of the four lactic acid bacteria. The subsequent steps after the
completion of the germination included: milling the germinated barley; mashing-in using
water; separation of spent barley from the barley extract (wort); and boiling of the extract.
The fermentation stage and a subsequent blending of the final product is described in more
detail in the next two paragraphs.

Fermentation was done using two fermenting vessels (FV1 and FV2) filled with pasteurised
barley extract, each vessel was inoculated with equal parts (ratios) of two strains of lactic
acid bacteria (NCIMB stands for The National Collections of Industrial, Food and Marine
Bacteria. FV1: Lactobacillus acidophilus NCIMB 30175 + Lacticaseibacillus rhamnosus
NCIMB 30174 (1:1) and FV2: Lactiplantibacillus plantarum NCIMB 30173 + Enterococcus
faecium NCIMB 30176 (1:1)). The selection of the bacteria for FV1 and FV2 was based on
their basic ability to lower the pH during the growth (fermentation) phase and their individual
interactions with one another. These four organisms were kept at -80°C, two of which were
in a powder form and two were in a frozen liquid slush form. Organisms, thawed before use,
were added directly to the fermenting vessels. Both FVs could be considered a biological
semi-closed (meaning formally non-sterile; in other words, not as an attempt to make
medicine) system with defined organisms and a controlled medium (containing only 2 strains
of bacteria each and a growth substrate / medium of limited variability, therefore controlled

to some extent).

The final product was made up by blending FV1 and FV2 in equal proportions with added
antioxidant (ascorbic acid), preservative (potassium sorbate) and flavours (only in flavoured
versions of the final product) while being cooled down from 37°C to approximately 10°C.
The cooling stage during blending of FV1 and FV2 was designed to slow down the
fermentation process and bring the final mix close to an equilibrium state —minimal bacterial
activity within the product to ensure long shelf life and optimal performance of the product.
The final product could be refrigerated at 4°C to prolong its stability further. The optimal
blending ratios of individual bacterial components was not scientifically established and
offers an opportunity for improvements of the current product formulation in terms of efficacy
and stability over its shelf life.
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Safety and quality testing of the final product was done via an accredited (Food and Drug
Administration (FDA), Good Laboratory Practice (GLP), Good Manufacturing Practice
(GMP)) contract microbiology laboratory. This testing included checking for the presence
and levels of the individual beneficial bacterial strains, basic screening for contaminants
such as Salmonella species, Escherichia coli, total yeast and mould count (TYMC) and
annual screening for endotoxins. Microbial culture methods as detailed in standard operating
procedures (Green et al., 2013) were used. Samples were taken from all vessels (FV1, FV2
and all mixes), and then sent to the contract microbiology laboratory. This testing was done
on each new batch according to the patent and relevant legislation specifications (European
Commission, 2005; Handbook of microbiological criteria for foods, 2020). The final product
was also evaluated by trained staff members for organoleptic properties of smell and taste.
It took between one to two weeks (the exact time to get a full set of results could be even
longer (see for example, Chapter 2, Table 2.4) if the basic screening for contaminants
yielded a positive result and a further identification was required) to get the microbiology
tests results, after which the product was either approved or rejected for subsequent bottling
and sale. This long waiting time introduced delays in production and this limited the
performance of the whole operation especially during busy periods.

Each step in the production process aimed at ensuring that a safe and good quality product
was made and shipped to consumers. The need for managing the process and the product
was of increasing importance especially since the company was planning to expand its
manufacturing capacity while also looking into outsourcing the barley processing. The
company adopted a quality management system ISO 9001, hazard analysis critical control
point (HACCP) and was preparing to have good manufacturing practice (GMP) standards
incorporated during 2022 production expansion planning stage.

1.4.2 Challenges in production process and quality assurance (QA)

There were several challenges presently identified either in the production process itself or
concerning QA procedures. Production challenges included: processing of raw barley on
site which was time and labour intensive; the current manufacturing capacity was limited to
producing one batch per day; the production process was only partially controlled through
temperature and time limits; the fermentation was only checked by measuring pH at the end
of the process; the fermentation was self-regulating and not controlled by the operator. QA

challenges were concerned with the speed of testing and the accuracy of the microbial
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culture techniques. Therefore, a closer-to-real-time analysis would be commercially (and

potentially theoretically) important.

1.4.21 Description of the problem

Fermentation is, as any biological process, highly complex. This means that creating models
that can be used in industry is a challenging task. As described in 1.4, the production of
Symprove was carried out in two different vessels, FV1 and FV2, whose contents were
mixed in equal proportions after the fermentation stage was completed, resulting in Mix (FV1
+FV2). FV1 contained two strains of lactic acid bacteria, making it the simplest possible
system to study within the Symprove production process. This provided an excellent
opportunity to investigate and model the behaviour of two strains of bacteria, interacting with
the growth medium and with each other, in a sufficiently controlled way. The two bacteria
used in FV1 were pure strains (pure means there was only the desired strain of
microorganism and no microbiological contaminants present in the inocula, also see 4.2.2
for further details). It was not always the case that pure cultures were used, as in the past
the bacteria used were of lower purity allowing up to 5 x10* of total aerobic contaminants.
There was only one supplier of inocula whose specifications allowed non-pathogenic aerobic
contaminants up to this level (5 x104 / g) in their final product. Symprove co accepted these
batches as there was no alternative at that time and there was no obvious or detectable
contamination by Lab 1 (Wickham labs, UK) either in the inocula themselves or Symprove
final product. Studying those potentially contaminated cultures compared with pure ones
introduced an extra complexity, especially when all the components/contaminants were not
known. The switch from lower purity inocula to pure strains made the composition of FV1 an
ideal system to study because any contaminants detected would not be originating from the

inocula themselves.

The growth medium used was barley wort. The analysis of the chemical composition of the
wort was very limited and varied from batch to batch as well as from variety to variety and
seasonality of the barley used for its manufacture. It was therefore reasonable to assume
that any metabolic changes detected during fermentation could be attributed to the
variations resulting from the heterogeneity of the growth medium or external contaminants
and not from the variations of the controlled inocula, providing all other production

parameters such as timings and temperatures were consistent.
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Quality Assurance (QA) methods as described in 1.4 posed challenges and delays to the
final product release procedure. These QA methods were time consuming , the accuracy of
the microbiological culture techniques varied significantly ( a contract microbiological
laboratory used by Symprove company, had +0.5 log result accuracy which was consistent
with the literature (Jarvis et al., 2007; Jarvis et al., 2012)) and these methods could not be
implemented on-line (such as a spectroscopic or calorimetric probe located directly in a
fermenting vessel monitoring the processes in real time). Additional problems associated
with the QA methods included: high cost of testing per sample; loss of approximately 2-3
weeks of shelf life whilst the quarantined batches awaited results for release; and the need
for a large storage capacity to keep several (up to 2 weeks’ worth of produced batches) in
quarantine before release for subsequent bottling and sale was allowed. Furthermore, the
microbiological methods did not capture sufficient information about the process of
metabolism as it happened or the progress of the same metabolism of the growing culture.
Additionally, the metabolism of bacteria could be affected by being plated onto a semi-solid
matrix of agar plates as this did not represent closely the liquid planktonic type of growth
that happened in FV1. The lack of these insights into metabolism was particularly
challenging in decision making. For example, if the final pH of FV1 was within the specified
range and L. rhamnosus count was outside of the specified range the acceptance or
rejection of this particular batch was in question. Therefore, a fit-for-purpose method that
could provide more detailed information about the state of the fermentation process was
needed. ldeally, this new method should be a standalone one or alternatively a

complementary one to the existing microbiological method.

Historically, most problems in the production process were experienced during the
fermentation phase, particularly in FV1 (Symprove database of test results). Additionally,
cross-contaminations of FV1 by FV2 was experienced, specifically by E. faecium, and these
were not reliably and consistently detected by the contract laboratories. There were many
reasons why this was the case. The fermentation took place in non-sterile vessels, using a
non-sterile growth medium (wort). It relied on the overloading of the non-sterile growth
medium with high concentrations of viable good bacteria (L. acidophilus + L. rhamnosus)
that, it was hoped, would outgrow anything else that could be present. Other equipment
such as transfer hoses, pumps and heat exchangers were used interchangeably throughout
the production process, and this provided an opportunity for the whole system to be cross-
contaminated. There was a rather long lag phase in FV1 (approximately 1.5 hour when

tested in TSB) compared with FV2 (no lag phase observed when tested in TSB) and this
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was a significant problem in FV1, as both of its bacterial components grew much slower
than one of the FV2 components —E. faecium. This meant the E. faecium could take hold

in the FV1 and alter its final composition.

Lowering the pH faster through faster growth and increasing the concentration of metabolic
by-products of the good bacteria meant lowering the chances of establishment of a potential
contaminant. Relying on this ability of the FV1 and FV2 bacteria to naturally outcompete
other potential contaminants could work, in principle, if the contaminating organisms were
not high in numbers, did not grow much faster than the correct inoculum, did not persist in
the final product, did not metabolise (or degrade the target compounds such as lactic acid)
metabolic by-products of the inoculum, and were non-pathogenic. However, if there was a
contaminant (assuming non-pathogenic, as pathogen contamination would result in disposal
of the batch in question), this could still have a detrimental effect on the fermentation
process, for example change in metabolic pathways, resulting in faster nutrient depletion or
gas formation, affecting organoleptic properties and stability of the final product. Detection
of a contaminating organism might be challenging with microbiological methods used at the
time, as the final product already contained high concentrations of beneficial
microorganisms (I demonstrated this previously by testing a freshly made batch of L.
acidophilus inocula by a contract manufacturer. | discovered, using IMC (isothermal
microcalorimetry), that the new batch of L. acidophilus was contaminated during the
manufacture with E. faecium (different strain from the one used in Symprove formula) that
was produced for another customer on the same line. The initial IMC findings were
confirmed later by genetic sequencing of the contaminating isolate. Despite the contaminant
not being pathogenic, the composition and therefore the functionality of the final product, its
shelf life and stability could be affected. This was most likely because of nutrient exhaustion
by competing bacteria as well as by their metabolite build up in the final product.

In short, the main problems with the testing procedure were: long time to results; accuracy
varies significantly from batch to batch; end point analysis only (could not be implemented
on-line); laborious sample preparation reflected in high cost per sample. Hence, the method
needed, should ideally have the following characteristics; rapid compared with the current
microbiological method; reproducibility of the method (better than the microbiological
method: e.g., agar plate analysis of identity and number); have the potential to be
implemented directly into the fermenting process monitoring; the interpretation of data
obtained should be simple (e.g., yes/no answer) and the implementation into the production

process should be easy. Yet, this was only considering the pragmatic aims. For the
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theoretical one, the method needed should ideally allow for: having data analysis and
interpretation of the results carried out automatically (e.g., a matrix of parameters worked
towards vs. observed parameters); industrial exploitation of the capacity for interpretation of
data from microbiology (data from a chosen method); kinetic analysis of the data available,

consequently offering quantitative assessments.

1.4.3 Opportunities for improvements

There was only a modest confidence in the production of a successful end product until a
full set of test results was received from the contract analytical laboratory a week or more
later. The product was stored on site over this period. Faster turn-around or a quicker
method for QA and analysis would offer increased production rates, money saving and
confidence in the process itself. There were two main areas where improvements could be
made. One related to the production process and the other one related to QA. Both are
detailed below in 1.4.3.1 and 1.4.3.2.

1.4.3.1 Production process opportunities

The germination process and some other key variables such as smell, taste and colour of
the barley and the extract thereof were controlled by pragmatic knowledge and experience
only. Consequently, nutritional variations could occur in the barley extract, affecting the
fermentation and quality of the final product. Types and quantities of sugars and other
nutrients within the germinated grains could be further optimised by introducing precise
temperature, moisture and aeration monitoring. Kilning (heat drying of the germinated
grains) would offer a large storage quantity of ready to use grains. Alternatively, ready to
use extract or synthetically prepared growth medium offered a suitable substitute to barley
extract produced onsite. Working together with a suitable extract producer was a feasible
way to tailor the properties of the extract to the exact requirements as set in the patent.
Additionally, | discovered, during the course of this project, a new way of preparing the
growth medium, wort, and IMC played a critical role in assessing its suitability (see 4.3.2).

Monitoring of the pH in real time presented a chance to suitably buffer or stop the
fermentation at a precisely defined value and this could help to optimise the production
process and the quality of the final product. In addition, the shelf life of the product could be
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extended by maintaining storage conditions for example temperature at a recommended

value (Thurlby, 2006) and by addition of suitable nutrients.

The viability and purity management of the bacterial cultures used in the production process
could be improved by customising the format of each one as a single dose only. For
example, the need to dispense bulk bacteria into smaller units onsite required multiple
defrosting and freezing cycles, introducing a potential for contaminating the stock and

impacting the viability of the cultures.

This method of inoculation introduced a long growth lag time, leaving some potential for
opportunistic pathogens to take hold and prolonging the fermentation stage of the production
process. Time could be saved by pre-preparing these as liquid based starting culture
inocula. A significantimprovement in time and confidence could be achieved by using frozen
liquid based pure inocula (Beezer et al., 1976). This would also limit the opportunity of
pathogens and other contaminating organisms to take hold in the wort during the initial lag
time of the production organisms. Production strains had a limited viability and purity
maintenance because of a bulk storage on site and a subsequent dispensing into smaller

dosing units.

Lastly, to establish comprehensive parameters of a good growth (GG), would mean all was
going well during the fermentation stage, and was essential from a quality and safety
perspective. When the fermentation proceeded as expected, the timing of the pH
downshifting was as expected based on the standard operating procedure, the smell and
the taste of the product at the end of the fermentation was acceptable and finally the test
results were within the specified limits. More advanced parameters for example bacterial
growth rates, lag phase, maximum growth, gas analysis, interspecies interactions and other
metabolic variables during fermentation could offer insights into the process which would
enable fine tuning and optimising the quality and safety of the product.

1.4.3.2 Quality assurance opportunities

Microbial culture techniques used for QA by the contract laboratories introduced significant
time delays to the final product release and might not be sensitive or accurate enough to
detect unwanted contaminants (see 2.6.1, 2.6.2 and 2.6.3). The accuracy of these methods
could create a large degree of variability between batches (Sutton, 2011; Weitzel et al.,
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2021). Other methods with real time or near real time monitoring capabilities could optimise
the whole QA procedure. One such method is isothermal microcalorimetry and is discussed

in in this thesis.

Additional methods which could quantify live and dead bacteria suitable for implementing
into Symprove QA are detailed hereafter: staining and quantification of bacteria by
microscopic enumeration, electronic enumeration or fluorescence activated cell sorting;
viable bacteria quantification by molecular methods for example quantitative polymerase
chain reaction, ribonucleic acid analysis and genomic cell number estimations and
quantification of viable bacteria by physicochemical parameters for instance adenosine

triphosphate, heat flow by calorimetry or foam formation (Mauerhofer et al., 2019).

1.4.4 Available production process monitoring methods

Industrially, a significant commercial interest lies in knowing which method is best suited
and convenient to assess the quality and safety of both final products and production
processes involving microbial growth. When it comes to fermentation monitoring, control
and assessment are imperative for ensuring safe and efficient production processes.
Although there was a range of methods available to that end, most of the available options
for Symprove company would impose either additional cost to modifying the existing
equipment (e.g., on-line testing method) or significant time delays and relatively high cost
because of external lab testing. Given that UCL was interested in developing the IMC
method for a wider industry use and Symprove company wanted to have their own rapid
batch-release test for production, they decided to partner in developing a batch-release test

for Symprove production.

There were different methods for monitoring industrial processes suitable for the Symprove
production process. Specifically, fermentation monitoring could be done using either off-line
(e.g., microbiological methods used by Symprove), at-line (Guo et al., 2012) or on-line
methods (Feng et al., 2021). It is fundamentally important to understand and control the
fermentation process in order to optimise parameters such as biomass quantification,
nutrient utilisation, metabolite build up, desired bacterial concentrations and pH during the

production process (Macaloney et al., 1996).
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On-line methods offer monitoring of the fermentation process in real time using optical or
spectroscopic sensors, and electrodes which are located directly in the fermenting vessel
(Slouka et al., 2016). This method is preferred over off-line methods as the measurements
are collected directly in the vessel without the need for sampling and transfer of samples
into a different analysing device (Mauerhofer et al., 2019). However, the technical issues
and the cost associated with the installation into already commissioned equipment is not

currently feasible for Symprove.

At-line spectroscopic methods are advantageous over off-ine methods because the
sampling is done almost in real time, automatically in defined intervals (Mauerhofer et al.,
2019). In addition to viable cell concentrations, these methods offer the possibility to
measure other parameters such as available nutrients, metabolite build up, dissolved
oxygen, and pH during the fermentation process (Leme et al., 2014). Here again the cost of
retrofitting into an already commissioned system would require calibrations and validations
for the specific process of Symprove fermentation and rather high cost and are presently

not feasible.

Off-line methods include direct cell counting, most probable number, biomass measurement
and light scattering (Mauerhofer et al., 2019). These are generally end-point analyses where
samples are taken at the end of the fermentation process from the final bulk product. The
contamination risks can be lowered if sampling is done at the end of the whole process
compared with intermittent sampling for off-line testing during the fermentation. Symprove
production process parameters (colony counting, monitoring of growth through temperature
and pH and nutrient analysis) were conducted off-line, using microbial culture methods,
away from the fermenters. Despite recent advances in industrial bioprocess control, this
method of monitoring was still routinely used because it was reliable (Gomes et al., 2019),
easy to perform and relatively cheap. The main disadvantages of any off-line method,
especially microbial culture method are the time delay from taking the samples to getting the

results and the potential for contaminating the samples during sampling and testing.

There are a number of methods investigated by the food industry to assess how to
incorporate the best option for a fast and reliable quality assurance system. It is likely the
final method will be a combination of several methods exploiting the advantages of currently
investigated methods, including IMC, quantitative polymerase chain reaction and whole
genome sequencing. While the methods are being developed, customised, and validated in
light of the past challenges, future research in areas like viable but non-culturable cells
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(VBNC), persistence of bacterial biofilms and their virulence factors in food production
plants, interspecies interactions in multispecies formulations, and safety concerns related to
new biological and non-biological innovation technologies (Suzzi and Corsetti, 2020) needs

to be monitored with care.

1441 Method selection

The Symprove company carried out an analysis to assess the suitability of readily available
methods for production process monitoring and to authenticate the final product for sale.
This was done through consideration of several factors including the following: speed of
testing (e.g., turnaround times); cost per sample; sample preparation complexity; potential
for real time monitoring of the fermentation process; previous experience with the testing
method and simplicity to implement the method into QA procedure. The range of methods
considered was not an exhaustive one, but rather a practical one reflecting the factors
outlined earlier. To achieve what Symprove envisaged in this regard, the methods
considered are presented in Table 1.1 below. The method selected was to be developed

further to specifically suit the purpose for which it will be used.

It needs to be mentioned here that the company was aware of other methods (such as flow
cytometry) potentially suitable for production process monitoring or the final product testing
at the time of decision making. However, various reasons such as a very limited budget at
the time, process design and the company growth stage (too early to pursue more than one
new objective in research and development) had an impact on the general scope of this
project which could have been broader.
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. Can it be Previously
Method Time to | Cost/sample Samplg installed used on
results (£) preparation -
on-line? Symprove
: : Serial dilutions
Microbial 15 150 — 300 (labour No Yes
culture days . :
intensive)
IMC g “48 10 -50 Minimal Yes Yes
ours
5-48 :
PCR h 150 - 450 DNA extraction No No
ours
Spectroscopy 12-48 i Nanoparticles
(SERS Raman) | hours 100 - 200 Sample drying No No

Table 1.1 Summary of different methods considered for QA and QC assessments of
Symprove. * Assumes being fitted on-line.

According to the prospective method’s ideal characteristics to solve the problem described
in section 1.4.2.1 (last paragraph) and the established parameters evaluated in Table 1.1,
IMC was chosen as the testing method to be developed. IMC was also chosen because
there was a well-developed understanding of how to derive kinetic parameters for chemical
systems and this could be developed for the studied biological problem of fermentation.
Further elaboration on kinetics is given in 3.2.1.1. Moreover, thermal analysis was superior
compared with the other methods assessed, because it allowed monitoring of metabolic
activities including the progress of metabolism (e.g., how well the organisms grew) as well
as the process of the same metabolism (e.g., how the growth developed over time) directly.
Calorimetry offered numerous advantages to study biological systems such as the
Symprove fermentation process. Simplicity of the test method which could monitor
processes inside opaque suspensions (and not just opaque systems but as long as the
sample could be contained in, say, an ampoule then it could be studied via IMC), the
possibility to obtain real time data, when installed on-line and the capacity for data analysis

automation offered extra advantages.

The decision to pursue IMC as an experimental method with a real potential to be
implemented into the Symprove production process was made based on the assessment
mentioned earlier in this section. Additionally, this decision was supported by University
College London (UCL) researchers who carried out some of the previous studies concerning
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IMC and Symprove (Fredua-Agyeman and Gaisford, 2015; Fredua-Agyeman et. al., 20173a;
Fredua-Agyeman et. al., 2017b; Dodoo et. al., 2019) and were especially interested in
developing the theoretical aim (see 1.4.5.1). Their experience and expertise in IMC enabled
the conception of the project presented herein. Moreover, UCL had an active interest in
developing IMC techniques for wider probiotic industry applications. The initial assessment
of the feasibility of the proposed project revealed several challenges as there was no
funding, no equipment or even any laboratory facility onsite at Symprove, nor a calorimetrist
or other expert scientist available within Symprove at the time of the assessment. The
possibility of collaboration between Symprove and UCL was very appealing to both parties
as Symprove was eager to introduce science into their portfolio and UCL was keen to further
their knowledge base regarding IMC. Both Symprove and UCL appreciated the potential
benefits of this cooperation and the groundwork began in 2015 with identifying the budget
needed to conduct the research, appointing the right candidate to carry out the research
(myself), setting up a basic laboratory space suitable for IMC within Symprove facilities in
2016 and the preliminary experiments began in late 2016. However, there was no suitable
microbiology laboratory space available to enable performing microbiological plating or other
microbiological techniques. As a result, it was not going to be possible to supplement any
IMC data with e.g., microbial cell numbers, substrate concentrations efc., reported within

this thesis.

Furthermore, several parameters needed consideration before choosing calorimetry
because data quality (validity and utility) collected by a calorimeter depend on a proper use
of the instrument and defining any potential pitfalls. For example, the experiment duration
should reflect the length of the studied process (e.g., fermentation timescale); the instrument
should be sensitive enough to detect sufficient power allowing these to be distinguishable
from the baseline; multiple peaks (events) taking place at the same time might need
deconvolution or the individual events causing multiplicity would need to be determined

experimentally (Kaletunc, 2009).

The IMC method when fully developed should be the only method needed and could be
implemented whenever basic laboratory space suitable for IMC was available onsite, with
no need for a specialist to process the samples or the results of the testing. In other words,
the pragmatic outcome was to ensure a simple, batch to batch, analysis of Symprove
production that accounts both for natural variation between batches and reproducibility. The
operational simplicity could be achieved by implementing an algorithmic tool whose output
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would provide the relevant information to establish the “yes/no” (or “pass/fail’) answer

desired.

Additional advantages of exploring IMC were discovered as the previously published
calorimetric studies involving Symprove, mentioned earlier, generated quantitative data that
could be further analysed. For example, the effects of gut transit on the fithess of the

microorganisms within the product arriving in the colon could be simulated and assessed.

1.4.5 lIsothermal microcalorimetry (IMC)

“Calorimetry” is a hybrid word combining “calor” (the Latin for heat) and “metron” (the Greek
for measure) to denote a heat measuring technique. The first experiment using calorimetry
as a new quantitative means to measure heat generated by a living organism was carried
out by Lavoisier and Laplace ([1783] 1994). Their early design was a simple ice calorimeter
inside which a live guinea pig was placed. The principle was straightforward: in a closed
system at constant temperature and pressure, the body heat of the guinea pig melted a
portion of the ice, allowing them to establish that the volume of melt water was directly
proportional to the heat generated by the guinea pig. From this relationship and knowledge
of the latent enthalpy of fusion of pure water it was possible to determine the enthalpy of
metabolism. The outcomes of the experiment proved to be very useful despite its
rudimentary nature. However, it would take almost eighty years for the first true industrial
scale calorimetric experiment to be conducted. It was Dubrunfaut, who in 1856 studied yeast
fermentation in a large wooden wine vat (Battley, 2013). Detailed description of this rather
macro calorimetric experiment (it involved 21400L of molasses solution with a great amount

of yeast inoculum) is given by Battley (1998).

Calorimetry has been developed enormously since Lavoisier and Dubrunfaut, being applied
to many different biological systems and sciences (Calvet and Prat, 1963; Brown, 1969;
Beezer, 1980; Wadso, 1986; James, 1987; Okada et al., 1998; Wads6 and Galindo, 2009;
Maskow, 2013; Morozova et al., 2017; Braissant et al., 2020; Cabadaj et al., 2021). In this
project, calorimetry is used to investigate the heat generated by living organisms (bacteria)
using a calorimeter in order to implement it into a 1000L fermentation vat —small by
comparison with the Dubrunfaut design, however much improved in terms of sensitivity

(microcalorimetry) and repeatability.
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Microcalorimetry (calorimetry where measurement of heat is expressed on a microwatt
scale) is able to detect changes in heat generated by microorganisms. This technique is
fast, accurate and nonspecific, suitable for direct measurements of metabolic activity of
bacteria. The method has high reproducibility within 3% compared with 5-10% of agar plate
diffusion method (Beezer, 1977). It can be used with either opaque or transparent growth
media and metabolic rates and biomass can be determined from data collected by a

calorimeter (Ashby and Beezer, 1996).

Isothermal microcalorimetry (IMC) is an experimental technique where sealed samples are
kept at a constant temperature inside a calorimeter during measurement (Wadso, 2002).
The stable temperature environment in the calorimeter is usually achieved by using a heat
sink such as a thermostatted water bath in which calorimetric measuring channels are
submerged (Thermometric, 1996). It implies, therefore, that the thermal power that flows
between the sample and the heat sink will produce (exothermic) or absorb (endothermic)
heat from the heat sink. Hence, the thermal power comes from any physical, chemical, and
biological processes happening within the sample itself. The heat sink is connected to
thermoelectric modules which convert temperature differences into an electric signal and
this signal is recorded as power-time data, ready for further analysis (Braissant et al.,
2010a).

1.4.51 Calorimetry and its use in industry

The account of calorimetry uses in industry offered here is by no means an exhaustive one,
however it was structured to lay grounds for the specificity of this project. Since the advent
of calorimetry in the late 18th century, calorimetry has been tried and applied in many
different fields. Whilst little changed since then in the basic principle of measuring heat
changes, calorimeter design and development have been greatly improved and expanded
with the revolution in advances in computer sciences and microelectronics (Sarge et al.,
2014). This enabled researchers and scientists to implement calorimetry in wider and novel
kinds of investigations for example in pharmaceutical industries (Gaisford and O’Neill, 2006),
biological sciences (Beezer, 1980; Wadso6, 1986; James, 1987), environmental sciences
(Wadso, 2009; Maskow, 2013), microbiology (Braissant et al., 2010a; Nykyri et al., 2019;
Braissant et al., 2020; Feng et al., 2021) and food industry (Wadso and Galindo, 2009;
Kaletunc, 2009; Stulova et al., 2015).
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Other sectors where calorimetry has been implemented and proved to be useful include
biomaterials testing (Zimehl et al., 2002); biochemical and clinical analysis (Grime, 1980);
chemical industry (de Buruaga et al., 1997; Leiza and McKenna, 2014); material sciences

(Sheng et al., 2021) and many other areas.

Calorimetry is suitable for analysis of chemical, physical and biological processes and as
such is specifically suitable for analysing foods, food production processes and food
systems. This is because many processing methods involved in food production and food
processing are thermal processing techniques which are either heating, cooling or freezing
and their physicochemical effects are detectable by calorimeters. For example, exothermic
processes such as fermentation, oxidation or crystallisation as well as endothermic
processes such as melting, denaturation and vaporisation can be studied. Traditionally,
differential scanning calorimetry (DSC) is the method of choice in the food industry as this
method is well suited to deal with different transformation processes such as melting,
oxidation, crystalisation or denaturation. The ranges of temperatures occurring during these
processes vary significantly therefore DSC has great utility (Le Parlouér and Benoist, 2009).
Nevertheless, many food production processes involve mixtures of different liquids and
powders and for this reason IMC offers a much better analytical tool that can deal with diluted
solutions or bulk materials isothermally (Le Parlouér and Benoist, 2009). In contrast to DSC,
IMC measures heat processes occurring directly in samples at constant temperature - the
samples do not need heating or cooling; these heating and cooling cycles could interfere
with the studied processes (Law and Zhou, 2017).

The industrial production process of Symprove described in 1.4 is just one practical example
where calorimetry can be implemented. Calorimetry, and more precisely isothermal
microcalorimetry, is well suited to the purpose of on-line (real time) process monitoring
through heat change measurements because it can mimic processes which need constant
temperature for optimal yields such as fermentation (Schaffer and Lorinczy, 2005). This
makes IMC a specifically suitable method for fermentation process monitoring. Data
obtained by a calorimeter contains kinetic parameters and these can be analysed in order
to gain insights into the dynamics of the system under investigation (Riva and Schiraldi,
1993).

There are many benefits for using calorimetry to enhance quality and safety in the food

industry as outlined by Kaletunc (2009) and others, for example:
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. It can be implemented in various pure components of foods or complex food matrices

(or raw materials);

. It does not require optical transparency, unlike spectroscopic methods or gas
liberation or precipitation of a sample during the analysis (Kitzinger and Benzinger,
1960);

. Uniformity and homogeneity of studied materials is not required;
. The results are model independent;
. It directly measures the energetics of transition;

. Interactions of individual components in a complex food matrix (Aguilera, 2019) can
be studied,;

. Sample preparation is usually simple and non-destructive in ampoule batch IMC;
. Itis a well-established technique in the food industry and has a solid theoretical basis.

. Highly advanced instruments are available and the measurements can be correlated

to more traditional methods such as microbial culture techniques (Burlett, 2008);

10.Major safety as well as quality issue - microbial spoilage, can be assessed by

calorimetry (Burlett, 2008). IMC specifically, is a well-suited method for bacterial
monitoring because it can measure heat changes non-destructively on a microwatt
scale (Braissant et al., 2010a), whilst it is implementable as an on-line monitoring

method as mentioned in 1.4.4;

11.Thermal behaviours of individual components as well as the final products can be

studied (Raemy et al., 2009);

12.Shelf life of complex food matrices can be predicted using calorimetry (Gaisford et

al., 2009).

As outlined in the introduction (1.1), this project has two objectives, one pragmatic and one

theoretical. Both objectives considered a biological semi-closed (meaning formally non-

sterile; in other words, not as an attempt to make medicine) system with defined organisms

and controlled medium, which constitute FV1. The pragmatic aim was to develop a reliable

method for the Symprove company that allowed them to discern in very simple terms (a
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Yes/No answer) if the product could be released for sale. Ideally, the method should be a
standalone method whose requirements were: an instrument; a competent technician and
implementability in an industrial environment with minimal laboratory provision. The
theoretical aim, on the other hand, was to contribute to theory at large and so develop the
theory behind the pragmatic one enough as to make this approach applicable to different
industrial settings as well as making contribution to microbiological theory and calorimetry.
This theoretical development worked towards a mathematical framework for quantitative
interpretation of exponential bacterial growth. The analysis would ambitiously also enable
other future investigations. These could include: organisms’ history (i.e., inoculum variation
caused by the medium it was grown in, when produced); suitability of other bacteria to be
added into the product; designing new formulations or generations of the product; suitability
assessments of new growth substrates; compatibility and fithess of additives such as buffers
or prebiotics. The theoretical development involved modifying existing equations that
describe bacterial systems so they could be used to obtain information from the various

processes occurring during bacterial growth.

The method envisioned as the pragmatic outcome, the one that could authenticate the
production and the product, should also contribute to a theoretical analysis. It would,
hopefully, enable the establishment of growth phase parameters (and their numerical values
including confidence ranges, to maximise the extraction of information from data collected).
A potential expansion of the method to include the continuing metabolism of the organisms
in the product post exponential phase (e.g., stationary phase and death phase parameters
of the bacterial culture) could be achieved. This would enable testing the stability of the

product over its shelf life.

One of the ambitions of this project was to solve a major industrial production process
challenge, namely shortening the testing time. The method should be simple enough so as
to ensure that when put to everyday use, it would not require in-depth knowledge of
fermentation processes or laborious sample preparation. Data processing and interpretation
should be done using a BB as to minimise the subjectivity arising from a manual operator-
dependent analysis. In order to choose the most adequate method, it was first important to

outline the nature of the problem and the range of methods under consideration.
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1.5 Conclusion

Symprove production was a heterogeneous, closed system process. It had limited variability
because it involved only two bacterial components and one growth medium in each
fermenter and temperature fluctuations during the fermentation stage were limited. The final
product was an equal mixture of FV1 and FV2. It was opaque in appearance and contained
suspended particulate material from barley and bacteria and bacterial metabolites.
Calorimetry as used in this project offered an elegant approach to reach both pragmatic
outcome (Yes/No release for sale answer) as well as theoretical outcome (quantitative data
analysis). IMC was fast, simple, repeatable and could monitor processes inside opaque
suspensions whilst they were happening. Calorimetry enabled the study of real time
behaviours of the individual bacterial components (L. acidophilus and L. rhamnosus) of the
fermentation, separately and in pairs. The samples could be set up without any treatment
and non-destructively by a technician. The interpretation of the results could be easy,
assuming the black-box approach to analysis, however, this required that the mathematical
background to data processing was completed (1.5.1, objective 3). Further developments
were ongoing to enhance the formulation with more nutritious substrates in order to extend

the shelf life and quality of the final product.

In sum, this project aimed at developing a reliable, science-based, and timely method for
the biotechnology industry. By determining basic parameters of a successful fermentation
process, its ambition was to contribute to the understanding of bacterial growth
characteristics, cell numbers, and the interactions between different bacteria fundamental
for developing new formulations of probiotics and potentially assist in designing disease

appropriate/specific probiotics.

1.5.1 Aims and objectives

The overarching aim was to find out whether IMC can be useful for Symprove’s product
quality and safety assurance testing. The following objectives were set to achieve the

overarching aim:

1. To determine whether IMC had the capacity as a batch to batch release method and as
a production process monitoring tool for Symprove.
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2. To provide a set of calorimetric bacterial references, new in this field, which were needed

to determine the repeatability of the IMC method.

3. To develop the mathematical background (equations) required for data processing and
analysis that would enable a future BB approach incorporation into a piece of coding for an

automated data processing (only a proof of concept is offered).
4. To introduce scientific methodology into the industrial production processes of Symprove

5. To enable fast and precise decision making about bottling and selling the finished product

by having an extended range of production control parameters.
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Chapter 2 Exploratory phase
2.1 Introduction

The initial exploratory phase of this project lasted 18 months during which approximately
500 calorimetric experiments were conducted in order to explore the behaviour of the
product in a variety of media; to explore the reproducibility of the system selected; and to
establish a protocol which allowed for a sufficiently sensitive insight into the performance of
the product in the calorimeter.

IMC as used in this project was proposed to Symprove co. as a novel technique for QA. For
IMC to be useful as a QA method for Symprove, it had to be demonstrated that it could show
what was considered (when doing this project) a good final product. A good product in this
context was the product which was authenticated by an independent laboratory as having
the right distribution of organisms at the right densities (concentrations) without
contaminants. The standard QA testing done by a contract independent laboratory usually
took between 7-15 days from receiving samples of the product. It also needed to be
demonstrated that the images (p-t curves) coming from the calorimeter were consistent and
reproducible for each new batch of a good product when compared with previous ones. This

first task is presented in section 2.3.

There was no theory behind determining whether consistency and reproducibility were
possible, except the observation that it was necessary to have a controlled experiment. This
first step was done simply on a reproducibility and similarity of patterns basis; in other words,
taking a sample of the final product and testing it in the calorimeter in a variety of growth
media (including barley worts, Cooked Meat Medium (CMM), Brain-Heart Infusion (BHI),
chemically defined media (CDMs), Tryptone Soya Broth (TSB), De Man, Rogosa and
Sharpe broth (MRS)) to observe what would happen. Whilst all media supported growth of
the full product well, it was decided that TSB and MRS were the media of choice for this
project as these two media were also used by the contract QA laboratory. This would
minimise any discrepancies between results obtained from the laboratory and IMC because

of media differences.

The first test in this situation (Symprove) was to discover whether a good product was
revealed in IMC tests as a consistent outcome. That meant, looking at the shapes (2.3 and
2.5) and say everything seems to occur at the same time within small differences which

were expected in this semi controlled system, where there was an expected variation in the
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medium (wort) composition and there was an ambitious view that the inoculum should be

controlled.

2.2 Materials and methods

2.2.1 Instrumentation (TAM)

A Thermometric Thermal Activity Monitor (TAM) 2277 (TA Instruments Ltd., UK) was used
for all microcalorimetric experiments reported in this thesis. The model used contained 4
individual and independently working measuring cylinders, each of which had a twin cup
form (sample and reference), accepting 3 mL glass ampoules. The reference ampoule
should be of similar heat capacity as the sample tested, and this was achieved by choosing
the same medium and its volume in the reference ampoule as in the sample ampoule, for
example, sterile MRS or TSB. TAM'’s functional description, installation requirements,
calibration, operation and maintenance are detailed in the Thermometric instruction manual
(Technical specifications, Thermometric). The TAM used in all experimental work was
located in an air-conditioned room at stable temperature 22°C £1°C. Calibration of the

instrument was performed according to the TAM instruction manual (Thermometric, 1996).

