MICROFILTRATION AND CENTRIFUGATION AS PHYSICAL, NONTHERMAL
METHODS TO REMOVE BACTERIAL SPORES FROM MILK

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
In Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy

by
Emily Rose Griep
May 2018

© 2018 Emily Rose Griep

MICROFILTRATION AND CENTRIFUGATION AS PHYSICAL, NONTHERMAL
METHODS TO REMOVE BACTERIAL SPORES FROM MILK

Emily Rose Griep, Ph.D.
Cornell University 2018

The presence of bacterial endospores in raw milk can have negative effects on the safety,
quality, and shelf-life of dairy products. While vegetative bacteria can be inactivated by traditional
high temperature, short time (HTST) pasteurization, spores are not destroyed by this process.
Instead, dairy producers can utilize nonthermal methods such as microfiltration and centrifugation
to physically remove spores from raw milk. In this work, various factors impacting the efficacy of
spore removal by these processing methods were investigated.
Microfiltration (MF) is a membrane separation process that can remove spores from skim
milk by size exclusion. In Chapter One, different pore size MF membranes were evaluated for
their effectiveness in removing Bacillus licheniformis or Geobacillus sp. spores from milk. These
spores have been frequently isolated from the farm, dairy processing environments, and in finished
products. By decreasing membrane pore size from 1.4 µm to 1.2 µm, removal of B. licheniformis
spores significantly increased, while near full removal of Geobacillus sp. spores was achieved with
both membrane pore sizes. Investigation of cell size and surface properties determined that this
difference in effectiveness was a function of both the spore size relative to membrane pore size, as
well as differing hydrophobicity of the spores.
In Chapter Two, a follow-up study was completed to determine the shelf-life of refrigerated

milk produced using a combination 1.2 µm MF and HTST pasteurization process compared to
HTST pasteurization or 1.2 µm MF alone. The MF-HTST process achieved the longest microbial
shelf-life of at least 98 days. However, the findings demonstrated that while increased bacterial
removal can result in a significantly increased microbial shelf-life, this may not translate in an
equally long proteolytic shelf-life, which is limited by off-flavors due to casein degradation.
MF processing is limited to skim milk due to the overlap of milk fat globule sizes with
bacterial cell size, and the potential for membrane fouling by fat globules. Therefore, research on
processing methods to remove spores from whole milk are of additional importance to the dairy
industry. One such example is bactofugation, a specialized centrifugation process designed to
decrease the microbial load of milk that is suitable for skim or whole milk.
Chapter Three describes a study that was completed in a NY State dairy plant to evaluate
the effectiveness of bactofugation on microbial removal from milk, and to provide a direct
comparison of a fluid milk process with and without a bactofuge. In considering the growing
interest of bactofugation in the dairy industry, yet the little available data on the impact of certain
processing parameters, the effect of centrifugal force and temperature on spore removal was
studied using a laboratory centrifuge, as described in Chapter Four. Centrifugation again decreased
the concentration of bacteria in the skim portion. Bacterial concentration was observed in the
cream fraction likely due to cold agglutination of fat globules by immunoglobulins present in the
raw milk. Overall, the effectiveness of bacterial removal from skim milk was primarily affected
by centrifugation temperature, rather than centrifugation speed.
Together, this work provides useful information about the effectiveness of nonthermal
processing alternatives in removing spores from milk. This in turn can lead to the production of
higher quality milk, increasing the shelf-life and marketability of US dairy products.
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INTRODUCTION
Fluid milk is an important agricultural commodity in the United States, which is the second
only to India in global production (Torsten-Hemme and Otte, 2010). In 2015 alone, the United
States exported over $5.2 billion in dairy products making it the world’s 3rd largest exporter of
dairy products (US DEC, 2016). As the fourth largest milk-producing state, New York has a large
stake in the dairy industry. Since 2005, New York State total milk production has steadily
increased, reaching 14.1 billion pounds of product in 2015. Unfortunately, however, sales of fluid
milk products have decreased since 2010.
As consumers change their purchasing habits, buying fluid milk less often and storing it
longer, lengthened product shelf-life is desirable to help producers maintain a competitive position
in the market. A major economic benefit of extended shelf-life (ESL) milk is decreased product
waste through the ability to lengthen distribution times without spoilage. Bacterial spoilage
remains a limiting factor in the extension of shelf-life beyond 14 days. However, better filler and
packaging techniques have led to decreased post-processing contamination and increased shelflives to between 15 and 25 days (Barbano et al., 2006).
In the absence of post-processing contamination, Gram-positive, spore-forming rods
including Paenibacillus spp. and Bacillus spp. have been identified as the main spoilage-causing
organisms in fluid milk (Fromm and Boor, 2004). Endospores produced by these vegetative
bacteria are metabolically dormant cells which consist of DNA, ribosomes, tRNA, and dipicolinic
acid (DPA) complexed with Ca2+ within a highly protective core (Setlow, 2003). Sporulation is
triggered by starvation, high cell density, DNA damage, or other environmental extremes. It begins
with asymmetric cell division, at which point a copy of the cell’s genome is partitioned to one side
of the cell. The presence of minerals, such as calcium, are also thought to trigger sporulation
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(Burgess et al., 2010). As the smaller pre-spore develops, the larger portion of the cell undergoes
autolysis, releasing the final endospore (Henriques and Moran, Jr., 2007). The final endospore is
made of the core, which is surrounded by an inner membrane, germ cell wall, cortex, outer
membrane, coat, and, in some species, an exosporium (Figure I.1) (Setlow, 2006).

Figure I.1. Cross-section of a bacterial endospore. Adapted from https://micro.cornell.edu/research/
epulopiscium/bacterial-endospores