2.2.2 Media

De Man, Rogosa and Sharpe (MRS) broth, from Sigma-Aldrich, was prepared according to
the manufacturer’s recipe and used in all experiments involving MRS. To avoid fluctuations
in the composition of MRS, a sufficient quantity of the same batch was acquired from one
supplier only. This is referred to as a controlled medium in this thesis. Similarly, any other
medium could be controlled in this way if its composition and its individual components were

not chemically defined.

Tryptone Soya Broth (TSB) from Thermo Fisher Scientific, was prepared according to the

manufacturer’s recipe and used in all experiments involving TSB.

Selection of appropriate growth medium and its composition control was critical. Minimal
changes in the TAM testing medium composition e.g., weighing error during a growth

medium batch preparation, autoclaving or manufacturer’s batch-to-batch variation of the

68



same medium could have a significant effect on the growing culture and lead to significant
differences between p-t curves as demonstrated by Perry et al. (1979). Evaluation of growth

medium could also be studied microcalorimetrically (Perry et al., 1981).

2.2.3 Test samples

The initial exploratory experiments were done using either the final (full) product (equal mix
of FV1 and FV2 without flavouring) or FV1 only (the focus on FV1 was because most
batches which failed were the result of problems in this vessel). 500 mL samples were drawn
directly from the fermenting vessels or the mixing vessels, taken to the TAM laboratory

where 30 pL from each 500 mL sample were tested following 2.2.4 protocol.

2.2.4 IMC experiment protocol

The operation of the calorimeter was according to the TAM instruction manual and in outline
consists of the following steps. Sterile glass ampoules (3 mL) were filled with pre-warmed
(37°C) sterile MRS or TSB (2.97 mL) and inoculated with an appropriate sample (30 uL of
either full product or FV1 sample). The ampoules were immediately sealed under aseptic
conditions, vortexed for 1 minute and then inserted into the thermal equilibration position
inside of the TAM for 30 min before data capture began. TAM temperature was set to 37°C.
Data were collected using the software package Digitam 4.1. Digitam 4.1 collects data every
10 seconds. This method has the effect of smoothing the power data (Cabadaj et al., 2021).
Data were recorded for as long as it took the signal to return back to baseline. Care needed
to be taken when sealing the ampoules as if the samples were not sealed completely, high
moisture content (water activity) of the samples could create evaporation during testing,

causing data corruption deeming the experiments invalid.
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2.3 IMC curves of good product

Not all samples reached peak powers at the same time or to the same extent as seen in
Figure 2.1. This could have been caused by different cell densities in the individual batches.
This phase of exploration of suitability of IMC for the purpose of this project demonstrated
that the IMC was a reliable indicator of a good product, and the images (p-t curves) obtained
via IMC were highly reproducible. However, the complexity of data obtained for the full
product (4 bacteria in a complex medium) might present a challenge, for example in
identifying a contaminant present at a very low concentration or indeed if the growth of a
particular contaminant was not supported by the testing medium of choice (TSB, MRS). In
this instance, more specific media (such as antibiotic supplemented or discriminating
nutrient supplemented media) might be required for testing or the system itself could be
simplified (e.g., deconstructing the full product into its individual components FV1 and FV2).
The latter, simplifying the complexity of the full product was explored in more detail in
Chapter 4. It appeared that MRS supported the growth of full product better by observing
higher peak power and total area under the curve compared with TSB results (Table 2.1
and Table 2.2). The greater lag time observed in MRS experiments showed that the
organisms grew much faster in TSB (suggesting more favourable nutrient composition of
TSB for the initial growth, or MRS not supporting growth of one or more of the bacteria as
well as TSB did).
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Figure 2.1 Repeatability demonstration on a good final product, 10 individual batches of
Symprove tested in TSB a); and 6 individual batches of Symprove tested in MRS b).
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Exp number Peak h‘;'S‘]’ht time | poak height [pW] |  AUC
294.3 12970 7774 5.50 x108
294 4 13040 812.7 5.81 x108
295.3 11870 796.5 5.52 x108
295.4 12010 825.9 5.78 x108
296.3 11150 805.1 5.40 x108
296.4 11240 840.7 5.68 x108
297.3 11290 806.1 5.36 x108
297.4 11200 8334 5.75 x108
299.3 12550 8334 5.95 x108
3014 11580 820.9 5.73 x108

SD 696 18.5 1.84 x10°
mean 11890 815.2 5.65 x108

1% of mean 118.9 8.2 5.65 x104

x% of SD = repeatability 5.9 2.3 3.2

Table 2.1

Basic shape analysis parameters, Symprove good batches full product tested

in TSB.

Exp number Peak height time [s] | Peak height [uW] AUC
520.1 41891 941.6 3.52 x107
520.2 42201 9524 3.55 x107
520.3 42601 967.0 3.60 x107
520.4 40661 1022.0 3.73 x107
524 .1 39401 972.5 3.44 x107
524.2 39411 995.3 3.44 x107

SD 1290 26.8 9.99x10°
mean 41028 975.1 3.55 x107

1% of mean 410.3 9.8 3.55x10°

x% of SD = repeatability 3.1 2.8 2.9

Table 2.2 Basic shape analysis parameters, Symprove good batches full product tested

in MRS.

2.4 Consistency and reproducibility

Excellent consistency and reproducibility were seen between individual real batches of the
final product in Figure 2.1 —images of a good product. The consistency was confirmed by

the main contract laboratory (Lab 1) for each batch by having the right distribution of
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organisms at the right densities, without any detectable contamination. It is important to state
here that there was an agreement between Lab 1 results and the IMC curves in terms of

consistency (Lab 1 results and p-t curve shapes).

Consistency of IMC traces in a good product was very important. The consistency indicated
that calorimetry had the possibility and capacity of being used to identify, in principle, a good
product. If there was no consistency, this could be indicative of, for example, some problem
in the product, such as presence of a contaminant, occurrence of different metabolisms or

IMC not being suitable for this purpose.

Subsequently, the majority of new batches of product was analysed via IMC although IMC
was not used for the release for bottling and sale as Lab 1 results were still the gold standard.
This routinised IMC testing served to establish a good statistical base (more than 100

experiments) for a good product.

It was established in this chapter so far that calorimetry has the possibility and potential to
be useful. The first task to see whether a good product could be seen reliably and
consistently in a calorimeter was successful. The confidence to see a good product was
established (Figure 2.1) and strengthened by investigating the majority of subsequent
products. The same approach was taken to study a simplified system (FV1) to determine

whether IMC is sensitive enough to detect problems. These are presented in Chapter 4.

Consequently, when anomalies from the expected p-t curve appeared, these were
investigated and are reported in the following sections. However, since these events were
random, individual and unique events by definition, therefore these were not analysed in the

same way as the rest of the experiments with multiple repeats.

Basic shape analysis could be done by overlaying subsequent shapes (p-t curves) on top of
an established working reference shape (in principle everything should be the same - peak
height, time to peak height, area under curve if the investigated batch was good). There was
an understanding that quantitative data was available and could be measured, however

shape was what was relied on at the time.

After confidence in IMC was established, the majority of subsequent real production scale
batches were tested by IMC using a routine protocol IMC was not used to accept/reject a
new batch at this point. It did however, complemented the standard microbiological methods.

Symprove company still relied on the Lab 1 for batch release. However, as it became clear
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that having additional IMC data was greatly advantageous, all samples started to be
routinely inspected by IMC. Even though the whole p-t curve needed to be recorded (to be
able to perform a visual shape analysis) a dramatic reduction of testing time was envisaged

if IMC was used.

2.5 Establishing working reference curve

The term “working reference curve” refers to an average p-t curve obtained as a simple
mean of ten p-t curves from good FV1 batches (good growths). Figure 2.2 shows the
establishment of a working reference curve. It was immensely rewarding that consistency
and high reproducibility of the p-t curves seen with the full product could be seen again in
FV1 batches. Figure 2.2c shows a range of £ 2x standard deviation (SD) of the mean of 10
batches to set 95% probability a good batch fell within this range. Moreover, there was also
an agreement between the external QA laboratory (Lab 1) and the p-t curves as detailed in
Table 2.3. Therefore, it should be, in principle, possible to see contaminated batches
through distortions in the resultant observed p-t curves (assuming the additional heat from
a contaminant would be sufficiently high and the IMC testing medium would support the
growth of a potential contaminant). The mean time to get results using Lab 1 was more than
14 times greater with SD (standard deviation) approximately 100 times greater compared

with IMC (Table 2.3). This demonstrated again how satisfactory IMC was.

After determining a mean TAM output of 10 individual FV1 real batches tested in TSB, this
mean was compared with a real production batch (294.1, referred in this chapter as FV1-
real-pure batch) in which pure rather than production inocula were used. Production inocula
(as noted earlier in 1.4.2.1) could contain < 5 x10* of total aerobic contaminants as per
supplier's raw material specifications (set by the supplier) and this could contribute to

anomalies in the p-t curves.
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Experiment number Peak height time [s] | Peak height [pW] AUC

337.2 39993 240.7 4.78 x10°

358.3 41003 2341 4.81 x10°

359.3 40013 223.8 4.77 x10°

361.1 40693 240.7 4.72 x10°

361.3 40213 231.2 4.89 x10°

364.1 40263 231.2 4.54 x108

365.1 40243 234.9 4.62 x10°

366.1 39233 238.9 4.85 x10°

367.1 41313 241.5 4.85 x10°

368.1 42823 2429 4.85 x10°

SD 5.8 1.05 x10°

mean 40579 236.0 4.77 x10°8

1% of mean 405.8 2.4 4.77 x104

x% of SD = repeatability 24 2.2
d)

Figure 2.2 Determination of a mean p-t curve (working reference) from 10 independent
good batches of FV1 a). Comparison between the working reference and a single FV1-real-
pure batch made using pure inocula b). Outlining + 2x standard deviations c). Details of the
shape analysis parameters are tabulated in d).
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Establishing the working reference curve relied on shape analysis —overlaying p-t curves
of new batches onto the working reference p-t curve (though not done herein) to assess
whether the new batches were good or not. This meant that shape derivable parameters
such as peak height, area under curve and the time to reach peak height of the working
reference curve and a new batch p-t curve should be equivalent providing the new batch
was good. So, the p-t curve shape was what the shape analysis relied on whilst
understanding that there was measurable quantitative data contained within it. To measure
these quantitative data other type of analysis needed to be developed and is discussed in
Chapter 3 and Chapter 4.

| | | Mowmomy | Lo
IMC Lab 1
337.2 11.1 168 No No
358.3 11.4 144 No No
359.3 11.1 216 No No
361.1 11.3 144 No No
361.3 11.2 168 No No
364.1 11.2 168 No No
365.1 11.2 144 No No
366.1 11.5 192 No No
367.1 11.5 168 No No
368.1 11.9 144 No No
2941 11.4 144 No No
Mean 11.3 163.6 - -
SD 0.22 22.46 - -

Table 2.3  Comparison between IMC and Lab 1 turnaround testing times.

The consistency between the contract laboratory (Lab 1) and IMC was seen in the majority
of cases. IMC was consistently seen to accord with a good product as specified by the Lab
1. However, IMC studies reported in the following sections showed anomalous results which
were not consistent with the data presented by Lab 1. These IMC results prompted

additional microbiological testing in order to discover the reasons of the anomalies.
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2.6 Practical applications of IMC

Historically, almost all production contaminations were detected in FV1, therefore, after
demonstrating the potential of IMC on full product, FV1 became the focus of the work and
is reported in this chapter. Another reason to study FV1 in depth was to break down
complexity of the full product. Studying FV1 separately had a further advantage, as, if there
was a problem detected prior to mixing the two vessels (FV1 and FV2), the mixing could be
postponed, a fresh batch of FV1 made, and FV2 saved. After the establishment of a good
FV1 (working reference) the flow of the next three sections is organised from obvious
problems (e.g., smell or taste issues in 2.6.1), through to not so obvious problems (contract
laboratory tests showed in-specification results and no smell or taste issues —the only
indicators of a problem were anomalous p-t curves when compared with the working

reference curve in 2.6.2) to more specific issues of raw materials contamination (2.6.3).

Sourcing top quality ingredients from reputable suppliers is the first step in ensuring safe
and high-quality end products. This first step is even more important when some of the
ingredients are bacteria and part of the product is a growth medium supporting growth of
many different bacteria including pathogenic bacteria. Section 2.6.3 shows an excellent

practical application of IMC into real world industrial problem solving.

2.6.1 Obviously spoiled product

The events of spoiled batches were rather random in nature, therefore difficult to investigate.
When they occurred, the priority was to rectify the lost volume by discarding the affected
batch and producing a new one. Eventually, as the production volume increased, more focus
was given to find the root cause of these events to prevent their occurrence. Samples of the
spoiled batches were already routinely tested by IMC to capture any potential anomalies
that could be analysed at a later stage. The reason to test spoiled batches was my curiosity
about what they would look like in the calorimeter, as well as a simplicity and low cost of
performing an IMC experiment in the laboratory with the calorimeter immediately next to the
production unit on site. When | realised that having a comparison between IMC and contract
laboratory would be beneficial (examining the sensitivity of the contract laboratory to detect
a problem in a clearly poor product), the same samples of spoiled batches were tested via
IMC as well as sent to the contract laboratory for analysis. Previously, spoiled batches were
not analysed by the contract laboratory as the cost of testing was prohibitive for a batch that
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was not to be used. For comparison, the cost of performing IMC experiments on one batch
was approximately £25 and the cost of microbiological testing of one batch of product was

approximately £500, if there was no issue detected.

To confirm the question of the ability to see anything unusual in the calorimeter, obviously
spoiled batches of FV1 were tested and compared with good batches of FV1. A starting
point was as previously shown in Figure 2.1, a good product, however this time the
complexity of the full product was reduced into its first component FV1 and 1 medium (TSB
in this case), as this was a logical thing to do when dealing with the problems occurring in
FV1.

2.6.1.1 Results

Bad FV1 batches (these were one offs, not repeatable as by definition they are unique
events, not planned nor predictable) are represented by individual experiments only. P-t
curves of the bad batches whose quality was obviously compromised, because they were
organoleptically unacceptable for any further processing either because of their smell, taste
or fizziness at the end of fermentation are shown in Figure 2.3. Comparison with the working
reference and its +4 x SD —99.9% of all p-t curves of good batches should fall within this

range.

There was significantly shorter time needed for the IMC experiments relative to the contract

laboratory timings (Table 2.4). Extended tests were prompted by anomalous IMC results.

Batches that were clearly bad (defined as either smelly, fizzy or otherwise organoleptically
compromised, therefore not suitable for human consumption or further processing) are
shown in Figure 2.3a. It was obvious that the p-t curves differed notably when compared
with the expected p-t curve. The expected p-t curve was previously established as the
working reference in 2.5. This expected p-t curve was then compared against the p-t curves
of the bad FV1 batches, see Figure 2.3b. IMC did reveal problems, likely contaminants,
because the patterns (shapes of the resulting p-t curves) were different whereas the Lab 1
did not detect any problem with their standard testing (except in 1 case —batch 201.2 see
Table 2.4) while there were obvious problems with the batches. Additionally, the IMC
detected anomalies much faster (more than 10 times) than Lab 1. Moreover, IMC was shown

to be capable of identifying contamination with greater sensitivity (as compared with Lab 1).
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Four examples of Lab 1 not detecting a contaminant in their standardised Symprove specific
tests (240.1, 243.4, 327.2 and 333.4) are summarised in Table 2.4. As seen in Figure 2.3b,
all 5 batches in question were identified by IMC as out of the expected FV1 p-t curve shape
(working reference). 100 % problem detection was achieved by IMC as opposed to only
20% problem detection by Lab 1’s standard test package.

IMC results, interpretation and implementation into production decision making offers a fast,
cheap (the calorimeter used in this project was a second hand one and its cost was £400 to
purchase) and reliable warning tool as demonstrated above. If the p-t curves seem similar
as illustrated in Figure 2.3c (purple 333.4 and yellow mean curves), it would be prudent to
perform further analysis especially if the batch in question is not obviously compromised by

odd organoleptic parameters. This is demonstrated in the next section 2.6.2.
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Figure 2.3 lllustrations of contamination perception in 5 different batches of FV1 using
IMC a); the same 5 batches in comparison with the working reference b); and c) represents
more detailed analysis of batch 333.4. All tested in TSB.
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Time Time o
saichno | () | (vs) | MEISTI | e
IMC |Lab1
201.2 5 144 Yes Yes
240 1 6 144 Yes Yes, on extended tests, not
on standard tests
243 4 8 336 Yes Yes, on extended tests, not
on standard tests
327.2 9 312 Yes Yes, on extended tests, not
on standard tests
3334 11.8 168 Yes Yes, on extended tests, not
on standard tests
Working reference 1.3 163.6 No No
(see 2.5)
Detection success 100% 20%

Table 2.4  Comparison of contamination detection using IMC and Lab 1 methods

2.6.1.2 Discussion

Standard Lab 1 tests were routinely used to test the individual components FV1 and FV2 as
well as the final mix with any additives (such as flavour, antioxidants, and preservatives) for
product release for bottling and subsequent sale. These tests included the following:
presence/absence and enumeration of L. plantarum, L. acidophilus, L. rhamnosus, E.
faecium, Escherichia coli, Salmonella species, Yeasts and Moulds, and pH — denoted as
standard test package provided by Lab 1. The results usually took between 7-15 days to be
received by Symprove. If any extra testing was required, this added more time and cost to
receiving the final results (it depends on the type of tests required how long before the results
were available, however, in some instances this could be two or more weeks). If the main
contract laboratory (Lab 1) did not successfully identify a contaminating organism using their
in-house MALDI-TOF instrument, they sent a slope of the isolate to another certified
laboratory. Their primary sub-contracting laboratory was based in France and this would
add up to 2 extra weeks to getting results.. There were only a few reasons such as rancid
smell or unusual fermentation for which extra tests would be requested. A basic assessment
of the organoleptic properties (taste and smell) was done by the production staff. This
assessment was essential for requesting the extra tests. Samples of any batch were tested
immediately after being taken. It took approximately 40 minutes to prepare samples to start

data capture by IMC. Regularly it took 24 hours for a standard IMC experiment to complete.
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If there was an issue, as seen for example in Figure 2.3, the IMC experiment would reveal
the issue even faster. Subsequent data analysis would take no longer than 30 minutes.
However, based on the expected p-t curve, this particular batch (333.4) would not be
released for subsequent processing (bottling and sale) as its p-t curve was outside of the
mean (yellow) p-t curve even when % 4 x SD was applied. In other words, it was observed
with 99.99 % confidence that there were other/different processes happening which derailed

the observed p-t curve (purple) from its expected path (yellow curve).

The images presented in Figure 2.3a were those of FV1 batches which were undoubtedly
bad as their quality and potentially safety was compromised. Organoleptic properties of bad
smell, foul taste and fizziness of these batches confirmed the batches as not being suitable

for further processing. There were two possibilities regarding the examining laboratory:

1. The examining laboratory saw the contamination in their standard tests and reported as

such or;
2. The examining laboratory did not see the contamination in their standard tests.

The case just presented, where it was reasonable to assume that if there were no obvious
problems with the FV1 batches, standard Lab 1 test package would not reveal problems in
80% of compromised batches and these batches would end up bottled and sold on the

market.

The examining laboratory did not identify any issues in 4 out of 5 batches. The question for
IMC to answer in this context was: can the IMC alert the production staff and the
management of the company that there was a problem with a particular batch, faster and
more reliably than the standard laboratory testing? And the answer was yes. The results
presented in this chapter spurred the curiosity to enquire more about the utility and
implementation of IMC into regular batch to batch screening. It will be further elucidated in
the next sections 2.6.2 and 2.6.3 where IMC tests revealed anomalous results whilst the

main laboratory Lab 1 did not.

2.6.2 Seemingly-good product

As presented in 2.5, a working reference curve obtained as the mean of 10 good FV1

batches was a fast and reliable way to assess a new FV1 batch for quality and safety by
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detecting contaminants or other problems, therefore prompting extra testing if the measured

p-t curves diverged from the expected one.

2.6.2.1 Results

The batches of product with conflicting laboratory results are shown in Figure 2.4 where the
yellow curve is the working reference curve. These results are individually compared with

the working reference in Figure 2.5a-j for a better visual presentation.

When an anomaly from the working reference curve was seen these anomalies were one
offs. Confidence based on consistency and reproducibility (see 2.4) previously developed
provided a basis for what a p-t curve of a good product should look like (see 2.5). The reason
for doing microbiological identification of contaminants was to get an indication whether the
source of the contamination was at the supplier's facility or on site. Furthermore, a
comparison of two independent laboratories (Table 2.5) provided additional confirmation
that IMC was sufficiently sensitive to recognise that there was something different between

the good curve (working reference) and suspicious p-t curves.

It is also important to note that Symprove did rely on the standard package of tests to release
every new batch of the final product for bottling and sale, previously deemed sufficient to
detect most contaminants. Extended testing would be requested only for an obviously
“spoiled” batch, whilst a not obviously problematic batch such as only a p-t curve out of
expected range would not necessarily trigger extra testing to keep the already high cost of
QA procedures manageable by the limited resources of the growing start-up company.
Additionally, the nature of the product itself (high bacterial load in the product) could mask
the actual contaminant. This could happen if the contaminant’s growth rate was much slower
than the beneficial bacteria’s growth rates, or the growth medium (wort) did not support the
growth of the contaminant sufficiently in the mixed culture with the beneficial bacteria. It was
reasonable to assume that the laboratory procedure might not be sensitive enough to detect
the contaminant, which would not be high enough in numbers in the samples when diluted

using serial dilutions method.

All the presented results come from batches which did not show any issues post-
fermentation (e.g., smell, taste and pH in specifications (Symprove, 2021) —as assessed
by production staff). IMC measurements that appeared out of specification based on the
working reference mean of 10 (Figure 2.2) prompted the Symprove company to rethink the

quality and safety testing procedures used up to that point (and provided solely by Lab 1).
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Lab 1 had developed their standard testing procedures to suit Symprove product, which was
complex in microbiological composition, hence posing a specific challenge in terms of
microbiological quality and safety assessment. This specificity (such as high initial bacterial
load as opposed to common food microbiology testing, which focuses on presence or
absence of contamination detection) needed to account for example, for diluting a sample
and therefore diluting any potential contaminants to non-detectable levels (this can be seen
in Table 2.5, Exp 380.1 where Lab 1 was not able to detect any contamination even on their
extra tests, whereas Lab 2 was able to detect a low level contamination on their standard
Enterococci test and this was in agreement with the out of specification (OOS) IMC result
(Figure 2.5¢). The unusual activity in Exp 380.1 sample was detected by the IMC towards
the end of the experiment, when the average reference curve metabolic activity was finished,
however in that particular case (Exp 380.1) there was a secondary peak observed at the
time when the reference curve was back to the baseline. The OOS IMC result prompted the

additional testing of the same sample by Lab 2.
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Figure 2.4 P-t curves of 8 batches with conflicting lab results and 2 batches (curves in
bold) in agreement with both laboratory results
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Figure 2.5a-j Detail of individual comparisons of 8 batches with conflicting lab results

(a, b, c,d, e, f, handj) and 2 batches with agreeing lab results (g and i) against the mean
working reference batch (red line in all figures a-j).

It took on average 15 hours (54000 seconds) to determine out of specification (OOS) results
via IMC. Table 2.5 summarises all tests that were done to determine what was the cause of

the problem in the batches. Identification of a contaminant (ID) was done by MALDI-TOF
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analysis. Lab 2 performed additional testing for detection of Staphylococcus spp. which were

all negative (this is indicated in Table 2.5 as Staph/0).

This section offered several practical examples, where IMC measurements indicated
unexpected results (anomalous p-t curve shapes) of FVV1-real batches when compared with
the working reference curve. There were no indications other than the IMC results outside
of + 2x SD of the working reference curve, which hinted a problem of a not obvious nature
(no smell, taste or fizziness issues and pH in a specified range). The challenge was that the
standard Lab 1 test results did not indicate any issues with these same batches. Given these
circumstances Symprove co. decided to investigate this further and contracted a second
independent laboratory (Lab 2) to test the same batches in parallel. The results of these

parallel tests are summarised in Table 2.5.

Comparison of IMC, Lab 1 and Lab 2 test results

Lab
2
Lab 1 Lab 2 turn
IMC IMC Lab 1 Lab 1 Lab 1 turnaroun | (standard Lab 2 Lab 2 arou
Batch (standard | extra - extra
ref no 00Ss test) test ID d time test) test ID nd
(days) CFU/mL time
(day
s)
yes
Exp E. . 5 E. 6/34
378.1 80733 yes no (St;z? faecalis 8/8 1.57 x10 ) faecalis *
Exp yes E E 5/33
. . 2 .
379 1 80734 yes no (;taatgr)w faecium 77 6.70 x10 Staph/0 faecium .
Ex No ID
380p1 80735 yes no no 1 5.40 x10%2 | Staph/0 | perform 6
’ ed
Exp yes E.
. . 2
382 1 80736 yes no (Staph taecalis 15/15 2.27 x10 Staph/0 6
plate)
Exp | go737 7 1.00 x102 | Staph/0 5
383 1 yes no .00 x tap
Bxp | 80738 6 7.70 x102 | Staph/0 4
384 1 yes no .70 x ap
sar | 80739 | no no 6 no Staph/0 4
Exp s E. 3/16
394 1 80743 yes no 7 7.50 x10 Staph/0 faecium .
Bxp | 80772 | no no 10 no 3
408.2
Exp 4
408 4 80774 yes no 8 1.96 x10 7

Table 2.5  Summary of comparisons of IMC, and two microbiological labs (Lab 1 and Lab
2) test results. Green highlights represent agreement between IMC and the Labs.
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2.6.2.2 Discussion

Lab 2 performed better overall in comparison with the Lab 1 in detection of low-level
contaminants in FV1 samples. IMC was able to detect contamination in all studied samples
considerably faster than both laboratories despite the fact that the medium used for testing
(TSB) was non-specific. Further improvements could be made if other growth media were
used, for example, specific contaminant media or chemically defined media. Faster
contaminant detection could be potentially achieved if a variety of media were tested for this
purpose. This would require establishing a good growth reference curve in each of the

potential medium.

IMC performed again successfully and reliably and became a routine screening tool for
batch integrity. Any anomalous p-t curves thereafter did trigger additional testing as and
when required. The following section 2.6.3 will demonstrate another practical example
where IMC succeeded in discovering and solving the most elusive problem to date in the

industrial setting of Symprove.

One condition in which the product could go astray was if the inoculum itself was bad (e.g.,
contaminated or not viable). This was fundamentally important and is presented in the next
section 2.6.3. Given that the above system of looking at organisms in a medium (i.e., FV1)
was organised on a good statistical basis (working reference) to define a good product, it
became possible to examine not only the final product but also the individual components
of the product, such as the inoculum. When there was control over the system (FV1 and
product) there was a capacity to look at the possibility, for example, what role did the 5 x10*
specification for inoculum purity have (see 1.4.2.1 for more detail on lower purity of the
production inocula as per supplier’'s specification). Additionally, it also offered an opportunity
to investigate other means of contamination getting into the system, because there was a
control over what the outcome (p-t curve) of a good product should look like.

2.6.3 Strain quality and purity maintenance at Symprove co.

Historically, Symprove relied on a single supplier of bacteria (Supplier 1) whose specification
permitted < 5 x10* CFUs per gram of aerobic contaminants (see 1.4.2.1) in an expected 1
x10° — 1 x10'% CFUs per gram concentration of the target bacterial strain, excluding

pathogenic species. This meant that the purity of a target strain may be affected/cross-
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contaminated by a different strain or species of non-pathogenic bacteria in their industrial
process. It also introduced a wide range of variability between individual batches (as seen
in Figure 2.6a). This clearly indicated that exploration of the inocula quality should be
attempted using IMC. The contract laboratories or the Supplier 1 did not have the IMC
method available to them therefore could not offer this test to Symprove. It was also
questionable whether their testing would detect all potential pathogenic bacteria. While this
might be acceptable in the agricultural sector, it could have a detrimental effect in the food
or pharmaceutical industries. Several of their batches were previously rejected by Symprove
as the supplier's own internal specifications were not met. As this was the sole supplier at
the time, and Symprove required higher purity bacteria, Supplier 1 suggested that they could
produce a laboratory scale batches away from their main production line which should be of
higher purity than their industrial scale batches. Symprove did identify an alternative supplier
(Supplier 2) at a later stage as an emergency back-up, however, Supplier 1 remained the

main supplier.

The quality of the final product of Symprove depended, crucially, on the quality and purity of
the individual ingredients, especially bacteria, providing the production process itself was
not compromised in any way. Most importantly, quality and safety maintenance in terms of

viability and purity of the individual bacterial strains was fundamental.

All batches of L. acidophilus used in Symprove production came from the same master batch
which was held in the NCIMB safe deposit facility. When a new batch was required, NCIMB
sent a vial of pure strain (aliquot of the master batch), on request from Symprove co. to
Supplier 1 or other prospective manufacturer. When the manufacturer produced a new batch
of bacteria and it complied with their internal quality specification, the batch was then
despatched to Symprove co. A sample of each new batch was then sent to an external
independent laboratory for quality and safety testing. These new batches of bacteria were
used in the main production after all the test results were completed and shown to be within

specification.

Initially, some FV1 batches were contaminated, and some were not (according to Lab 1).
The contaminations were identified as E. faecium by MALDI-TOF. It was concluded that the
most likely source was cross-contamination during the production process as E. faecium
was used in FV2 and the same pumps and transfer hoses were used (with standard cleaning
procedure between swapping the equipment from FV1 to FV2). To resolve the problem,

extra deep cleaning procedures were introduced; however, the issue persisted with some
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batches of FV1 contaminated and some free of contamination (as per Lab 1 tests). An
exhaustive internal investigation was concluded, and nothing was discovered as out of
specification, however the problem of FV1 being contaminated on and off by E. faecium
persisted. Going further up the supply chain all individual ingredients were tested with no

root cause determined.

Consequently, IMC was used to test individual bacteria comprising FV1. Finally, it was
determined that the on/off contaminations detected by Lab 1 were caused by their tests not
being sensitive enough to pick up all the positive results. New batches of L. acidophilus were
tested primarily by Lab 1 as they were the main testing laboratory at the time. Arguably, Lab
1 might have provided many more false negative results (no contamination in FV1s) than
was previously suspected. Note here that Lab 1, as demonstrated in 2.6.2, was giving false

negative results as compared with Lab 2 and IMC results.

2.6.3.1 Results

IMC test results concerning L. acidophilus are presented below. Initial experiments using
new batches of L. acidophilus from Supplier 1 and Supplier 2, without their prior fermentation
are shown in Figure 2.6a and 2.6b, respectively. These initial experiments helped to

establish suppliers batch consistency. Detailed analysis of the results is offered in 2.6.3.2.

There were significant differences in the p-t curves between all 3 batches from Supplier 1,
Figure 2.6a. Differences in p-t curves between suppliers could be attributed to some
variations in their production processes. However, significant differences in the p-t curves
between different batches of the same bacteria from one supplier, suggested there might be
some problems with the batches themselves or the supplier's manufacturing method. Figure
2.6b illustrates the consistency between 3 batches of L. acidophilus made by Supplier 2 and
shows that all 3 batches produce very similar p-t curves in TSB. Consistency between

different batches from one supplier suggests consistency in their production process.

A second round of experiments to simulate real production conditions (e.g., growing the
bacteria in wort), then testing these in TSB are shown in Figure 2.6¢c (master batch NCIMB)
and Figure 2.6d (Supplier 1 batch). L. acidophilus grown in wort shows much faster growth
in TSB when compared with unfermented L. acidophilus. Unfermented means that the L.

acidophilus used in the experiments was taken directly from a defrosted vial as supplied by
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the manufacturer without any treatment such as enrichment or incubation. Note: Figure 2.6c
and Figure 2.6d should show similar p-t curves (and they do not, in fact they are
substantially different) because L. acidophilus in both cases came from the same master
batch (held at NCIMB) and in both cases was grown in wort.
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Figure 2.6 Comparison of 2 different suppliers of L. acidophilus. 3 batches from Supplier
1 a); 3 batches from Supplier 2 b); L. acidophilus master batch (NCIMB stock) grown in 2
batches of wort (red curve is a duplicate of black) prior IMC testing c); L. acidophilus
(Supplier 1) grown in 2 batches of wort prior IMC testing d). IMC testing medium was TSB
in all experiments. (The same scale was maintained in all four figures for easy comparison.)
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An organism’s history (medium used to produce the organism, storage conditions, etc.) will
affect the metabolism and the growth of the organism as can be seen in Figure 2.7b and
Figure 2.7d. Evidently, L. acidophilus seems to grow better and faster in TSB when

previously grown in wort than L. acidophilus pure (from frozen storage), see Figure 2.7b.

1000 — .
La (Supplier 1, batch 1)
Il La (Supplier 2, batch 1)
800
___ 600
=
=
S 4
=
o
400
200 \
0 e S . B m—— :
0 36000 72000 108000 144000
TIME (s)
a)
s La (Supplier 2, batch 1)
La (master batch) grown in wort 1
800
__ 600
=
=
5 e
=
&
400
200
—~—y
1 §
/ \\
0 : . . - .
0 36000 72000 108000 144000
TIME (s)
b)

97



= La (Supplier 1, batch 1) grown in wort 1
| La (master batch) grown in wort 1
800
__ 600
3
S 4
=
8 A
400
200
0 (I _‘—\ ' I |
o 36000 72000 108000 144000
TIME (s) c)
1000 — .
La (Supplier 1, batch 1)
) La (Supplier 1, batch 1) grown in wort 1
800 l‘\
__ 600
3
S -
=
8 H
400
200 /
0 T T - T T 1
0 36000 72000 108000 144000
TIME
(s) d)

Figure 2.7 Differences between expected curve (blue) and Supplier 1 curve (black) a);
effect of the organism history b); same organism history i.e., both grown in wort, master
batch (green) and Supplier 1 batch (red) c); effect of the organism history (Supplier 1) d).
(The same scale was maintained in all four figures for easy comparison.)

The results in Figure 2.8 show how growing in wort affected the response of L. acidophilus

when subsequently tested in a calorimeter. L. acidophilus (blue curve), pure culture without
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any contaminants from Supplier 2, had a long, almost 5 hours lag time when tested in TSB.
Blue arrow indicates a shift between L. acidophilus (Supplier 2) before fermentation (blue
curve) and L. acidophilus master batch after fermentation (green curve). The blue curve was
the expected p-t curve for L. acidophilus (NCIMB 30175) tested in TSB and the green curve
was the expected p-t curve for pure L. acidophilus grown in wort and subsequently tested in
TSB. In contrast, the black arrow shows a shift between L. acidophilus (Supplier 1) before
fermentation (black curve) and after fermentation (red curve). It was anticipated, in the
standard production process, that inoculation of large numbers of L. acidophilus into wort
would, itself, contribute to eliminating any contaminating organisms potentially present in the
fermenting vessel. This assumption would not be true if the contaminating organisms grew
much faster than the L. acidophilus (which was the case of E. faecium). There was a
significant shift to the left on the time axis when the same strain of L. acidophilus from
Supplier 2 was grown in wort (24 hours at 37°C to simulate the real fermentation process)
indicated by the blue arrow compared with the position of the L. acidophilus pure strain
(blue). This shift on the time axis shows that lag time of L. acidophilus is much shorter when
previously grown in wort. There is also a noticeable rise in peak power between the two from
about 70 yW (blue) to about 100 yW (green). This shift could be attributed to some
advantages of the wort grown organisms over the pure culture. One reason for the longer
lag time observed in the pure culture might be the need of the pure culture to accommodate
to its new environment, having been previously stored at -80°C (with addition of the
cryoprotectant glycerol) as bacterial metabolism possibly changes in a different environment
with the availability of different nutrients. It is likely that wort enhances the growth properties
of L. acidophilus when subsequently tested in TSB. Screening new batches of inocula with

IMC offers an early detection of a problem and this was demonstrated in Figure 2.8.
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Figure 2.8 Effects of growing (fermenting) L. acidophilus in wort. .

2.6.3.2 Discussion

Barley, the main material to produce wort, is naturally variable in its nutritional composition.
Different batches of wort will have some variations in their nutritional compositions even with
the production process being the same. This will marginally affect the p-t curves as seen in
Figure 2.2a and Figure 2.6¢c. Wort is a complex growth medium in which a wide variety of
microorganisms can grow. It is reasonable, however, to assume that, if a single strain
organism (such as pure L. acidophilus) was grown in wort, and then tested for instance in
TSB, the resulting p-t curves would be reproducible as demonstrated in Figure 2.6¢. These
minimal variations in the p-t curves could be attributed to different batches of wort (variations
in micronutrients are expected) in which the L. acidophilus was grown as well as cell density
variations resulting from nutrient availability. Despite these variations, the power did not rise
above approximately 100 yW and the shapes of the p-t curves were similar as in Figure
2.7b.

When the organism’s history is not exactly known as in Figure 2.6a it is questionable how
this could affect the organism’s response in the calorimetric experiment using the same
testing medium (e.g., TSB). However, if different batches of the same organism (from the

same master batch) from the same supplier, were grown in the same medium (such as wort),
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prior to the calorimetric experiment, it was expected that the resulting p-t curve should be
similar when compared with the master batch organism which was grown in the same
medium (such as wort) prior to the IMC testing. This was not the case as observed in Figure
2.7c, where the expected p-t curve shown in green (which was the L. acidophilus master
batch grown in wort and then tested in TSB). In the same figure, in red, is shown what a
Supplier 1 made batch of L. acidophilus, (from the same master batch, then grown in wort
and subsequently tested in TSB) looked like. What was observed in this particular case was

very different from that expected (in green).