Together, these layers provide various forms of resistance, such as pigments in the outer
layers that absorb UV radiation, enzymes on the spore coat that detoxify certain chemicals, and
the inner wall that forms an impermeable barrier to the cortex (Setlow, 2006; Henriques and
Moran, Jr., 2007). The latter two resistance factors likely lead to cleaning and sanitizing chemical
resistance in dairy processing plants, in addition to the ability of the vegetative cells to survive in
biofilms. Low water content of the core also contributes to resistance, caused in part by DPA
concentration and maintained by the thick peptidoglycan layer of the cortex. Complexing of the
spore’s DNA with small, acid soluble proteins imparts additional heat and chemical resistance and
is another factor in spore resistance to UV radiation (Setlow, 2006).
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Considering these multiple factors, spores are an extremely effective cellular defense
mechanism and can survive in harsh environmental conditions such as thermal processing,
desiccation, and highly acidic or caustic cycles associated with clean-in-place systems at the
processing plant (Scheldeman et al., 2006; Burgess et al., 2010). Additionally, altered spore surface
properties allow them to attach readily to stainless steel and form biofilms that proliferate within
dairy processing equipment, eventually detaching and contaminating the final product (Rönner et
al., 1990; Parkar et al., 2001; Palmer et al., 2010).
Proteins on the spore coat allow the spore to determine when environmental conditions are
favorable for growth. Spores germinate in response to certain nutrients, called germinants, which
bind to receptors in the inner membrane (Setlow, 2003). Germination can also be triggered by high
pressure and HTST pasteurization (Moran et al., 1990; Setlow, 2003; Ranieri et al., 2009). During
storage, spore germination and subsequent outgrowth of vegetative cells within the final dairy
product can lead to the production of gas and/or other metabolic byproducts such as proteases,
lipases, and phospholipases. Subsequent hydrolysis of proteins and fat over milk shelf-life can lead
to off flavors such as bitter, rotten, fruity, or rancid and defects such as ropiness, bitty cream, or
sweet curdling (Ma et al., 2000; Santos et al., 2003; De Jonghe et al., 2010).
Spores are also cause major challenges in cheese and dairy powders. In cheese, Clostridium
tyrobutyricum, present even at extremely low initial counts, can cause a late-blowing defect during
the aging process. Spores of Geobacillus spp. and Anoxybacillus spp. have been isolated from
dairy powders and powder production plants. These thermophilic bacteria are not typically found
in refrigerated fluid milk but are more frequently found in powders - likely the result of very low
counts originating from raw milk and subsequent in-plant contamination through biofilms or
bacterial harborage (Scott et al., 2007; Burgess et al., 2010). Apart from spoilage, the presence of
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spores in dairy powders poses a hurdle for exporters due to strict spore count limits set by
international customers (Watterson et al., 2014). Given that almost 55% of skim milk powder and
nonfat dry milk produced annually is exported (US DEC, 2016), there is major economic incentive
to produce powders with low spore counts. However, spore contamination in dairy powders is not
a challenge unique to the United States, as Rückert et al. (2004) examined and confirmed the
presence of sporeformers in varying concentrations in dairy powders from 18 different countries.
Beyond spoilage, some spore-forming bacteria, such as B. cereus and B. subtilis, produce toxins
responsible for food poisoning, contributing further to lost revenue (De Jonghe et al., 2010).
Identifying and resolving points of spore contamination on the farm or in processing
environments is widely researched. However, it may be difficult for individual farms to identify
specific best practices to lower spore counts due to the wide variation of bacterial species and
contamination points on farms and in plants (Huck et al., 2007; Coorevits et al., 2008; Miller et
al., 2015). Rather, spores must be physically removed from the milk or inactivated using high heat.
Traditional high temperature-short time (HTST) pasteurization is ineffective against spores due to
their high heat resistance. Ultra-high temperature (UHT) processing (135-140 °C for 2-3 s) is
effective, however the process is energy intensive and the altered sensory characteristics are not
acceptable for milk consumers in the US (Chapman and Boor, 2001; Chavan et al., 2011).
Additionally, this method is not suitable for cheesemakers, as the high temperature alters the
coagulation properties of milk. Alternatively, physical removal completed either by membrane
filtration or centrifugation can successfully remove spores without altered product characteristics.
Microfiltration is a pressure-driven membrane filtration process that is used to physically
remove microorganisms from fluid streams. The use of a 1.4 µm pore size membrane is an
effective nonthermal method for removing bacteria and somatic cells from skim milk while
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allowing critical milk components to pass through into the permeate (Figure I.2). Due to its
efficacy, it is used in the industry to produce ESL milk, and as a potential pretreatment of skim
milk intended for dairy powders or cheeses (Elwell and Barbano, 2006; Hoffmann et al., 2006;
Schmidt et al., 2012). Microfiltration is typically conducted at warm temperatures between 50-55
°C in order to achieve optimum permeate flux through the membrane. However, extended
processing at these temperatures may promote the growth of thermophilic bacteria within the
membrane and recirculation loop.

Figure I.2. Cross-flow microfiltration of skim milk. [ ] represents skim milk components such as lactose, minerals,
serum proteins and casein micelles. [ ] represents larger particles such as fat, vegetative cells, spores, and somatic
cells.

A key limitation to MF is its restriction to skim milk due to the overlap of milk fat globule
sizes with bacterial cell size, and the potential for membrane fouling by fat globules. Additionally,
MF membranes are sensitive to processing conditions and can be prone to fouling under
suboptimal conditions. Instead, centrifugation may be used to separate bacteria from whole milk.
Centrifugal separation is a technology that has been utilized for the separation of skim and
cream since the late 1800s (Bylund, 2003). Until that point, cream was separated from skim by
gravity. Both techniques rely on the fact that fat globules in milk are less dense than the skim
portion. Impurities in milk such as udder cells, straw, and hair likewise sediment to the bottom for
this reason. Such impurities now may be filtered out prior to raw milk collection in the bulk tank,
however the same principle is employed to sediment denser particles such as bacteria and spores
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from milk. When done with specially designed equipment and high speed centrifugal force, this
process is known as bactofugation.
Cream separators and bactofuges have the same general design with the exception that the
rising feed channel is located farther from the axis of rotation in a bactofuge (Figure I.3).
Bactofugation may be conducted on either whole milk prior to separation, or on skim milk
downstream of cream separation. The baffled vessel, or disc stacks, used in both equipment
increases the area available for separation and also creates thin separation channels, improving
separation efficiency (Bylund, 2003). In cream separation, the less dense cream phase moves
inward toward the axis of rotation and exits through an axial outlet, while the skim and highdensity solid impurities move outward. The skim continues to a channel outside the top of the disc
stack to an outlet port. In bactofugation, bactofugate consisting of bacteria, spores, and protein, is
either collected in the ‘sludge space’ of the bowl and discharged at pre-set intervals, or removed
in a continuous steam (Figure I.3, B) that is recirculated with raw milk to reduce product waste.