Analysis of the calorimetric results presented in Figure 2.7 prompted further testing of the
new L. acidophilus (Supplier 1). IMC results were considered as a reliable trigger to
investigate batches in question in greater detail. Incidentally, the batches of L. acidophilus
used in all contaminated (as well as in all FV1 batches in between the contaminated and
non-contaminated batches as per Lab 1 test results) were from Supplier 1. Samples of L.
acidophilus (Supplier 1) together with samples of contaminating organisms isolated from
FV1s were sent to NCIMB for a detailed analysis. This included microbiological plating of
these samples undiluted as well as in different dilutions and on TSA, MRS, and Nutrient
agar, both aerobic and anaerobic conditions as well as a wide range of incubation

temperatures and durations (up to 72 hours).

L. acidophilus batches from Supplier 2 were cultivated in parallel with NCIMB master batch,
then checked against each other for purity as per NCIMB work instructions MALDI-TOF
analysis was performed at the same time by Lab 1 confirming the identity and purity of the
isolates as L. acidophilus. This step was taken to make sure Supplier 2 provided a pure
strain of L. acidophilus. Note here that Supplier 1 permitted < 5 x10* CFUs per gram of

aerobic contaminants.
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Figure 2.9 L. acidophilus (Supplier 1) —sample previously unopened, direct from the
manufacturer. Undiluted on TSA plate, incubated at 28°C for 48 hours. The presence of two
distinctive organisms is visible. Courtesy of NCIMB.

The sample in Figure 2.9 came from Supplier 1 (previously unopened vial).. It was expected
that only one organism would grow on the plate, however there were two different organisms
present. Further testing was undertaken to identify the two distinctive organisms. One was
identified by 16s rDNA sequencing as L. acidophilus (small, translucent colonies, Figure
2.9), and no further testing was done as this was the expected organism. The other organism
from the plate was identified, by the same method, as E. faecium probable CNCM [-1721
strain (much larger opaque colonies, Figure 2.9). This was an unexpected and confusing
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result. The confusion was caused by the fact that Symprove used E. faecium in their product.
However, it was not possible that Supplier 1 would contaminate L. acidophilus with
Symprove’s strain of E. faecium during the manufacture as they did not produce E. faecium
for Symprove previously. Further identification of the contaminating E. faecium using multi-
locus sequence typing (MLST) revealed that this E. faecium was a different strain from the

one Symprove used in their product.

During this time, any contaminants found in FV1s were identified to species level by MALDI-
TOF. Slopes of the isolates were prepared and stored, should they be needed for future
analysis as the problem was not yet resolved. This proved to be very useful as the
contaminating organism from FV1s (where the contaminated L. acidophilus from Supplier 1
was used) was a match with the E. faecium isolated from the previously unopened L.
acidophilus (Supplier 1) sample (shown in Figure 2.9). Importantly, E. faecium isolated from
the unopened L. acidophilus (Supplier 1) vial, was not a match with the Symprove’s own E.

faecium.

Finally, it was also confirmed by Supplier 1 that they had previously produced the E. faecium
(probable CNCM 1-1721 strain) for another customer. This was the root cause of E. faecium
contaminating their facility, consequently contaminating several batches of L. acidophilus

manufactured for Symprove company.

Multiple routine microbiology tests done by Lab 1 on several L. acidophilus batches from
Supplier 1 were unable to detect the contaminating organism, whilst IMC was showing clear
differences between the expected p-t curve and the measured one in both pure and

fermented cultures as demonstrated in Figure 2.8.

The major time saving objective was to develop a method which allowed Symprove to
shorten, if possible, the analysis required to assess whether a good product was made. It
was essential that effort was made to extract all the information that could be extracted from
this study provided there was sufficient time. However, the major objective was satisfied at
this point, i.e., it was possible in less than 24 hrs to determine whether a new batch of

product was fit to be bottled instead of waiting for 7-15 days.

In practical terms, Symprove wanted to have a routinised procedure; one which took a
sample of the final product as was (no dilution, no sample preparation), tested it in a given
medium (MRS, TSB) and said, yes, the product was good, or not. It would not be
commercially viable to use one laboratory for testing (e.g., Lab 1) and if IMC would give
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contrary results to go to another laboratory (e.g., Lab 2) to confirm whether a batch was
good or not. Additionally, if there was no IMC testing, a batch would be bottled and sold as

per initial laboratory test results.

The examples given in Chapter 2, raised the distinct possibility to understand how
contaminants could be detected through anomalous IMC outcomes when the test medium
(TSB) was controlled. However, this kind of analysis also raised the distinct possibility of
exploring alternative new media for production purposes (such as industrially produced wort,
rather than currently onsite produced barley wort, or other natural or synthetic growth
media). Examples of this are given in 4.3.2, where one such medium Dohler wort was
investigated. Dohler wort is barley wort which was produced industrially by a specialised
company with high standards and quality control procedures. Their batch to batch variations
should be significantly lower compared with much lower scale wort batches produced by

Symprove without rigorous production parameters control.

The challenge of finding the root cause of FV1 being contaminated by E. faecium was a

particularly difficult one. Many factors contributed to the complexity of the problem.

Firstly, Symprove relied on and was confident in Lab 1 (GMP, GLP, FDA certified laboratory)
with a long-standing relationship and so it was not obvious at the beginning to doubt their
testing procedures and results or sensitivity of their standard tests to detect low levels

contamination.

Secondly, the only manufacturer of bacteria at the time was a professional large-scale
producer and despite some failed batches in the past they were confident in their laboratory

scale batches being of high purity, which was confirmed by Lab 1.

Thirdly, Symprove uses E. faecium in their own product manufacture and as they did not
operate GMP facility, the primarily focus of the investigation was therefore the possibility of

cross-contamination by their own bacteria (E. faecium).

The above factors created a problem as the bacteria used in the compromised and clear
FV1 batches were from the same manufacturer (and the same batch). Lab 1 testing
confirmed the contaminant was E. faecium, however, not analysed to a strain level. It was
not obvious that the contaminating E. faecium could possibly be a different strain, as E.
faecium was a component of the final product.
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2.7 Chapter conclusion

What has been described so far in this thesis was the result of some 500 experiments. These
were done in order to refine the protocol in order to arrive at much more standardised
performance and to establish reproducibility of p-t curves of a good product. However, it was
not yet sufficiently well-established so as to yield a simple analysis of data because
essentially it relied on shape analysis of p-t curves. Further work was needed to make
identification of a good growth much more secure. This involved determination of
quantitative parameters including the growth rate and the intercept. Since the analysis relied
on the shape of the p-t curve only, the whole IMC experiment until the signal returned back
to the baseline needed to be recorded. However, if more parameters could be measured
quantitatively it may be possible to significantly reduce the time demand of the IMC

experiment and so significantly shorten the time to report the results for decision making.

Calorimetry appeared to have excellent sensitivity and reproducibility and could show
abnormalities (see Figure 2.5a-j). It was shown that IMC could identify the difference
between good and bad products. Whilst basic analysis of p-t curve shapes offered some
limited information about peak power, peak time and AUCs the analysis largely relied on
parameters related to shape analysis as noted earlier in 2.5. This meant, there was not
meaningful and significant quantitative data attached to these simple growth studies
reported in this chapter. P-t curves contain much more information that has been extracted
from the data so far. Such data would, if available, significantly improve the prospect of
developing the black box of data processing and contribute markedly to the diagnosis of a

good product.

Considering the future black-box analysis, it was considered desirable to increase and
improve the information content derived from the IMC data. In other words, the potential
information yield from these p-t curves should be maximised as an aid to a judgement based

on multiple quantitative parameters, about whether the product was good or not.

Shape analysis, i. e., comparing the shapes of the p-t curves visually, was important, and
its utility was demonstrated in this chapter. However, the definition of the baseline in order
to calculate AUC depends crucially on defining the start time and end time of the signal (this
way of defining a baseline is subject to individual operator’s judgement, especially when

manual shape analysis is performed). Experience from work during the exploratory phase
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as well as work involved in shape analysis (data not provided), hinted that some simpler

time dependent analysis (such as automatic data analysis) would be more appropriate.

The pragmatic outcome could be applied to the Symprove product because, from a practical
point of view, each time a p-t curve was produced within specified parameters, it could be
indicative of a good product (at least metabolically). Therefore, the pragmatic outcome was
sufficient for Symprove and no further detailed analysis was required. However, it would be
a wasted opportunity to get more theoretical insights if the whole information contained
within the p-t curve was not extracted and analysed. It was plausible that by pursuing further
developments past the pragmatic outcome, by analysing the information contained within
the p-t curve, this would contribute towards developing the theory behind this method. The
theoretical analysis of information such as growth metabolism, and organismal behaviour
would enable expansion of the knowledge on how to disentangle the information contained

within a simple p-t curve.

Fermentation for ca. 15 hours was the main stage in the production process described in
1.4.1. However, no monitoring was implemented throughout this time that would reveal any
problems during this critical production stage. Mimicking the fermentation was possible by
IMC with a potential to be implemented as an on-line monitoring method after the above
presented successful exploratory studies. As such IMC could produce data which contain
kinetic and energetic information about the fermentation, including all metabolic processes
covering the whole fermentation duration (Sardaro et al., 2013). These data could then be
analysed and potential problems could be assessed. IMC has been used previously to
monitor or control fermentation processes involving lactic acid bacteria and yeasts amongst
other microorganisms. For instance, investigations of alcoholic fermentation (Turker, 2004;
Morozova et al., 2017; Morozova et al., 2020), production of dairy products (Schaffer,
Szakaly, and Lorinczy, 2004; Schaffer and Lorinczy, 2005), bread production (panification)
(Mihhalevski et al., 2011), yeast growth (Beezer, 1977; Beezer et al., 1979). and bacteria
(Okada et al., 1998; Braissant et al., 2010b; Fredua-Agyeman et al., 2018) showed that IMC
was an immensely adaptable technique.

Some of the challenges described in 1.4.2 could be elucidated by using IMC. Namely, IMC
offered shortening the waiting times for results significantly (a matter of hours rather than
days as with traditional microbiology). The reproducibility of the IMC method was better than
the currently used microbiological culture methods. Additionally, this method could be
implemented on-line recording the process and progress of bacterial growth and its
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metabolic activities. The capacity of IMC to deal with the system under investigation “as is”
meaning no sample manipulation (such as dilution, drying or purification) as well as the
capacity for automation if implemented on-line directly in a fermenting vessel offers

additional advantages.

The utility of IMC as an early, fast, and reliable warning system was demonstrated. IMC
proved to be sensitive enough to detect a contaminating organism in a high density
concentrated bacterial culture (L. acidophilus) where the conventional microbiology testing
was unable to do so. As a result, the testing procedure for new batches of bacteria was
changed such as each new batch of bacteria was routinely tested via IMC as well as by both

laboratories.

It was demonstrated that IMC could be used to determine the quality and integrity of the

inocula, much faster and with higher sensitivity than traditional microbiological tests.

A new manufacturer of bacteria was contracted with upgraded specifications for new

batches of inocula (no other contaminants allowed at any level).

It was desirable to be able to obtain and process quantitative data for a number of reasons.
Quantitative data could be utilised by Symprove but was not fundamental for their QA shape
analysis. However, it could be expected that theoretical interpretation of the p-t curves, some
fundamental data (such as information about growth rates, growth substrate limits and shifts
in metabolism from simple to more complex carbon sources) contained within these curves
could be extracted offering an enhanced analysis of otherwise simple shape analysis. This
was important as until now the project only dealt with the industrial outcome without any
theoretical basis. Simply put, a deviation from a defined shape suggested there was a
problem, but there was no theoretical basis to place that on. Developing basis for a better
BB outcome necessarily meant that data obtained would have theoretical implications. Any
theoretical development that would allow to have a better BB outcome all in itself

incorporates a theoretical outcome as well.

The information yield in the experiments presented was greater than offered by the shape
analysis. An approach to extract significant quantitative data from a basic p-t curve is
attempted in Chapter 3 which deals with equations describing exponential growth of
microorganisms and their calorimetric applications to express further theoretical insights and

their practical applications (Chapter 4).
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Chapter 3 Developing the theory
3.1 Introduction

In the previous chapters of this thesis a case for the use of IMC in industrial settings was
made. It was discussed why it was chosen as a research tool for this project and how it fitted
into Symprove’s company testing protocol. The results in Chapter 2 showed that IMC had
a high degree of reproducibility (within 3%) and was accurate, fast and accurate in detecting
abnormalities. Thus, IMC is a promising tool for the quality assurance that can help shorten
the time for product release. Despite these advantages, IMC has not become a more widely
used testing method in the area of microbiological testing in industry. On the one hand,
thermodynamics is an area of knowledge that has not been appropriately developed among
microbiologists, who are more comfortable with their own traditional methods. On the other
hand, since the data IMC provides is complex, containing all processes happening
simultaneously, it is difficult to interpret the data, requiring a specialist in thermodynamics
rather than a technician for that. While redressing these issues was beyond the scope of
this thesis, some steps could be taken towards ensuring easier, shorter, and more accurate

ways of applying IMC to industry, and in particular, the food industry.

Although the results presented in the previous chapter were very encouraging, it was not
sufficient to rely only on the shape of the plots as an accurate and objective method. What
was needed for this purpose was a quantitative analysis of the data provided by the TAM. If
rate constants could be quantified here (as has been done in the chemical field for example
complex chemical reactions (Beezer, 2001; Beezer et al., 2001; Almeida e Sousa et al.,
2012) additional information could be extracted from the same p-t curves, which were
previously only assessed visually (Chapter 2, shape analysis examples). Quantitative
analysis so established would further strengthen how great any differences (in the
exponential growth phase) were, which were only revealed visually in the shape analysis.
With this purpose in mind, this chapter is largely theoretical, with focus on the development
of models and tools for interpreting the IMC testing method and its data interpretation for
industrial applications. The first step in this direction consisted in developing calorimetric

equations concerning exponential bacterial growth.

Whilst basic analysis of p-t curve shapes offered some limited information about peak power,
peak time and AUCs, the analysis largely relied, therefore, on parameters related to shape
analysis as noted earlier in 2.3 and 2.7. If additional quantitative information was available,
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this would significantly improve the black-box objective and contributed markedly to the

diagnosis of a good product.

In principle, calorimetry can be used to study all chemical and physical processes that have
detectable changes in enthalpy or heat content of a studied process or reaction.
Consequently, calorimetric data contain both thermodynamic as well as kinetic data about
the reaction itself, such as the rate of the reaction, mechanism of the reaction and other
kinetic parameters of the processes involved (Willson et al., 1995). By using a calorimeter
to study these reactions thermodynamically, the possibility/opportunity to extract information
about the individual thermodynamic and kinetic parameters from data collected by the
calorimeter is presented. Knowledge about the system under investigation so gathered can
help to understand these parameters. The understanding of the rate of the reaction (in the
case reported in this thesis —fermentation) and the mechanism of the reaction can help to
control these parameters, hence control the system itself. This knowledge is a valuable tool
in industrial process control as trends and patterns can be determined and a facility to

optimise specific compounds or metabolites can be unlocked (O’Neill et al., 2004).

The main goal of this chapter was to develop an equation that simply describes the
exponential growth phase. If it was possible to get reliable quantitative data earlier in the
process, getting the analysis down from 24-48 hours (the whole of the p-t curve shape) to
5-15 hours (the average exponential growth phase of Symprove bacteria), it would prove
very useful, not only for Symprove but also, and importantly, for the food and other biotech
industry in general (the exponential growth phases might differ in different biotech

processes).

If it was possible to ascertain that the controlled experiment, an illustration of this highly
complex system, provided an acceptable (yet to be satisfactorily defined) degree of
reproducibility, the method under discussion would be better placed than standard time-
consuming microbiological methods to deal with real-world batches. Hence, the equation
development was a step towards achieving a method that provided theoretical and empirical
confidence. If the procedure in the product manufacture was constant and adequately
controlled, there ought to be a constant outcome within acceptable limits, same or better
than the current gold standards (Foddai and Grant, 2020). This confidence was the basis
for the consideration of the black-box approach being proposed. It was therefore essential

to develop the mathematical models that permitted unfolding some biological parameters
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from the p-t curve provided by the TAM so they could suit the purpose and lay the basis for

the study of other similar systems.

3.2 Background

3.2.1 Phases of bacterial growths

In a batch system, bacterial growth constituted the main part of the production process
described in 1.4. As described by Monod (1949), bacterial growth consists of four main
phases (Figure 3.1): lag (1), exponential or log (3), stationary (5) and decline (6). In addition
to this, two intermediary phases also take place: acceleration, which occurs between the lag
and exponential growth (2), and retardation, which is a transition from exponential to
stationary (4). The lag phase starts right after inoculation into a sterile growth medium and
is characterised by the need of the bacterial culture to adjust to this new environment. The
growth is essentially zero during this phase. The acceleration phase starts as soon as the
bacterial cells are ready to synthesise cellular constituents and available nutrients, resulting
in division leading to identical new cells. When all the cells reach the acceleration phase,
the growth proceeds exponentially thereafter. The growth rate eventually starts to decrease,
which indicates the start of the retardation phase. This is because of some batch system
limiting factors (e.g., exhaustion of a nutrient, metabolite build up). The subsequent
stationary phase is characterised by zero growth rate and is followed by a decline in the
overall cell numbers as a result of cell death. The above mentioned phases constitute a
bacterial growth curve that can be analysed, for example, to get a growth rate of the bacterial

culture.
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Figure 3.1 Phases of bacterial growth in a batch culture. 1-lag, 2-acceleration, 3-
exponential or log, 4-retardation, 5-stationary, 6-decline a); bacterial density contrasted with
variations of growth rate b). (Adapted from Monod, 1949.)

3.21.1 Kinetics of bacterial growth

Chemical kinetics is concerned with describing and quantifying the rates at which
interactions between chemical compounds occur. The study of chemical kinetics offers a
guide towards a mechanism controlling the reaction (Carr, 2007). It can therefore provide
information about the chemical reaction, e.g., speed, yield and duration. These can be then
used in the development of models which formalise mathematical descriptions of the system

(such as a chemical reaction) through quantitative terms.

Chemical kinetics lays the basis for the kinetics of bacterial growth. It measures and
interprets the rates of chemical reactions and is well established (Mortimer and Taylor,
2002). It helps with understanding the complexity of reaction mechanisms including
calculating specific rate constants and determining reaction orders to understand individual
mechanistic steps that take place whilst the reaction progresses from reactant towards
product (Klippenstein et al., 2014). The rate of chemical reaction is the main kinetic
parameter and is correlated to the reactant concentration, governing the order of the reaction

(zero, first, second) (Ramesh, 2019).
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Calorimetry has been successfully used to resolve a lot of the complexity of chemical
reactions quantitatively (Freeman and Carroll, 1958; Ozawa, 1970; Carroll and Manche,
1972; Beezer et al., 1974a; Willson et al., 1995; Beezer, et al., 1999; Gaisford et al., 1999;
Sarge et al., 2014). This means that reaction mechanisms were described through
quantitative terms such as rate of the reaction, reaction order, following reactants
transformed into products using calorimetry and using chemical analysis to analyse the
intermediates. Purely chemical kinetics are relatively easier to resolve quantitatively
compared for example with enzyme kinetics as enzymes are often highly complex, undergo
fast structural changes and serve as scaffolds for chemical reactions (Klippenstein et al.,
2014; Ramesh, 2019). However, enzyme kinetics are also well established (Cornish-
Bowden, 2012) and calorimetry has been applied to resolve problems in enzyme chemistry
kinetics (Beezer and Tyrrell, 1972; Todd and Gomez, 2001; Wang et al., 2020; Siddiqui et
al., 2022).

Biological systems represent an even greater degree of complexity from a kinetic point of
view. Here, calorimetry has offered its utility to resolve some of this complexity quantitatively
since it was first used. Efforts to study complex biological systems calorimetrically —
biocalorimetry— dates back to the 18! century (Wads0, 1979). For instance, in Lavoisier's
ice calorimeter guinea pig experiment, it was implicit that something about the metabolism
of the guinea pig could be concluded quantitatively through kinetic analysis. However, he
did not specify anything about the kinetics of the metabolism of the guinea pig despite the
possibility of extracting kinetic information at the time. If Lavoisier measured the amount of
water that resulted from the melting of the ice by the guinea pig in regular time intervals, he
would generate time dependent data for establishing the kinetics of the metabolism of the
guinea pig. It is plausible he did not realise that he could have extracted this quantitative
information from the experiment that was available to him at the time. The point of this
example is emphasising complexity in order to elaborate on the kinetics whilst suggesting
IMC has this remarkable capacity to investigate really complex systems and obtain valuable

information about the mechanisms of studied reactions.

Much later, the basic principle of calorimetry remains the same: power vs. time. However, it
was not until highly sensitive instruments, capable of measuring processes on a micro scale,
became available (Monk and Wadso, 1968) that the potential of calorimetry found its utility
for studying microbiological systems (Beezer, 1977; Barisas and Gill, 1978). Wider
applications of calorimetry to more specific biological problems intensified with instruments

design development for example in the study of yeast (Beezer et al., 1976; Nunomura and
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Fujita, 1981; Marison and Stockar, 1988; Perry et al., 1990; Battley et al., 1997; Saboury et
al., 1999; Morozova et al., 2020) and bacteria (Spink and Wadso, 1976; Fujita et al., 1978;
Gram and Sggaard, 1985; Schiraldi, 1995; von Stockar et al., 2006; Braissant et al., 2010b;
Wadso et al., 2011; Fessas and Schiraldi, 2017; Corvec et al., 2020).

3.2.2 Studying bacterial growth using microcalorimetry

The bacterial growth curve described (Figure 3.1) provides a schematic basis to understand
the process under consideration. In fact, as will be discussed further, the focus of this project
has been established in reference to the exponential growth phase in this curve. It is worth
bearing in mind that although the calorimetric p-t curve obtained with the TAM of the same
batch experiment shows certain similarity with the bacterial growth curve, one should be
careful not to equate them. Equivalent to the phases of the bacterial growth curve, the p-t
curve representing microbial growth also follows a rise and decline (Figure 3.2, top plot).
Yet, this resemblance between the two curves does not mean that the same processes are
taking place. For instance, a decrease in power does not necessarily indicate a decline in
cell numbers (Braissant et al., 2013); the key finding in this study was that a correct model
is used for a corresponding portion of the data. There is correspondence, however, between
the exponential growth section of the p-t curve and its counterpart in the bacterial growth

curve.

When bacterial growth is studied using microcalorimetry, IMC generated data contains
kinetic information about the process and progress of metabolism of the studied bacterial
system and other physical/chemical processes happening at the same time. As previously
said, the interest here resided in extracting quantitative parameters from the IMC data. In a
similar fashion, work leading to describe the kinetics of bacterial growth and derive
quantifiable outcomes has proved successful (Beezer and Tyrrell, 1972; Schaarschmidt et
al., 1976; Itoh and Takahashi, 1984; Xiufang et al., 1997; Maskow and Harms, 2006; Wernli
et al., 2013; Cabadaj et al., 2021). An advantage derived from the p-t curve is continuous
data capture, and this provides a way to give biological interpretation to the information
encoded in it. For this to be done, the appropriate theoretical framework, that is to say,

mathematical models and algorithms, needs to be in place (Braissant et al., 2015a).

At the most basic level, the p-t curve reveals the cumulative heat by integration (a proxy to

bacterial growth curve), which is also indicative of the total number of cells produced during
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an experiment, and by converting the power signal logarithmically then linear sections can
be identified (Braissant et al., 2013), which may be indicative of first-order reactions such as
exponential growth, as exemplified in Figure 3.2. From such a linear section it is possible to
obtain the growth rate constant (the slope of the curve) and the beginning of the log phase
(the intercept). However, to obtain these two parameters, it was necessary to obtain the
equation of that curve, otherwise they were subject to interpretation by the operator of a data
analysis software such as OriginPro (OriginLab Corporation) that performs nonlinear curve
fitting and parameter calculation as described by, for example, Cabadaj et al. (2021). Hence
the need for the development of appropriate equations is offered in this chapter. It was also
plausible that on transforming the whole calorimetric output dg/dt vs. time logarithmically, it
may be revealed there were multiple linear periods. However, only the first major linear
period related to exponential growth (see Chapter 3) was to be analysed in detail in this
project. Any others that may arise may indicate a first-order process not investigated in this
project. There were several reasons for this focus, for example, the ease of modelling of this
phase, and exploring the shortest, reasonable, reproducible and meaningful duration of

testing.
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Figure 3.2 Mathematical transformation of p-t curve. Raw data (top), integration of the

raw data (middle) and logarithm of the raw data (bottom). 503.1 sample.

3.2.3 Modelling bacterial growth

Bacterial growth has been modelled through mathematical means starting with simple,
single substrate models of Blackman, Monod, and exponential kinetic models (Bader, 1978).
Further development of the theory was done as interest in the field increased (Hinshelwood,
1946; Monod, 1949; Contois, 1959; Pirt, 1965; Law et. al., 1975; Droop, 1983; Zwietering
et. al., 1990; Jannasch and Egli, 1993; Kovarova-Kovar and Egli, 1998; Egli, 2009). Model
development is a way of formalising a system, in this case a highly complex biological one,
in mathematical terms. A simple kinetic model could be difficult to construct because of the
unpredictable interactions of even a single type of microorganism in a medium of varied

composition such as barley wort. As with any mathematical model that aimed to provide a
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description of an empirical process or system, it was an application of theoretical, and often
ideal, conditions that had to be contrasted through experiments. This check offered the
degree of accuracy and extent to which it was capturing in quantitative terms the peculiarities

of that process or system.

The exponential phase is characterised by organisms doubling in numbers at regular
intervals. Mathematical expression of this exponential bacterial growth is based on the
premise of doubling of cell numbers (N) at a constant rate (k) and constant generation time
(9). This can be represented by the geometric series 2° — 2' — 22 — 23 — 2", |t means
when one bacterial cell divides into two, it can be expressed as 2° — 27, these two cells
divide again, 2" — 22, then again, all new cells divide, 2> — 23 and so on. The generation
time can be determined from the number of generations (n) that happened during the

exponential growth phase time (f) as expressed by Eq. 3.1 below (Madigan et al., 2015);

n=kt= (3.1)

Q| e+

where n is the number of generations, k is a rate constant and g is the generation time or
doubling time.

3.2.4 Equation development

This section is concerned with the identification and development of equations, related to
the exponential growth phase, that could be used to extract useful kinetic parameters from
IMC data in order to determine whether the growth of microorganisms in a batch culture
proceeded as expected. The ambition was to determine these kinetic parameters through
suitable approaches based on the available information. In this sense, the scope of this
chapter went beyond Symprove.co’s setup. Thus, the aim here was to show a way in which
growth based on the initial cell numbers, growth based on biomass or cumulative heat of
the growing culture could be investigated through a model based upon the heat output (AnH)
per cell. Applications subsequently developed contribute to the existing theory by enabling
fast, reliable and precise parameter extractions from basic p-t curves. Past work done by,
for example, Braissant et al. (2013) and Fricke et al. (2020), provide a theoretical approach
that relates several variables that depend on the equilibrium of a system, such as the one

being studied(FV1), making it then possible to extract these parameters.
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Mathematical models based on empirical observations of specific cultures have been
recently developed to unfold information about microbial systems from the calorimetric p-t
curve (Miyake et al., 2016). As another example, when analysing the growth of E. coli, Ying

et al. (2017) have proposed a simple exponential model:
Pt = Poekt (3.2)

Where Py is the power output from a sample at time t = O; P; is the power output at any other
time during the experiment; and k is a thermokinetic parameter (growth rate constant). The
p-t curve for E.coli has two exponential growth phases and the model they developed
allowed them to determine the growth rate constant (k), the heat output (Q) for each of them,

and subsequently for the overall curve.

Bonkat et al. (2012) also used a simple exponential model developed for four different
bacterial pathogens; Staphylococcus aureus, Enterococcus faecalis, Proteus mirabilis and
Escherichia coli. They calculated the growth rate constant from the integration of the p-t
curve which represents the heat produced by the cells during the exponential growth phase

in this case;
Qt = Qoett (3.3)

Where Qo represents heat at time = 0; Q:represents the heat at any other time ¢, (i.e., the

integral of the p-t curve over the exponential part of the curve); and u is the growth rate (h

.

Once they calculated y, they were also able to determine generation time (ty) from a simple
relationship;

ty=1In 2u (3.4)

Another example is provided by Garcia et al. (2017) where they established a correlation
between the initial viable cell numbers of Lactobacillus reuteri and the time it took to produce
a certain amount of heat generated by growth;

_ 1 1 )
t= 0.434u log Xuo + 0.434u log (ch) (3.9)

Where u is a specific growth rate, Xy is the cell concentration (CFU/mL) at time 0, Qv is the

heat produced by the cells in volume V of medium and kc is the heat production rate per cell.
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They noticed a linear correlation between the logarithm of viable cell numbers and the time
it took to reach a certain power. This outcome was used by Nykyri et al. (2019), who
developed it further in their detection time equations for the relationships between initial
microbial cell densities and detection time for Pseudomonas brassicacearum, Bacillus

amyloliquefaciens subsp. plantarum and Clonostachys rosea.

Further developments in getting an important kinetic growth parameter from empirical data
(e.g., integrated p-t curve) have been achieved for example in detection of Legionella
pneumophila (Fricke et al., 2020). Their simple exponential model takes cell numbers (N)
instead of power as in Eq. 3.2 or heat as in Eq. 3.3 using more sophisticated models such

as the Gompertz equation (Gompertz, 1825), Eq. 3.6 below;

Q(t) = Qmax X exp (—exp(—pmax X (t— V))) (3.6)

Qmax represents the total heat evolved during the growth, pmax is the maximum growth rate
during the exponential phase and y (in hrs.) is the lag time. Their equations depend upon
taking the heat output (enthalpy) rate of a cell (J/cell/s), whereas the proposition in this work
was to take the heat (enthalpy) of metabolism (J/cell).

The above mathematical models have fruitfully enabled kinetic analysis of data produced by
a calorimeter and therefore are an important starting point for this project. They have also
paid particular attention to the exponential growth phase. However, although these models
have arrived at first degree linear equations and analysed their slope, the significance of the
intercept has been largely neglected as a meaningful parameter of evaluation for the

establishment, by precise quantitative means, of the time zero (fo) of that phase.

As Braissant et al. (2015b) have pointed out, the beginning of the exponential growth of the
studied bacterial sample can be estimated by establishing from zero, to the intercept of a
line tangent to the maximum growth rate point in the heat-time curve (integrated p-t curve).
While this development points in the right direction, it is based on estimation of the best fit
of the heat-time curve with statistical software R as proposed by Kahm et al. (2010). That is
to say, the intercept is not obtained directly from an equation and therefore cannot be used
for the purpose of the black-box analysis. Additionally, this project aimed at getting the value
of the intercept. This was key for establishing when exponential growth started in a very
simple, accurate and reproducible fashion for a semi-closed system (as described in 1.4.1).
This was expected to be achieved through the development of an empirically based equation

that decoded the value of the intercept from the p-t curve.
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3.241 Growth based on cell number

Suppose there is an initial sample with No cells and after a certain interval of time At =t—{

there is N number of cells. Then, empirically, the total number of cells AN = N — No divided

by the interval of time At is approximately % = kN where k is a rate constant. Then;

dN
= kN (3.7)

This equation tells how the number of cells is changing over time as N = N(t). The solution
for Eq. 3.7 is below:

N() = Nyekt (3.8)

Let us now define a useful quantity which is the heat produced by the cells;
qN = ANHN (3.9)

where AnH is the enthalpy of growth per cell (in J/cell). Now, since N depends on time and
there were Np cells initially, to express gn for the entire process we will need to consider AN
= N(t) — No instead of just N in the above equation. By doing that and by replacing (3.8) in

(3.9) one arrives at;
gy = AyH(N(t) — No) = NOANH(ekt -1 (3.10)

Similarly, as before, let us now think that instead of considering one entire cell with gy at a
certain time t, we consider infinitesimal (very small) differences of them that are denoted by
dgn and dt. Now we are interested in measuring how dgn changes over time dt. To do this
in a simple way, we can divide the above equation by Af and then take infinitesimal
quantities, it can be found that;

%’E NoAyH k ekt (3.11)
Applying logarithm to (11) yields;
In [“2| = mP(t) = In[NoAyH k] + kt (3.12)
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Eq. 3.12 is the central equation of this project.

Exploring different ways of getting k is demonstrated below in Eq. 3.13 where taking another

derivative with respect to time in (3.11) yields;

d (dqn d*qn _ 2kt
E(W) ar2 —NOANHk e (313)

Furthermore, it can be noticed that by diving the above equation by (3.11), k can be obtained

directly;
dzq
22 NoAyH k2ekt K 3.14
dqn kt (3.14)
44N NoAnH ke

dt

Fricke et al. (2020) suggest using the second differential of the power vs. time to define the
time period for data analysis. Their work suggests the potential to eliminate shifts in baseline

and enables to distinguish the physical from the metabolic effect.

This means that plots may not be required —only that the differential of the power is required
at any time t and this, with the power itself at that time allows determination of k. Hence
many values of k can be determined throughout the exponential period and an average of

those through the constant (e.g., exponential) period can be calculated.

3.24.2 Growth based on biomass

Egli (2009) has outlined the central considerations and approaches to the interpretation of
kinetic data for microbial growth under a range of conditions. As noted in 3.2.2 there is a
long history of the study of microbial systems through experimental microcalorimetry.
Presented here is the approach taken for quantifying microcalorimetric data for kinetic

analysis based on biomass.

The computation is an extension to the above development. First, postulate a formula (by

hand-empirical);

aM

= M (Belaich, 1980) (3.15)
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where M = M(t) is the increase of the biomass of growing culture and y is a parameter that
is called the growth rate. Following the same as in 3.2.4.1 (since the differential equation is

the same), one can find that;
= = In(MoAy Hp) + pt (3.16)

Thus, a plot of In(dq,,/dt) vs. time (this can be a direct application of the experimental data
i.e., power vs. time) will be linear with a slope of y and an intercept of In(uA,HM,). If the
number of bacteria present at t = 0 is Mo (in terms of biomass rather than cell numbers) and
the number of Joules evolved per cell during the logarithmic phase is Ay H then g, can be

set equal to Ay, HMp and the intercept now becomes Inugq,,.

3.24.3 The link between cell number and biomass

The equations in 3.2.4.1 and 3.2.4.2, describe an exponential growth phase, with the
possibility to be applied later in the p-t curve, should another first order process occur an
exponential growth phase for a given calorimetric data set can be expressed in terms of
either cell numbers Eq. 3.12 or biomass Eq. 3.16. Thus, the values of k and u for a given
data set (experiment) will be the same. This in turn requires, for the models to apply, that
the cells forming the biomass and the total cell number during the exponential growth to be

identical (dividing cells, no respiring cells).

3.244 Analysis based on cumulative heat determination over the exponential

growth phase

Eq. 3.10, can be rearranged for e,

NoAyH(e¥t — 1) = qy (3.10)
kt _ qdN
et = gt (3.17)

Now, if et is replaced in Eq. 3.11 for Eq. 3.17;

LN = gy + NoAyHk (3.18)
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Eqg. 3.18 indicates that a plot of dqn /dt (power) versus time (the value of g at time when

dq/dt is registered) gn (not In), will yield a line of slope k.

3.245 Time from inoculation to signal detection

Let Ns be the number of organisms required (in the sample volume placed into the IMC) to
give a specified signal — this will be the same for all similar samples independent of the
initial inoculum density. For a reference set of number N, with an inoculation time f, such

that one achieves a specific signal for Ns, it can be written;

N = N,ektr (3.19)
At some other cell number with time texp and Nexp we have again that;

Ng = Ngype'texr (3.20)

since all the samples should have the same Ns. Then, we can equate the Eq. 3.19 and Eq.
3.20, yielding;

Nyektr = N, ektexr (3.21)
By applying logarithm and re-arrangement of Eq. 3.21;
In(N;) = In(Nexp) + k(texp — tr) (3.22)

As a result, the relative cell numbers could be established. Alternatively, if the cell numbers
were known in the reference sample, the cell numbers in the experimental sample could be

established.

3.24.6 Generation (or doubling) time

If we start with No number of cells, they will double to 2No cells over a time period {y—doubling
time during which a new generation of microorganisms is produced. Both terms were used
interchangeably in this thesis because the focus of the work was on the exponential growth

phase with the assumption noted in 3.2.4.3. The same applies for gn — 2gn.

Then it follows by using Eq. 3.8 and by denoting the time {5y as the doubling time;
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N(t) = 2N, = N, ekta (3.23)

= ekta =2 (3.24)
kty = In (2) (3.25)
tq ~ 222 = 0.693g (3.26)

where k = 1/g with g being the generation time. Then, if Eq. 3.23 is used, the number of cells

after doubling the process n times will be;
N(t) = N, 2" (3.27)
Now use Eq. 3.10 to find;

1= N(©) = No =No2" = No = No (2"~ 1) (3.28)
N

where Eq. 3.27 was used. Finally, the above equation follows;

A‘;—NH =N, (2" — 1) (3.29)
aN__ _ _
=2t -1 (3.30)

Eq. 3.30 could be used to calculate the number of generations n evolved during the

exponential growth phase.

3.24.7 Degree of reaction

One further application having determined cumulative heat (see Figure 3.2) could be
calculating the degree of reaction which should be proportional to the number of cells as
demonstrated by Fessas and Schiraldi (2017) and validated by traditional microbiological
methods (Gardikis et al., 2017).