B

A

Bacteria reduced milk

Cream

Bactofugate

Skim

Rising feed channel

Rising feed channel

Whole Milk

Whole or Skim Milk

Figure I.3. Cross-sections of a cream separator (A) and two-phase bactofuge (B). Modified from Bylund, 2003.
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In cream separation and bactofugation, milk is typically heated to 55-65 °C as this improves
separation efficiency. Producers may operate at ~7 °C for cream separation, to increase production
run time between sanitation, decrease energy consumption and minimize bacterial growth.
However, this process operates at lower capacity due to decreased separation efficiency.
As a response to the industry needs and processing limitations detailed above, the research
detailed in this dissertation describes the efficacy of nonthermal, physical processing methods in
removing spores from skim milk, by means of microfiltration, as well as whole milk, by
bactofugation. Chapter One describes how spore size, MF membrane pore size, spore to membrane
surface interactions, and spore to spore surface interactions all impact the efficacy of spore removal
from milk by MF. In this research, two spore-forming strains relevant to the dairy industry were
investigated (Bacillus licheniformis and Geobacillus sp.). In Chapter 2, the influence of spore
removal by MF on refrigerated fluid milk shelf-life was determined. This research included
microbial and proteolytic shelf-life analysis of milk processed by MF alone, HTST pasteurization
alone, as well as a combination MF + HTST process. Chapter 3 details a plant study completed to
evaluate spore reduction potential by centrifugal cream separation and bactofugation.
Subsequently, the effect of various centrifugation parameters and their influence on spore removal
from whole milk was evaluated at the laboratory level. In this systematic investigation, the
partitioning of bacterial spores and vegetative cells between milk phases, and the effect of
centrifugal force and temperature on this partitioning was evaluated in Chapter 4.
Overall, the goal of this dissertation is to provide an understanding of the factors affecting
spore removal from milk by various processing methods. In doing so, this can provide important
insight for dairy processors, leading to a change in industry practice and the subsequent production
of dairy products with improved quality and shelf-life.
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OBJECTIVES AND JUSTIFICATION FOR THIS RESEARCH

The overall objective of this dissertation is to compare nonthermal spore removal techniques
applicable to a number of dairy products, including fluid milk, dairy powders, and cheeses.

Objective 1. Investigate how membrane pore size and cell–membrane interaction impacts
the removal of bacterial spores from skim milk by MF

Justification: MF has been shown extensively to be effective in removing vegetative
bacteria and somatic cells from skim milk using a 1.4 µm membrane pore size. However,
because of their smaller size, bacterial spores may be able to pass through these membranes
and contaminate MF permeate. A smaller membrane pore size may more effectively
remove bacterial spores while avoiding protein retention and subsequent loss in the
permeate. Investigation of cell to membrane and cell to cell interactions may help further
elucidate the various factors affecting spore removal by MF.

Objective 2. Evaluate the impact on milk quality and shelf-life following spore removal by
MF

Justification: While the smaller 1.2 µm pore size membrane was shown to be more
effective in removing spores from skim milk when compared to a 1.4 µm membrane,
other factors such as proteolysis can additionally decrease fluid milk shelf-life. As such,
using a 1.2 µm may not guarantee increased milk quality. A shelf-life study comparing
the different processing methods is necessary.
11

Objective 3. Evaluate the effectiveness of industry bactofugation on microbial removal from
whole milk.

Justification: Little publicly available data exists on the use of centrifugation (i.e.:
bactofugation) on the removal of vegetative bacteria and spores from whole milk. The few
studies that exist are decades old and may not reflect the current microbiological quality of
milk. This study aims to fill this gap and to provide a direct microbiological comparison of
a fluid milk process with and without a bactofuge.

Objective 4. Evaluate the effect of centrifugation parameters on the removal of spores from
whole milk.

Justification: While the principle of bacterial separation from milk using this method is
based on differences in density between bacterial cells and milk, recent research contradicts
this principle, demonstrating the tendency of denser bacteria to partition in the less dense
cream layer following gravity separation. No research exists as to whether this
phenomenon holds true under centrifugal force, nor is current data available as to the
overall efficacy of spore removal via bactofugation. Centrifugal force and processing
temperature can greatly alter separation of bacteria from milk, therefore these parameters
should be investigated to help the industry develop better solutions for spore removal using
bactofugation.
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CHAPTER ONE
EFFICIENT REMOVAL OF SPORES FROM SKIM MILK USING COLD
MICROFILTRATION: SPORE SIZE AND SURFACE PROPERTY CONSIDERATIONS

1.1

ABSTRACT

Bacterial spores present in milk can cause numerous quality and shelf life issues for dairy products.
The objective of this study was to determine the effectiveness of microfiltration (MF) for removing
spores of spoilage bacteria from skim milk using 1.4 µm and 1.2 µm pore sizes and investigate the
role of spore surface properties on MF removal. Bacillus licheniformis and Geobacillus sp. were
used as challenge organisms. Cell sizes were evaluated by scanning electron microscopy, surface
charge by zeta potential analysis, and surface hydrophobicity by contact angle measurements.
Commercially pasteurized skim milk was inoculated in a sterilized feed tank with a spore
suspension at about 106 CFU/mL, then processed by MF using ceramic Isoflux membranes at 6
°C, cross-flow velocity of 4.1 m/s, and transmembrane pressure between 69 to 74 kPa. Total
aerobic plate and spore counts in the milk, before and after MF, were obtained. All processing
runs, surface property measurements and microbiological analyses were conducted in triplicate,
and data was analyzed statistically.
Vegetative cells ranged from 2.21 to 2.79 µm in length and from 0.43 to 0.47 µm in width.
Spores were shorter and wider, averaging 1.37 to 1.59 µm in length and 0.64 to 0.81 µm in width.
Spore reduction by MF for B. licheniformis averaged 2.17 log for 1.4 µm pore size and 4.57 log
for 1.2 µm pore size, respectively. Both pore sizes resulted in near complete removal of
Geobacillus sp. spores. Surface properties of B. licheniformis and Geobacillus sp. suggested
differences in interactions between the two spore species and the ceramic membrane. Spores of
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both species and the ceramic membrane had a negative surface charge at a milk pH, indicating a
slight electrostatic repulsion between them. In terms of hydrophobicity, B. licheniformis spores
were hydrophilic, whereas Geobacillus sp. spores were hydrophobic. Consequently, Geobacillus
sp. spores tended to cluster in skim milk, preventing their passage even through the 1.4 µm MF
membrane, which had a pore size comparable to the individual spore size. This study demonstrates
that efficient removal of spores by MF may require a smaller membrane pore size than for the
vegetative cells of the same species.