Degree of reaction completion a can be given by;

a="x (3.31)
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where q;, is the cumulative heat at time t and Q is the total heat evolved. Then it can be
found that;

da _ Tar _ (ake’“) (3.32)

By applying logarithm to Eq. 3.32 it can be found;

da

In (E) = In (%) + In (ekt) (3.33)

Finally, after rearrangement;

qat

()= ln(l o k> + kt (3.34)

Q

Eq. 3.34 offers yet another way of getting the growth rate k.

3.2438 Relative cell numbers

Furthermore, relative cell numbers could be determined from inoculum volume experiments
by modifying Eq. 3.12 by setting t = 0,

In=L = InkAyHNo = 5% = kAyHN, (3.35)

Inoculum volume meant in the context of this project either predetermined increments or
decrements of the inoculum volume, for example, if the standard inoculum volume is 30uL,
inoculum volume experiments could be in 2uL decrements. These experiments, in principle,
reflect decrease in inoculum densities and may help in studying the effect of cell numbers
on the response time when tested in the calorimeter. Decreasing or indeed increasing cell
densities in the inoculum offers an opportunity to study the effect of this on the growth curve.
It was plausible that at different cell densities the cell might behave differently, such as

forming a biofilm instead of being in a purely planktonic state.
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3.3 Discussion

3.3.1 Central equation

The central equation i.e., Eq. 3.12 relates to the logarithm (log) of power to time through a
line of slope k and the intercept In[N,AyH k]; the value of the intercept is the value of the
power when mathematically t is 0. The central equation was couched entirely in terms of
accounting for the exponential phase of microbial growth. It is a special case of first order
process, where the plot of logarithm power vs. time is a straight line with a slope, which is
equal to the rate constant of the described reaction (exponential microbial growth). In other
words, the generalised case was that the logarithm of power vs. time described the first

order process, and the special case was the exponential growth of microorganisms.

When the logarithm of (dq/dt) was plotted against t, Eq. 3.12 was explicitly turned upon the
exponential growth; that is to say, the equation was expressed entirely in terms of
microbiological growth and mathematically accounted for exponential growth only for the
purpose of this thesis. Additionally, plotting the log of power against time is a way of
identifying a first order process (Willson et al., 1995; Beezer et al., 2001) and the slope of
that line is the rate constant. This suggested that the rate constant would be both a function
of the organism and the medium in which the organism was grown assuming that the
temperature and other important experimental parameters were kept constant. Therefore,
medium investigation as well as organism investigation was possible. If the medium was
kept constant, the changes observed could be attributed to organism variations and vice
versa. Indeed, if it was true that these investigations were possible, then it raised the
prospect of using the equations to explore the history of the organisms (the effects of the
original growth medium in which the organism was prepared and the storage conditions on
the growth performance of the organism in the subsequent tests) as well. This could aid in
determining the ideal conditions under which the organism would be used in the real

production process.

Yet, more could be done with the central equation. For example, manipulations based on
the Eq. 3.12, where t = 0 (an equation of a straight line results) a plot of dg/dt vs. Q would
offer a rather trivial way of getting k from the TAM output. This is practical, as just adding up
dg/dt (because there are the same time intervals constituting the area) and plotting these
against each other gives k.
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The development of an empirically based central equation, Eq. 3.12, established on the
basis of the exponential growth of bacteria, has largely focused on establishing a simple and
fairly accurate way of identifying the exponential growth phase and thus setting a working
definition of what was to be considered as fp. The significance of defining fp as the moment
when the exponential phase started had implications both for the pragmatic and the
theoretical outcomes of this project. At a pragmatic level, having tp as a parameter could be
significant for production monitoring. The moment in which the exponential growth started
in a given batch of the Symprove product (or, in fact, of any process of fermentation) could
be a good indicator of the behaviour of the bacteria involved. For instance, if the exponential
growth started too late with respect to a reference, this might signal a low concentration of
organisms in the inoculum or some alteration in the inoculum’s history, such as
contamination or different metabolic pathway reaction. If the exponential growth started too
early compared with the reference, this might indicate that there was an excess number of
organisms in the inoculum, or there might be contaminants that grew faster than the bacteria
of interest expected to be there (see Chapter 4 on contaminants). Hence, having an easy
and reproducible way to compare this parameter would be an important tool for production

control and monitoring.

At a theoretical level, a value of fpcould be defined in several ways. Firstly, as the time when
the ampoule was inoculated. Secondly, when the TAM signal started, and thirdly when
exponential growth started. Defining fp becomes all the more important given that the
equations referred to No, which had to be congruent with the definition of o — be it the
inoculum density at the beginning of the experiment or the number of organisms present at
initiation of exponential growth, for example. Whilst it was possible to know the value of the
inoculum, any subsequent cell number throughout the growth was unknown in the absence
of a highly equipped lab, as was the case at Symprove. Setting t{p was therefore important

for making the model applicable to real world data.

By defining tp as the moment in which the exponential growth phase strictly started, this
research avoided conflating measurable experimental landmarks, such as ampoule
inoculation or TAM recording, with the much more difficult empirically established beginning
of the exponential growth. Avoiding this conflation provided an opportunity to contribute
towards having future parameters within the matrix of results and conformed with the
acknowledgement that the p-t curve, despite its differences, was in line with the bacterial
growth curve in which the different phases were clearly defined. Yet, the difficulty of

establishing with precision the moment in which the exponential growth started had
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sometimes led to the assumption that it coincided with the moment in which the TAM began

recording power (Cabadaj et al., 2021).

Attention to the distinction of the bacterial growth phases in the p-t curve to construct a
mathematical model has been scarce. While Chang-li et al. (1988) recognised the
importance of defining fo as the beginning of the log phase for the calculation of the growth
rate during that phase, they did not provide a method for establishing it mathematically from
their equations. This meant that the only way of getting the value of the moment in which
the exponential growth began was via finding the best linear fit of a line on the experimental
data with some software. Although the concern of Braissant et al. (2015b) was neither the
definition of tp with reference to the exponential growth (they defined it as the TAM power
recording start) nor the establishment of the beginning of the exponential growth phase, they
tried at differentiating the growth phases in the p-t curve. Closely following the idea of
Zwietering et al. (1990), they suggested a method for establishing the lag phase by getting
the x-intercept (with the x-axis representing t) of the tangent of the maximum growth rate
(maximum slope) in the heat over time curve. As Zwietering et al. (1990) had done before
using the bacterial growth curve instead of the heat-time curve, they estimated that the lag
phase duration was between fp and that intercept. This approach did not really suit the
purpose of this research because the end of the lag phase did not strictly coincide with the
beginning of the exponential phase (there is an acceleration phase in between, see Figure
3.1), hence it was not possible to use their method to establish fp as defined here (i.e., the
beginning of the exponential phase). Similar principles have been used by Astasov-
Frauenhoffer et al. (2011) for identifying the length of lag phase as a function of the initial
bacterial concentration to determine, for example, viable but nonculturable bacteria in the
sample. Fessas and Schiraldi (2017) defined the duration of the lag phase by the intercept
of the tangent at the flex point with the baseline.

3.3.2 Rate constant (k)

As stated above, the equation N(f) = NoeX! (i.e., Eq. 3.8) described bacterial growth over time
based on cell number. As the equation signalled, bacterial growth had a segment that was
exponential and therefore could appear as a straight line when expressed in logarithmic
terms. The calorimetric derivation of the rate constants is well established (Willson et al.,
1995; Gaisford et al., 1999; Willson et al., 1996; Hills, 2011) and this helped in quantifying

and assigning more theory to these rate constants in the cases at stake in this project.
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Although it was apparent from looking at the shapes in the examples given in Chapter 2
that the values of k changed from one case to another, no quantification of that change was
made. It should be noted that getting the slope k of this line is equivalent to what
microbiologists have been doing for years; that is, plotting the logarithm of cell numbers
against time as a straight line and getting the rate and generation time. By analogy, a similar
principle applies to the p-t curve because calorimetry, as used in this project, is mirroring the

cell growth over time.

The rate constant k, the main parameter of growth, was relatively easy to obtain from the
transformation of the p-t curve (see 3.2.2). This was in line with Braissant et al. (2015a)
where they pointed out that some growth parameters (e.g., growth rate and doubling time)
could easily be obtained from both the p-t curve as well as the integrated p-t curve. The
logarithm of power as a function of time seemed like the simplest approach for obtaining the
rate constant. This was because a first order reaction gave a straight line representing
exponential growth (the first segment of the curve), and this region was easy to visually
determine in the plot. Although the rate constant could be obtained in a number of other
ways, as for example, (dq/dt)/Q = k; or (d2q/dt?)/(dq/dt) = k; or In(dq/dt3)/(t) = k, these
approaches involved further data manipulation, making them more time consuming without
an obvious advantage. Furthermore, when the automatisation of data analysis takes place,

the coding of the simplest procedure is preferable.

The manipulation of the central equation allows the development of other conclusions based
on it. For example, if the growth rate is dependent on the medium, the k value ought to reflect
changes of growth rate conditioned by changes in the growth medium. This is important for
a production process such as fermenting bacteria in a specific growth medium.
Consideration of alternative growth media, as for example, moving from small scale batches
of wort to commercially produced wort could be assessed by having some quantitative views
about how the same types but differently produced worts compared when subjected to the
same growth conditions of the same bacteria. Further exploration of k is presented in
Chapter 4.

3.3.3 Intercept

The y-intercept derived from the plot of the logarithm (/n) of the power signal against time

was a calorimetric intercept that incorporated the rate constant k, the Joules per cell AnH,
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and the inoculum No. The identification of the intercept was the mathematical outcome of
writing Eq. 3.12 describing explicitly the straight line associated with the exponential
bacterial growth. Furthermore, the extrapolation of this straight line all the way down to the
x-axis (y = 0) would theoretically, define the time at which the exponential growth described
by Eq. 3.12 had begun. This suggested that the approach taken here to exploit the intercept

consisted of at least two aspects.

First, the challenge to find the value of fo that was implicit in the equation above and could
be addressed if fo was set as t = 0, meaning a mathematical start that corresponded with
the start of the regression analysis (which was the equivalent of the theoretical start of the

exponential growth).

Second, the intercept should reflect the relative cell numbers (CFUs) at inoculation. If this
was true, there should be an easy way to test this hypothesis. For example, adding variations
of 3, 10, 30, 300 pL of inoculum volume were (assuming 106 CFU/ml in 30 pL for the purpose
of this project) into a sterile medium that supports well the growth of the given inoculum.
From the equations, the regression analysis should yield the values of k. Assuming the
enthalpy was also constant, the ratios of the intercepts i.e., using 3 uL as a reference, should
be 3.33, 10, and 100 for 10, 30 and 300 pL inoculum, respectively. This should be seen as
a shift on the x-axis either to the left with increased inoculum volume (30 pL and 300 pL,
taking 3 uL as a reference) or to the right with decreased inoculum volume (0.3 uL and 0.03

bL, again, taking 3 L as a reference).

The initial lag time duration could be determined as the interval between zero and the x-axis

intercept (from the regression analysis).

When enumerated, the intercept would yield values that could contribute to a set of
calculated growth parameters (for example intercept / k ratio) to confirm a good growth
occurred. The intercept value could be another parameter to say whether the growth
observed compared to the standard reference growth and how closely it compared with the

standard. This is practically explored in Chapter 4.

3.3.4 Enthalpy per cell AvH

The power that was measured at any time during a calorimetric experiment was attributed

to the sum of the power that was produced by living and actively dividing bacteria (assuming
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that all exponentially growing bacteria produced the same amount of heat) at that particular
time point. Therefore, determining enthalpy from the p-t curve required additional information
such as microbiological plate counts (or optical density measurements, possibly cytometry)
of the same culture as the one tested in the calorimeter. A change of enthalpy, in principle,
would move the data (p-t curve) up or down with respect to the x-axis. Enthalpy could be
calculated from the p-t curve data and the plate counts of the same culture. This is done by
setting up a sufficient number of equivalent ampoules, some of which will be tested in the
calorimeter, and some placed in an incubator (of the same temperature setting as the
calorimeter). Whilst the calorimetric experiments will produce continuous data, the ampoules
from the incubator will need to be opened and plated in several time intervals (e.g., every
hour, for at least as long as the p-t curve reaches the first peak, past the exponential growth)
to provide an insight into the growth and get the actual bacterial counts at each particular
time step. Getting the value of enthalpy for the exponential phase could then be calculated
from the actual power value that was recorded on the particular hour when the associated
plate counts were taken and (other methods such as automatic plate reader or flow
cytometry could also be used), dividing it by the number of cells that were obtained by plate
counting at that point.

If enthalpy was to be exploited as a useful parameter of growth, one needs to have the
capacity of performing plate counts alongside the calorimetric experiments, or other suitable
method that enables the enthalpy to be calculated. As mentioned previously in 1.4.4.1, no
calculations of enthalpy were offered herein because of limited laboratory provisions at

Symprove co.

3.4 Conclusion

The equations presented are simple, satisfactory and if they are reproducible, their simplicity
is a great advantage in comparison with more complex models such as Gompertz or
Richards models (Zwietering et al., 1990). They have not yet been previously written in the
explicit form as demonstrated above. Whilst many attempts to simplify calorimetric data
analysis have adopted the logarithmic form of the p-t curve, there has not been much
attention paid to the significance of the intercept, therefore, to that extent, the exploitation of

the intercept was an important extension of the analysis.
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The central equation 3.12 offered several practical applications, some of which are
demonstrated in Chapter 4 (it is not, however, an exhaustive demonstration of all
applications). The simplicity of getting the main growth parameter, rate constant, k made the
analysis of complex calorimetric data easier. . It is explored, in Chapter 4, how the rate
constant (and the intercept) changed when the bacteria were grown in one medium (MRS,
TSB), then tested in MRS or grown in another medium (wort, Dohler wort) then tested in the
same MRS.

A clear definition of what the intercept was has been proposed above and this made it a
good addition to other easily extractable parameters including growth rate (i.e., slope), peak
power, time to peak power and area under curve. In other words, these equations represent
something which was quantifiable in both its slope and its intercept, and their reproducibility

could be tested.

The application of these equations offered a functional, practical system that could be used
for Symprove production monitoring and control, however, was not limited to Symprove
production. It was obvious that the values of k and intercept were in essence just numbers
for Symprove to determine whether the growth of their bacteria was good or not, however,
an extension of applicability of the equations to more fundamental aspects are concerned
with the availability of easily extractable parameters and their analysis. For example,
examining the performance (e.g., how good are the values of k and intercept) of the
equations could be done by looking at their reproducibility in a controlled experiment
(reference). The evaluation of the slopes and the intercepts that came from the logarithm
plots was immediate and the calculation of o was possible using the equations. Further
analysis using the equations could examine how cell numbers or relative cell numbers could

be determined.

The main guiding principle behind the practicality of these equations was that if a real system
followed them satisfactorily, and if some meaning (e.g., what dis the changing values of
slopes and intercept represent) could be associated to that, something could be written
about conventional biological counting systems, their accuracy, and whether it could be
improved using IMC.

The work described in this chapter could also aid in further analysis of subsequent (followed
after the first exponential growth) first order processes observed in the p-t curves, graphically

illustrated in Figure 4.10 (Chapter 4) and analysed in Table 4.4 (Chapter 4). Each time
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there is a change in the p-t curve, there is an opportunity to study this change as the basic
information such as start time and duration of the change is known. The changes observed
in the p-t curve capture changes in the metabolism and behaviour of the studied organism,
for example, a nutrient being exhausted and organism switching to a different nutrient or
energy source, metabolite build or switching from fermentation mode to respiration. IMC
captures, very precisely, both time scales as well as energetic extents of these events.
Furthermore, the aim of kinetic analysis was to provide a mathematical model that explained
the behaviour observed and whether the model fitted the data and how well. Kinetic analysis
of the observed behaviour was only a mathematical description of it. To discover what the
actual process was (such as the first exponential growth), other auxiliary experiments need

to be done in parallel and these were outside the scope of the project.

The nature of the discussion in this section was purely theoretical; contrasting the theory
against the empirical results is the task of Chapter 4, where, through already established
reference-standards, was possible to measure the reproducibility of the experiments and to

assess the empirical applicability of these equations.
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Chapter 4 Industrial application of the theory
4.1 Introduction

The previous chapter developed theoretical equations related to the exponential phase only.
It was noted (3.2.2) that the p-t curve revealed the cumulative heat by integration, which was
also indicative of the total number of cells produced during an experiment. The cumulative
heat (represented by the area under curve) enabled the exploration of how good the
repeatability of IMC experiments was, in recording cell growth, assuming the same starting
inoculum numbers and AxH (heat/cell) values. A logarithmic transformation of the power
recorded by a calorimeter plotted against time helped in identification of first order reactions
represented by linear portions in the logarithmic plot (Beezer and Tyrrell, 1972; O’Neill et
al., 2003; Willson and Beezer, 2003; O’'Neill et al., 2004 ). The first major linear portion in the
logarithmic plot was expected to be directly related to the exponential growth phase. Once
the linear portion was identified, parameters such as growth rate (Braissant et al., 2013;
Cabadaj et al., 2021), and the beginning of the exponential phase (the intercept of the linear
portion with the time axis) could be determined. The logarithmic plot also necessarily
revealed generalised first order processes (such as microbial inactivation) other than just

the first exponential growth.

This chapter addressed the industrial concerns of this thesis i.e., could the time cost (from
the end of fermentation to bottling) of the product testing to Symprove be improved through
use of IMC. “FV1-real”, in the context of this thesis, meant a full production scale (i.e., 1000L)
batch of FV1, according to Symprove’s standard operating procedure (as detailed in 1.4.1
or its later variations). Previous chapters have explored whether a good product showed up
in IMC tests as a consistent outcome (Chapter 2) and the theoretical developments
(Chapter 3) needed for the mathematical interpretation (Chapter 4) of the p-t curves derived
from calorimetric experiments. This was done through IMC’s capacity to study complex
systems without significant sample treatment prior to evaluation —and that its data was
available in real time. In other words, a template for the evaluation of IMC as a tool to assist
industrial process performance was developed. In order to do this, it was first imperative to
establish a set of standard references, as they did not exist for IMC reactions in relation to
the Symprove product. It was desirable that the standard references be simple to perform,
with high repeatability without the need for advanced laboratory provisions. After the
references were established, the repeatability of the system could be determined, and

coding developed. The latter was done to enable an automatic and operator independent
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procedure to streamline data processing and QA decision making. Importantly, should IMC
be used as a standalone method, determining its performance for detecting a good growth
(good fermentation) in an industrial setting, a comparator of conformity with classical
microbiological methods (plate counts (PC) and optical density (OD)) was done in section
4.3.1.1.1). Additionally, IMC reference systems could be used to ensure instrument

performance over time.

An attempt to establish standard references to analyse the role and importance of the
equations previously developed is presented in the first part of the chapter. Here, for the
sake of practicality and simplicity, a model organism, L. rhamnosus, was selected from
amongst those in Symprove and tested in a controlled medium, MRS (previously discussed
in Chapter 2.2.2). L. rhamnosus was studied exhaustively to make sure that the objective
to discover and implement this procedure to the real product (FV1-real was a subject of the
thesis; FV2-real and Mix-real form a scope of future work) could be achieved. It was simpler
and more productive to take one organism first, as a case study (see 4.3.1), instead of the
full product, so, the prerequisites of repeatability (and hence estimates of uncertainty and
the performance of the method could be determined), medium issues could be established
with better accuracy and then proceed by stages to the complexity of the product (i.e., FV1-

real).

Once the references were successfully established for L. rhamnosus, L. acidophilus and
FV1-artificial, the repeatability of the system could be determined. Quality controlled product
procedure required that all aspects of the procedure were as closely controlled as practically
possible. For example, the experiments were tightly controlled (timings were the same,
temperatures were the same, growth medium was controlled, the procedure was simple to
perform and the instrument’s performance was verified) and all these should enable
repeatability over time, which should ensure confidence in the procedure/testing itself. It was
desirable that the repeatability of the experiments should be better than the repeatability of
traditional microbiological plating methods (Corry et al., 2007) used by the Symprove
company for QA at the time.

Taking the best-case scenario of pure L. rhamnosus in a controlled MRS medium to test the
repeatability of the experiments seemed logical as variations arising from medium
composition and bacterial strain impurity would be minimised. MRS medium was selected
after a significant investigation was carried out to find a suitable growth medium (see also
4.2.3). MRS was recommended for Lactobacilli and it also showed less complexity in
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resulting p-t curves when compared with TSB. Upon conclusion that this best case scenario
offered satisfactory confidence in the method, the method was applied to the second
constituent of FV1, L. acidophilus, and then to FV1-artificial (equal mix of L. rhamnosus and
L. acidophilus, to simulate, at a laboratory scale, FV1-real. Using Eq. 3.12 offered the
opportunity to demonstrate that the values of chosen parameters, once established, fell
within a specified range. It was expected that the ranges determined for a real scenario (e.qg.,
FV1) would be wider than the ranges for a precisely controlled experiment (e.g., the best-

case scenario).

The strategy employed consisted, first, in doing manual analysis of data using OriginPro
software (OriginLab Corporation) to then implement the coding and automation of the data
processing. Developing operator independent and streamlined data processing only made
sense after it was established that it was worthwhile doing so. A proof of concept was
successfully demonstrated by Cabadaj et al. (2021).

The range of data that was accessible from the calorimeter meant that the simple analysis
(p-t curve derived parameters and their reproducibility, see later in 4.3.1.2) was possible as
well as the analytical outcome from the application of the equations (parameters derived
from the logarithmically transformed p-t curve i.e., slope which is the rate constant, intercept

value and AUC) was obtainable.

These data when quantified allowed a clear quantitative comparison of the performance of
L. rhamnosus in the calorimeter, with, for example, L. acidophilus. The same approach was
used to understand whether the FV1-artificial behaved in any way similar to FV1-real. This
offered the opportunity to study the performance of an alternative wort (Dohler wort) with
respect to barley wort produced on site. It was also possible to distinguish whether there

was a contaminant present (sections 4.5.1.3, 4.6.1.3 and 4.7.1.3.

This chapter explored whether calorimetry could substitute for traditional microbiology, and
whether there was a greater insight to be gained from the exploitation of the equations
developed in Chapter 3. This chapter also described comparative studies of L. rhamnosus,
L. acidophilus, FVV1-artificial, FV1-real, and some contaminants isolated from real production
samples of FV1.
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The main aims of this chapter were:

1. To develop reference standards for L. rhamnosus, L. acidophilus
and FV1

2. To establish basic shape analysis parameters as well as
quantitative analysis parameters (rate constant, intercept)

3. To develop comparison matrices of both shape parameters and
quantitative analysis parameters

4. To demonstrate practical applications of IMC through

contaminant detection experiments

4.2 Materials and methods

4.2.1 Testing protocol

The general experimental protocol consisted of filling sterile glass ampoules (3 mL) with pre-
warmed (37 °C) sterile growth medium (2.97 mL) and inoculated with 30 uL of L. rhamnosus
(an aliquot of frozen organism was thawed in a water bath at 40 °C for 3 min, then vortexed
for 1 min before inoculation). The ampoules were immediately sealed under aseptic
conditions then inserted into the thermal equilibration position of the Thermal Activity Monitor
(TAM) 2277 (TA Instruments Ltd., UK) for 30 min before lowering them into measuring
position and data capture began. TAM collected data using a software package Digitam 4.1.
The software collected data at 4 Hz for 24-48 hours or until the signal came back to the
baseline; here, once 40 data points were collected, the average value was recorded, giving
a final data set comprised of 1 data point every 10 seconds (this method had the effect of
smoothing the power data). Any differences from this protocol were noted as appropriate.
Electrical calibration was performed in accordance with the Instruction manual
(Thermometric, 1996). Optical density readings were performed using Thermo Scientific
Spectronic 200 Spectrophotometer at 600 nm. Plate counts were obtained using L.
rhamnosus, sterile PBS and sterile vials; dilutions of 1:10 (-1) through to 1:100 000 000 (-8)
were performed. These dilutions were done for 8 time points (each time point corresponding
to 1 hour). Colonies were counted 24 hours later to give CPU counts.

Manually derivable parameters from both the p-t curve and its logarithmic transformation

were obtained by using OriginPro software (OriginLab Corporation). This was done by
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uploading raw data, analysing peak power, time to peak power, calculating areas under
curve, logarithmic transformation of the raw data, after which the best straight line from the
beginning of the data up to peak power was identified and the parameters of slope, intercept

and the best coefficient of determination obtained.

4.2.2 Microorganisms

Strains of L. acidophilus NCIMB 30175 and L. rhamnosus NCIMB 30174 manufactured by
Supplier 1 were of lower purity (allowing < 5 x 10* CFU/g of total aerobic contaminants) even
though these were made from pure controlled stocks held at NCIMB. The exact procedure
for their manufacture was not available because of the proprietary nature of the process.
However, it was not possible for them to provide pure strains because of their large-scale

operation.

Pure strains of L. rhamnosus NCIMB 30174 (Supplier 2 provided three different batches
Lrd2, Lrd3 and LrC3) and L. acidophilus NCIMB 30175 were manufactured by Supplier 2,
also from the controlled stocks held at NCIMB. L. rhamnosus culture was tested using
traditional microbiological methods e.g., optical density (OD) measurements and plate
counts in hourly intervals up to the peak power observed in the p-t curve (cell counts and
OD measurements performed at a contract laboratory for the purpose of this thesis only and
could not become routine at Symprove because of their limited laboratory provisions). Note
that batch LrJ2, (Figure 4.6, red line) had a total loss of viability during storage as
determined by IMC and later confirmed by an external independent laboratory. De Man,
Rogosa and Sharpe (MRS) agar, from Sigma-Aldrich, was prepared according to the
manufacturer’s recipe. Phosphate buffered saline (PBS, pH 7) tablets and glycerol were
purchased from Sigma-Aldrich, UK. Both strains were grown separately overnight in MRS
broth for 16 h at 37 °C. Cells were then centrifuged, washed in PBS, resuspended in 15%
(v/v) glycerol at an organism density of 1 x108 CFU/mL and frozen in aliquots (1 mL) at -80
°C (see Said, 2014 for more detail on preparing pure inocula). By “pure” (related to bacteria)
in the context of this thesis, was meant that the inocula did not contain any contaminating
organisms and were manufactured according to the protocol of Supplier 2 just described in

this paragraph and were not subcultured for the IMC experiment (unless noted otherwise).

For inoculum volume experiments, 10-fold dilutions of L. rhamnosus were prepared using
sterile PBS, pH 7.
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4.2.3 Media selection

Around 400 calorimetric experiments were carried out in order to arrive at an informed
decision to select a suitable growth medium. For reasons of brevity, only the more successful
results were displayed and discussed here. However, the following media were considered
and tested to lesser or greater extent: various barley worts and extracts produced on site or
bought in (these included: regular wort —meaning wort produced by Symprove on site
according to their standard operating procedure (see Chapter 1.4); organic lager malt wort
(Warminster Maltings, UK) and premium pilsner malt wort (Neale’s brewing suppliers, UK)
produced experimentally on site at Symprove; Dohler wort (DLW) —barley malt wort
produced off site by Doehler GmbH Germany, cooked meat medium (Thermo Fisher
Scientific, UK), brain hear infusion (Thermo Fisher Scientific, UK), tryptone soya broth (TSB)
Thermo Fisher Scientific, UK), a selection of chemically defined media (CDM) (Sigma-
Aldrich, UK) and De Man, Rogosa and Sharpe (MRS) broth (Sigma-Aldrich, UK).

In order to select the best testing medium for establishing the references and have an insight
into the sensitivity to growth media L. rhamnosus was defrosted and 30 pyL dropped
aseptically, straight from a cryovial into 2970 yL of a sterile growth medium including barley
worts, CDM, TSB, and MRS (in the case of wort media, these were not strictly sterile but

rather boiled at 100°C for 1 hour) —results in section 4.2.3.

Additionally, L. rhamnosus was subcultured in a variety of growth media (including regular
as well as industrially produced barley worts mentioned earlier, TSB and MRS). Then each
of these cultures was in turn tested in the calorimeter using a variety of fresh testing media.
These preliminary studies showed that some combinations of the growth and testing media
supported the consistency and growth of L. rhamnosus better than others (results in 4.3.2
and 4.3.3).

Furthermore, all the experiments carried out provided the ground for choosing MRS both as
the growth medium and as the testing medium for establishing the references. Exploring
these media also allowed investigations of the sensitivity of the equation analysis of the
growth rate and the intercept to the background of the L. rhamnosus (history of the
organism). The basic principle was to grow L. rhamnosus in a variety of media and test it in
order to see the consequence of growing organisms in one medium and testing in other

medium.
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Figures 4.1-4.6 below are presented for an overview of detailed analysis of growth media
tested. This work, started right at the beginning of IMC experimentation phase. It was a
process of unravelling the effects of lower purity inocula (Supplier 1), variable composition
of growth media, their interplay and resulting varied consistency of the final products.
Starting from the point of highest complexity (variable composition of growth medium, wort
produced on site and using variable quality of organisms produced by Supplier 1) was a
natural consequence of the initial experimental and laboratory provisions at Symprove rather
than an informed and thought through process. Efforts were made, however, to try to limit
any controllable variable by for example selecting just one organism and a wort medium that
was produces in a standard production process described in 1.4. Even though barley wort
was produced in a semi-controlled way —times and temperatures of the actual cooking
process were exact, other variations impacting the final composition of the medium arising
from differences for example in germination rates, different varieties of barley or ambient
temperature were experienced. These variations affected the rate of germination, sugar,
mineral and vitamin levels resulting in different nutritional composition of the final wort.
Examples of these are seen in Figure 4.1, where significant difference, both in the time
scale as well as in the actual shapes of the p-t curves were observed.

The term “uncontrolled” was used either for bacteria or media and meant there were
variations either in purity and cell density of the bacteria or nutritional composition of the
medium. In contrast the term “controlled” is used to describe pure strain bacteria of known
cell density, chemically defined media or media produced industrially through controlled

production process for laboratory, analytical or industrial purposes.

After understanding the problems with more general contaminations in the product (see also
section 2.6) and more specific contaminations present in the inocula (demonstrated in 2.6.3),
it was decided that only pure inocula would be used. It was not yet clear to what extent
medium variation would impact the resulting p-t curves, when pure organisms would be
used. However, some differences were expected. These are presented in Figure 4.2, where
the controlled organism L. rhamnosus pure was tested in 5 different batches of barley wort.
Black curve in Figure 4.2 represents a batch of DLW that was expired, however, still
supported the growth of L. rhamnosus to some extent. This suggested that the shelf life of
the medium could be investigated via IMC. It was clear from these experiments, that
controlling the quality and purity of the organism did influence times to reach peak power as
these were now more grouped together, however, the shapes of the p-t curves were

significantly different, even for Dohler wort (DLW) of which 2 different batches were tested.
139



The two different batches of the wort from this supplier were of different expiry dates and it
was hoped that testing these could show aging of the medium over shelf life. It turned out to
be true and there was a noticeable difference between peak powers and areas under curve
of these two worts suggesting that the wort with expired shelf life (black curve) did not
support the growth of the same organism to the same extent as the fresh batch of the wort

(purple curve).

The next step in investigating medium and organism suitability for establishing calorimetric
references was to test the same controlled organism (L. rhamnosus) in a properly controlled
medium. For this purpose, chemically defined medium RPMI 1640 (Sigma-Aldrich, UK) was
selected as it was ready to use and easily obtainable. This medium did not show
encouraging results —presented in Figure 4.3, where virtually no growth was observed. To
confirm that the medium did or did not support growth of any of the four Symprove bacteria,
pure strains of these were tested in it, Figure 4.4. Best growth was observed for E. faecium;
less favourable conditions for L. plantarum, however, no growth was detected for L.
acidophilus and yet again no growth for L. rhamnosus. Therefore, this medium was deemed

unsuitable (without additional modification) for this work.
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Figure 4.1 Uncontrolled organism (L. rhamnosus, Supplier 1) and uncontrolled medium
(on site produced batches of barley wort). Note that red and blue curves represent the same
batch of testing medium (wort) inoculated with one batch of L. rhamnosus.
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Figure 4.2 Controlled organism (L. rhamnosus pure) tested in various barley worts.
Dohler wort (DLW) produced externally by a specialist company, the other 3 worts, red, blue
and green curves, produced on site). Black curve represents a batch of DLW that was
expired.
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Figure 4.3 Controlled organism (L. rhamnosus pure) tested in controlled medium
(chemically defined medium RPMI 1640). Note the power scale detail is 10 x increased in
comparison to the previous figures to distinguish the resulting p-t curves from zero.

141



1000 — = .
L. acidophilus
] L. rhamnosus
L. plantarum
800 —— E. faecium
600
= 1
=
g
£ 400
o
200
(o} J
T T T T T I
(0] 36000 72000 108000 144000 180000
TIME (s)

Figure 4.4 All four pure strains of Symprove product tested in chemically defined medium
(RPMI 1640, Sigma Aldrich, UK.). (381 series.)

Another medium considered for standard reference establishment was Tryptone Soya Broth
(TSB) from Thermo-Fisher Scientific, UK. It was included because this medium was
recommended for testing purposes by a contract laboratory used for QA at the time. L.
rhamnosus pure was tested in several different batches of TSB. One litre batch of sterile
TSB (W) was provided by a contract laboratory (this was sufficient for all work presented
here) to avoid batch to batch variations. Results in Figure 4.5 showed that there was a
decent consistency in the shapes of the p-t curves, except for the experiments 386.2 (orange
curve) and 348.1 (red curve). It was concluded that most likely the age of the medium (whilst
still in date) played a role in 386.2 as it was the last experiment of the set. It was also
discovered that while the general shape of 348.1 was similar to the rest of the experiments
in Figure 4.5, the peak power was approximately 1/3 lower. This was caused by the
particular TAM channel being out of calibration .The out of calibration channel was detected,
only as a result of keeping the medium and the organism constant, hence the 1/3 difference
in peak power compared with the other 3 experiments in the same 348 series had to be the

influence of the instrument).

For comparison purposes, two batches of L. rhamnosus pure (Lrd2 and LrJ3) were tested in

TSB (see Figure 4.6). They were expected to show good reproducibility. However, it was
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discovered firstly, with calorimetry, that there was no detectable signal for LrJ2 batch (red
curve), assuming no viable organisms present. This was later confirmed by traditional
microbiological plating methods that the LrJ2 batch of L. rhamnosus pure produced by
Supplier 2 had a total loss of viability on storage. The second batch of L. rhamnosus, LrJ3,
produced p-t curves as expected. The reason for the loss of viability was not immediately
discovered. There were no immediate observations other than a few temporary power cuts.
The freezers were not monitored at that point. Storing and freezing facilities at Symprove at
-80°C did not provide a uniformed temperature profile across the whole batch (e.g., 500
vials). Most likely the occasional power cuts caused the bacteria to thaw slowly in the freezer
as the temperature in the freezer rose above the freezing point of the prepared inocula
suspended in 15 % (v/v) glycerol. These repeated thaw and freeze cycles most likely

damaged the stock to the point of no viability.

There needed to be a stock of controlled organisms (master batch, used to produce a
standard reference p-t curve) to have two kinds of control. One, to see whether the
instrument was working correctly. The other one was to do with the notion that the same
number of organisms (not random number) was added into the production vessel every time.
Finally, at the end of the standard reference batch and when another supply was taken, it
would be assessed against the standard reference batch and make that a new standard
reference batch. It is plausible that the reference standards for the master batch would be

shifting slightly, given that this was a complex system.

The above was an excellent example of how IMC can contribute to a rapid industrially
implementable, and cheap QC procedure. Another batch of L. rhamnosus pure (batch
designation: LrC3) produced by Supplier 2 showed a good growth and good reproducibility
(Figure 4.6; experiments 545.3 and 545.4).

The curves in Figure 4.5 showed good reproducibility as discussed above, however these
also showed more complexity compared with the curves in Figure 4.6. Therefore, | decided
to investigate another medium i.e., MRS (see 4.3.1)to find out whether less complexity could

be achieved in the resulting p-t curve.
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Figure 4.5 L. rhamnosus pure tested in one batch of TSB(W), (W —designated batch

180000

marking).
1000 —
LrJ2
] Lrd3 (1)
Lrd3 (2)
800
600
=
= 4
g
& 400
200
0 —
; ; ,
o} 36000 72000 108000 144000
TIME (s)

Figure 4.6 Comparison of 2 different batches of L. rhamnosus pure tested in TSB.
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Figure 4.7 Comparison of 3 different suppliers of TSB. 1 batch of full Symprove product
was tested in 3 batches of TSB. TSB(C) was TSB from Corning Mediatech, Inc, USA; TSB(F)
was TSB from Fisher Scientific, UK; TSB(W) was TSB supplied by Wickham labs, UK.

The differences in supporting the growth (of the same batch of product i.e., mix 2 80728)
between different suppliers of TSB can be seen in Figure 4.7. It was discovered, from
additional work on E. faecium tested individually in TSB, that the high power outputs were
caused mainly by E. faecium .This means TSB was unsuitable for reference work as it was
a highly variable medium. Consequently, a consideration of the possibility of medium
selection, using IMC opened up. TSB was less than satisfactory. It was good at sustaining
rapid growth, but TSB from different suppliers yielded different p-t curves, and that meant in
the search for a test medium and a reference medium, TSB did not fulfil the criteria
established earlier on, unless TSB from one supplier only, would be used. However, it was
also discovered that TSB itself was a highly variable medium and produces rather complex

p-t curves.

Whilst TSB was very good, all the TSBs examined, were good at supporting growth (Figure
4.7), they nonetheless produced different p-t curves, and this disqualified TSB from
consideration as a reference medium but thus pointed to the sensitivity of IMC in detecting
medium difference. Therefore, IMC studies herein offered a significant contribution to

fundamental microbiology. It was possible to study subtle differences in metabolism of a
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pure organism, and in this case the subtle differences were generated by different suppliers
(and composition of their media) and not by the organism. One advantage of TSB in
comparison with the previously discussed media was that the whole experiment (significant

changes in the p-t curves) finished in under 10 hours.

The investigations of the medium suitability were done on the basis that the organism, L.
rhamnosus, as well as the testing conditions were kept constant, therefore any variations in
the p-t curves would be caused by the medium (be it the same medium from different
suppliers of different media all together). Conversely, if the medium and the testing
conditions were kept constant, the variations in the organism (e.g., different batches of the
same organism, the same organism produced by different manufacturers, two or more
different organisms) could be investigated (see later sections 4.5, 4.6, 4.7). Similarly, history
of the organism can be investigated, for example if the testing medium was kept constant
and the organism was sub-cultured in different media, the effect of the sub-culturing medium
on the organism could be determined (see 4.3.2 and 4.3.3). All of the above and the fact
that MRS broth was specially designed for the isolation and cultivation of Lactobacillus
species from a variety of sources (Sigma-Aldrich, 2013), while inhibiting the growth of some
other competing microorganisms provided the ground for choosing MRS broth as the growth

and testing medium for establishing the references.

There were some added benefits discovered whilst carrying out the work above,
commissioned primarily to investigate medium suitability for bacterial references
establishment. These benefits were: the possibility to assess quality and viability of new and
existing stocks of bacteria (see Figure 4.6) and the possibility of assuring the performance
of the instrument used for this work (see Figure 4.5). By extension this observation, whilst
extreme, underlined the need for a reference reaction that could be used, say, annually to
confirm the performance characteristics of the IMC. One of the requirements for a reference
reaction was the confirmation on a regular (e.g., annual, 6 monthly) basis, that the machine
(e.g., TAM) was functioning consistently over time (see the extreme case illustrated in
Figure 4.5 —red curve). If, however, there was a detectable change over time the reason for
it needs to be investigated.

In conclusion the various worts tested showed large variations even between worts of the
same batch as the organisms were not controlled (bulk powder of a low purity as discussed
in Chapter 2). In addition, RPMI 1640 did not support growth of L. rhamnosus despite initial
experiments involving 6 different RPMI variations used to test FV1-real sample (not

146



presented here) showed some growth. TSB which supported growth of L. rhamnosus,
yielded rather lower PPs and more complex curves in the exponential growth phase
compared with barley worts and MRS, additionally, results differed from those found for
different suppliers of the seemingly same growth medium (TSB). Consequently, MRS from
one supplier only was selected for the reference work.

4.3 Results and discussions

The best way to test the practical applicability of the equation 3.12 to the industrial setting
of Symprove was to start with L. rhamnosus which, out of all the four strains contained in
the product, was the most likely to cause issues because it was heterofermentative and
relatively slow growing, compared to the other strains. This meant that it would be the most
demanding of the 4 organisms for example, if there was contamination, there was a better
chance of its establishment. Starting with this strain seemed like a reasonable choice as if
successful, the rest would be easier to complete

The main focus of this study was the exponential growth phase to determine, as fast as
possible using IMC, that the growth proceeded as expected. From the graph discussed in
the previous chapter (Figure 3.2), it was clear, considering that the integrated heat flow
gave information about the growth of cell numbers, that the exponential phase continued to
the peak of the p-t curve, and although thereafter the cell numbers remained constant, the
power declined. This is also illustrated in Figure 4.8, where additional logarithmic
transformation of the integrated p-t curve is displayed (Figure 4.8 (blue curve)) and this
could be indicative of no further exponential growth past the peak power at around 10 hours.

Hence, the exponential growth phase was the most important to investigate.

Figure 4.8 shows a characteristic p-t curve observed when L. rhamnosus pure was tested
in MRS. It is clear that up to the peak of the curve, there is a phase of exponential growth.
The same exponential growth phase can also be observed in Figure 4.9. Thereafter, other
metabolic features, not related to the exponential growth were recorded. It was not obvious
from the p-t curve or its integration (cumulative heat evolved during the experiment) that
there was no further growth after the peak as there was more heat evolved after the peak
power, which was not related to exponential growth. There might be additional bacterial
growth, however, this would be insignificant in comparison to the first exponential growth
phase. The maximum cell density of 8.57 x108 CFU/mL was reached at around 28000
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seconds which corresponds with peak power time in the p-t curve (see below Figure 4.9).
The maximum bacterial counts from real production samples were between 1 x108 — 1 x10°
CFU/mL. Note that there was a delay of approximately 30 minutes in the measured
maximum plate count when compared with the peak power in the p-t curve. This delay was
caused by the time needed to equilibrate the temperature of the ampoule with the

instrument’s internal temperature.
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Figure 4.9 L. rhamnosus pure tested in MRS, plate counts (PC) (top), corresponding
optical density readings (OD) in hourly intervals (middle), and p-t curve of the same culture
(bottom). Each experiment performed in triplicate i.e., A, B, C2. (Data from 4.3.1.1.1.)
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Since, for the purpose of this case study, the whole event from inoculation through peak
power and back to the baseline at the end of the experiment was calorimetrically recorded,
it was intriguing to analyse the entire curve of those components, which conform to first
order processes. Bringing this down to the case study, the L. rhamnosus plot and its manual
logarithmic transformation using OriginPro software showed that there were several linear
periods observable, see Figure 4.10. Yet, only the first was the one that the equations
explicitly applied to; all the other linear periods were first order processes which would have
negative rate constants in the decline phase of power, therefore not related to growth. Now,
it is worth noting that the curve was showing that something was declining, be it a substrate,
an enzyme in the decline phase, but it was not cell growth. Further details presented in
4.3.1.3. On the one hand, was it clear that this was important for other kinetic processes in
theoretical microbiology, because it gave insights into the process and progress of
metabolism, but not growth, in real time. On the other hand, it provided information about
periods where, for example, substrate may be in decline, marking the precise moment at
which one should look for the identification of a limiting factor such as substrate, if one was
interested in metabolism. This would be done by chemical analysis and the exact time at

which this analysis should commence was possible to determine from the p-t curve.
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Figure 4.10 Manual fitting of visually observable linear portions (503.1). Red line above
AUC 1 represents the exponential growth period, pink area represents AUC 1 during the
studied period (6200 - 17800 seconds in this case).
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The parameters that could be derived and reproduced in Eq. 3.12. were growth rate, start
of the exponential growth (intercept) and AUC. It was therefore possible to get the rate
constant k and therefore derive the generation time, and the intercept value. The question
remained whether these parameters could be used to establish the quality of the product. If
that was possible, it would be a signal achievement for reducing the timescale from 15 days
to less than 15 hours.. To answer that question, one organism L. rhamnosus was taken
while controlling everything that was within my capacity, inoculum purity and the medium.
That was considered as the best possible outcome for establishing whether the approach
proposed, analysing the first linear portion of the curve, had a degree of reproducibility that

was acceptable for my purposes..

Therefore, if this was to be considered as an industrially appropriate procedure, then it was
necessary to establish that the method proposed was a proper and reliable way to go
forward before getting to the coding or automating stage. There was no other way than doing
this manually on a limited set of data. For this purpose, the 503 series was analysed in detail.
It was important to ask whether the procedure would be simple enough for a good technician
to perform, as opposed to a highly qualified scientist. It was also important that the resulting
data could be analysed without the need of a specialist and could be put into coding. One
of the ambitions of this project was to demonstrate reproducibility, simplicity for

experimentation and acceptability of outputs.

4.3.1 L. rhamnosus pure tested in MRS

L. rhamnosus pure (Supplier 2) and MRS (Sigma-Aldrich, UK) were chosen, in order to
explore what the best possible and practical outcome (best case scenario) for reference
establishment could be. These experiments also formed the basis for the study published
by Cabadaj et al. (2021) and followed the protocol listed earlier (4.2.1).

The most important point in this part was to determine the reproducibility, firstly by visual p-
t curve shape analysis and its simple, manually derivable parameters (4.3.1.2), and secondly
proceed with derivation of the logarithmically transformed p-t curve (e.g., rate constant and
others in 4.3.1.3) of this best case scenario. It was conceivable however, there could be
greater uncertainty when FV1-real was tested later on, because of the background, against
which the real production took place (such as variable wort and less control over exact

volumes).
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The work presented here started with the most basic experiment of one pure organism in
one controlled medium. The subsequent data analysis proceeded from the most basic visual
shape analysis, through deriving its parameters to more elaborate p-t curve analysis in
4.3.1.3.

4311 Establishing reference standards

Six independent experiments performed on L. rhamnosus presented in Figure 4.11
appeared visually in a very good alignment hence it suggested a high degree of repeatability.
Considering that no previous experiments or data had been created for the purpose of
reference development, it was encouraging that references in a complex standard medium
such as MRS appeared to be possible. In addition to that, the fact that this was the simplest
case for testing Symprove, paved the way for introducing more complexity by adding the
other strain and their combination (see later in sections 4.3.5, 4.3.6 and 4.3.7). The
maximum number of experiments in each series was 4 as the calorimeter used was a 4-

channel instrument.

Note that in Figure 4.11 (inset) there was a little shoulder just below 200uW, perhaps it may
represent a change in metabolism, however, there was not enough discrimination (detail)
available to be able to separate the two functions, it was observable but not analysable
(within the project) as a separate function. Hence this part of the p-t curve was treated as
one continuous row of information. (See also Table 4.3 where parameters of these curves

were analysed in detail.)
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Figure 4.11 P-t curves of 503 and 504 series (30 uL of L. rhamnosus pure, directly
inoculated into 2970 pL of sterile MRS).

43111 Growth curves and OD measurements

Traditionally, microbiological plate counts (Handbook of Microbiological Criteria for Foods,
2020) and optical density (OD) methods are used to estimate cell density in a sample. Plate
counts (PC) were also used by Symprove for their QA. As mentioned in 4.1, IMC
measurements were compared with classical microbiological methods, PC (growth curves
derived from aforementioned PC) and OD in this section. This was done to illustrate the
reliability of IMC in the absence of either PC or OD as was the case in most of IMC

experiments (lack of sufficient laboratory provisions at Symprove at the start of this project).

Table 4.1 summarises OD, PC and calorimetric power readings of A, B and C2 representing
triplicate testing of LrC3 in MRS which were compared with the reference experiment 503.1.
OD were data not available for 503.1. Note that LrJ1 used in 503.1 experiment and LrC3
used in A, B and C2 were two different batches of the same organism —L. rhamnosus.

Figure 4.12 compares OD readings with power readings at hourly intervals in a semi-
logarithmic plot. Note that logarithm of power (A), red dotted curve had negative values of

power for 0-3 hours as a result of the sample not equilibrated enough (see Table 4.1), hence
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the first 3 hours showed zero values in this plot. A, B and C2 represent triplicate testing of
LrC3 in MRS. OD and PC are compared in Figure 4.13.
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Figure 4.12 Semi-logarithmic plots of OD readings against time in comparison with semi-
logarithmic plots of the corresponding power-time curves against time.
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Figure 4.13 Semi-logarithmic plots of OD readings compared with the corresponding
semi-logarithmic plots of plate counts (PC) against time. LrC3 in MRS in triplicate (A, B, C2).
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It is obvious that the heat was generated faster by B and C2 than by 503.1 (discarding A as

it had an initial endothermic reaction lasting approximately 3 hours: red dashed heat curve

Figure 4.15, as well as red dotted power-time curve in Figure 4.14). The heat evolved was

calculated by integration of the p-t curves and was compared with PC in Figure 4.15.The

potential reason for the delay in heat generated by LrJ1 and LrC3 might be the age of the

inoculum. Lrd1 batch was made much earlier that LrC3 batch. Yet, another difference

between the 2 batches was the protocol for their manufacture and this could explain the

difference in attained peak powers (see Table 4.1). The time difference to reach peak

powers between the two batches of L. rhamnosus was 2 hours with the fresher batch (LrC3)

reaching PP faster, however, its PP value was significantly lower compared with the older

batch (LrJ1).
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In Power
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------ In Power (C2)
------ In Power (503.1)

Figure 4.14 Semi-logarithmic plots of partial power-time curves (reading taken hourly to
reflect time steps of the plate counts) compared with corresponding microbiological plate

counts, in triplicate. (503.1 is the

reference p-t curve.)
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Figure 4.15 Semi-logarithmic plots of heat (Q) evolved during the IMC experiments
compared with the semi-logarithmic plots of PC (in triplicate).

Heat Q(uJ)

time

(hrs) A (Q) B (Q) C2(Q) 503.1 (Q)
0 0.00 0.00 0.00 0.00
1 -5.50 x10° 6.36 x10% 1.71 x10° 2.09 x104
2 -7.62 x10° 1.55 x10° 3.54 x10° 5.74 x104
3 -4.77 x10° 4.24 x10° 7.29 x10° 1.74 x10°
4 4.11 x10° 1.01 x10° 1.44 x106 4.59 x10°
5 2.03 x10° 2.05 x10° 2.67 x108 1.06 x10°
6 4.31 x10° 3.62 x108 4.47 x108 2.14 x10°
7 7.07 x108 5.60 x108 6.71 x108 3.92 x108
8 9.94 x108 7.69 x108 9.04 x108 6.36 x10°

In A(Q) In B(Q) In C2(Q) In 503.1(Q)
0 - - - -
1 - 11.06 12.05 9.95
2 - 11.95 12.78 10.96
3 - 12.96 13.50 12.07
4 12.93 13.82 14.18 13.04
5 14.52 14.54 14.80 13.87
6 15.28 15.10 15.31 14.58
7 15.77 15.54 15.72 15.18
8 16.11 15.85 16.02 15.67
Table 4.2  Data related to Figure 4.15 (for information only).
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There was a good concordance between OD and PC methods and calorimetric p-t curves
in expressing the increase in: the amount of light absorbed, number of bacterial colonies

and the power generated by the same culture as seen in Figures 4.12 - 4.18.
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0.0E+00

TIME step (hrs)

Figure 4.16 Fitting exponential trend lines into individual growth curves using Excel. L.
rhamnosus growth curves, three independent repeats.
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Figure 4.17 Degree of reaction completion (secondary axis) as a function of time compared
with heat-time curve of the same experiment. (For information only). a = % , Where g, is the

cumulative heat at time t and Q is the total heat evolved. (L. rhamnosus 503.1.)
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Figure 4.18 P-t curves of the cultures used for growth curves and optical density
measurements described above (A, B, C2), compared with 503.1.
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Having established a good visual concordance and to demonstrated this further, calculations

of slope representing the growth rate of these cultures is offered below. These calculations

were done for all three methods OD, PC and Q (heat obtained from the calorimetric

experiments).

Slope calculation using OD (data from Table 4.1);

Formula: slope = {|n(OD8) - In(ODo)} / tduration of experiment
Slope A = {In(ODs) — In(ODo)} / 28800
= {0.27 - (-2.72)}/ 28800
= 3.08 /28800
= 1.04 x10*
SlopeB =  {0.38—(-2.70)}/ 28800
= 3.08 / 28800
= 1.07 x10*
Slope C2 =  {0.42 —(-2.81)}/ 28800
= 3.23 /28800
= 1.12 x10*

Slope calculation using PC (data from Table 4.1);

Formula: slope = {|n(PC8) — |n(PCO)} / tduration of experiment
SlopeA =  {(In PCs} —In(PCo)} / 28800

= (20.26—17.28)/ 28800

= 2.98 /28800

= 1.03 x10*
Slope B = (20.57 — 16.99) / 28800

= 3.58 / 28800

= 1.24 x10*
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(20.35 — 17.15) / 28800
(3.20) / 28800
1.11 x104

Slope C2

Slope calculation using heat (Q) (data from Table 4.2);

Formula: slope = {In(Qs) - In(Q1)} / tduration of experiment

Q1 was taken as the first point for simplicity instead of Qo (at time = 0) which would yield an
error input. Alternatively, the first reading at 5 seconds recorded by TAM could be taken as
time zero. In that case logarithmic values for B, C2 and 503.1 were 0.68, 1.92, and -2.16,

respectively.

Slope A = {In(Qs) — In(Q4)} / t; Q4 taken as the previous time steps were negative.
= (16.11 - 12.93) / 28800
= 3.18 /28800
= 1.10 x10*

SlopeB =  (15.85—11.06) /28800
= 4.79/28800
= 1.66 x10*

Slope C2 = (16.02 — 12.05) / 28800
= 3.97 / 28800
= 1.38 x10*

Slope 503.1 = (15.67 — 9.95) / 28800
= 5.72 / 28800
= 1.99 x104

The growth rate is the main quantitative parameter. All three methods of calculating the
growth rate just presented offered a simple way to obtain it. Even though these calculations
were done on a very limited number of experiments, there was a good agreement between

all three methods.
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4.3.1.2 Basic shape analysis parameters

Although the visual analysis of the curves (Figure 4.11) was encouraging, further
assessment was required to meet the objectivity and automating prospects that this project
set out to achieve. The first step was to determine, manually, using OriginPro software
(OriginPro 2020b, OriginLab Corp.), parameters of shape analysis, as was demonstrated in
Chapter 2 (section 2.3, Table 2.1 and Table 2.2). Parameters such as peak power (PP),
time from the beginning of the experiment to reach PP, and area under curve (AUC) are
presented below in Table 4.3. AUC to PP is reflective of cell numbers. This was a better
indicator of reproducibility when considering exponential growth as described by the
equations in Chapter 3. It was still expected that there would be some other processes,
alongside exponential growth, because there were observable periods, from the start of the
signal recording to PP, where the p-t curve was not strictly exponential. Additionally, AUC
of the whole p-t curve is reflective of the energy associated with exponential growth and
subsequent non-growth metabolism. The whole p-t curve does not represent growth only. It

represents growth + metabolism + other processes.

Experiment number| 503.1 503.2 503.3 503.4 504.2 504.3
p-t curve parameters

PP [uW] 798 784 777 811 785 782
Mean 790
SD (reproducibility) 12 (1.52%)
Time to PP [s] 32940 33010 33020 | 33030 | 33830 33440
Mean [s] 33208

SD (reproducibility)

] 317 (0.95%)

AUC to PP 9.97x10°]9.67 x10°]9.68 x106/9.99 x10]1.00 x107[9.66 x10°
Mean 9.83 x10°
SD (reproducibility) 1.61 x10° (1.64%)
AUCC(L‘J"’rcg)'e Pt 1374 x107|3.70 x107|3.65 x107|3.77 x107|3.75 x107 | 3.73 x107
Mean 3.72 x107
SD (reproducibility) 4.03 x10° (1.08%)

Table 4.3 Basic shape analysis parameters for 503 and 504 series.
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Table 4.3 demonstrated the reproducibility of the experiments. The total AUC (providing the
organism and the medium are controlled) was highly reproducible (the range of
reproducibility is 97.92 — 101.20% from total mean AUC), which was reflective of growth and
metabolism, post growth. The AUC up to the peak was reflective of the growth and that
again was highly reproducible (the range of reproducibility is 98.28 - 101.84 % determined
from the mean AUC to PP). Both AUC for the whole p-t curve as well as the AUC to PP
showed very good reproducibility, much better than the microbiological plating methods
used by Symprove and it was well within 3% which was previously demonstrated by Beezer
(1977).

However, the precise values of the parameters were subjective as these were determined
by the operator. In order to eliminate subjective judgements of the operator, it was necessary
to try to get as much quantitative data as possible from the p-t curve using an automated
procedure. The above-mentioned parameters (PP, time to PP, AUC) were indeed operator
independent, however their extraction did require an operator decision since the data
processing was not automated. Furthermore, it was desirable, given that there was a lot of
information contained in the p-t curve (Beezer, 1980; James, 1987), that additional effort
was made to extract other parameters (e.g., rate constant) which would enable quantitative
interpretation of microbial kinetics involved in these experiments. Stimulated by the good
reproducibility of the p-t curves, | decided to proceed further to try to extract quantitative

parameters of these curves. This is presented in the next section 4.3.1.3.

4.3.1.3 Logarithmic transformation of the p-t curve

Considering that there are many processes occurring simultaneously during microbial
growth (Hu, 2018.) IMC experiments shown here yielded rather simple p-t curves. These
curves could be analysed further to attempt extraction of characteristic quantitative growth
parameters which would offer some information about growth rates, generation doubling

time, growth substrate limits and shifts in metabolism. This is explored in the next section.

It was postulated that other first order processes observed via logarithmic transformation
reflected metabolic processes which were substrate limited or metabolic waste related.
These were not the subject of this thesis which was not strictly concerned with the detail of

the metabolism of the microorganisms. However, the analysis of these kinds of data may
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contribute to production management decision strategies in an industrial setting as well as

offering the possibility to explore, in real time mechanisms of metabolic activities.

As noted earlier in Chapter 3, section 3.2.2, at the most basic level, the p-t curve revealed
the cumulative heat by integration which was also indicative of the total number of cells
produced during an experiment. It was only the heat up to the peak power, represented by
AUC to peak power, which should reflect the cell numbers. The area under the whole p-t
curve did not reflect only the cell numbers because at the peak the exponential growth
ceased. Further metabolism and processes not related to exponential growth continued past
peak power, assuming the same starting inoculum numbers and AnH (heat/cell) values.
Additionally, when the p-t curves presented in Figure 4.11 were transformed logarithmically,
see Figure 4.19 (visually a very good alignment of all 4 runs in the studied exponential
period)., this linearised portions of the p-t curves, (first order processes), and enabled direct
extraction of quantitative parameters from these linear portions. Such parameters were the
growth rate constant (the slope of the first exponential portion of the curve had a positive
rate constant, all others had negative rate constants, see Table 4.4) and the time of the
beginning of the logarithmic phase (the intercept). These parameters are of great industrial
as well as theoretical interest because they can be used to optimise for example the

fermentation process itself.

The whole duration of the experiments was logarithmically transformed to explore all first
order processes. This transformation revealed all first order processes (Figure 4.10).
Exponential growth, being a first order process, was expected (from the manual analysis
done earlier) to appear between 0 and 36000 seconds. The ambition, however, was that
when it came to managing Symprove production samples, the analysis should end up with
just looking up to PP, and if possible, less than that. Anything in this example after about
36000 seconds was not exponential growth as PP was reached by that time.
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Figure 4.19 Logarithmic transformation of 503 series. Detail of the linear fits in the inset.

By observation of Figure 4.10 five linear periods were identified. The first linear period was
wholly expected —exponential growth phase. There was no exponential growth, in principle,
after PP was reached. The equations from Chapter 3 strictly apply only to this first linear
period. However, because a logarithmic plot allowed observation of first order processes,
the other 4 linear periods might be related to first order processes which would not be related
to exponential cell growth. Rather these four arose in periods when there were other
processes involved in shaping the p-t curve and are highlighted in brown, green, purple and
blue (area 2, 3, 4 and 5 respectively). These periods which were identified visually were
acceptably reproducible (see Figure 4.19, a good alignment between these 4 curves
suggested that the same linear portions would be identified visually in all 4 curves) and were
contributions to fundamental interpretation of calorimetric data, descriptive of detailed
organismal metabolic activity (such as metabolite build up, nutrient exhaustion, switching

from fermentation to respiration or changing a metabolic pathway).

There was lots of information in the p-t curves, which were closely reproducible. The p-t
curves were indicative of the organism’s behaviour with respect to some components in the

medium, limiting factor or critical parameter, and thereby presented a unique opportunity to
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gain insight into the process and progress of metabolism. It was not known yet whether
deriving parameters just from the exponential phase of the curves would be sufficient to
make a judgement about a good growth (successful fermentation) or whether it would be
necessary to go further and identify not only the initial first order growth rate but also, the
other four rate constants in order to get a matrix of results to make a decision to go ahead
and bottle the product. All the information within the p-t curve could contribute to confirming
reproducibility and defining outcomes for Symprove, who were not concerned with detailed
metabolic information at this stage, rather yes/no information (i.e., bottle or not). However,
the project ambition to reduce time as much as possible aimed to concentrate, in the first
stage of the detailed analysis, on the exponential phase only (up to PP, approximately the

first 10 hours of growth, or less if possible).

Analysis of the individual linear portions is presented in Table 4.4. The first linear fit is the
exponential growth region. AUCs were determined for the exact area from the beginning to
the end of the individual linear fits and calculated from logarithmically transformed p-t curve.
All these could be used for studying the organism’s fundamental metabolism, behaviour and
its relationship with its environment from a production perspective as well as basic
microbiological perspective. This opened up the possibility to identify with precision, the
exact point when one should analyse chemically a substrate diminution, medium

modification or critical environmental conditions related to the organism’s metabolism.

The possibilities of enhancing further growth through for example, addition of extra substrate
or buffer modification of the current product (see Chapter 1.4) could be explored. This could
also mean controlling the acidity through slowing the rate of acidification and could be done
using data contained in a simple p-t curve. This would also mean that the final products
could be tailored for example to provide higher concentrations of particular metabolites
which were beneficial (e.g., lactate which was shown to boost the fermentation process,
resulting in a cascade of cross-feeding reactions, thus reducing pro-inflammatory protein
(e.g., cytokines) levels (Marzorati et al., 2020)) to the host, hence the need to understand

the gut environment in general as noted in 1.2.1.
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Experiment number Linear portion number
503.1 1 | 2 | 3 | 4 | 5
_ Manual Analysis (OriginPro derived)
Slope 1.89x10* | -3.28 x10° | -2.25x10° | -6.19x10° | -1.43 x10*
Intercept 213 7.89 7.25 11.11 20.25
AUC 50996 115777 122127 43482 15259
R? 0.9998 0.9997 0.9998 0.9987 0.9985
Data range [s] 11600 18501 22310 9471 4100

Table 4.4  Quantitative growth parameters of 503.1 with other non-growth parameters of
the second, third, fourth and fifth observed linear portions determined manually using
OriginPro. Linear portions from Figure 4.10.

4.3.1.31 Growth rate constant

The slope k (as described in 3.3.1, derivable from the central equation 12), of the first linear
portion (Figure 4.10) is the growth rate constant. It was constant over a long period i.e.,
11600 seconds (Table 4.4). This meant that the cell division remained constant for the same
length of time. It demonstrated that the growth rate constant k was obtainable, therefore the
generation time could be determined (see later in 4.3.1.3.4). All the other four rate constants
calculated from second, third, fourth, and fifth linear portions (Table 4.4) represent first order
processes which occurred in the decline phase of power, therefore had negative rate

constants hence not related to cell growth and not discussed here.

The question whether this parameter k as well as parameters described later (intercept,
generation time, AUC) could be used to establish the quality of the product remained to be
answered. If it was possible, it would be a remarkable achievement to reduce testing time

from 1 - 2 weeks down to 10 - 15 hours.

Experiment number 503.1 503.2 503.3 503.4 504.2 504.3
k 1.89 x10* | 1.87 x10* | 1.87 x10* | 1.87 x10* | 1.84 x10* | 1.87 x10*
Mean 1.87 x10*
SD (reproducibility) 1.46 x10° (0.78%)
Intercept (In value) 2.13 2.11 212 | 212 | 220 2.15
Mean intercept 2.14
SD (reproducibility) 0.030 (1.40%)
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Intercept (antiln value) | 8.41 8.25 833 | 833 | 903 8.58
Mean intercept 8.49
SD (reproducibility) 0.26 (3.06%)
AUC to PP 1.65 x10° | 1.63 x10° | 1.64 x10° | 1.63 x10° | 1.69 x10° | 1.65 x10°
Mean 1.65 x10°
SD (reproducibility) 1.90 x10% (1.15%)
R® 09998 | 09999 | 09998 | 09993 | 09995 | 0.9996
Mean R2 0.9997
SD (reproducibility) 0.00021 (0.02%)

Table 4.5 Manually determined parameters for the first linear portion of 503 and 504
series. L. rhamnosus pure tested in MRS.

The data reported in Table 4.5 show excellent reproducibility for all parameters, including
the growth rate constant. These parameters were derived from the application of the
equations ie., analysis of the logarithmically transformed p-t curves. Additionally,
antilogarithm values of the intercept were presented as these gave the actual value of
kAnHNo.This gave confidence, in the case where there was no contamination, a pure
organism and a controlled medium, so that a highly reproducible account of this
microbiological system was observed. This was an encouraging outcome as it was then
plausible to apply IMC to develop an assay for Symprove which identified a good growth in

real production conditions.

Whether the same success could be achieved for the other organism present in FV1 (L.
acidophilus) and indeed for both organisms (L. rhamnosus and L. acidophilus) together
formulating FV1-artificial was explored later in part 4.3.5 and 4.3.6. Artificial in this context
meant that the FV1 was made up of equal parts of pure L. rhamnosus and pure L.

acidophilus inoculated into MRS (more detail in 4.3.6).

The experiments 503 and 504 series (see Figure 4.11) were very carefully controlled. Such
experiments would be less controlled in real world conditions of an industrial production. The
reproducibility achieved for k was 0.78%, as calculated in Table 4.5. The reproducibility in
a real sample could be potentially somewhat different as the real conditions of an industrial
scale production could not be as tightly controlled as in a laboratory setup. However, this
was explored and is discussed later in 4.3.7.
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Further analysis and discussion of k is explored later (see 4.3.5, 4.3.6, 4.3.7) as it offered
an opportunity to examine the medium (when the organism was controlled), relationships
between two or more organisms (did they produce additive rate constants for example or
was there antagonism between them). All these possibilities and perhaps many more were
a result of the utility of highly reproducible growth rate constant. The other component

(intercept) of the central equation is discussed separately next.

Consistent IMC results (slope values in Table 4.5) were essentially the same as slope values
(all slope values were between 1 x10* and 2 x10*%) calculated from OD and PC see
4.3.1.1.1. (Sadly, PC and OD were not easily done at Symprove, therefore PC and OD was
a very limited study). IMC is a convenient, real time, continuous, much easier method to
perform, with all its advantages over traditional microbiological culture methods. It was just
established here that IMC worked splendidly with high repeatability (hence much lower
variability in results obtained compared with traditional microbiological methods). This also
confirmed that IMC was good for the purpose of this project as outlined earlier. Additionally,
not having PC or OD measurements presented no concern (e.g., Symprove not doing PC

or OD) as IMC did not need that. The IMC method was adequately set up to keep going.

4.3.1.3.2 Intercept

Detailed description of the intercept (as InkAnHNo) obtained from the central Eq. 3.12 was
given in Chapter 3. This intercept (y-axis intercept, obtained from Eq. 3.12) appeared to be
rather challenging to interpret in terms of what (if any) real biological meaning could be
assigned to it. Given that Eq. 3.12 was entirely couched on the exponential growth phase of
a microbiological system (L. rhamnosus pure tested in MRS; however, in later sections the
analysis will be extended to L. acidophilus, FVV1-artificial and eventually FV1-real), it was not
expected that either x-axis intercept or indeed y-axis intercept would be described in real
terms (their biological meanings). Their mathematical values, which were easily extractable,
however could be used (as previously mentioned in Chapter 3) as additional parameters
(without any assigned meaning) to confirm a good growth occurred (see Table 4.6).

Another use of the intercept was in estimating the duration of the lag phase. This could be
done by using the integrated p-t curve as demonstrated by Braissant et al., (2015a).
However, somewhat different approach was taken here. Assuming that the medium was
consistent, the inoculum density was the same, and the physiological state of the organism
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inoculated into the medium was the same, and the same experimental procedure was
followed, it was a reasonable expectation that the same rate constant and the same intercept
value would be obtained. Therefore, the same lag time should be obtained as a result. One
more point needed consideration i.e., the inoculum density (1 x10® CFU/mL) should
generate sufficient heat to be detectable by the TAM (considering 30uL was inoculated into
2970uL of medium) (Cabadaj et al., 2021). In other words, as soon as the lag phase together
with the acceleration phase were finished, the exponential growth should be detected.
Therefore, the duration of the lag phase could be calculated from the moment of inoculation
into the medium until the exponential growth appeared. In the case of L. rhamnosus tested
in MRS (and in fact in all the other experiments reported in this thesis, unless stated
otherwise) it was calculated that: ampoule preparation took on average 5 minutes;
equilibrating time was 30 minutes; lowering the ampoules into the measuring position and
initiating data capture was 3 minutes, resulting in 38 minutes (2280 seconds) of inoculum
being in the medium for which the data were not being captured. From the first linear fit, the
beginning of the exponential phase t, was detected at 6200 seconds from the beginning of
the data capture. This added up to 8480 seconds in which the actual duration of the lag
phase was contained. This was important because if the same inoculum was used in the
same growth medium the same lag phase should be observed. Enumeration of the intercept
yielded values that could contribute to a set of calculated growth parameters, for example,
intercept / k ratio as shown in Table 4.6. These could be added to a final parameter
comparison matrix to aid precision in determining a good growth assuming AyH was

constant.

Experiment number| 503.1 503.2 503.3 503.4 504.2 504.3
Intercept/k 1.13x10%|1.13 x10* | 1.13 x10* | 1.13 x10*| 1.20 x10* | 1.15 x10*
Mean 1.15 x104
SD (reproducibility) 2.57 x10? (2.24%)

Table 4.6  Intercept / k ratio (data from Table 4.5).

There were two perspectives taken here to look at the values of the intercept. One was that
from Symprove perspective, what mattered was that the same intercept value (and the same
rate constant) for doing the same experiment was obtained, meaning the same process of

fermentation took place (no contamination, no different metabolism, approximately the same
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number of cells present at the end of the exponential phase). The other one was perhaps to
try to interpret what the real meaning of the intercept might be, and if it could be used for
cell number determination for example (see the next section 4.3.1.3.3), which would involve
the notion what No was; some of this was explored in later sections about different inoculum
densities — inoculum volume experiments (4.3.1.3.4). The intercept values reported in the
above table were within 3 % of their mean value, showing again an excellent repeatability

of the experiments.

It was encouraging that the values of the intercept were of high reproducibility for a
consistent experiment. As manual analysis was operator dependent and could be highly
subjective (see later in Figure 4.25), it was considered worthwhile to develop coding to
analyse the data of the experiments. This approach took out all subjectivity as well as the
need for a trained expert oversight. To make sure the coding and automation of data
processing ass in line with the manual analysis, a comparison between the two was done
(see later in 4.3.4 or for detailed description in Cabadaj et al., (2021)). The maijority of results
were from manual analysis; however, it was demonstrated that these were very close to the

outcomes of coding.

The consistency in the intercept values (see Table 4.6) gave confidence (in addition to
consistent slope values) that IMC could be useful in determining a good growth in a carefully
controlled experiment. Whether this was also true in the real production process conditions
(statistically reliable values of the intercept and slope were what was needed) was explored
in 4.3.7.

4.3.1.3.3 Cell numbers

As previously suggested the other part of the central equation, the intercept could be in
theory utilised for counting the organisms. Some exploratory data (inoculum volume
experiments, see 4.3.1.3.4) was done on the possibility of counting the organisms.
Additional work was done by my laboratory colleague Dr. Shazia Bashir (unpublished data)
on the effects of simulated gastric acid exposure on the survival of L. rhamnosus culture.

There were limitations in cell numbers determination from the intercept, as it was
problematic to interpret the significance (e.g., what did this mean in the whole recorded

metabolism of the organism) of t from the equation of the straight line. The linear portion in
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the logarithm of power vs. time plot was selected visually by me and was not based on the
theoretical evaluation of when the exponential period started. For this reason, the cell
numbers the intercept value reported assumed that in getting these cell numbers, the cells
had the same division time from the moment of inoculation. There was however some time
when there ass not visibly any significant movement from the baseline. The cells were in the
lag phase learning to adapt to their environment and they enter into acceleration phase
during this time. Eventually, they entered true exponential growth seen visually, assuming
the enthalpy stayed constant and the division time (because the rate constant was constant

over a long time and that was the division time) remained constant.

43134 Inoculum volume experiments

Rationale for 30uL inoculum volume was that the initial cell density should be 10% per mL, in
order for the calorimeter to pick up the heat from the cells (detection limit). Later it was
postulated, the inoculum volume be varied to investigate whether changes in metabolism
appeared with different densities or indeed the metabolism stayed unchanged with changing
inoculum density. Alternation in inoculum volume (Figure 4.20), and consequently cell
densities of the same inoculum, was a good way to investigate for example, the inoculum
relationship with the medium (providing the medium was the same). This approach was

taken here, to understand in more depth the behaviour of L. rhamnosus pure in MRS.
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Figure 4.20 L. rhamnosus pure tested in MRS, 10-fold inoculum volume variations. P-t
curves a), and their logarithmic transformation b). 508 series.

Summary of all parameters calculated for inoculum volume variations is in Table 4.7. Slope
k was the same for all volume variations with a high R2. Whilst the number of generations
varied during the linear, this was attributed to the variation of the duration (tin fit) of the linear
fits. AUCs for the whole curve as well as AUCs up to PP showed minimal differences
between the individual inoculum variations. PPs were very similar in all four inoculum
variations. Whilst times to reach PP were different in all four inoculum variations, these
differences were regular, reflecting the 10-fold difference in the inoculum volumes. In other
words, the times between peaks from 300 uL to 0.3 pL were 11510, 10551 and 11210
respectively, reflecting approximately 3 generations given that the generation time (t1) was
4125 seconds.