1.2

INTRODUCTION
The presence of spore forming bacteria in milk is a critically important issue in the dairy

industry. Bacterial endospores can survive in harsh environmental conditions such as high heat,
low pH, desiccation, or cleaning and sanitizing chemicals (Burgess et al., 2010; Scheldeman et al.,
2006; Ranieri and Boor, 2010). Spores have also been found to attach more readily to stainless
steel than vegetative cells, subsequently leading to the formation of biofilms that can proliferate
bacterial contamination within dairy processing plants (Rönner et al., 1990; Parkar et al, 2001;
Palmer et al., 2010). Spores present in final products can germinate and produce enzymes that
decrease dairy product quality and shelf-life, causing significant economic losses (Crielly et al.,
1994, Postollec et al., 2012; Lücking et al., 2013). Additionally, some spore-formers such as
Bacillus cereus and Bacillus subtilis can produce toxins that are responsible for food poisoning
(De Jonghe et al., 2010). For these reasons, the dairy industry is constantly seeking solutions to
decrease the spore count in milk and dairy products.
Microfiltration (MF) is an effective nonthermal method for removing bacteria and somatic
cells from skim milk, while maintaining a milk quality that is virtually unchanged. MF is used in
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the industry to produce extended shelf-life (ESL) milk, and as a potential pretreatment of skim
milk intended for the manufacture of dairy powders or cheese. Previous studies reported average
reductions of vegetative bacteria from 3 to 6 log CFU/mL when using MF membranes with 1.4
µm pore size for microbial removal from skim milk (Elwell and Barbano, 2006; Hoffmann et al.,
2006, Schmidt et al., 2012). However, Schmidt et al. (2012) reported that two-thirds of commercial
ESL milk produced in Germany, Austria, and Switzerland using MF followed by pasteurization
underwent spoilage by B. cereus and Paenibacillus spp., suggesting that while MF membranes of
1.4 µm pore size can remove vegetative cells, they may not sufficiently eliminate spores, which
may be smaller in size compared to vegetative cells of the same species. Spore sizes of Bacillus
spp. were reported to range from 1.07 µm to 1.74 µm in length and 0.48 µm to 0.98 µm in diameter
(Carrera et al., 2007; Leuschner et al., 1999), and thus some may pass through a 1.4 µm membrane.
Reducing the membrane pore size may improve spore reduction. For example, Tomasula et al.
(2011) reported an average 4.50 and 5.91 log reduction of Bacillus anthracis (Sterne) from skim
milk using 1.4 µm and 0.8 µm ceramic membranes, respectively, but the 0.8 µm membrane led to
significant protein reduction in the permeate, suggesting that this pore size may be too small for
maintaining the skim milk composition. Thermophilic Geobacillus spp. and Anoxybacillus spp.
are other sporeformers of importance to the dairy industry, as they are commonly isolated from
dairy powders and evaporated milk (Rückert et al., 2004; Scheldeman et al., 2006; Watterson et
al., 2014). Removal of all these spores from milk can result in significant quality and shelf-life
improvements of dairy products.
In the dairy industry, bacterial removal by MF is typically conducted under warm
conditions, at temperatures between 50 to 55 °C. While this temperature range is used to maximize
permeate flux, it also allows for optimum growth of thermophilic (Geobacillus spp. and
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Anoxybacillus spp.) or facultative thermophilic (certain strains of Bacillus spp.) sporeformers
(Burgess et al., 2010). Thus, warm MF may also promote the growth of sporeformers within the
membrane and recirculation loop of the MF system, which can result in microbial fouling of the
MF membranes (Kochkodan et al., 2006; Tang et al., 2009; Anand et al., 2014). If spores are able
to attach to equipment within the MF system, they may form biofilms, which can contribute to recontamination of the final product and provide additional cleaning resistance (Flint et al., 2001;
Parkar et al., 2001). Therefore, running MF at low temperatures may reduce the risk of bacterial
growth during processing, and has previously been explored (Fritsch and Moraru, 2008; WalklingRibeiro et al., 2011).
Factors other than size may also play a role in bacterial spore removal by MF. For example,
surface structural elements such as proteins or exosporium, or surface properties such as
hydrophobicity and electrostatic potential, can influence the interactions between cells, as well as
between cells and the membrane surface (Seale et al., 2008; Palmer et al., 2010; Feng et al., 2015).
Studies focusing on the specific removal of spores relevant to dairy product quality using
MF are very limited. Elwell and Barbano (2006) and Fritsch and Moraru (2008) detected no spores
in the skim milk MF with a 1.4 µm membrane. However, in these studies the initial raw milk had
a very low spore count, and as such they are inconclusive regarding the full potential of MF for
spore retention. To address this gap, the main objectives of this study was to evaluate the
effectiveness of 1.2 µm and 1.4 µm pore size membranes on the removal of vegetative cells and
bacterial spores from skim milk by MF. Additionally, the cell size and surface properties of the
challenge microorganisms were determined, and their impact on physical removal by MF
evaluated. As challenge organisms, vegetative cells and spores of B. licheniformis and Geobacillus
spp., were used. The two bacterial species are recognized culprits for dairy product spoilage
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(Watterson et al., 2014; Burgess et al., 2010; Lücking et al., 2013). The findings of this study can
be used to develop more efficient MF processes for the removal of spores from milk, leading to
the production of dairy products with improved quality and shelf life.