Time to trrt0

tinoc.o

(inE:cp.cz” - [itercept ol gt | 0|y Noof | .| AUC | AUCto | PP | PP |ty Fm :
ot e 0 kgt | o) | PP fom || texp[grlm
X=0) [S] S

508.1(300)| 43 | T3T |168x10¢ 0999 | 4125 | 4840 | 12 | 739 (341x107|940x10°| 769 | 2442 |-11510| 54 | -22786
5082(30) | 23 | 997 |168x10%| 0.999 | 4125 | 10250 | 25 | 1 [374x10(977x10°| 780 [33982| 0 | 82 | 12170
1
1

1
1
5083(3) | 064 | 19 |168x10*| 0.998 | 4125 | 15661 | 38 | 0.9 [374x107|1.01x107| 768 | 44503 | 10551 | 108 | -1845
5084(0.3) | 129 | 028 [168x10%) 0999 | 4125 | 15430 | 37 | 0.028 |388x10"1.00x107| 775 |55713 | 11210| 135 | 8963

Table 4.7 Comparison of growth and other parameters of 10-fold inoculum volume
variations. L. rhamnosus pure in MRS. Reference volume 30uL corresponds to 1 x10°8
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CFU/mL. * = number of generations during the linear fit; ** = number of generations from
inoculation to PP.

The duration of the linear fit in 508.1 was much shorter than the other 3 experiments. This
was most likely because dq/dt for this growth was so great that at the data capture initiation
a large value of power was recorded. This also meant that there was already metabolic
reaction in progress before data capture begun. This would be true for all inoculum volumes,
however without detectable power output increase (the metabolism did not yield a detectable
power for 30 pL, 3 yL, and 0.3 yL at the same time as it did for 300 pL). When 30 pL was
compared with 300 pL, it took 9621 seconds, approximately 3 generations, to reach the
same power value, as was the first data point for the 300 uL. Despite this, and the fact that
measuring very small inoculum volumes was difficult, it seemed the ratios were in a good
approximation of the inoculum volumes 300 :30:3:0.3,ie.,7.69:1:0.15:0.023.

The exponential growth was observed after approximately 1 generation from the start of

data recording, i.e., 4041 seconds (67 minutes) using 30 uL volume, see Figure 4.21.
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Figure 4.21 The first 100 yW, (508.2, 30 uL inoculum of L. rhamnosus, 108/mL density)..

There was a time for a signal recognition to become established because the errors
associated with recording the signal were greatest when the signal was very small; as the
signal increased, the errors in determining the value of the signal reduced. The time before
the signal was well established lasted approximately 67 mins from the start of the signal

recording before it went exponentially —as illustrated in Figure 4.21.

Taking 30 uL as the reference volume, and 300 pL as its 10-fold increase, it was possible

to estimate the most likely duration of the lag phase. It was assumed that there was no
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change in relation of the medium to the cells when inoculating different densities, e.g., no
crowding effect when more inoculum was used or no overwhelming effect of medium when
less inoculum was used. The metabolism was observed to be the same for 0.3 uL all the
way through to 300 pL (There was no detectable change in the slope values, hence fq4
remained constant, AUC constant, PP constant). The size of the inoculum (of up to 10-fold
increase from the reference volume 30 pL, as no higher volumes were investigated) made
no difference to metabolic activities of the cells (essentially the same p-t curves were
observed for all 4 volume variations with just a shift on the time axis as seen in Figure
4.20a).

It was plausible to assert that the organisms’ metabolism started at the same time regardless
of the inoculum volume (limited to the range of volumes investigated) because the same
bacteria were tested in the same medium. The only difference was the inoculum volume. It
meant that the instrument was not sensitive enough to detect their metabolism immediately

when the data capture started (see Figure 4.20a, black curve).

The question when exactly the exponential phase started was more difficult to answer. One
approach how the start of the observable exponential phase could be determined using
logarithmic transformation of the p-t curve is illustrated in Figure 4.21. It was also probable
that the exponential growth (using 3 and 0.3 pL inoculum volume), was already happening
during the time when there was not obviously exponential signal being recorded, in other
words the signal recorded did not reflect exponential growth as the cell division reaction did
not produce enough energy detectable by TAM. The exponential deviation from the baseline
was not observed until there were enough cells producing sufficient heat to be recognised

as exponential by the instrument.

The reason why it was probable that exponential growth was occurring at low power,
unobserved power, and some analyses were based on this assumption, was because when
the results were assessed, the PPs were separated by approximately 3 generations (see
Table 4.7), and when that was true, all that it did to the p-t curves was shifting along the
time axis, but all were growing at a standardised rate. However, the results could only be
seen when they got to about 108 cells/mL —which was reflective of 30 uL inoculum volume.
Therefore, the detection limit of a calorimeter was an issue. Perhaps with more experiments
designed to explore the metabolism of the organisms it would be possible to gain some

insights into that unobserved period.

178



Assuming that all cells were dividing and at the same rate and there was no cell death the
time to reach for example 100 yW for 30 yuL compare with 300 pL should be in a precise
ratio. This was found to be true from the data analysis as the same rate constant (k = 1.68

x10#) was obtained for all volumes.

Table 4.8 shows times to reach set power values. This could be indicative of the culture
growing as expected. Pso was the first recorded power value for the 300 pL. Thereafter 100
MW intervals were taken and this was indicated by the subscript numbers. Despite the
differences in the inoculum volume, they all reached the same point where the power started
to be recorded and the power profiles (p-t curves) were essentially the same, independent

of their starting inoculum volume (Table 4.8 and Table 4.9).

Vol
?puLTe Pso P1o0 P200 P300 Paoo Psoo Psoo P700 PP
300 0 2101 5961 9451 11521 13151 15161 17271 22442
30 9621 13541 18061 20852 22952 24642 26562 28622 33952
3 19752 23582 27472 30902 33132 34932 36893 39143 44503
0.3 30952 34752 39543 42093 44403 46343 48313 50633 55713

Table 4.8  Times in seconds to reach set power values for individual volumes.

To catch | To catch | To catch | To catch | To catch | To catch | To catch | To catch
up with up with up with up with up with up with up with up with
the next | the next | the next | the next | the next | the next | the next | the next
10-fold 10-fold 10-fold 10-fold 10-fold 10-fold 10-fold 10-fold

[s] to [s] to [s] to [s] to [s] to [s] to [s] to [s] to

reach reach reach reach reach reach reach reach

100pW 200pW 3o00pwW 400uW 500pW 600pW 700uW PP
03-3 11170 12071 11191 11271 11411 11420 11520 11210
3-30 10041 9411 10050 10180 10290 10331 10521 10551

30 - 300 11440 12100 11401 11431 11491 11401 11351 11510

Table 4.9  An overview of times required for the individual inoculum volumes to reach a
certain power value in 100 yW intervals up to peak power (PP).

30uL
Power [uW] | 6 10 15 20 25 30 35 40 45 50
Timeto 1 o | oy 2071 | 4141 | 5391 | 6481 | 7381 | 8231 | 9071 | 9741
reach [s]

Table 4.10 5 yW power increments to determine times required for their increase.
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It took 9741 seconds for the 30uL inoculum volume to reach power value 50 pW (see Table
4.10). By the time, data recording started, the first power value recorded for 300 uL inoculum
volume was already 50 yW. It was assumed that the lag phase was the same for all inoculum
volumes, starting at the point of inoculation. If a straight line was drawn as illustrated in
Figure 4.22 with a starting point x-y coordinate for 30 yL inoculum volume i.e., [0 seconds,
6 yW] and the other point was [9741 seconds, 50 uyW], it was then possible to make a parallel
line with 300 L through 50 uW, and then the coordinates of the point crossing through x-
axis should indicate a more precise start of the exponential phase for the 300 uL (pink lines).
The same was done for 100 yW (blue lines), 200 yW (green lines), as illustrated in Figure
4.22, and by extension to the other inoculum volumes. The question remained why the point
of crossing indicated by the black arrow in Figure 4.22 was at approximately minus 12000
seconds. One explanation for this was that this manual method of estimating the beginning
of the exponential growth of the 300 pL volume was rather simple, however, reflecting rather
precisely 3 generations difference (3 x ts = 3 x 4125 seconds (value from Table 4.7) = 12375
seconds) between the 10-fold inoculum volume increase. This also demonstrated that these
highly reproducible curves could be used to compensate for missing data as the beginning
of the 300 pL curve was at approximately 50 yW, hence the power profile from 0 to 50 pW

was missing).
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Figure 4.22 Estirﬁating the start of the exponential growth for 300 pL using the next lower
inoculum volume 30 pL.

It was possible to use a tizg elimination method described below to overcome the difficulty

for estimating fiag;
tpeak = t/ag + ntg (41)

where fheak is the time from inoculation to peak power, n is the number of generations
throughout the growth period to the peak power. fiag is constant, assuming it took the same
time for the cells to start growing independent of the inoculum density. fy is constant as the
same organisms were grown in the same medium for all volume titrations (i.e., 0.3, 3, 30
and 300puL). This method yielded ratios between the individual inoculum volumes, which in
principle should be the same (i.e., the number of generations required to catch up with the
next 10-fold increase in the inoculum volume). Detail of the calculation is in Appendix 4.
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Assuming that it took the same number of cells to reach PP, the difference between
inoculation volume 0.3 uL and 3 L, to reach PP, was the number of cells required to
produce the same heat from starting with 0.3 pL inoculum volume as it took to do the same

with 10 times more cells i.e., 3 pL inoculum volume.

A different way of finding cell number ratios between different inoculum volumes could be

calculated using the below intercept over slope relation:

intercept _ kAnyHNg

= = AyHN, (4.2)

slope k

Then, 3 pL vs. 0.3 pL ration follows;

kANHNO 3
T() _ ANHN0(3) . No(g) . 105 = 10
KANHN(0.3) ANHNg(o.3) No(0.3) 10*
k
Repeat for 30 pL and 300 pL;
kANHNo(go)
— ANHNQ(g()) _ NO(SO) _ 10° — 10
kANHNo(g) ANHN0(3) NO(S) 10°
k
kANHN( (300
% __ ANHNo@300) _ Noeoo) _ 107 10
kANHNO(3O) ANHNo(go) N0(30) 10°
k

As expected, the ratios between the 10-fold increases in the inoculation volumes were 10.
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A B C D E F | H | [
Inocul .
Bacteria . : ,
um . Bacteria Linear fit
| density . Intercept . dq/dt
volum | density | Intercept duration
[cells/m value [W]
e [cells/L] [seconds]
L]
[pL]
Start End Start End
300 107 1010 -9.52 7.3 x10% 3351 8191 1.26 x10+4 | 2.89 x10+
30 108 10° -11.51 1.0 x10-° 4041 14291 1.99 x10° | 1.16 x10+
3 105 108 -13.18 1.9 x106 10221 25882 | 1.10x10%5 | 1.54 x10
0.3 104 107 -15.11 2.7 x107 20052 35482 | 8.10x10% | 1.14 x10+
J K L M N o P | Q
No k h* In(k) In(h) In(dq/dt)
300 4.2 x10" | 1.68 x10* 1012 -8.69 -27.63 -8.98 -8.15
30 5.8 x10" | 1.68 x10* 10-12 -8.69 -27.63 -10.82 -9.06
3 1.1 x10" | 1.68 x10* 1012 -8.69 -27.63 -11.42 -8.78
0.3 1.5 x10° 1.68 x10+ 1012 -8.69 -27.63 -11.72 -9.08
Table 4.11 Data and calculated parameters of 508.1-4 series.

* Value of enthalpy from James (1987).

Then it was possible to calculate No (the initial cell numbers at the beginning of the linear fit)
using Eq. 3.12. Set t = 0, this point referred to the point when, logarithm of power = the
intercept, because at that point, t = 0, the straight line cut through the y-axis, at the time t =
0. However, the time t = 0 was related to the logarithm of power and nothing else. It was a

theoretical time zero for the exponential portion of the p-t curve that was linearised. Then;

in |2 = in[NoAyH k] (4.3)

dt

substitute In [(Z]_;V] on the left-hand side of the equation with the intercept number from the

column D (Table 4.11). The results are presented in Table 4.12.

through to 1.5 x10° for 300 through to 0.3 pL,

respectively. If the units of volume played a role (e.g., units would be in cells per litre), it

The calculated No was from 4.2 x10"

would mean that the resulting No values would need to be modified by 10-3 going from litres

to millilitres. This appeared to be true and the results are presented in Table 4.13.

If the above was right, then it was plausible that at the beginning of the exponential phase
for 300 pL, ( where t = 0, this point corresponded with 3351 seconds from the beginning of
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signal recording (see column F in Table 4.11)), the calculated Ny could be in the region of
4.2 x108,

Consequently, considering the t; = 69 minutes (4125 seconds) the number of cells should
increase by a factor of 1.17, because the duration of the studied linear portion was 4840
seconds (column G minus column F). This was demonstrated by the increase in the power
from 1.26 x10- to 2.89 x10* Watts. This observed, recorded by TAM, increase in power for
the given time interval (4840 seconds) agreed well with calculated power increase based on

the generation time.

Column H, Table 4.11 (300 inoculum volume) the power 1.26 x10-4 doubled in 4125 seconds
to 2.52 x10. The remaining 715 seconds (4840 - 4125 = 715) represented 0.17 of the next
generation, therefore, in this time the power 2.52 x10 would increase to 2.95 x104. The

power recorded by the TAM at the end of the linear period was 2.89 x104 W.

Inoc. volume Step 1 Step 2 Results
300 pL -9.52 =In(kh) +In Np | 26.77 =In No= Nop | No=¢e?67" = 4.2 x10"
30 uL -11.51 =1In(kh) +In Np | 24.78 =In No= No | No = e**78 = 5.8 x10'°
3L -13.18 =In(kh) +In Np | 23.11=1In No= No | No=¢e?"" =1.1 x10'°
0.3 puL -15.11 =In(kh) +In No | 21.18 =In No= Ny | Np = e?"18 =15 x10°

Table 412 N, (number of cells at the start of the first linear portion) calculations using the
central equation.

Inoculum | Inoculum | Medium | Cells/mL | Equivalent | cells/litre cells/3mL Cells/1mL
. . ampoule
density | volume | volume in 3mL of at at at
[CFU/mI] [mL] [mL] ampoule cells/litre texp=0 foro = 0 texp=0
exp =

108 300 2700 107 3.3 x10° 4.2 x10™ 1.26 x10° | 4.20 x108
2 108 30 2970 108 3.3 x108 5.8 x1010 1.74 x108 | 5.80 x107
3 108 3 2997 105 3.3 x107 1.1 x100 3.3 x107 1.10 x107
4 108 0.3 2999.7 104 3.3 x108 1.7 x10° 5.1 x108 1.70 x108

Table 4.13 Details of cell density calculations needed to achieve particular final cell
densities in a 3mL calorimetric ampoule at inoculation compared with the cell numbers at
the beginning of a linear fit for each inoculum volume.
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The units of the power were modified by 1076 prior to the manual analysis to work with Watts
instead of the raw data which were recorded by Digitam software in pyW. An illustration of
the difference in units is in Figure 4.23 where a unit’s difference resulted in a large difference
between the intercept values, potentially interfering with the interpretation of the meaning of
the intercept.
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Figure 4.23 An illustration of units’ difference W vs. pW.

4.3.1.3.5 Generation numbers

As discussed in Cabadaj et al. (2021), “if log, of power was used, the y-axis would represent
the number of generations”. The estimation in this case was that the number of generations
produced during the studied part of the exponential phase (Figure 4.24, green linear fit)
was 7.88 - 4.77 = 3.11 generations.
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Figure 4.24 Determining the number of generations using log, of power (logarithm with
base 2).

4.3.1.3.6 Area under curve

Area under curve (AUC) was yet another parameter, which was easily extractable from the
basic data set (p-t curve) and could be added to a set of comparators to determine a
successful growth. It was however just the AUC up to peak power (PP) that would be used
for cell numbers determination, because anything after PP was reached was not related to
exponential growth. It would still be just a rough estimation of the cell numbers as the lag
time (e.g., 8480 seconds in this case) was not fully reflected in the AUC. The AUC up to PP
was another way of representing cell numbers. It was not the number of cells, but it

represented them.

Different transformations of the p-t curve were attempted to determine the best
reproducibility (see Table 4.14). These attempts were made to find out what would give the
highest percentual representation of the AUC related to the first linear portion (which lasted
from 6200 - 17800 seconds and was denoted below as AUCexact) to the AUC from the start

of the signal recording to PP, denoted below as AUCeer. It was found that the best percentage
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representation of the studied (linear portion) versus portion of the curve from the beginning
of the data capture to PP were the AUC calculated from the logarithmic transformation of
the integrated p-t curve at 33.57% followed by the AUC calculated from the logarithmically
transformed p-t curve at 30.88%..Details of the calculations are available in Appendix 4.

It seemed that the best option for comparing AUCs was the logarithmic transformation of the
integrated p-t curve as AUCexact Of the linear portion represents 33.57% of the AUC to PP.
Logarithmic transformation of the p-t curve, which yielded 30.88% containment within AUCpp
meant less data transformation (not having to integrate the raw data and then take the
logarithm) and still a very good representation.

Parameter 5031 | 5032 | 5033 | 5034 | Mean
Analysis Manual
Intercept 213+1.03 | 211+7.44 | 212+1.05 | 1.88+2.89 | 2.06%+1.43
x10-3 x104 x103 x10-3 x103
Slope 1.89x10%+ | 1.87 x104 + | 1.87 x10* + | 2.03 x10* + | 1.92 x10*+
8.26 x10°8 5.97 x10°8 8.42 x10°8 2.31 x10”7 5.72 x 108
" a’;‘;f%erx:q";g”p_t 5.10x10* | 5.04x10* | 5.06x10* | 5.01x10* | 5.05x10*
0.96% 0.23% 0.12% 0.87% 0%
curve)
AUC to PP (In
transformed p-t 1.65 x10° 1.63 x10° 1.64 x10° 1.63 x10° 1.64 x10°
curve)
AUCexact (p-t 1.14 x108 1.08 x108 1.09 x106 1.08 x108 1.10 x106
curve) 3.63% 1.89% 0.32% 1.62% 0%
AUCIO PP (Pt | g 97,108 | 067x10° | 9.68x10° | 9.99x10° | 9.83 x10°
curve)
R?2 0.9998 0.9999 0.9998 0.9985 0.9995
D 11600 11600 11600 11600 11600
ata range
seconds seconds seconds seconds seconds

Table 4.14 Comparison of quantitative growth parameters of 503 series. “exact” means
that the AUC was calculated for the duration of the linear fit only e.g., 11600 seconds.

In red: difference from mean = reproducibility when calculated from In transformed data.
In green: difference from mean = reproducibility when calculated from raw data.
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Manual data processing was time consuming and subjective to an operator's error or
interpretation to determine the best straight line, AUC and other parameters. The subjectivity
of an operator processed data is illustrated in Figure 4.25a, where the best linear fit based
on the coefficient of determination (R?) was manually selected. Manual selection of the best
straight line was done based on a visual assessment of the logarithmically transformed p-t
curve using OriginPro software. However, for the consistency of comparison of the 503
series, this linear fit 503.4 was adjusted, see Figure 4.25b, to reflect the same length of data
as in the previous 3 runs of this series (i.e., 11600 seconds). Clearly having an automated
procedure would make this kind of adjustments unnecessary and the data processing would
be more consistent when processed without the involvement of an operator. The differences

between the two approaches are compared in Table 4.15.
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Figure 4.25 Potential subjectivity of an operator when analysing data.

The logarithm of AUC ought to be equivalent to the logarithm of the cell numbers. If the
logarithm of the AUC to PP was plotted as a function of time that should be equivalent to

cell numbers, because all the values of the area would be transformed through constant
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enthalpy, AnH, into cell numbers. Therefore, the rate of change of that area ought to be the

same as the rate of change of cell numbers.

503.4 Best fit Adjusted fit
Intercept 1.79+9.71 x10* 1.88 + 2.89 x10°
Slope 2.13 x10 £ 9.03 x108 2.03 x10“ +2.31 x10”
AUC 2.20 x104 5.01 x104
R? 0.9999 0.9985
Data range 5420 seconds 11600 seconds

Table 415 Quantitative growth parameters of 503.4.

4.31.4 Discussion

It was known what a desirable outcome of the above reference building experiments should
be: deriving growth rate constant, intercept, AUC with a good R2 capturing as much
exponential growth as possible. However, it was not known what the parameters’ values
should be, as none were established before these experiments (503 and 504 series) were
done. The ambition with the experiments was to establish the parameters that conform to a
good growth. It was also not known whether analysing the first linear portion (i.e., first 10 -
15 hours of the p-t curve) would be sufficient to determine good growth. However, the
project’s ambition was to reduce testing time as much as possible and to concentrate in this
first stage of the detailed analysis on the exponential phase only. The basic and minimum
requirement before setting up the experiments was to find out whether they are reproducible
otherwise it was not worth going forward. Hence establishing the range of parameters values

conforming to a good growth with repeatable and satisfactory outcome was desirable.

It was clear however that a good reproducibility range for a precisely controlled reference
standard reaction might need to be widened for a real product. What the acceptable range
would be for the real products needed to be determined because a precisely controlled
experiment of an experimental sample did not describe a real situation, but an ideal one -
the best. So, it was plausible that a wider range could appear, meaning lower reproducibility
with a real product sample.

The p-t curves were highly reproducible, and these were therefore very useful for Symprove

for their pragmatic requirements of determining a good growth.
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The curves were also indicative of the constancy of the metabolism of the tested organism
— L. rhamnosus in the testing medium (MRS) independent, within the investigated range, of
experimental runs (503, 504) as well as the inoculum densities (300, 30, 3 and 0.3 pL). The

system was robust across a wide range of conditions.

The analysis of the logarithmic transformations of the p-t curves yielded consistent k values
(1.68 x 104, which was also in close agreement with PC and OD derived slope values). The
consistency was also demonstrated by analysing of the p-t curves data for 50 -100 pW, 100
- 200 pW etc. (Table 4.8). All the inoculum volume experiments as well as the standard
reference curves (503 and 504 series) showed that the data are not randomly dispersed,

there were not large errors or variations associated with them.

4.3.2 L. rhamnosus grown in two barley worts, tested in MRS

During the course of this project, | realised that producing barley wort manually onsite with
limited process control was not sustainable in the long run, especially when producing
increased volumes of the final product. Therefore, | undertook a selection process of a
suitable industrial scale manufacturer of ready to use barley wort. The selected product, wort

produced by Dohler company, was tested against the regular barley wort produced onsite.

The experiments presented in this section were conducted to explores the extent to which
calorimetry can offer insights into a growth medium selection and whether there was
something that could be established to have the best control possible over the medium
(wort). The effects, of the regular barley wort produced onsite (wort, Figure 4.26) and wort
commercially produced by Dohler company (DLW, Figure 4.27) on the growth of L.
rhamnosus were investigated. The TAM testing medium —MRS as well as L. rhamnosus
used in these experiments were each from one batch only (including the reference
experiments)— therefore any changes observed between the reference (503.1) and L.
rhamnosus grown in the two worts (24 hours at 37°C) prior to testing in MRS could be

attributed to the effects of the worts on L. rhamnosus whilst being grown in them.
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Figure 4.26 L. rhamnosus grown in a regular barley wort produced onsite, tested in MRS
(in duplicate, black and green curves) and its relationship with 503.1 (red curve) —the
reference of L. rhamnosus pure tested in MRS.

PP Time to PP | AUCto PP | AUC to PP

2
Exp. (W] [s] (p-t plot) (In plot) Slope Intercept R
4701 781 35351 9.83 x108 1.72 x105 1.70 x104 1.94 0.9995
470.3 760 36612 9.32 x108 1.71 x105 1.70 x10 1.67 0.9995
503.1 798 32940 9.96 x108 1.65 x10° 1.89 x10- 2.13 0.9998

Table 4.16 Basic shape analysis parameters (PP, time to PP, AUC) and logarithmic
transformation parameters (slope, intercept) of L. rhamnosus grown in wort (470 series),
tested in MRS. 503.1 reference set values for comparison.
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Figure 4.27 L. rhamnosus grown in DLW, tested in MRS (in quadruplicate) and its
relationship with 503.1 —the reference of L. rhamnosus pure (red curve) tested in MRS.

144000 180000

Exp. PP Time to PP | AUCto PP | AUC to PP Slope Intercept R2
[LW] [s] (p-t plot) (In plot)

4551 1047 33301 8.86 x106 | 1.50 x10° 2.09 x10 0.87 0.9998

455.2 1069 33251 8.94 x106 | 1.50 x10° 2.06 x10 0.94 0.9997

4553 1059 32831 8.66 x106 | 1.48 x10° 2.06 x104 0.99 0.9996

455 .4 1073 33271 8.86 x106 | 1.48 x10° 2.07 x10* 0.91 0.9998

503.1 798 32940 9.96 x106 | 1.65 x10° 1.89 x104 2.13 0.9998

Table 4.17 Basic shape analysis parameters (PP, time to PP, AUC) and logarithmic
transformation parameters (slope, intercept) of L. rhamnosus grown in DLW (455 series),
tested in MRS. 503.1 reference set values for approximate comparison.

PP Time to PP AUC to PP (In 2

Exp. (W] [s] plot) Slope Intercept R
455.1oLw 1047 33301 1.50 x10° 2.09 x10+ 0.87 0.9998
470.1wort 781 35351 1.72 x10° 1.70 x10+ 1.95 0.9995
503.1ref 798 32940 1.65 x10° 1.89 x10+ 2.13 0.9998

Table 4.18 The relationship of L. rhamnosus grown in wort and DLW with L. rhamnosus
pure - the reference 503.1. 503.1 reference set values for comparison.
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Figure 4.28 Logarithmic transformation of p-t curves (455.1(DLW), 470.1(wort) and 503.1).
Red portions indicated in each curve represent linear fits.

4.3.21 Discussion

The metabolism of L. rhamnosus pure did not appear to change significantly when this
organism was grown in wort compared with the reference 503.1, see Figure 4.26. L.
rhamnosus was grown in the laboratory, on its own in wort, to simulate its FV1 fermentation
process (assuming only L. rhamnosus would be grown in FV1. However, these experiments
were limited and the effects of co-culturing L. rhamnosus and L. acidophilus were explored
in later sections 4.3.6 and 4.3.7). There was not an obvious advantage (e.g., increased rate
of fermentation, increased number of organisms) observed between using just defrosted
inocula (L. rhamnosus pure) and growing the same inocula in wort prior to IMC testing. The
parameters of 470.1 (PP, time to PP, AUC slope and the intercept) were approximately in
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agreement with the same parameters of the reference reaction (503.1), see Table 4.18 (if
everything was consistent, then the linear period of 503.1 ought to be the same linear period
of 470 series).

By contrast, L. rhamnosus pure grown in wort produced by Dohler company (DLW), prior to
IMC testing in MRS, showed a different behaviour when compared with the same L.
rhamnosus pure (the reference 503.1), see Figure 4.27. It was also clear upon examining
basic shape parameters and logarithmic transformation parameters (Table 4.18) that the
metabolism of L. rhamnosus pure changed (as indicated by the p-t curves and their
parameters) after it was grown in DLW. These findings suggested that there was an
observable, therefore investigable difference in the composition of the two worts. DLW

seemed to support the growth to a greater extent.

The values of slope could be indicative of similar or indeed different processes taking place
at a particular time. It can be seen in Table 4.18 that basic shape analysis parameters (e.g.,
PP and AUC to PP) were complementing other parameters (especially slope) in determining
whether similar or different processes were happening over the same time period. For
example, the slope value of the reference reaction (503.1) was very similar to the slope
value of DLW grown L. rhamnosus, however, their PPs were very different, whilst their times
to reach PP were very similar; at the same time their AUCs to PP as well as their intercepts
(Figure 4.28) were rather different. Based on these easily extractable parameters a more

informed decision about bottling or quarantining a particular batch of product could be taken.

It was reasonable to assume that changing intercept values (increase/decrease) reflected
the initial inoculum density (see 4.3.1.3.4) —the higher the value of the intercept the higher
the initial inoculum density (and vice versa). Note that the just mentioned experiments would
not reveal what growth extent to expect in different growth media (such as wort and DLW).
It was clear however, that the nutrient distributions differed in wort and DLW. This nutrient
distribution effect could be seen visually (Figure 4.27) as well as when the growth

parameters were compared (Table 4.18).

If the constituents in wort sustained growth in a similar way to MRS, and there was an
indication of that (Figure 4.26), it was reasonable to say that the same extent of growth
occurred in both media (it was also reasonable to assume this given that the AUC was
related to cell numbers; AUC470.1 was within 4.4% of AUCso3.1). However, the situation was

different with DLW, and one would need to explore further whether the same extents of
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growth occurred in DLW (for example a facility to perform plate counts would need to be

available, as noted before in Chapter 3); AUC4s5.1 was within 8.8% of AUCs03.1.

L. rhamnosus reference (503 series) was used to determine if the calorimeter was capable
of yielding highly repeatable data (this kind of experiment can also confirm that a batch of L.
rhamnosus used for establishing the reference reaction had not degraded over time —i.e.,
its shelf life) and it was also used to show that the calorimeter performed well over time. The
reference reaction could also be used as a control reaction to check the precision of a
technician in setting up the experiments. It also hinted about the capacity of wort and the
capacity of DLW to sustain growth, because one was faster than the other and it peaked

higher and their AUCs were different.

The references demonstrated that it was rational to go ahead with this investigation because
the calorimeter was capable, in these complex systems, of giving highly reproducible data
and indicating when there was something wrong with the instrument (see 4.2.3). It was
demonstrated that it was possible to have, if consistent inocula were obtainable (in this case

L. rhamnosus pure), highly reproducible p-t curves (within 3%).

The reproducibility that could be achieved from data on real systems (FV1, FV2 or the mix
of these) and the practical outcome of having an authority to release a batch of product for
bottling and sale would be determined by the repeatability of those experiments (discussed
in later sections 4.3.6 and 4.3.7).

Whilst the reference 503.1 was determined on different criteria (repeatability and TAM
performance over time) it was fortunate that the comparison made between 503.1 and 470.1
yielded very similar curves. However, when the same organisms were pre-grown in another
medium for example DLW, it was discovered that the outcome was not the same. This
revelation demonstrated that calorimetry was telling, absolutely, about medium constituents
and influence of their effects on the metabolism of L. rhamnosus.

4.3.3 L. rhamnosus grown in MRS, tested in MRS

The purpose of the experiments presented in this section was in part to explore whether
calorimetry could be useful for examining Symprove production protocol, and the potential
for shelf life testing. Fermenting time of up to 24 hours was required for FV1 to reach
desirable levels of microorganisms (Symprove, 2021). Therefore L. rhamnosus was grown
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in a medium (MRS), for the length of time that might be used in the real production, i.e., 24
hours. Once produced and bottled Symprove was stored and shelf life was determined by a
contract laboratory, on repeated sampling for viability. To discover what was the
consequence of storing Symprove after it was bottled, a limited simulated test for shelf life
(calorimetric viability test) was performed; i.e., 48 hours fermentation in MRS. Certainly, this
kind of test could be extended to cover as long period as necessary (weeks, months or even
years in length with regular sampling). This way of testing is in essence testing of the viability
of microorganisms in a closed system of spent growth medium (e.g., a bottle of Symprove
product). This was not the same as taking a fresh L. rhamnosus pure sample out of a freezer
and put it into the same (MRS) because L. rhamnosus would have been potentially 24 hours
in the fermenting vessel, by the time it was sampled. Therefore 24 hours could be seen as
the state of L. rhamnosus at the end of fermentation, and the 48 hours could be at the point
after it was freshly bottled.

x When L. rhamnosus was grown (pre-cultured) in MRS for 24 hours at 37°C, it grew faster
in the subsequent IMC test than L. rhamnosus pure (see Figure 4.29). MRS media used in
4.3.3 for growing as well as calorimetric testing of L. rhamnosus pure were from the same
batch. L. rhamnosus pure was from one batch only in all experiments reported in 4.3.3. PPs
of the pre-cultured L. rhamnosus reached significantly lower levels compared with L.
rhamnosus pure whilst times to reach PP were much shorter for pre-cultured L. rhamnosus
as noted in Table 4.19. There was also a large difference between AUCs, with L. rhamnosus
pure giving much greater AUC to PP. Table 4.19 shows a clear difference in the rates of
growth between the two cultures where the growth rate of L. rhamnosus pure was
significantly greater compared with the pre-cultured L. rhamnosus. The intercepts of the pre-
cultured L. rhamnosus indicate that there was a much greater initial number of organisms

when compared with L. rhamnosus pure.

When L. rhamnosus was grown (pre-cultured) in MRS for 48 hours at 37°C, it grew slower
in the subsequent IMC test than L. rhamnosus pure (Figure 4.30). Times to reach PP
doubled (Table 4.20) for L. rhamnosus pre-cultured for 48 hours compared with 24 hour pre-
culturing. There was not a significant difference between AUCs of the reference 503.1 and

48 hour grown L. rhamnosus.

Comparison of the basic shape analysis parameters and logarithmic transformation
parameters of L. rhamnosus pure (503.1 reference set) with L. rhamnosus grown in MRS at
37°C for either 24 hours or 48 hours is presented in Table 4.21. Figure 4.31.

196



1000 —

———501.1
—501.2
——501.3
——501.4
——503.1 (reference)

800

600

N
Wi N .

0 ' . . ;
0 36000 72000 108000 144000 180000
TIME (s)

Figure 4.29 L. rhamnosus pure grown in MRS for 24 hours at 37°C, tested in MRS (in
quadruplicate). For comparison, 503.1 (red reference curve) is L. rhamnosus pure tested in
MRS.

Power (uW)

Experiment 501.1 501.2 501.3 501.4 503.1
p-t curve parameter
PP [uW] 701 704 696 720 798
Time to PPJ[s] 22351 22721 22111 22451 32940
AUC to PP 6.95x10% | 7.05x108 | 6.93x108 | 7.09 x108 | 9.97 x10°
__In curve parameters |
Slope 1.52 x10* | 1.51x10* | 1.50 x10* | 1.56 x10* | 1.89 x10*
Intercept 3.83 3.80 3.89 3.77 213
R? 0.999 0.999 0.999 0.999 0.999

Table 4.19 Basic shape analysis parameters and logarithmic transformation parameters
of L. rhamnosus grown in MRS for 24 hours at 37°C (501 series), tested in MRS. 503.1
reference values for comparison.
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Figure 4.30 L. rhamnosus grown in MRS for 48 hours at 37°C, tested in MRS (in
quadruplicate). For comparison, 503.1 (red reference curve) is L. rhamnosus pure tested in

MRS.

Experiment 465.1 465.2 465.3 465.4 503.1
p-t curve parameter
PP [uW] 581 592 592 621 798
Time to PPJ[s] 44612 42902 45652 41472 32940
AUC to PP 8.89x108 | 9.14 x108 | 9.67 x108 | 9.37 x108 | 9.97 x108
|_In curve parameters |
Slope 1.33 x10*% | 1.30 x10* | 1.30 x10* | 1.32x10* | 1.89 x10
Intercept 1.61 1.97 1.73 2.09 2.13
R? 0.999 0.999 0.999 0.999 0.999

Table 4.20 Basic shape analysis parameters and logarithmic transformation parameters
of L. rhamnosus grown in MRS for 48 hours at 37°C (465 series), tested in MRS. 503.1
reference values for comparison
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Figure 4.31 Visual (shape analysis) assessment of p-t curves of L. rhamnosus pure and
the same L. rhamnosus pure pre-cultured for 24 and 48 hours in MRS.

Experiment 4654 50124 503.1
p-t curve parameter
PP [uW] 597 705 798
Time to PPJ[s] 43660 22409 32940
Slope 1.31 x10 1.53 x10 1.89 x10
Intercept 1.85 3.82 2.13
R?2 0.999 0.999 0.999

Table 4.21

Comparison of L. rhamnosus pure (503.1) with L. rhamnosus grown in MRS
at 37°C for either 24 hours or 48 hours. ().
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Figure 4.32 Logarithmic transformation of p-t curves (465.1, 501.1 and 503.1) and applying
a linear regression model. Red portions indicated in each curve represent linear fits
determined visually to get the best R2.

4.3.3.1 Discussion

The method of pre-culturing L. rhamnosus pure seemed to be advantageous if there was a
need to shorten the lag time. It was plausible that when L. rhamnosus pure was pre-
conditioned —grown in one medium (e.g., grown in MRS prior to testing in MRS, or potentially
in any other medium such as wort)— this would give it better properties for subsequent faster

growth in the same medium (as the one that was used for pre-conditioning).

However, an optimal pre-conditioning time would need to be experimentally determined,
because if the same L. rhamnosus pure was grown in MRS for 48 hours at 37°C (see Figure

4.30) this had an opposite effect. The reason behind this might be the effects of metabolic
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build up during the extra 24 hours of growth when compared to the L. rhamnosus pure grown
in MRS for 24 hours only. The metabolism of L. rhamnosus pure showed some change
according to all parameters after it was grown in MRS either for 24 or 48 hours (see Table

4.21) when compared with the reference values (503.1).

A closer examination comparing 24 hours and 48 hours data showed that AUC4s was bigger
than AUC24; the slope ksg was 1.3 x10* which was different from k24 of 1.5 x10#; time to PP
was extended in 48 hours growth to almost double of 24 hours growth; and the PP was
higher in 24 hour growth than that in 48 hours growth. Even though both growths (24 and
48 hours) were done in the same MRS they were still reacting differently with longer lag time
for 48 hours growth. There was a significant difference in the rates of growth between these
two cultures. Whilst the differences in the intercept values between the two cultures could
be attributed to differences in cell numbers, the different k values were not well understood
(there could be some change in metabolic processes related to cell age, or the effects of a

build-up of metabolites).

Unfortunately, because of an incapacity to determine cell numbers, there was no more in-
depth analysis of these different rates of growth or indeed the cells themselves. However,
even in the absence of cell counts, (something that some would regard as critical
information), an outcome which in principle, appeared to offer a significant advantage to

Symprove was obtainable and analysable.