1.3

MATERIALS AND METHODS

Production of Bacterial Spore Suspensions
The procedure for the development of spore suspensions was modified from Gaillard et al.,
(1998) and is described below.
Inoculation and Plating. Isolated cultures of B. licheniformis (FSL strain F4-0073) and
Geobacillus sp. (FSL strain W8-0032) were obtained from the Cornell Milk Quality Improvement
Program (Department of Food Science, Ithaca, NY). Five mL of brain heart infusion (BHI) broth
(BBL, BD) were inoculated with cultures of each study species and incubated overnight (B.
licheniformis at 32 °C; Geobacillus sp. at 55 °C). A volume of 250 µL of culture were plated onto
sporulation agar. B. licheniformis was sporulated on AK#2 Agar (BBL, BD) at 32 °C for an
average of 10 days. Geobacillus sp. was sporulated on Tryptone Glucose Extract agar (Difco, BD)
with 10 mg/L of manganese sulfate at 55 °C for an average of 21 days. Sporulation was monitored
during incubation by staining with 0.5% malachite green solution. Spores were harvested when
staining showed sporulation of > 95%.
Harvesting. To harvest spores, 15mL of sterile phosphate buffer (Weber Scientific,
Hamilton, NJ) was added to the agar surface. Cells were scraped off using a sterile loop, and the
resulting suspension was collected in a sterile centrifuge tube. Suspensions were centrifuged at 4
°C using a Beckman Avanti™ J-25 centrifuge (Beckman Coulter; Fullerton, CA). The supernatant
was drained and re-suspended in a 50% ethanol solution for up to 3 days at 4 - 6 °C. Centrifugation
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was conducted at 11,086 x g for 10 min for B. licheniformis, and 17,510 x g for 15 min for
Geobacillus sp. Following storage in ethanol, suspensions were again centrifuged and the
supernatant was drained. Spores were washed three times and re-suspended in sterile phosphate
buffer. Final suspensions were stained with 0.5% malachite green solution and checked
microscopically to ensure that no germination occurred during harvesting. To determine
suspension concentration (CFU/mL), an aerobic plate count was performed with serial dilutions in
0.1% peptone (Difco, BD) spread plating in duplicate on BHI agar at 32°C (B. licheniformis) or
55°C (Geobacillus spp.) for 48 h (Frank and Yousef, 2004). Final suspensions were stored at 4 –
6 °C until use.
Physical Characterization of Bacterial Spores
Imaging by Scanning Electron Microscopy. To prepare samples for scanning electron
microscopy (SEM), a piece of glass coverslip was broken into 0.5 cm2 pieces and thoroughly rinsed
in acetone, ethanol, and MilliQ water. Rinsing was followed by 1 h sonication in fresh MilliQ
water. To fix the samples onto the substrate, 10 µL of spore or vegetative cell suspension was
pipetted onto a piece of clean coverslip, air-dried under a biosafety hood for 1 h, then fixed with
2.5% (w/v) glutaraldehyde in 0.05 M sodium cacodylate buffer at 4 °C for 2 h. After this, samples
were rinsed three times in cacodylate buffer for 5 min per rinse, then treated with 1% (w/v) osmium
tetroxide in cacodylate buffer for 1 h. Subsequently, samples were rinsed in cacodylate buffer 3
times and sequentially dehydrated in 10 min steps using 25% (v/v), 50%, 70%, 95%, and 100%
ethanol solutions, respectively. After dehydration, samples were critically point-dried with carbon
dioxide. The dried surfaces were mounted onto SEM stubs and coated with evaporated carbon.
SEM imaging of spores and vegetative cells was conducted with a Zeiss LEO 1550 field emission
SEM (Carl Zeiss Microscopy, LLC, Hamburg, Germany), at a voltage of 3 kV. Micrographs were
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acquired using SmartSEM software (Carl Zeiss Microscopy, LLC, Hamburg, Germany).
The dimensions of vegetative cells and spores were determined on the SEM micrographs
using ImageJ analytical software (Rasband, W.S.; U. S. National Institutes of Health, Bethesda,
MD, USA). Average dimensions were calculated using sets of 9 to 19 cells. A Gaussian
distribution of cell size was developed based on the average length and range for each strain, and
used to estimate the probability of cells to be larger or smaller than the membrane pore size (1.2
µm and 1.4 µm, respectively). The detailed methodology for these calculations can be found in
Griep et al., 2018.
Contact Angle Measurement of Bacterial Spores and the Ceramic Membrane. Contact
angles of water, glycerol, and diiodomethane on lawns of bacterial spores and vegetative cells were
determined by the sessile drop method with a Rame-Hart 500 goniometer (Rame-Hart Inc.,
Succasunna, NJ, USA), as described previously by Feng et al. (2014). Contact angles of the active
layer of a cleaned, unused ceramic MF membrane were also measured.
To prepare the bacterial lawns, 30 mL of spore or vegetative cell suspension was
centrifuged for 10 min at 4000 RPM and 4 °C. The resulting pellet was re-suspended with
Butterfield phosphate buffer (BPB) formulated to simulate the pH and ionic strength (IS) of milk
(pH = 6.8, IS = 0.8 M, at 6 °C). The suspension was centrifuged again under the same conditions
to ensure total replacement of the initial suspension medium by a milk-mimicking BPB. After the
supernatant was decanted, the pellet was re-suspended with 15 mL of fresh BPB to double the
concentration. Two 15 mL tubes of the resultant suspension were filtered through a 0.22 µm
polyethersulfone (PES) membrane (47 mm diameter, Millipore Express Plus; Merck Milipore Ltd,
Billerica, MA) using a magnetic filtration funnel, leading to the formation of a bacterial lawn. The
lawn was dried and mounted onto a glass slide prior to contact angle measurement.
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Zeta-Potential Measurements. Following the procedure described by Feng et al. (2014),
the zeta potential of spores and vegetative cells was measured in BPB (pH 6.8, IS = 0.8 M, at 6
°C) using a Malvern Zetasizer nano-ZS with disposable folded capillary cells (Malvern
Instruments, Malvern, UK). To measure surface zeta potential of the ceramic filtration membrane,
an unused membrane was cut to the size of the plastic stage on which it was to be mounted.
Membrane sections were cleaned and mounted via double-sided tape to the stage. The membrane’s
active surface was oriented towards the electrodes, and the stage was placed between the electrodes
of a surface zeta potential cell (Malvern Instruments, Malvern, UK). The probe was submerged in
1.0 mL of tracer particle suspension (Malvern Instruments, Malvern, UK), contained in a plastic
cuvette. Measurements of electrophoretic mobility of tracer particles at 125, 250, 375, 500, and
625 μm from the planar surface of the MF membrane surface were taken at 6 °C. The magnitude
of particle electrophoresis and electroosmosis generated by the surface charge were used to derive
the zeta potential at the wall surface following the methods of Corbett et al. (2012). Electrophoretic
measurements were averages of at least 20 internal repetitions; triplicate measurements were
performed and averaged to calculate the apparent zeta potential values at each distance from the
surface. Measurements of electrophoretic velocity of tracer particles were repeated three times,
with averaging of 30 internal measurements for each repeat, at 1000 μm from the surface.
Gibbs Free Energy Calculations. The change in Gibbs free energy was used as a
thermodynamic indicator of cell-cell and cell-surface interactions, which considers acid-base and
van der Waals forces. The method for calculating the Gibbs free surface energy of aggregation
(ΔGbwb) and surface energy of attachment (ΔGbws) from the contact angle measurements, as well
as the individual surface energy components can be found in the Griep et al., (2018).
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MF Experiments
A pilot-scale MF unit consisting of a 50 L feed tank with a variable speed centrifugal pump,
heat exchanger, and membrane housing, equipped with ISOFLUX tubular ceramic membranes of
Tami design (GEA Filtration; Hudson, WI) was used. Membranes were 1,200 mm in length, had
an outer diameter of 25 mm, 23 internal channels of 3.5 mm hydraulic diameters each and a total
membrane area of 0.35 m2. Two new membranes with pore sizes of 1.4 µm and 1.2 µm were used
throughout the study.
An inline temperature probe was used to monitor the temperature, and pressure gauges
were used to measure feed inlet (P1) and feed outlet (P2) pressure. The transmembrane pressure
(TMP) was calculated using the equation:
TMP =