If Symprove company adopted this approach, the presented data revealed that the
fermentation would have to be controlled much more carefully, and would have to stop at a
precise time, not a random or a wide range of time, but exact time because the cells change
and will have different properties in accordance with the time and temperature they spend
in the growth medium. Therefore, what these experiments were also doing were directing
towards a prescription for control of Symprove production process and a simple protocol for

stability and viability testing (shelf life of the product).

It was established that a useful and practical reference system (L. rhamnosus pure in MRS)
could be developed. The reproducibility of the experiments was better than the traditional
microbiology. Easily extractable parameters from the p-t curve (PP, time to PP, AUC to PP)
and its logarithmic transformation (growth rate constant, intercept) could be used to
determine a good growth with high accuracy and high reproducibility. It was considered
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worthwhile at this point to go further and explore the possibilities of automation of data

processing (4.3.4) and to establish the same reference systems for L. acidophilus (4.3.5),

the combination of the two —FV1-artificial (4.3.6) as well as investigating FV1-real (4.3.7).

It was demonstrated in this chapter so far that:

the prerequisites of repeatability of the system of interest (testing procedure for L.
rhamnosus, which was the most challenging one in Symprove product) were met;
the equations (Chapter 3) and interesting parameters (growth rates, intercepts,
AUCs) were reinforced by the presented data, which showed the conformity between
data derived from PC and OD with IMC data; in other words, a sound relationship
between classical microbiological methods and IMC was established;

IMC was capable of yielding useful data for a real utility of IMC towards industry in
general and specifically Symprove. An excellent reproducibility for standardised
experiments was achieved and this led towards a possibility to establish a reference
reaction which showed not only that the performance of the calorimeter could be
checked but also allowed to have a view about the best-case scenario and a
confidence that the IMC data were better, in principle, that those of the classical
microbiology. The accuracy and reproducibility in the above detailed controlled
experiments was very good, therefore, it was reasonable to expect that in the real
world of an industrial scale production a good reproducibility and accuracy could be
achieved. The potential for the utility of IMC here was great, it related well to classical
microbiology, but it did better in many aspects mentioned (accuracy, repeatability,
dealing easily with complex samples and speed of testing);

IMC was capable of investigating differences in medium composition affecting the
growth kinetics of a microbiological system (exemplified by L. rhamnosus grown in
different growth media (4.3.2 and 4.3.3) before being tested in the calorimeter). This
also contributed to extending the possibilities of investigating the history of a given

microorganism.

The following sections investigated, in the same manner, the second component of FV1 —L.

acidophilus (section 4.3.5) and the combination of the two microorganisms i.e., FV1-artificial

(section 4.3.6) before proceeding to the full complexity of FV1-real (section 4.3.7) because

it was absolutely clear that IMC had the capacity to investigate Symprove’s or any other

such system.
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4.3.4 Coding and automation

The previous section 4.3.1 laid ground for the manual analysis required to obtain quantitative
parameters from a simple p-t curve. In order to take the manual analysis of data forward, it
would be good to have an automated approach (data processing algorithm) which could do
a simple modelling of k (growth rate constant) based on a logarithmic plot. Other desirable
parameters such as peak power, time to peak power, the value of the peak power, the
intercept and the coefficient of determination would also form a part of a parameter
comparison automated output (compared with expected values, i.e., reference values)
which would not require a specialist to determine whether the growth was good or not;
essentially provide a BB to data analysis. The procedure was previously demonstrated (see
Cabadaj et al., 2021), where it was established that the concordance between the manual
and coding analysis was good, however coding could make sure that as much time as
possible was saved in analysis. Enabling an easy industrial application of the automated
data analysis would require a BB with raw data as an input and pass/fail answer as an

output. Black box is briefly discussed in the second part of this section.

The automatic data processing was only applied to L. rhamnosus pure set as a proof of
concept. There was no further automatic analysis presented. The reason for not continuing
the automatic data processing was the death of David Haskins (to whom | am ever thankful),
the code developer, during this project and related difficulties (the program was not
accessible thereafter which meant that the cost and time required to resolve those issues
was not feasible within the time frame of this project) in enabling the code to run on a
different platform.

4.3.4.1 Coding development

The raw data coming from the growth of bacteria were recorded by the TAM every 10
seconds in power-time format. Consequently, there was an enormous data yield available
for analysis and that meant if coding could be written (using the knowledge of the equations
developed in Chapter 3) the whole analysis could be automated. The role of such an
automated quantitative data analysis would be to determine, much faster than a manual
analysis and operator independent, whether the investigated p-t curves were pass or fail

when compared with a reference.
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The logarithmic transformation of the original data set meant that any first order reaction
(e.g., exponential bacterial growth, but also any other first order processes) would be visible
as a linear portion of the given data set. The coding required to find the best straight line up
to the peak power (because there was no exponential growth after peak power, concerning
L. rhamnosus growth in MRS and the same was observed in later sections in L. acidophilus
as well as FV1, and this thesis treats only the exponential growth period). Therefore, this
basic analysis of plotting logarithm of power against time would yield, in principle, the first
order process i.e., exponential bacterial growth (the interpretation of the first linear phase is
the exponential growth). The advantage of the logarithmic transformation approach
application into bacterial growth, by definition, (see Chapter 3) was that the slope of the
straight line obtained, from the region of exponential growth, was the rate constant of the
exponential bacterial growth. This linear portion could be extrapolated back where y=0, and
this would indicate the theoretical time point at which the bacteria started to double
exponentially. To make sure that the coding approach was in line with the manual analysis,
both approaches were done simultaneously and compared (these are presented in Table
4.22 and more detail in Cabadaj et al. (2021)).

Some of the advantages of the automatic approach to data processing included:

- technician or scientist independent interpretation of complex data;

- fast and consistent data processing (no subjectivity in selecting predefined
parameters and getting the results in the matter of seconds);

- prospect of a rapid enquiry into performance both bacterial performance in the
calorimeter (e.g., FV1-real, in principle, the full product, too) as well as the
performance of the calorimeter over time (using a control reaction e.g., L. rhamnosus
pure in MRS).

Coding with its obvious advantages (fast data processing and always selecting predefined
parameters) also had the deficiency that no scientist/expert would look at once it became a
routinised procedure for a technician. The control over the black-box system would be given
to coding therefore any anomaly from an expected, pre-defined parameters would

automatically mean a failed result.
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Analysis (L. rhamnosus pure) Slope (s™) Intercept
Manual 1.88 + 0.06 x10 2.12+£0.07
Coding 1.34 £ 0.06 x10* 3.00£0.10

Table 4.22 Mean values for the slope and intercept calculated for the first linear region of
the logarithmically transformed p-t curves derived by manual analysis and with the coding

analysis. L. rhamnosus pure in MRS (mean of 4 experiments, series 503).

Despite the ambition set forth at the beginning of the project to have completely scientist
independent analysis of data i.e., black box, most of the data were analysed manually,
because of the loss of access to the coding program as described in 4.3.4. However, the
close relationship between the coding outcomes and manual calculations were already
demonstrated (Table 4.22; Cabadaj et al., 2021) and the unfortunate death of the code
developer did not at all invalidate the notion that coding was employable directly and if

developed and introduced by Symprove would provide a technician manageable situation.

4.3.5 L. acidophilus pure tested in MRS

Quantitative analysis of IMC data and its practical applications was demonstrated in 4.3.1,
using L. rhamnosus as a model organism. This study formed a basis for the analysis of L.
acidophilus —the second bacterial component of FV1 in the same way. This section
establishes reference standards of L. acidophilus pure tested in MRS (the same protocol
was followed as previously described for L. rhamnosus pure in 4.2.1). The results are
presented in Figure 4.33, Table 4.23 and Table 4.24.These results formed a basis for a
quantitative parameter comparison for the performances of the two microorganisms in a
calorimeter. Whether it was possible to distinguish between the two microorganisms (e.g.,
did they behave differently in the same medium?), based on the parameters studied was
elucidated here and in more detail in 4.3.7 (Table 4.36 and Table 4.37). In all subsequent
studies the same testing protocol as in 4.2.1 was followed (unless stated otherwise).

Whilst IMC got quantitative data faster and more accurately than the traditional plate count
methods (Chapter 2) it also offered a characteristic performance of, for example L.
rhamnosus in the standard experiment (described as being a reference experiment in 4.3.1).

Therefore, if L. acidophilus was subjected to the same testing procedure, it would yield data
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which could be used to determine how different, if at all, the performances of these two
microorganisms were. In other words, they would be different if their p-t curves were different
(i.e., where comparisons of derived data were presented, for example studies with L.
rhamnosus, L. acidophilus, FV1-artificial or FV1-real then differences were declared if the
respective means +2SD did not overlap).
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Figure 4.33 P-t curves of L. acidophilus pure tested in MRS.
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Experiment number 540.2 540.3 540.4 541.2 541.3 541.4
p-t curve parameters
PP [uW] 746 713 748 719 701 710
Mean PP 723
SD (reproducibility) 18 (2.49%)
Time to PP [s] 44722 45072 44972 I 46132 ‘ 47252 46372

Mean time to PP [s]

45754

SD (reproducibility) [s]

905 (1.98%)

AUC to PP

8.25 x106 | 8.11 x10° | 8.48 x10° I 8.00 x10° ‘ 8.13 x10° | 8.24 x10°

Mean AUC to PP

8.20 x10°

SD (reproducibility)

1.50 x10° (1.83%)

Table 4.23 Basic shape analysis parameters of L. acidophilus pure tested in MRS. 540
series time distant from 541 series.

Experiment number | 540.2 540.3 540.4 541.2 541.3 541.4
k 2.05 x104|2.06 x104|2.08 x104§1.99 x104|2.02 x104|1.99 x10*
Mean k 2.03 x10*
SD k (reproducibility) 3.44 x10°° (1.69%)
Intercept (In value) -0.90 -0.95 -0.97 I -0.99 \ -1.18 -0.96
Mean intercept -0.99
SD (reproducibility) 0.09 (9.09%)
Intercept (antiln value)| 0.41 0.39 0.38 I 0.37 \ 0.31 0.38
Mean intercept 0.37

SD (reproducibility)

0.03 (8.11%)

AUC to PP

1.82 x10°%| 1.83 x10° 1.84X105I1.83X105‘1.79X105 1.86 x10°

Mean AUC to PP

1.83 x10°

SD (reproducibility)

2.11 x103 (1.15%)

RZ

0.9999 | 0.9998 | 0.9999 I 0.9997 ‘ 0.9999 | 0.9999

Mean R?

0.9999

SD (reproducibility)

7.64 x10°5 (0.008%)

Table 4.24 Parameters derived from the logarithmically transformed p-t curves. L.
acidophilus pure tested in MRS.
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Basic shape analysis of the p-t curves (Table 4.23) showed a high degree of reproducibility
in these experiments. PPs’ reproducibility was within 2.49% (providing the organism and the
medium were controlled). The AUCs to PP were reflective of the exponential growth and
these again were highly reproducible (1.83%) whilst times to reach PPs were also highly
consistent (1.98%). This was encouraging as it was possible to establish, with a high degree
of confidence, that calorimetry could yield highly consistent results for both microorganisms

(L. rhamnosus and L. acidophilus).

4.3.5.1 Growth rate constant

The growth rate constant (slope k) was obtained in the same way as the slope derived in
4.3.1.3.1. The significance of the difference between the slopes of the two microorganisms
as well as the FV1-artificial and FV1-real is discussed at the end of this chapter. However,
it was clear from the data (Table 4.24 and Table 4.5) that a distinction between the slopes
of L. acidophilus (mean 2.03 x10%) and L. rhamnosus (mean 1.87 x10%#) could be

determined (the means x 2xSD did not overlap).

4.3.5.2 Intercept

Table 4.24 shows that the reproducibility of the intercept values was lower than the one
obtained for L. rhamnosus. The calorimetric method used was highly sensitive to small
variations or errors (medium preparation, testing procedure precision, inoculum volume)
therefore a rather dramatic response of the intercept (or some other parameter) could be
seen as a result. Yet, the reproducibility achieved was more in line with the traditional plating

methods for this parameter, therefore acceptable.

43.5.3 Contaminant detection

One frequent problem encountered in the production process of Symprove was FV1-real
cross-contaminated by E. faecium (Symprove strain) and in addition to that some batches
of FV1-real were contaminated with another strain of E. faecium (as detailed in 2.6.3). These
contaminations were the reasons for exploring the capacity of IMC to detect E. faecium in

co-culture of L. acidophilus. The results are presented in Figure 4.34 and Table 4.25. There
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were no mean values or SD values available as these were single experiments (no repeats),

data were obtained from L. acidophilus spiked with E. faecium contaminant.
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Figure 4.34 P-t curves of L. acidophilus pure (black curve) and the same L. acidophilus
pure spiked with 3 different concentrations of E. faecium; tested in MRS.

Experiment number

538.1 538.2 538.3 538.4
E. faecium inoculum volume 0 5 10 15
(ML/ampoule)
p-t curve parameters
Time to PP [s] 46712 26592 25742 25442
PP [uW] 696 585 574 577
AUC to PP 8.4 x10°6 5.41 x108 5.47 x108 5.69 x108
 Incurve parameters
k 1.97 x10 2.45x10% | 2.37x10* | 2.29 x10*
Intercept (In value) -0.98 1.48 1.88 217
Intercept (antiln value) 0.38 4.39 6.55 8.76
R2 0.9999 0.9996 0.9997 0.9998

Table 4.25 Basic shape analysis parameters and parameters derived from logarithmically

transformed p-t curves.
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4.3.54 Discussion

It was discovered that the performance of L. acidophilus in the calorimeter was different from
that of L. rhamnosus. All the basic shape analysis parameters of L. acidophilus (mean PP =
727 W, mean AUC = 8.20 x10°% and mean time to reach PP = 45754 seconds) were
significantly different from those of L. rhamnosus (mean PP = 790 yW, mean AUC of 9.83

x10% and mean time to reach PP 33208 seconds).

Looking at the parameters derived from the logarithmic transformation of the p-t curves, it
was also clear that the growth rate of L. acidophilus (2.03 x10) and the growth rate of L.
rhamnosus (1.87 x10#) were different. Additionally, all the parameters (except the L.

acidophilus intercept values) were of high reproducibility of less than 3%.

The analysis of L. acidophilus contaminated with 3 different concentrations of E. faecium
showed that there were significant differences between L. acidophilus pure and L.
acidophilus spiked with E. faecium (see Table 4.25). The higher the concentration of E.
faecium the shallower the slopes. AUCs to PP were significantly smaller when E. faecium
was present compared with the AUC reference value of L. acidophilus pure. It was possible
that the two microorganisms affected each other, for example, influences of their
metabolites, resulting in different growth rates. It was also probable that enthalpies per cell
of the two microorganisms were marginally different. Furthermore, the highest concentration
of E. faecium (15 pL) generated the largest AUC (when comparing E. faecium containing
experiments only). Finally, the higher the concentration of E. faecium the faster the time to
reach PP.

It was established that, by using calorimetry alone, it was possible to distinguish between
the performance of L. acidophilus and L. rhamnosus based on the selected parameters. It
was therefore rational to proceed further and test these two microorganisms together —
formulating FV1-artificial. This step was essential in determining whether the same analysis

was viable to investigate FV1-real.

4.3.6 FV1-artificial tested in MRS

“Artificial” in the context of this section means that L. acidophilus and L. rhamnosus were in
1:1 ratio and their individual inoculum cell densities were the same when inoculated into

MRS. The main purpose was to determine what was the behaviour (performance in a
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calorimeter) of FV-artificial with respect to L. rhamnosus and L. acidophilus, separately
(How did FV1 relate to the growth of L. rhamnosus and L. acidophilus?). For example, was
FV1-artificial a mixture of the two microorganisms, was one dominant over the other?
Furthermore, contaminants were a natural but irregular occurrence in the production
process, and to this end the sensitivity of IMC to detect a selected contaminant —E. faecium

was investigated.

The same testing protocol was followed for FV1-artificial as for L. rhamnosus and L.
acidophilus, except that the inoculum was made up of 50:50 % mixture of the two organisms
so that the same number of organisms were added. The results are in Figure 4.35, Table
4.26 and Table 4.27. There were two time-distant series of experiments performed i.e., 527
series and 535 series, and for each series a fresh batch of MRS was used, the

consequences of which is discussed below.
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Figure 4.35 P-t curves of FV1-artificial tested in MRS.
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Experiment no 527.1 527.2 535.1 535.2 535.3 535.4
p-t curve parameters
PP [uW] 714 702 723 725 716 736
Mean PP 719
SD (reproducibility) 11 (1.53%)
Time to PP [s] 30932 31192 I 28372 \ 28472 \ 28422 28452

Mean time to PP [s]

29307

SD (reproducibility)
[s]

1244 (4.24%)

AUC to PP

9.01 x108 | 9.05 x108| 7.49 x108 | 7.52 x108 | 7.33 x10° | 7.56 x10°

Mean AUC to PP

7.99 x108

SD (reproducibility)

7.37 x105 (9.21%)

Table 4.26 Basic shape analysis parameters of FV1-artificial tested in MRS.

Experiment no 527.1 527.2 535.1 535.2 535.3 535.4
k 1.61 x104[1.60 x10-4J1.63 x104[1.62 x10-4| 1.62 x10-4| 1.63 x10
Mean k 1.62 x104
SD k 1.07 x10°8 (0.66%)
Intercept (log value) | 2.79 278 | 279 | 279 | 277 2.78
Mean intercept 2.78
SD (reproducibility) 0.007 (0.25%)
Intercept (antilog | 46598 | 4612 | 1628 | 1628 | 15.96 | 16.12
value)
Mean intercept 16.17

SD (reproducibility)

0.12 (0.74%)

AUC to PP

1.60 x105] 1.61 x105]] 1.44 x105 | 1.44 x105 | 1.43 x10° | 1.44 x10°

Mean AUC to PP

1.49 x10°

SD (reproducibility)

7.91 x10° (5.30%)

R2

0.9995 0.9997 i 0.9994 0.9994 0.9992 0.9993

Mean R2

0.9994

SD (reproducibility)

0.0002 (0.02%)

Table 4.27 Parameters derived from the logarithmically transformed p-t curves of FV1-

artificial tested in MRS.
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4.3.6.1 Growth rate constant

Data presented in Table 4.27 showed excellent reproducibility (0.66%) in the growth rate
constant. Whilst the rates of growth were very consistent in the two series (527 and 535), it
was clear that the times to reach PP were less so (Table 4.26). This was perhaps caused
by the effects of the medium and its capacity to support growth of the same bacteria to the
same extent (2 distinct batches of MRS were used), and as discussed in the previous part
(4.3.5.2) even a small variation in medium preparation (e.g., uniformity of powder, water
composition efc.) could have a significant impact on some parameters given the high
sensitivity of IMC.

4.3.6.2 Intercept

The reproducibility of the intercept values was better than those obtained for L. rhamnosus,
and this might be caused in part by the subjectivity of the manual analysis of data. The best
straight line was selected based on the best R? and that fixed the exact duration of the linear
fit. This meant the intercept values varied and if better consistency in selecting the individual
linear fits was required (e.g., time exact linear portions would be selected) this would affect
R2. It seemed rational to base the analysis on the best R? as the linear portion with the

highest R? would best represent the exponential growth under investigation.

4.3.6.3 Contaminant detection

The microorganism chosen for this study, Enterococcus faecium NCIMB 30176, was the
component of the second fermenting vessel (FV2) and the finished product, Symprove,
however, it was also detected in FV1-real because of a cross-contamination issue in the
production process. Whilst this contamination would not pose a serious health risk, it had
the potential to disturb the bacterial balance of the finished product, hence it was important
to have a tool to be able to detect it. The purpose of this study was to determine, whether it
was possible to detect E. faecium in co-culture with FV1-artificial by using IMC. Four
samples of the same FV1-artificial were used; one without any E. faecium - the control and
three samples with different volumes of E. faecium (i.e., 5, 10 and 15 uL; these were selected
to see the sensitivity of IMC to detect low levels of the contaminant) were directly added to
30 pL of the remaining three FV1-artificial samples —Figure 4.36.
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Figure 4.36 P-t curves of uncontaminated FV1-artificial (black curve) and the same FV1-
artificial batch spiked with 3 different concentrations of E. faecium; tested in MRS.

Experiment number 544 1 544.2 544.3 544.4
E. faecium inoculum volume
(ML/ampoule) 0 5 10 15
p-t curve parameters
Time to PP [s] 26872 27372 26502 25572
PP [uW] 689 693 679 682
AUC to PP 6.8 x10° 8.6 x10° 8.4 x10° 8.2 x10°
__ Incurveparameters |
k 1.64 x10 2.09 x104 | 2.35x10* | 2.40x10*
Intercept (In value) 2.90 2.72 2.68 2.80
Intercept (antiln value) 18.17 15.18 14.59 16.44
R2 0.9998 0.9998 0.9992 0.9995

Table 4.28 Basic shape analysis parameters and parameters derived from logarithmically
transformed p-t curves of FV1-artificial spiked with E. faecium. .

The three curves (Figure 4.36) containing E. faecium looked very reproducible and
distinctively different from that of the control curve. Quantitative parameters presented in
Table 4.28 (there were no mean values or SD values available as these were single

experiments with no repeats) showed that the more E. faecium present the faster the time
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to PP, this trend however, was not observed in the control, which was more in line with 10uL
E. faecium. Another example of systematic differences was notable in AUC to PP where
the lowest E. faecium content at inoculation produces largest AUC to PP with a regular
interval decrease (2 x10°) for the other two E. faecium inoculation volumes whilst the control
AUC to PP was significantly different from all three samples containing E. faecium.

4.3.6.4 Discussion

Whilst PPs showed good reproducibility (1.53%, see Table 4.26), times to reach PP were
less consistent between the two series 527 and 535. One of the reasons for less consistency
was perhaps the fact that there were double peaks, and these were different (the first peak
in 527 series did not represent PP of this series, however it occurred at the time when the
PP of the second series 535 was observed; furthermore, the reverse phenomenon was
observed for PP of 527 series; i.e., the second peak was the PP) (see Figure 4.37). The
mean time difference between the two series to reach PP was 2633 seconds (527 mean
time to reach PP minus 535 mean time to reach PP). This meant that AUCs was significantly
different (Table 4.26). One explanation why double peaks were close to each other in both
series, but in reverse order, when the two series were compared, could be perhaps minimal
medium composition differences. Two batches of MRS were used as mentioned earlier in
4.3.6.1; even though the fundamentals were declared the same; i.e., both MRS batches
were made from the same bottle of dehydrated MRS powder, using the same protocol. In
these experiments a surprisingly high sensitivity to medium composition was discovered. It
was known that there were two batches of MRS when these were made for the experiments
and this was later seen in the results. Consequently, what was regarded as a reference
would only be a reference for the particular batch of MRS. Therefore, each time a batch of
MRS was changed, a reference must be recreated as well (this is not a problem in any
setting because doing just 4 experiments in a 4-channel instrument would be sufficient for

a particular batch of MRS as was demonstrated with 503 series in 4.3.1).
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Figure 4.37 Times to reach PP detail for 527 and 535 series (zoom of Figure 4.35). PPss27
are time distant from PPss35. PPs35.1 (723uW —blue rectangle) and PPs27.1 (714 yW —black
rectangle)

It seemed, considering the p-t shapes only, that L. rhamnosus was more dominant in co-
culture with L. acidophilus, although PP of L. rhamnosus was affected most likely by L.
acidophilus. Having made the comparison of the individual parameters of L. rhamnosus, L.
acidophilus and FV1-artificial (Table 4.29 and Table 4.30), PP in FV1-artificial was down
from L. rhamnosus PP, but consistent with L. acidophilus PP. The higher PP of L. rhamnosus
when individually tested might be impeded by the presence of L. acidophilus, therefore the
PP was lower for L. rhamnosus when in pair with L. acidophilus. Interestingly, time to PP
was shortest when the two organisms were together, which could be a consequence of their
competition for nutrients, and this could also be a reason why L. rhamnosus produced higher
PP when on its own. If AUC to PP was considered as an indicator of the extent of growth of
an organism, then the two organisms together produced the lowest AUC to PP, which would
indicate there were some interaction (competition for nutrients, some inhibition of growth,

metabolites build up) between them.
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Experiment L. rhamnosus pure * | L. acidophilus pure * | FV1-artificial *
p-t curve parameters
Mean PP [uW] 790 723 719

SD (reproducibility)

12 (1.52%)

18 (2.49%)

11 (1.53%)

Mean Time to PP [s]

33208

45754

29307

SD (reproducibility) [s]

317 (0.95%)

905 (1.98%)

1244 (4.24%)

Mean AUC to PP

9.83 x10°

8.20 x10°

7.99 x10°

SD (reproducibility)

1.61 x10° (1.64%)

1.50 x10° (1.83%)

7.37 x105 (9.21%)

Table 4.29 Quantitative data (p-t curve derived) for the individual organisms L.
rhamnosus, L. acidophilus and FV1-artificial. *Mean of six individual experiments.

Experiment L. rhamnosus pure *| L. acidophilus pure *| FV1-artificial *
Mean k 1.87 x10 2.03 x10 1.62 x10
6
SD k (reproducibility) | 1.46 x10° (0.78%) | 3.44x10%(1.69%) | 0710
(0.66%)
Intercept (In value) 2.14 -0.99 2.78

SD (reproducibility)

0.030 (1.40%)

0.09 (9.09%)

0.007 (0.25%)

value)

Mean Intercept (antilog

8.49

0.37

16.17

SD (reproducibility)

0.26 (3.06%)

0.03 (8.11%)

0.12 (0.74%)

Mean AUC to PP 1,65 x10° 1.83 x10° 1.49 x10°
- 7.91 x10°
3 [) 3 [
SD (reproducibility) | 1.90 x103 (1.15%) | 2.11 x10% (1.15%) 3 30%)
Mean R2 0.9997 0.9999 0.9994
4
SD (reproducibility) | 2.10 x10 (0.02%) | 7.64 x10°5 (0.008%) | | ('870’2‘2/?)

Table 4.30 Quantitative data (logarithmically transformed curve derived) for the individual
organisms L. rhamnosus, L. acidophilus and FV1-artificial. *Mean of six individual
experiments.

The analysis of FV1-artificial contaminated with E. faecium (Table 4.28) revealed that PPs
were essentially the same regardless of the contaminant concentration. It was plausible that

the extent of growth of the FV1-artificial was unaffected by the presence of E. faecium, hence
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the PPs were the same. However, times to PP were different. There was discrimination in
times to PP and it seemed the more E. faecium present, the faster time to reach PP. There
were no significant differences, however, between the times to PP to conclude any effects
of E. faecium on L. acidophilus regarding this parameter. The AUCs were not very different
when E. faecium was present in any concentration (there was a slight trend downwards with
increased concentration of E. faecium), however, these were significantly different from the
AUC of FV1-artificial without E. faecium (544.1). The growth rate was increasing with
increased concentration of E. faecium and was significantly lower when E. faecium was
absent. At the same time, the response of the intercept was not consistent. All linear fits

were with high R2.

It was discovered that there were some interactions between L. rhamnosus and L.
acidophilus when these two organisms were tested together (1:1 ratio) in MRS. For example,
the rate of growth of L. rhamnosus was affected by the presence of L. acidophilus and vice
versa. The observed consequences of the interactions between the two organisms were for
example, fastest time to reach PP when they were in co-culture, however, at the expense of
lower PP and much lower AUC to PP when compared with L. rhamnosus on its own. The
rate of growth k of FV1-artificial showed to be slower than that of L. rhamnosus or L.
acidophilus. These interactions should be considered when co-culturing the two organisms
because the resulting parameters (FV1-artificial) were not just sums of the two organisms

when grown individually.

Assuming heat/cell was constant, for both L. acidophilus and L. rhamnosus, it would be
expected that more cells produce more heat, therefore lower PP would indicate there were

fewer cells produced in FV1-artificial compared with L. rhamnosus on its own.

Whilst there was no overall consistency in all parameters, the growth rate constants in all
experiments (with no contaminants) were consistent and highly reproducible. When E.
faecium contaminant was added into FV1-artificial, it did affect the growth rate significantly
enough to be detected by IMC. The results were encouraging because IMC proved to be
robust even though MRS was not a specific medium for its detection in a highly complex
system (FV1-artificial).

It was plausible that the slight variations in medium composition had significant effects on
the resulting p-t curves. This was not dealt with in detail in this thesis as it was beyond its

scope. It formed, however, in a limited way, the next section where FV1-real (produced in
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full scale equipment using barley wort) was investigated. Finally, it is important to note that
every change (medium, new stock of bacteria) must result in re-examination of the reference

reactions.

The theoretical development so far described that analysis of the quantitative data (analysis
via the equations for the rate constant and the intercept) may be useful (as demonstrated
with L. rhamnosus, L. acidophilus and FV1-artificial studies) if the reproducibility in the FV1-
real merited that kind of analysis. And it merited that kind of analysis only if the images were
reproducible. And if that was true, then it was worth applying this kind of quantitative
analysis. The equations may offer more insights into the nature of Symprove but would also
offer the possibility of having, as indicated earlier, when looking at FV1-artificial for example,
a capacity for quantitative analysis which would allow for a better insight and more secure

judgement about proceeding to bottle. This is demonstrated in the next section.
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4.3.7 FV1-real tested in MRS

‘Real” in the context of this section meant that samples tested were taken directly from
fermenting vessels after the fermentation was completed. The six experiments reported in
this section represented six unique FV1-real batches. The same protocol (see 2.2.3 and
2.2.4) was followed. Samples of FV1-real were taken directly from full-scale fermenting
vessels (1000 L) after the fermentation was completed. The FV1-real resulted from pure
organisms inoculated into a medium which could be very variable. The control of the
fermentation was not as precise as in the laboratory conditions. Consequently, the outcome
was not obvious despite that the previous systems (controlled experiments with high
reproducibility) showed excellent outcomes. The purpose of the work reported in this section
was to determine what was the behaviour (performance in a calorimeter, and reproducibility)
of FV1-real with respect to L. rhamnosus and L. acidophilus, separately as well as FV1-

artificial.

In order to facilitate the interpretation of the, prospectively, complex FV1-real the following
tables display the quantitative data for the individual organisms and their combination in

FV1-artificial as comparators and best outcome targets when comparing these with FV1-

real.
Experiment L. rhamnosus pure * | L. acidophilus pure * | FV1-artificial *
p-t curve parameters
Mean PP [uW] 790 723 719
SD (reproducibility) 12 (1.52%) 18 (2.49%) 11 (1.53%)
Mean Time to PP [s] 33208 45754 29307
SD (repr;?uc'b"'ty) 317 (0.95%) 905 (1.98%) 1244 (4.24%)
Mean AUC to PP 9.83 x10° 8.20 x10° 7.99 x10°
5
SD (reproducibility) | 1.61 x105 (1.64%) 1.50 x105 (1.83%) 7(372 ;‘J/OO)

Table 4.31 Quantitative data (p-t curve derived) for the individual organisms L.
rhamnosus, L. acidophilus and FV1-artificial. *Mean of six individual experiments.
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Experiment L. rhamnosus pure * | L. acidophilus pure * | FV1-artificial *

Mean k 1.87 x10 2.03 x10* 1.62 x10
SD k (reproducibility) | 1.46 x106 (0.78%) | 3.44 x10 (1.69%) | 1.07 x10°¢ (0.66%)

Intercept (In value) 2.14 -0.99 2.78
SD (reproducibility) 0.030 (1.40%) 0.09 (9.09%) 0.007 (0.25%)
Mean Intercept 8.49 0.37 16.17
(antilog value)
SD (reproducibility) 0.26 (3.06%) 0.03 (8.11%) 0.12 (0.74%)
Mean AUC to PP 1.65 x10° 1.83 x10° 1.49 x10°

SD (reproducibility) | 1.90 x10% (1.15%) | 2.1 x10% (1.15%) | 7.91 x103 (5.30%)

Mean R? 0.9997 0.9999 0.9994
SD (reproducibility) | 2.10 x10% (0.02%) | 7.64 x10 (0.008%) |1.57 x10** (0.02%)

Table 4.32 Quantitative data (logarithmically transformed curve derived) for the individual
organisms L. rhamnosus, L. acidophilus and FV1-artificial. *Mean of six individual
experiments.

It was surprising but encouraging to see high reproducibility in p-t curves (Figure 4.38), and
their quantitative parameters (Table 4.33) and this therefore encouraged the application of
the equations to derive parameters presented in Table 4.34. The consistency seen in the p-
t curves of FV1-real batches meant that the production led to a consistent product —at least
in terms of cell numbers and identities. Each experiment represented a different batch of

FV1-real (i.e., six individual, independent and unique FV1-real batches).
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Figure 4.38 P-t curves of FV1-real tested in MRS. Each curve (experiment) represents a
different batch of FV1-real.

Experiment no 511.3 534.1 534.2 534.3 534.4 537.4
p-t curve parameters

PP [uW] 724 726 705 708 721 735
Mean PP 720
SD (reproducibility) 10 (1.39%)
Time to PP [s] 33742 32912 33502 \ 32882 \ 32242 31542
Mean time to PP [s] 32804

SD (reproducibility)

] 741 (2.26%)

AUC to PP 9.64 x10% | 9.76 x108 | 9.32 x10° ‘ 9.14 x106° ‘ 9.26 x10% | 9.40 x10°
Mean AUC to PP 9.42 x10°%
SD (reproducibility) 2.3 x105 (2.44%)

Table 4.33 Basic shape analysis parameters (PP, time to PP and AUC to PP ). FV1-real
tested in MRS.
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Experiment no 511.3 534.1 534.2 534.3 534.4 537.4
k 1.76 x104|1.76 x104|1.75 x104| 1.76 x104| 1.74 x104| 1.75 x10*
Mean k 1.75 x10
SD k (reproducibility) 7.45 x107 (0.43%)
Intercept (log value) | 2.18 2.37 220 | 225 | 240 2.53
Mean intercept 2.32
SD (reproducibility) 0.12 (5.17%)
Intercept (antilog | g o5 | 4070 | 9.03 949 | 11.02 | 1255
value)
Mean intercept 10.27

SD (reproducibility)

1.30 (12.66%)

AUC to PP 1.68 x10°| 1.67 x10%| 1.67 x10° ‘ 1.63 x10° ‘ 1.63 x10°| 1.61 x10°
Mean AUC to PP 1.65 x10°
SD (reproducibility) 5.0 x10% (3%)
R2 0.9998 0.9998 0.9997 0.9996 0.9995 0.9998
Mean R? 0.9997

SD (reproducibility)

0.0001 (0.01%)

Table 4.34 Parameters derived from the application of Eq. 3.12, i.e., analysis of the
logarithmically transformed p-t curves. FV1-real tested in MRS

4.3.71

Growth rate constant

Data presented in Table 4.34 showed again excellent reproducibility (0.43%) in the growth

rate constant. The capacity of the medium —wort to support growth of the two bacteria in

FV1-real- was essentially the same as indicated by PPs derived from both p-t curves as

well as logarithmically transformed curves. This suggested that the batches of medium used

for producing the individual FV1 batches tested here were highly consistent. Additionally, it

was likely that the growth in wort prior to testing in MRS preconditioned the bacteria so they

would grow to the same extent.
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4.3.7.2 Intercept

It was expected that the reproducibility of the intercept values of FVV1-real could be different,
but consistent, from those of carefully controlled laboratory scale experiments (FV1-
artificial). This expectation was observed to be true. The differences could have been
caused by the variations in inoculum cell density as the inoculum was taken directly from

the production line without any control of organism density.

4.3.7.3 Contaminant detection

Acetobacter cibinongensis chosen for this study was a contaminating organism isolated from
the regular product during a routine testing. The purpose of this study was to determine,
whether it was possible to detect A. cibinongensis in co-culture of FV1-real by using IMC.
Three different volumes (i.e., 5, 10 and 15 pL; these were selected to see the sensitivity of
IMC to detect low levels of contaminants) of A. cibinongensis were directly added to 30 pL
of three FV1-real samples and these were then compared with the working reference of

FV1-real (mean of 6 independent experiments —Figure 4.38).

A limited number of experiments were performed to see whether it was possible to detect a
contaminating organism Acetobacter cibinongensis. The results (Figure 4.39 and Table
4.35) were encouraging because even though MRS was not a specific medium for detection
of A. cibinongensis, some parameters of the control (Table 4.33 and Table 4.34) were
affected enough to determine that the contaminated samples were out of the expected
range. PP, AUC to PP and k were significantly different for all three A. cibinongensis
inoculum volumes compared with the control even when + 2SD was applied (Figure 4.39,

green dash dotted and green dotted lines).
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Figure 4.39 FV1-real without contamination (green solid curve) and the same FV1-real

spiked with three different concentrations of A. cibinongensis; tested in MRS.

Experiment number Control* 531.2 531.3 531.4
A. cibinongensis inoculum
vqumes(IpL/ampoule) 0 5 10 15
p-t curve parameters
Time to PP [s] 32804 30662 31322 30062
PP [uW] 720 839 878 902
AUC to PP 9.42 x108 9.60 x108 1.01 x107 9.96 x108
__ Incurveparameters
k 1.75 x10 1.80 x10 1.86 x10 1.85 x10
Intercept (In value) 2.32 2.49 2.32 2.50
Intercept (antiln value) 10.18 12.06 10.18 12.18
R? 0.9997 0.9998 0.9998 0.9997

Table 4.35 Basic shape analysis parameters and parameters derived from logarithmically
transformed p-t curves. * Control parameters are means of the parameters from Table 4.33

and Table 4.34.