(𝑃𝑖+𝑃𝑜)
2

− 𝑃𝑝

(1)

where Pi is feed inlet pressure, Po is feed outlet pressure, and Pp is permeate pressure.
Prior to each experimental run, the MF unit, previously chemically cleaned, was sterilized
with hot water (80 °C) for 30 min. Pasteurized skim milk, obtained from the Cornell Dairy Plant
(Ithaca, NY), was stored at 6 °C until the MF run.
A volume of 200 - 400 mL spore suspension of known concentration was centrifuged, the
phosphate buffer decanted, and a spore pellet recovered. The spore pellet was then re-suspended
in aseptically collected skim milk, and this suspension then used for direct inoculation of the skim
milk in the feed tank of the MF unit.
MF of the inoculated skim milk was conducted at 6 °C with a cross-flow velocity of 4.14
± 0.01 m/s. TMP averaged 73.11 ± 5.93 kPa and 69.87 ± 1.62 kPa for the 1.4 µm and 1.2 µm
processing runs, respectively. These MF parameters were selected to minimize fouling, based on
the study by Fritsch and Moraru (2008), since excessive fouling, could have caused inflated spore
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removal counts, unrepresentative of true membrane selectivity. For the same reason, MF
processing was only conducted for a duration of 18-19 minutes, which was sufficient to collect
enough permeate for analysis without significant fouling of the membrane. Permeate samples were
collected aseptically using an inline sampling port and sterile sampling assembly (Quality
Management, Inc.; Oakdale, MN). The collected sample bags were immediately placed on ice or
in refrigerated storage until analysis, which was conducted within 2 h of collection.
MF experiments were conducted in triplicate for each spore species and each membrane
pore size.
Membrane Cleaning. Following each MF run, membranes were chemically cleaned
starting with a 10 min reverse osmosis (RO) water rinse. This was followed by a 30 min alkaline
clean using 17.5 mL/L of Ultrasil-25 (Ecolab, St. Paul, MN) at 80 °C, followed by a second 10
min RO water rinse, a 20 min acid cleaning using 5 mL/L of HNO3 at 50 °C, and a final RO water
rinse. Water flux measurements were conducted before and after MF runs to monitor cleaning
efficacy and any changes in membrane performance over time.
Microbiological Analyses
Pre-inoculated pasteurized milk and MF permeate samples were tested for mesophilic
spore counts (MSC) for B. licheniformis challenge studies and thermophilic spore count (TSC) for
the Geobacillus sp. challenge studies, using the methodology of Frank and Yousef (2004). To
determine the spore counts, a spore pasteurization step was completed, as follows: samples were
heated and held at 80 °C for 12 min, then cooled to 6 °C prior to sample dilution and plating. This
step was necessary to destroy vegetative cells in the sample and germinates spores, ensuring a final
count of only bacterial spores. Serial dilutions were spread plated in duplicate on BHI agar at for
48 h (MSC at 32 °C; TSC at 55 °C). All plates were counted and results expressed in log CFU/mL.
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Composition Analyses
The chemical composition of the milk samples was determined using a Milkoscan™ Minor
(Foss, Hillerød, Denmark), in duplicate.
Statistical Analyses
Data was analyzed using RStudio statistical software (version 3.2.2, RStudio, Inc., Boston,
MA). Statistical differences among observed means were determined using an unpaired t-test with
a significance level α = 0.05.

1.4

RESULTS AND DISCUSSION

MF with Different Pore Sizes: Effect on Spore Removal, Milk Quality and Flux
MF using 1.2 µm membrane resulted in a significantly greater B. licheniformis spore
reduction (4.57 log ± 0.09) than the 1.4 µm membrane (2.17 log ± 0.64) (Table 1.1). For
Geobacillus sp., spore counts in the MF milk was below the detection limit, indicating a near
complete reduction (> 6 log) for both pore sizes.

Table 1.1 Average reduction (± SD) of bacterial spores by MF processing (n=3)
Initial load

After MF

Total log reduction

(log CFU/mL)

(log CFU/mL)

(log CFU/mL)

B. licheniformis (1.4 µm MF)

6.11 ± 0.53

3.94 ± 0.13

2.17 ± 0.64a

B. licheniformis (1.2 µm MF)

6.98 ± 0.08

2.41 ± 0.15

4.57 ± 0.09b

Geobacillus sp. (1.4 µm MF)

6.56 ± 0.29

ND1

> 6 log

Geobacillus sp. (1.2 µm MF)

6.38 ± 0.24

ND1

> 6 log

Challenge Study

1

ND (none detected). Counts were below the detection limit of 25 CFU/plate
Means within a column with different superscripts are significantly different from each other (P <
0.05).
a-b
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Although the nominal pore size of the 1.2 µm membrane was considerably larger than the
size of all milk components (except the milk fat globules, which are not particularly relevant for
skim milk, containing very little fat), this membrane also resulted in a greater retention of milk
components, as seen in Table 1.2.
Table 1.2 Changes in skim milk composition after MF with 1.4 m and 1.2 m membranes.
Data was obtained during the Geobacillus sp. spores challenge. Values represent averages of
three MF runs ± one standard deviation.

Sample

Components

Total solids
(%)

Protein
(%)

Lactose
(%)

Fat
(%)

Initial skim milk (control)

9.26 ± 0.08

3.36 ± 0.04

4.63 ± 0.04

0.22 ± 0.01

Permeate 1.4 µm

8.96 ± 0.07

3.21 ± 0.02

4.59 ± 0.03

0.15 ± 0.01

Reduction compared to control

-3%

-4%

-1%

-32%

Permeate 1.2 µm

8.73 ± 0.05

3.03 ± 0.06

4.58 ± 0.03

0.12 ± 0.02

Reduction compared to control

-6%

-10%

-1%

-45%
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Most significant was the reduction of the concentration of milk proteins, most likely due
to enhanced retention of casein micelles by the smaller pore size. This is also reflected in the lower
flux values and slightly higher flux drop over time obtained for the 1.2 µm membrane compared
to the 1.4 µm membrane (Figure 1.1). In Fig. 1.1, data was grouped for the two types of spores,
since some irreversible membrane fouling may have occurred with time, and also slight seasonal
changes in milk composition, which could have impacted the filterability of the milk. Although
the flux values for the two membrane pore sizes are not statistically different from each other
within a spore species, due to the large variability of the data, similar trends were observed for
both spore challenges. This data also aligns well with the changes in composition reported for the
Geobacillus sp. challenge reported above.

Figure 1.1: Permeate flux data for the cold MF of skim milk inoculated with B. licheniformis (BL)
and Geobacillus sp. (GEO) spores. Data points represent averages of three experimental replicates,
with the exception of the B. licheniformis 1.4 m challenge, for which only two reliable flux data
sets were available. Error bars represent 1 standard deviation.
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Nonetheless, the most remarkable result in this study was the significantly higher reduction
of B. licheniformis spores by the 1.2 µm membrane compared to the 1.4 µm membrane, and the
rest of the paper will focus on the reasons for these differences.
Effect on Spore Size on Removal by MF: Size Matters
Under SEM, the vegetative cells for both bacterial strains appeared as long rods,
characteristic of the genera studied (Figure 1.2). Vegetative cell length exceeded 2 µm, and width
was smaller than 0.5 µm, for both species (Table 1.3). Although B. licheniformis vegetative cells
were shorter in length than Geobacillus sp. cells, they occasionally formed long chains, reaching
up to 20 µm or more (Figure 1.2) as has been previously reported (Herben, et al., 1990). Vegetative
cells of Geobacillus sp. also formed either clusters or short chains consisting of 2 - 3 cells (Figure
1.2). For both species, spores were shorter and wider than their respective vegetative cells,
averaging 1.37 to 1.59 µm in length and 0.64 to 0.81 µm in width (Table 1.3), which is consistent
with previously reported spore sizes of Bacillus species (Carrera et al., 2007; Leuschner et al.,
1999).
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Figure 1.2. SEM images of vegetative cells and spores, respectively, of B. licheniformis (A-B)
and Geobacillus sp. (C-D). Black scale bars represent 2 µm.

Table 1.3 Measured vegetative cell and spore sizes of B. licheniformis and Geobacillus sp.
Long axis (µm)a

Short axis (µm)a

Vegetative cell (n = 12)

2.24 ± 0.26

0.47 ± 0.02

Spore (n = 19)

1.37 ± 0.03

0.64 ± 0.01

Vegetative cell (n = 9)

2.79 ± 0.21

0.43 ± 0.02

Spore (n = 16)

1.59 ± 0.05

0.81 ± 0.02

Bacterial species
B. licheniformis

Geobacillus sp.

a Values

represent mean ± standard error; n=9-19 cells
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Geobacillus sp. spores (1.59 µm in length and 0.81 µm in width) were, in principle, large
enough to be retained by both membranes. At 1.37 µm in length and 0.64 µm in width, B.
licheniformis spores should be largely retained by the 1.2 µm pore size membrane, but may be
able to pass through the 1.4 µm pore size membrane in any orientation. The fact that a significant
retention of B. licheniformis occurred even with the larger pore size membrane can be explained
by: 1) membrane fouling; 2) the variability in spore size; or 3) interactions between spores, or
between spores and the membrane material. Membrane fouling may have played a role, but since
it was minimal for this membrane pore size (see Fig. 1.1, Table 1.2) it cannot explain why only
about 0.7% of the initial spores passed into the permeate. Thus, we will focus on the other two
possibilities.
The values reported in Table 1.3 were used to generate a Gaussian distribution for the spore
sizes (Figure 1.3), which was then used to calculate the probability that spore lengths are shorter
than 1.4 µm and 1.2 µm for each strain. Based on the generated distributions, B. licheniformis
spores have a 58.7% probability of being shorter than 1.4 µm, and only a 10.7% probability of
being shorter than 1.2 µm. Geobacillus sp. spores are less likely to pass through 1.4 µm pores,
with a 15.2 % chance, and even less likely to pass through 1.2 µm pores, with 1.6 % chance. An
additional factor that needs to be considered is the distribution of membrane pore sizes (data not
available). Nominal pore sizes listed by the manufacturer represent average values, but most likely
there are pores both larger and smaller than 1.2 µm or 1.4 µm, respectively. Therefore, shorter
Geobacillus sp. spores could have passed through the larger pores of the 1.4 µm membrane, but
this was not the case experimentally. Therefore, possible interactions between the spores or
between the spores and the membrane material also need to be considered.
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Figure 1.3. Gaussian distribution of spore lengths for B. licheniformis (solid line) and Geobacillus
sp. (dotted line)
Contribution of Spore-Spore and Spore-Membrane Interaction Forces
Zeta potential and surface hydrophobicity for the microbial cells and the membrane
material were determined and used to examine the possibility of interactions between spores and
the MF membrane (Table 1.4).
Both the microbial cells (vegetative cells and spores) and the membrane were found to be
negatively charged at an ionic strength and pH equal to that of milk, which is consistent with
previous reports (Ankolekar and Labbé, 2010; Palmer et al., 2010). It should also be noted that
while the zeta potential for B. licheniformis did not change drastically upon sporulation, the charge
of Geobacillus sp. spores was twice as the magnitude of their respective vegetative cells. The
ceramic membrane (new, unused material) had a negative charge between 3-4.5 times higher than
any of the bacterial cells, and thus the membrane should repel both the vegetative cells and spores
of both species. Therefore, it is unlikely these slight differences in zeta potential make a significant
impact during MF.
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Table 1.4. Zeta potential, contact angle measurements, and Gibbs free energy values for an unused
ceramic membrane and the B. licheniformis and Geobacillus sp. cell suspensions1

Species / Surface

(mV)

Gibbs Free

Contact Angle (°)

Zeta potential

Energy (mJ/m2)

θWater

θGlycerol

θDiiodomethane

ΔGbwb

ΔGbws

B. licheniformis
Vegetative cells

-15.62 ± 0.13

36.63±1.24

76.20±2.41

80.62±2.06

83.37

59.02

Spores

-14.71 ± 0.73

38.76±2.15

67.00±4.08

<10

27.72

39.25

Vegetative cells

-5.92 ± 0.04

33.28±1.42

93.11±1.93

27.51±5.11

14.99

57.01

Spores

-10.39 ± 0.42

80.56±4.05

78.71±8.29

50.74±2.78

-35.94

4.19

-45.57 ± 3.28

<10

27.67±1.78

<10

NA2

NA2

Geobacillus spp.

Ceramic Membrane
1

Values represent mean ± standard error; n = 3 for all measurements
NA = not applicable

2

Hydrophobicity has been extensively studied in regard to bacterial cell interactions. Spores
have generally been found to be more hydrophobic than vegetative cells, which is thought to be a
major factor in the stronger attachment of spores to stainless steel as compared to vegetative cells
(Doyle et al., 1984; Rönner et al., 1990; Simmonds et al., 2003). When measured by water contact
angle (WCA), bacterial surfaces and cell lawns have been characterized as either very hydrophilic
(WCA <40°), very hydrophobic (WCA >90°), or in between (Simmonds et al., 2003; Mozes and
Rouxhet, 1987). In this work, B. licheniformis remained very hydrophilic upon sporulation, with
a WCA of 36.63 ± 1.24° and 38.76 ± 2.15° for vegetative cell and spores, respectively. Geobacillus
sp., on the other hand, had very hydrophilic vegetative cells (WCA = 33.28 ± 1.42°) and became
significantly (p < 0.05) more hydrophobic in spore form (WCA = 80.56 ± 4.05°). Although
previous researchers found spores within the genus of Geobacillus to be hydrophilic (Seale et al.,
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2008), others have noted that it is possible for bacterial strains within the same genus to range from
hydrophilic to hydrophobic, and that hydrophobicity may change depending on growth medium,
temperature, and method for measurement (Mozes and Rouxhet, 1987; van der Mei et al., 1998;
Simmonds et al., 2003). The unused membrane material was very hydrophilic. However, Tan et
al. (2014) reported that although ceramic membranes begin as hydrophilic, adsorption and
deposition of milk proteins during MF processing leads to a more hydrophobic membrane surface.
The implication is that there might be differences in cell removal by the membrane even over the
course of the MF process, as fouling develops.
In addition to this assessment of surface hydrophobicity, the Gibbs free energy of
aggregation (ΔGbwb) and Gibbs free energy of attachment (ΔGbws) were estimated. These
calculations are based on contact angle measurements performed with 3 liquids that differ in
polarity and water solubility. Using this approach, the van der Waals and acid-base components of
the interaction forces between cells and between cells and the membrane surface can also be
accounted for, resulting in a more complete picture of their thermodynamic interactions. In an
aqueous environment such as milk, hydrophobic particles tend to aggregate, resulting in a ΔGbwb
< 0, whereas hydrophilic particles (ΔGbwb > 0) favor water and have no tendency to reduce surface
area through clustering. Similarly, a negative ΔGbws would indicate thermodynamic attraction to a
surface, whereas a positive ΔGbws indicates no thermodynamic attraction. The Gibbs free surface
energies for the unused ceramic membrane material, as well as the B. licheniformis and
Geobacillus sp. cell suspensions are shown in Table 1.4.
Most of the conclusions are consistent with those obtained from the WCA measurements
alone, and therefore will not be discussed. The most notable information is that, based on the value
of the Gibbs free energy of aggregation (ΔGbwb = -35.94 mJ/m2), the hydrophobic Geobacillus sp.
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spores will tend to cluster in an aqueous environment of milk. The large size of the clusters will
then prevent their passage through the MF membrane, which better explains their full retention by
the 1.4 µm membrane.