The three curves (Figure 4.39, blue, red and black curve) containing A. cibinongensis

looked quite reproducible considering that 15 uL produces a higher peak than 10 pyL and

higher than 5 uL. This order, blue, red, black, continued to approximately 35000 seconds

when it started to change slowly resulting in, black, red, blue order, at approximately 72000

seconds; i.e., the lowest trace was for 15L, little higher for 10 yL and the highest was for 5
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uL. In other words, they got inverted. There was something about more rapid metabolism,
more rigorous metabolism in the early stages and then they changed order. It seemed that
there was an interaction between the organisms and some metabolic products may inhibited
the growth or stimulated the organisms, however, this was not an exhaustive study (where
biochemistry of organism’s metabolism could be examined, for example), but only analysing
the overall behaviour in the medium which was demanding by Symprove’s production. If a
functional dependence could be established, there was an indication that 15 puL was higher
than 10 yL and it was higher than 5uL, it would be reasonable that these seemed dose

related.

There was some distinction in the parameters presented in Table 4.35. For example,
systematic differences in times to PP between the control and 5, 10, 15uL; AUCs between
the control and 5, 10, 15uL; and most notably differences in PP and k between the control
and the rest. What was also striking was the closest agreement in some of the parameters,

for example the intercepts, between 5uL and 15uL and between the control and 10uL.

Finally, the three curves reached much higher PP than the mean of six (green solid curve;
the control) and its £ 2SD (green dash-dotted and green dotted curve respectively) of non-
contaminated batches therefore were clearly distinguishable from non-contaminated

batches.

4.3.7.4 Discussion

Note that where differences were assigned, it was demonstrated that the mean values +
2SD did not overlap.

FV1-real p-t curves showed two distinct peaks (see Figure 4.38). The highest power reading
was observed at the second distinct peak (in all six experiments) and this value was taken
as peak power (PP) for all analysis. A mean PP of the six experiments was calculated and
compared with the mean PPs of L. rhamnosus pure (4.3.1), L. acidophilus pure (4.3.5) and
FV1-artificial (4.3.6). There was a clear distinction between FV1-real and L. rhamnosus pure
(see Figure 4.42). The error bars were calculated for each mean and their respective + 2
SD . However, there was an overlap of mean PPs (+ 2SD) between FV1-real, L. acidophilus
pure and FV1-artificial which did not allow to discriminate between them based on mean

PPs only.
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Figure 4.40 Comparison of mean p-t curves of FV1-real and FV1-artificial. Each mean
curve was calculated from six independent p-t curves (data from 4.7 —FV1-real, and 4.6 —
FV1-artificial).

The p-t curves of FV1-real and FV1-artificial looked very similar. Both curves showed double
peak and their general shapes were similar (Figure 4.40). However, it was consistently
observed that the first peak in FV1-real was lower than its second peak and this situation
was reversed in FV1-artificial (the first peak was the PP and the second peak was lower).
The reason as to what might have caused these reversed peaks could be a consequence
of, for example, differences in the growth media in which the FV1 bacteria were grown
(barley wort in FV1-real and MRS in FV1-artificial) before they were calorimetrically tested
in MRS.

The organisms constituting FV1 produced distinctively different p-t curves when they were
tested individually as L. rhamnosus pure (section 4.3.1) and L. acidophilus pure (section
4.3.5). Comparing these to FV1-real or FV1-artificial (Figure 4.41),also showed a clear
distinction. Each curve was a mean of 6 individual experiments from the previous sections
4.3.1,4.3.5,4.3.6 and 4.3.7.
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Figure 4.41 Comparison of mean p-t curves (L. acidophilus pure, L. rhamnosus pure, FV1-
artificial and FV1-real).

In FV1-artificial model experiments the total number and the ratios of inoculating organisms
was the same as in FV1-real which was inoculated with equal parts (1:1) of the individual
bacteria (according to 1.4.1). Hence the expectation was that FV1-real and FV1 artificial
should be very closely comparable if the medium had no effect. Therefore, if an observable
change was detected the medium —wort was most likely producing the difference (i.e.,

different peaks).

The effects of L. acidophilus on L. rhamnosus, when these two were in co-culture as FV1-
real or FV1-artificial, were more obvious such as lower PP and longer time to reach PP. It
appeared that the L. acidophilus had some retardation effect, on the growth of L. rhamnosus
when co-cultured. There could be several reasons why PP of FV1-real was lower than that
of L. rhamnosus pure such as faster nutrient exhaustion and/or L. acidophilus’ metabolic
byproducts interference with L. rhamnosus metabolism. It was also plausible that there were
some effects of L. rhamnosus on L. acidophilus, however, not clearly observable as L.

rhamnosus was much faster growing than L. acidophilus.
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Overlapping analysis (means * 2SD)
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Figure 4.42 Analysis of peak powers (PP). Each column represents a mean of six
experiments (i.e., purple column L. rhamnosus experiments in section 4.3.1; orange column
L. acidophilus experiments in section 4.5; green column FV1-artificial experiments in section
4.6; blue column FV1-real experiments in the current section 4.7). £

The analysis of times to reach PP revealed that FV1-real was clearly distinguished from L.
acidophilus only, whereas it could not be distinguished from L. rhamnosus or FV1-artificial
(see Figure 4.43) It was also clear (Table 4.36) that the combination of L. rhamnosus and
L. acidophilus constituting either FV1-artificial or FV1-real resulted in faster times to reach
PP than their growth individually in pure forms.

Overlapping analysis (means + 2SD)
[

46000

@Lr pure

@La pure
OFV1 artificial
OFV1 real

41000

36000

Time to PP (s)

o
—

31000

———

26000

Figure 4.43 Analysis of times to PP. (Same detail as Figure 4.42.)
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FV1-real’s mean area under the curve (p-t curve) was distinguished from L. acidophilus pure
only. There was a clear difference between L. rhamnosus and L. acidophilus. L. rhamnosus
could also be distinguished from FV1-artificial (Figure 4.44). These differences had to reflect
complex organismal responses to respective media, and in mixed growths the presence of

the other organism(s).

Overlapping analysis (means * 2SD)
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Figure 4.44 Analysis of AUC to PP. (Same detail as Figure 4.42.)

Firstly, there was the difference that the organisms had with respect to different media (MRS

growth was not the same as wort growth).

Secondly, and this was not possible to distinguish here, it was the case of a mixed growth
(i.e., L. rhamnosus and L. acidophilus together) where the consequences of having the
metabolism of the latter was affecting the growth of the former, for example.

It was clear that in whichever medium were the two organisms presented the response was
different from simply looking at the two organisms together. They were not simply additive,
they represented the consequences of having the two organisms together, their interactions

and whatever that depended upon, whether it was the medium or produced metabolites.

The rate of growth k of FV1-real (1.75 x10#) was faster than that of FV1-artificial (1.62 x10
4). When L. rhamnosus was grown in wort the rate of growth was slower (1.70 x10#) and
when L. rhamnosus was grown in DLW the rate of growth was faster (2.07 x10-) than that

of L. rhamnosus pure (1.87 x10-). The consequence of these different rates as well as other
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interspecies interactions (Fredua-Agyeman et al., 2017b) might have contributed to a much
slower rate of growth of FV1-artificial (1.62 x10-), or indeed when it came to FV1-real (see
Table 4.37). Furthermore, it was observed that the start of the linear fit in L. acidophilus pure
data starts on average at about 22000 seconds which would leave approximately 11000
seconds to L. rhamnosus before it would naturally reach its PP (when grown on its own).
This could mean that the faster growth rate of L. acidophilus could interfere with the slower

rate of growth of L. rhamnosus.

If the same trend was true for L. acidophilus as it was shown for L. rhamnosus (grown in 2
worts) —it could be extrapolated that the rate of growth of L. acidophilus in wort would be
slower and in DLW would be faster than its rate of growth when in pure form. Therefore, the
same could be observed in FV1-real i.e., L. acidophilus might have some inhibitory effect on
L. rhamnosus (Figure 4.41), (or it affects the extent of growth of L. rhamnosus - lower PP,

when in co-culture.

L L

L. ’ ’ L.
Experiment rhamnosus rhamnos_us rhamnos_us acidophilus FV1 FV1-real
ure grownin | grownin pure artificial
P wort* DLW**
p-t curve parameters
Mean PP [uW] 790 771 1062 723 719 720
. 11 10
0, o, o, o
SD (reproducibility) | 12 (1.52%) | 11 (1.42%) | 10 (0.94%) | 18 (2.49%) (1.53%) | (1.39%)
Mean Time to PP [s] 33208 35982 33164 45754 29307 32804
SD (reproducibility) 317 631 193 o 1244 741
[s] 095%) | (1.75%) | (0.58%) | 209 (1-98%)| 4240y | (2.26%)
Mean AUC to PP 9.83 x10% | 9.58 x10° | 8.83 x10° | 8.20 x10° | 7.99 x108 | 9.42 x10°
SD (reproducibility) 1.61x10% | 2.55x10% | 1.03x10% | 1.50x10° | 7.37 x10° | 2.3 x10°
P Y (1.64%) (2.66%) (1.17%) (1.83%) (9.21%) | (2.44%)

Table 4.36 Comparison matrix of p-t curve derived parameters for all L. rhamnosus, L.
acidophilus, FV1-artificial and FV1-real.

* Mean of 2 experiments (wort produced onsite).
** Mean of 4 experiments (Dohler wort (DLW)).
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L.

L.

L. L.
Experiment rhamnosus rhamnos_us rhamnos_us acidophilus F:” I FV1-real
ure grown in | grownin pure artificia
P wort* DLW**
Mean k 1.87 x10* | 1.70 x10“ | 2.07 x10% | 2.03 x10% | 1.62 x10 [1.75 x10*
SD k 146 x10° | 0%) | 122 x10° | 3.44 x10° | 1.07 x10° |7.45 x107
(reproducibility) (0.78%) o (0.59%) (1.69%) | (0.66%) | (0.43%)
Intercept (In value) 2.14 1.81 0.93 -0.99 2.78 2.32
SD (reproducibiity) | 0030 0.14 0.04 0.09 0.007 0.12
P V' (1.40%) | (7.73%) | (4.30%) (9.09%) | (0.25%) | (5.17%)
Mean Intercept 8.49 6.11 253 0.37 16.17 10.27
(antilog value)
SD (reproducibility) 0.26 0.14 0.11 0.03 0.12 1.30
P Y| (3.06%) | (229%) | (4.35%) (8.11%) | (0.74%) | (12.66%)
Mean AUC to PP | 1.65x10° | 1.72x10° | 1.49x105 | 1.83x105 | 1.49 x105 | 1.65 x10°
SD (reproducibilty) | % x10° | 5.00x102 | 1.00 x10° | 2.11x10° | 7.91 x103 | 5.0 x10°
P ' (1.15%) | (0.29%) | (0.67%) (1.15%) | (5.30%) | (3%)
Mean R2 0.9997 0.9995 0.9998 0.9999 0.9994 | 0.9997
| 2.10x10* . 8.29 x10° | 7.64 x10° | 1.57 x10“ | 0.0001
SD (reproducibility) | =g 5oory | 0(0%) | "5008%) | (0.008%) | (0.02%) | (0.01%)

Table 4.37 Comparison matrix of the logarithmically transformed p-t curves derived
parameters for all L. rhamnosus, L. acidophilus, FV1-artificial and FV1-real.

Each experiment reported was from one production growth only (as well as only one run in

the calorimeter, there were no repeats of the same batch to choose the best data). It was

demonstrated that the behaviour of FV1-real in the calorimeter was distinguishable based

on the growth rate constant k from that of FV1-artificial, L. rhamnosus pure as well as L.

acidophilus pure (see Figure 4.45). It was remarkable that highly reproducible data was

obtained from such a complex and potentially rather variable system.
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Overlapping analysis (means + 2SD)
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Figure 4.45 Slope k analysis. (Same detail as Figure 4.42.) Data derived from
logarithmically transformed p-t curves.

It was remarkable, given the instrument (four channel) available with limited capacity for
experiments, to see differences which were indicative of medium effects or metabolic effects
but each individual experiment taking 30 yL from 1000L had produced astonishingly

reproducible data.

It was highly surprising, also, to obtain such a high reproducibility (especially k) when taking
30uL samples from six separate batches of 1000L. Despite the challenges of a real-world
production (variable medium, sample size representation of a whole vessel, efc.) a
surprising consistency was found (because not the same 30uL sample was taken each time
but any random 30uL sample was taken from six different 1000L vessels, and additionally
not one of these six samples was a repeat). Therefore, these 30uL samples appeared to be

highly representative of the whole 1000L system.

There was no observable difference between FV1-real, FVV1-artificial or L. acidophilus based
on PP. L. rhamnosus pure had produced significantly higher PP in comparison with the
aforementioned three. Equally, it proved to be difficult to use AUC as a means to distinguish

between FV1-real and L. rhamnosus.

FV1-real data were also compared with the traditional microbiological analysis results
obtained from the commercial laboratory. Whilst all the results were within specification (no

failed batch or conflicting results between IMC and microbiological results), testing the same
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batches, the mean time to get IMC results was 9 hours (Table 4.36 — 32804 seconds) and
the mean time to get the microbiological results from the laboratory was 7 days. This yet
again demonstrated how much faster IMC was in comparison with the traditional

microbiology.

4.4 Chapter conclusion

A successful industrial application of IMC was presented. It was demonstrated that a useful
and practical set of standard references for Symprove bacteria (FV1 components) was
simple and fast to establish with surprisingly high repeatability for such complex systems. It
was detected that they (FV1 bacterial components individually and in pairs) were different
and that meant, in the absence of other information, a known sample of for example L.
rhamnosus in Symprove and a known but anonymous sample of another organism from
Symprove’s collection could be studied and identified as either L. rhamnosus, L. acidophilus,
L. plantarum or indeed E. faecium. This was quite important because within this limited world
(within Symprove species) it was possible to distinguish between the four organisms present
in Symprove using exclusively IMC. Only very basic laboratory provisions were needed and
a simple protocol for setting up experiments, with minimal sample preparation, was required.
This part of the project was successful because the organisms could be identified, could be

seen and could be distinguished from each other within hours (see Figure A5).

The logical progress from the simplest best case scenario (L. rhamnosus in MRS) to the
complexity of FV1-real (two bacteria in a variable wort medium), was confirmed to be
practical as the differences in obtained parameters were easy to attribute to either of the

bacteria or their co-culture.

Added benefits of using IMC included revelations that calorimetry had the capacity to
investigate the effects of growth media on the studied bacteria (4.3.2), including the
cultivation history of the organisms (4.3.3).

Data processing, and performance parameter extraction which was difficult when done
manually can be automated and streamlined in order to make this procedure operator

independent and applicable to an industrial setting; essentially a BB.

It was also shown that IMC detected contaminants with a high degree of reliability,

significantly faster, than traditional microbiological plating methods. This points to the
234



availability of characterisation process (identification of good growth and deciphering
contaminants) based on calculated results. The case of E. faecium cross-contamination
(4.3.6.3) showed that whilst it was not a risk to health, IMC was robust and fast in detecting
it. Hence it had the capacity to identify the presence of contamination and was practically

demonstrated in 4.3.7.3 with A. cibinongensis.

The presence of a contaminant would lead to abandonment of that growth, destruction of
that growth. Among the advantages in using IMC with its potential for shortening the testing
times was not only to cut the time to bottling but cutting out the waste of time storing
something which was later to be abandoned. Additionally, if it was known early that there
was a contamination in a batch, the batch would be abandoned and that would change the
work schedule for the following days (critically important in an industrial setting) because
what would have to be done was to sterilise the plant and make up for the lost batch. It would
also save time waiting for another number of batches before the problem was detected by
traditional microbiology and potentially spoil the next batches. The whole exercise could aid

in improving/changing operating procedures and optimising production timings.

In summary, therefore, the work presented here established confidence in the potential
(realised here in Symprove production/product authentication) of the use of ICM in
managing/controlling/evaluating industrial production in complex (biologically based)

system.

235



Chapter 5 Conclusions and future work
5.1 Conclusions

The project just presented was initially conceived to explore whether it was possible to use
calorimetry for an industrial process management i.e., Symprove production, and to
determine whether the calorimeter can act as a batch-to-batch release tool for Symprove

quality assurance.

The approach taken to complete the goals outlined was twofold; pragmatic and theoretical.
The pragmatic approach detailed in Chapter 2 was primarily concerned with whether it was
possible to establish a satisfactory reproducibility that could be used in achieving the
project’s objectives. In other words, is the reproducibility of the calorimeter at least as good
as and, optimistically, better than classical microbiological methods used by Symprove for
their quality assurance? It turned out that the reproducibility of p-t curves was more than
satisfactory, in fact better than the traditional microbiological plating methods. Two major
outcomes were derived as a consequence of this success. One was significantly shortened
testing time (a matter of hours rather than days) and the other one was improved sensitivity
and accuracy of testing. At this point, one could argue, that calorimetry worked for the
purpose of the project. Therefore, if the project stopped here, the evaluation of calorimetry
in the context of Symprove’s purpose would only be concerned with comparing shapes of
the p-t curves. It would be very well to simply look at the shapes as it has been typically
done in the biological calorimetry before (Boling et al., 1973; Beezer et al., 1979; Newell,
1980; von Ah et al., 2008), but it would be more successful and quantitatively more desirable
to be able to analyse the curves in a more formal way—the theoretical approach. Whilst
automatic shape reading could, in principle, be established it was felt that more useful and
important quantitative data was available, i.e., from mathematical analysis of p-t curves.
Moreover, the potential for developing coding for this analysis suggests immediately the

prospect of a black-box technician management of such a procedure.

Necessary practices and regulations in industrial processes require that reference protocols
be established that ensure the consistency over time of; core materials (medium, inocula
and other critical materials and instrumentation: the IMC, associated equipment and related
analytical aspects). It was practically demonstrated, in Chapter 2, that the IMC is: a reliable
indicator of for example a good product; very successful in identifying a bad product e.g.,
seemingly-good product (reported as good by the contracted microbiological laboratory
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following anomalous IMC results to find to be contaminated and was hence abandoned); a
bad product; and a reliable tool to determine bacterial strain quality and purity. The p-t curves
obtained via IMC are highly reproducible and consistency in the experimental method was
shown. This allowed the establishment of working reference curves. Furthermore, IMC
revealed that contaminating organisms either in the final product or in the individual
ingredients (bacteria) can be detected and with greater sensitivity, much faster than a
contract microbiological laboratory. These initial achievements exceeded expectations (it
was not expected that there would be instances, prompted by anomalous IMC results, where
extra analysis was required, and not prompted by routine, conventional microbiological
testing as shown in 2.6.1, 2.6.2 and 2.6.3). This outcome more than satisfied the initial goal
of the project. Additionally, a system in which samples can be tested without any treatment

and for which only a few simple laboratory procedures are required was derived.

Another, particularly important, practical outcome of the initial experimentation was that
Symprove decided to use pure inocula in their production, after IMC revealed contamination

in the stock of bacteria of a lower purity previously used in their process.

The theoretical approach presented in Chapter 3 was an attempt to develop a formal
quantitative analysis, with simple-to-assess parameters of exponential growth. Hence
equations were developed which allowed, in principle, to extract quantitative parameters of

bacterial growth including slope and intercept obtained from Eq. 3.12.

These two approaches were fused together and gave a basis for the work reported in
Chapter 4, where theory and practice complement each other. The industrial application of
this project meant that, it was necessary to know whether the instrument behaved/functioned
in a consistent way. In order to do these internal standard references were established to

check the performance of the calorimeter over time

It was discovered that establishing internal references (see 4.3.1) was straightforward, and
simple . The quantitative parameters (PP, AUC, slope, intercept) derived from the reference-
establishment work allowed for the understanding of not just how the shapes were
reproducible but how the quantitative data was reproducible. With quantitative data available
a black-box data processing solution could be easily developed

There was an attempt to develop coding and automation of data processing and
interpretation (pass/fail), essentially a BB (see Cabadaj et al., 2021), however, the
unfortunate death of the code developer prevented a fully functional system to be completed.
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The small piece of work that was done however, demonstrated that it would be
straightforward to create an algorithm which would enable fast and technician independent

data processing.

This project achieved over and above the initial goals. The strategy to first analyse FV1
organisms individually, then as pairs in FV1-artificial and FV1-real was successful. The
analytic outcomes, the matrices of data (Table 4.36 and Table 4.37), with a rich variety of
shape analysis parameters and quantitative data analysis parameters (for example, PP, time
to PP, AUC to PP, growth rate, intercept) resulted in reproducible data which is a significant
achievement given the highly complex biological environment; i.e., industrial production of
FV1. Having these data available will allow to make a judgement of not only about a good
product, but that richness of data will also enable to detect if something has gone wrong
(e.g., batch was contaminated). In other words, it is believed that this real analytical
procedure has the very real capacity to determine a good product outcome enabling to make
decisions of whether to bottle if there is a detectable anomaly. In addition, it can give an
indication that there is a contaminant present but not identified. Now it is reasonable to say
that implementing this strategy into the real world of an industrial production process is
possible, given that a reproducible system was developed, internal references
commissioned and simple laboratory procedures derived. It was necessary to have
microbiologically based references because the performance of the calorimeter (no drift over
time) should be guaranteed over the time of the experiments reported here (e.g., 24-48
hours). Furthermore, IMC method is faster, simpler to perform and easier to interpret the
results than conventional detection methods (Fricke et al., 2019). Operating costs of the
experiments and related consumables are low once an appropriate instrument is in place. It
can be concluded with confidence that similar outcomes will be found in FV2 and the full
product if this analysis would be extended to those.
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5.2 Future work

There are several areas where the work described in this thesis could significantly contribute
to the industrial process management where microbial activities are of interest. However,
the immediate practical tasks in the future work would be implementing the same strategy
to investigate the second component of the Symprove product —FV2 (individual organisms
separately, FV2-artificial and FV2-real) and subject the full product (FV1-real + FV2-real) to
the same procedure. The above extensions to the work presented would be desirable
because the work done so far was to take the organisms directly from FV1 after
fermentation, test those via IMC, and say at that point, which was a good growth and one
that could go ahead and be bottled. It would give a greater confidence in using IMC as a
standalone method for quality assurance purposes should these extensions be completed.

Naturally, if IMC can be used to identify a good product, the next important question is how
long the good product can be used for i.e., investigating the shelf life as indicated in Figure
4.2. Work reported in this thesis refers only to the original product (without flavouring) of its
first component FVV1-real and it will be important to understand the effects, if any, of additives
(flavours, preservatives and vitamins) and the consequences on the product’s shelf life. It is
possible that the bacterial balance could be affected by different additives, hence the stability
and efficacy of the final products might be affected. Simplicity of the IMC experiments and
their high repeatability offers an excellent opportunity to investigate all of the above
significantly faster and would result in money saved compared with the traditional

microbiological methods.

Although enumeration of bacteria was not attempted in this thesis, it could be attempted and
its use evaluated in future. For example, Fricke et al., (2019) have done enumeration
experiments using IMC. However, it is possible to enumerate much faster than reported by
Fricke et al., (2019). For example, a 24-channel or 48-channel instrument could be used
doing the same experiments as described in this thesis, supplemented by experiments in
which the product (FV1-real, FV2-real, full product) would be inoculated into buffered
glucose using a flow through cell. This would be simple and is a well established method of
counting bacteria (Beezer et al., 1974b; Beezer and Chowdhry, 1980). In a multichannel
instrument it would be possible to give a number of channels to just counting bacteria and
once it was established what a count for a good product was, it would be possible to
determine that the objective of a good count was met. This would add an extra parameter
to a future matrix of good growth parameters. Consequently, doing experiments on FV1,
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FV2 and the full product would not only show that all the current parameters (e.g., rate
constant, intercept, AUC, PP, time to PP) are good, but in addition, the total number of
organisms falls within a determined range for a good product. Importantly the same principle
could be applied to investigate shelf life to see how many bacteria are still alive at different
time points (a week, a month or other specified time point). The smart part of the buffered
glucose method is that the bacteria will not grow, they will not multiply, just respire, and so

it would be known how many bacteria are alive at a specific time point of storage.

What was described in this thesis was directly applied to Symprove. The utility of IMC, as
demonstrated in this project (and the matrices of quantitative data developed), has a scope
of applications, for example, if new formulations (e.g., new flavours, bacteria, vitamins
added) were to be developed. It is not satisfactory to just test if the organisms grow (in a
new medium or matrix), but if they grow properly and their metabolism proceeds according
to quantitative parameters e.g., rate constant, intercept, PP, time to PP, AUC, to show that
it is a normal growth (no inhibitory interactions, degradation of product’s quality, efficacy).
Therefore, it would be possible to actively investigate aspects that add value to an industrial

process (e.g., Symprove).

Given that clinical evidence indicates that Symprove has some contribution to improvements
in symptoms of IBS (Sisson et al., 2014), inflammatory bowel diseases (Bjarnason et al.,
2019; Ghyselinck et al., 2020), Parkinson’s disease (Ghyselinck et al., 2021) and, that
Symprove has not been optimised for these conditions it would be worth exploring a specific
formulation that might assist specific disease conditions instead of having just the 4 original
organisms. It is probable that different formulations would produce different metabolites
which would better promote synthesis with better effect to PD, for example (this would be
done together with other methods depending on a particular application as demonstrated by
Sancandi et al., 2023). This would mean that suitability of possible new organisms and new
media combinations could be explored via IMC. Quantitative data available from the analysis
of p-t curves could serve as medium comparators (which medium is better in supporting
growth and sustaining the shelf life) or indicators of suitability when multi-strain combinations
(Fredua-Agyeman et al., 2017b) are considered for a new product.

Detection of contaminants as demonstrated in 4.3.5.3, 4.3.6.3 and 4.3.7.3 could involve
investigations of causes for failed batches, for example identifying the sources of
contamination. This could be done by pre-screening raw materials and sampling from
different stages of the production process itself using IMC. For example, the case reported
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in Figure 4.6 demonstrated that the viability of new batches of inocula could be determined
from a simple IMC experiment, i.e., a pre-production quality control test. It would be
necessary to do this so that consistency of inoculation in production can be established, i.e.,
not just product test but frozen inocula pre-production quality control test. Such pre-
production inocula quality control test could be also done every time a new inocula batch is
produced. The inocula ought to be examined for performance in a standard test. Thereafter
what might be expected from the test result is the possibility to gauge the inoculum density
from zero viability to what is expected, hence the same effective number of organisms is
inoculated into the production vessel, therefore controlling the production process even
further. Hence IMC could be used not just to discover the deleterious effects of the
contaminants (a batch is spoiled), but in principle could be used to investigate the root cause
(see Figure 4.6) or source of the contamination (as exemplified in 2.6.3). This would also
offer a possibility to intervene during or after the fermentation stage much faster than waiting

for the results of the traditional microbiological methods.

In this context, for example, the extent to which a 30 uL sample is representative of the
1000L FV1 could be elucidated. The instrument used for the work reported here could only
take 4 samples. With a 24-channel instrument the sampling could be done, for example 24
times (taking a sample every 1 minute whilst stirring the 1000L and this would be more
representative than one 30 pL sample). Once established that one sample is sufficiently
representative of the whole vessel, or not, the testing protocol could be tailored to any
specific scenario. However, bearing in mind that the six experiments reported in 4.3.7 were
from six different batches of FV1-real, and yet an acceptable reproducibility was observed,
that work suggests there is confidence in taking a very small sample from a big vessel to

get uniform sampling.

Getting the highly reproducible quantitative data found for FV1-real from the 24 hours period
study it is reasonable to imagine that it would be possible to use a shorter analytical time
(perhaps five or ten hours) to develop confidence in assuring a good product through
prediction from early time data to confidently expected outcome. It is likely that it would
require growth in multiple media e.g., one for lactic acid bacteria to see they grow well, one
for general contaminants with lactic acid bacteria suppressed or eliminated, one for slow
growing contaminants, one just sterile medium from FV1 before bacteria are added (sterility
test). There are other options for testing if there is a multi-channel instrument, for example
a long-term degradation of medium, a long-term stability of the final product, one channel

dedicated to just keeping the product as is in an ampoule at storage temperature and see
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whether there are any activities on storage. Additionally, if there was a calorimetric probe
incorporated directly in a fermenting vessel, this would offer even faster data capture and

these data could be analysed in real time.

Further research should also focus on investigating growth media using IMC. The system
developed here is very sensitive to medium. Differences can be detected in the same
medium; e.g., TSB from different manufacturers, and that is really quite important. For
example, studies that publish evidence from growing organisms and doing experiments with
them on TSB might do so without knowing there is a detectable difference between TSB

batches and TSB manufactures.

A question whether IMC has the capacity for identification, and more precisely distinguishing
between perhaps just a small defined number of known microorganisms, should be explored
in future. For example, could it be possible to say from two experiments that one is E.
faecium and the second one L. acidophilus? In fact, from an extremely limited number of
experiments (see Appendix 5) there is an illustration of a possibility of differentiating
between the four organisms in Symprove using one testing medium only. This is suggestive
of careful experiments using selective substrate utilisation by the product organisms (e.g.,
as described in, for example, Ludwig et al., 2009). Designing selective media could be used
to start a process of even species identification firstly of known organisms in a sample and

extended to unknown samples.

Developing a fully functional and operator independent data processing and data
interpretation tool; i.e., a black box would be desirable in order to streamline the IMC testing

method and roll it into the industry.

The equations developed in Chapter 3 are perfectly general and describe any exponential
growth in organisms. But because the equations were written from the perspective of
microbiological theory, there will be some additional outcomes which could enhance
microbiological theory and contribute to interpretation of microbial metabolism. The
evidence for that is in Chapter 4, where it was noted that despite the equations only referring
strictly to the exponential growth, because these are first order processes, it was observed
that there were four other linear portions (Figure 4.10), revealed in the overall calorimetric

experiment.

These other four unexplored linear periods offer the possibility to investigate these

processes. Since the linear periods were observed in the growth of the organisms, these
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periods indicate, in real time, where there are significant changes in metabolism. This was
not the province of this thesis but being able to observe and record these changes is very
suggestive of the capacity to employ calorimetry to understand much more about the
metabolism of organisms. The process and progress of the metabolic changes (linear
periods 2-5, Figure 4.10) so recorded were not related directly to exponential growth (linear
period 1, Figure 4.10) but are related to other limiting factors in that particular system. It
would be the first portion of each linear period that would be investigated to see what was
being eliminated or becoming a critical element, for example substrate concentration or
metabolite concentration using other methods (spectroscopic, chromatographic or wet

chemical).

This study was not a biochemical one and there was no attempt made to speculate about
the other linear portions observed in the logarithmically transformed p-t curve. However, it
can be seen, in real time, that these other first order periods are giving information which, in
principle, could be for example exhaustion of a component in the medium, build-up of
metabolites, some other limiting factor or critical parameter. IMC does uniquely offer the

means, should there be an interest in studying these other processes in future.

In medical settings, determining antibiotic susceptibility or resistance is a major concern.
The capacity to deal with the microbial growth and getting quantitative data of interactions
out as described in this project suggests the possibility of discovering quantitative data on a
number of other growing organisms in other media and other conditions.. IMC has not yet
become a widely used method to investigate for example urinary tract infections despite a
lot of work done regarding the most common causal microorganisms with their specific
growth characteristics in a variety of growth media (Beezer et al., 1974; Bonkat et al., 2013;
Sigg et al., 2022). Another example is the work done on IMC and sepsis where detection of
bacterial or viral agents that are likely to cause the infection could, in principle, be quickly
determined and appropriate treatment started (Kragh et al., 2021). As IMC becomes more
established method, this could lead to an early identification and targeted antibiotic
intervention, whilst susceptibility or resistance of a particular microorganism to an antibiotic
could be determined (Tellapragada et al., 2020; Christensen et al., 2024). The same
principle, determining growth characteristics of microorganisms via IMC, could be used in
intensive care settings where, for example, infective agents could be screened for resistance
to antibiotic treatments with some antimicrobial susceptibility testing devices already
containing a calorimeter (Shanmugakani et al., 2020; Yamin et al., 2023).
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One example of a wider IMC application for the pharmaceutical industries could consist in
checking the sterility of medical devices e.g., swabs from any surfaces placed in an ampoule
containing growth medium or analysis of coatings and materials proof of concept of which
was done by Symcel company (Symcel, 2024). Sterility of medical formulations (sera or
other injectables) using IMC was previously demonstrated advantageous compared with
visual inspection by Brueckner et al., (2017). In principle, there should be no growth (p-t
curve should be a straight line closely parallel to zero power) if no microorganisms are

present.

Isothermal calorimeters have the capacity to study these live and active products or their
production processes. One of the major outcomes that is being advanced in this thesis is
the capacity to take a sample from a fermentor directly to a calorimeter and get quantitative
data out in order to gain insights into the processes in question. These applications are not
purely about positive inoculations (do the organisms that were added to the process grow?).
This was previously demonstrated, for example by Xiufang et al., 1997; Miyake et al., 2016;
Fricke et al., 2020), but they are also about negative inoculations hinting a contaminant
presence by deviation from the expected p-t trace (Trampuz et al., 2007; Maskow et al.,
2012; Ruchti et al., 2024), hence a warning can be issued early. It needs to be appreciated
that in between the analysis of the industrial applications and their extensions is the notion
that the calorimeter itself can be multichannel, can be different sizes, it can in principle be
adapted to particular circumstances. For example, as a part of the initial exploration of IMC
suitability for this project was an attempt of flowthrough experiments (a viable prototype was
developed), and that is important to mention because in some industries, like for example
Symprove, it may be possible to continuously monitor the microbial growth directly in line

from the fermentor vessel in real time.

It was shown that calorimetry has a significant potential for an industrial production control
and it is not just a research tool. Calorimetry offers a qualitative as well as quantitative
outcome, derived from the capacity to study sample as is, without any treatment but also in

a simplified way.
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Appendices
Appendix Chapter 4
tpeak = tiag + Niy
Thus;
tpeak(0.3) = tiag T N(0.3)lg
and;
tpeak(3) = tiag + N3)tg
eliminating tiag yields;
tpeak(0.3) = N(0.3)tg = tpeak(3) - N3)ly

rearranging;

tpe (0.3)—tpeak(3)
tg

Nn©.3 - N3 =

repeating for;
tpeak(30) = tiag + N(30)lg

tpeak(300) = tiag + N300)lg

gives;

N3 — N = tpeak(o.3t)g—tpeak(3) — (55713+2294)1—2(:4503+2290) _ 141122150 — 27
n@ — Ngo) = tpeak(3):;peak(30) - (44503+229i)1—2(53’3952+2290) - 140152551 _ 26
n(30) — N(300) _tpeak(30)—tpeak(300) _ (33952+229 )—(22442+229 ) _ 11510 _ 28

tg 4125 4125

503.1 run

1. No transformation = raw data;
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Al S A

Logarithmic transformation = first order process indicator;
Integration = cumulative heat;

Logarithmic transformation of integrated p-t curve;

Q (J) heat signal data directly from TAM.

. No transformation;

a. AUCep =9.97 x108
b. AUCexact =1.14 x108 = 11.42% of AUCpp

Logarithmically transformed p-t curve;
a. AUCpp =1.65 x10°
b. AUCexact =5.10 X‘|O4

30.88% of AUCpr

Integrated p-t curve;
a. AUCpp =7.94 x10"°
b. AUCexact =5.92 X‘|O9

7.46% of AUCpp

Logarithmic transformation of integrated p-t curve;

a. AUCep =4.47 x10°

b. AUCexact =1.50 x10° = 33.57% of AUCep
Raw TAM data for Q (J);

a. AUCep = 5.96 x10*

b. AUCexact =5.93 x103 = 9.93% of AUCpp
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Appendix Chapter 5

The graph below (Figure AS5), illustrates that each of the individual organisms in the
Symprove product shows very different outcome upon IMC examination. This is suggestive
of the possibility to distinguish between them from a single set of four experiments in under

11 hours.

The matrix (Table A5) is an example of distinction between organisms. Whilst some
parameters are similar, they are similar but not precise, other parameters are completely
different. For example, AUCs to PP for L. rhamnosus and L. plantarum are similar as are
their times to PP, however, their PPs, intercepts and growth rates (k) are completely different

It is not claimed here that any random organisms can be identified like this, but in this closely
defined world (limited world of Symprove —four known microorganisms) it was possible to
differentiate the organisms from one another. If enough work was done, (because it was
possible to discriminate between three species of Lactobacilli) it is plausible that
discrimination between more organisms (to even strain level) not yet included in this matrix
and from different environments is attainable. It also appears that shape analysis on its own
is inadequate in a way, it is important, but it is not detailed enough. Although the complexity
of what was shown here suggests the prospect of discrimination perhaps only in limited

worlds, it would be worthwhile to explore these possibilities in future work.
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Figure A5 P-t curves of the individual Symprove organisms (L. acidophilus, L.
rhamnosus, L. plantarum and E. faecium) tested in a batch of MRS (without Tween).

Experiment number 387.1 387.2 387.3 387.4
L. acidophilus | L. rhamnosus | L. plantarum | E. faecium
p-t curve parameters
Time to PP [s] 39042 38142 37252 22161
PP [uW] 474 640 1129 408
AUC to PP 5.25 x108 9.29 x10° 9.42 x108 4.59 x10°
_ ncuveparametes | | |
k (slope) 1.69 x10 1.58 x10 2.06 x10“ | 2.84 x10*
Intercept (In value) 0.53 1.99 0.19 2.33
Intercept (antiln value) 1.70 7.32 1.21 10.28
R? 0.9998 0.9999 0.9999 0.9998

Table A5 P-t curve shape analysis parameters (PP, time and AUC to PP) and
logarithmic transformation parameters (slope, intercept) of the individual Symprove
organisms, tested in MRS.
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