1.5

CONCLUSIONS
These results demonstrate that although vegetative bacterial cells are effectively removed

from skim milk using MF membrane with 1.4 µm pore size, spores may require a smaller pore size
for effective removal due to their smaller size compared to vegetative cells. In a challenge study,
physical removal of B. licheniformis spores was significantly increased when MF pore size was
decreased from 1.4 µm to 1.2 µm. An evaluation of surface interactive elements was useful in
identifying thermodynamic tendency of Geobacillus sp. spores to cluster, which helped their
removal by MF, even when using 1.4 µm pore size. Overall, this study suggests that there could
be additional benefits for microbial removal efficiency of a small reduction in MF membrane pore
size, namely producing low spore count milk and dairy products, which can lead to quality, safety,
and economic benefits for the dairy industry.
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CHAPTER TWO
EXTENDING THE MICROBIAL SHELF-LIFE OF SKIM MILK USING 1.2 µM PORE SIZE
COLD MICROFILTRATION

2.1

ABSTRACT
Microfiltration (MF) using a 1.2 µm pore size can effectively remove both vegetative cells

and spores from milk by size exclusion, thereby improving product shelf life. Performing MF at
refrigeration temperatures can bring additional quality benefits. The objective of this work was to
evaluate the microbiological and chemical shelf-life of skim milk processed by a combination of
small pore size (1.2 µm) MF and HTST pasteurization (MF-HTST). Raw skim milk was
microfiltered at 6 °C using ceramic Isoflux membranes. A portion of the MF permeate was HTST
pasteurized (72 °C; min. 15-16 s) and cooled to 4 °C. Samples of raw, HTST skim milk, MF milk,
and MF-HTST milk were bottled aseptically and stored at 6 °C for up to 98 days. Standard plate
count (SPC) was measured weekly to determine microbial shelf-life, set at SPC of 20,000
CFU/mL, and proteolysis was evaluated using the Kjeldahl method to determine the end of
proteolytic shelf-life, set at 4.76% decrease in casein as a percent of total protein.
Microbial reduction was greatest for the MF-HTST treatments (5.68 log CFU/mL), while
for the MF-only and HTST only treatments reduction was 5.39 and 5.00 log CFU/mL, respectively.
The 1.2 µm MF milk surpassed 20,000 CFU/mL after 14 days, while the HTST milk lasted for 84
days. No bacterial growth was detected in the MF-HTST milk for the entire 98-day period of
refrigerated storage. This demonstrates that although similar bacterial reduction may be achieved
by different treatments, the selection of different microbial populations in the processed milk can
result in very different microbial shelf-lives. For both the HTST and MF-HTST treatments
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proteolysis remained the limiting factor in shelf-life, with both treatments exhibiting similar
proteolytic rates. These findings demonstrate that a combination of 1.2 µm pore size MF and HTST
can result in a significant increase in microbial shelf life of skim milk, but this may not necessarily
translate in equally long proteolytic shelf-life. A good understanding of the source and prevention
of proteolytic enzymes in raw milk can lead to further improvements in the quality and shelf-life
of refrigerated milk.

2.2

INTRODUCTION
The dairy processing industry continuously seeks to improve the shelf-life of fluid milk to

increase its marketability and reduce product waste. General estimates of refrigerated fluid milk
shelf-life in the United States are between 14 – 21 days, though improved filler and packaging
techniques have led to shelf-lives of up to 25 days (Barbano et al., 2006). At this point, off-flavors
or textures developed in milk render the product unacceptable to consumers. These off flavors can
be a result of acids or enzymes released during bacterial growth, but may also be caused by heatresistant proteolytic or lipolytic enzymes native to raw milk. Hydrolysis of proteins and fat over
shelf-life can lead to off-flavors such as bitter, rotten, fruity, or rancid and other sensory defects
(Ma et al., 2000; Santos et al., 2003a; De Jonghe et al., 2010). The degree of proteolysis and
lipolysis in refrigerated milk depends greatly on raw milk quality (Santos et al., 2003a; Barbano
et al., 2006; Huck et al., 2007), extent and method of processing (Muir, 1996; Chavan et al., 2011),
as well as storage conditions (Driessen, 1983; Celestino et al., 1997; Elwell and Barbano, 2006).
Bacterial contamination, a major cause of milk spoilage, can occur at the farm, within the
processing line, or as a result of post-process contamination (Crielly et al., 1994; Ranieri and Boor,
2010; Postollec et al., 2012). Gram-negative psychrotrophic bacteria, notably Pseudomonas spp.,
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represent the predominant microflora in raw milk and are destroyed by traditional high
temperature, short time (HTST) pasteurization (Muir, 1996; Fromm and Boor, 2004). When
Pseudomonas spp. are found in pasteurized milk, this is typically the result of post-process
contamination. In the absence of post-process contamination, Gram-positive rods, such as
Microbacterium, Bacillus, and Paenibacillus spp., become the limiting factor in pasteurized milk
shelf-life (Crielly et al., 1994; Hoffmann et al., 2006; De Jonghe et al., 2010). Bacillus and
Paenibacillus spp. present an even greater challenge for fluid milk shelf-life, due to their ability to
produce endospores. Endospores act as a cellular defense mechanism, and are resistant not only to
HTST pasteurization, but also cleaning and sanitizing chemicals used in the dairy production
environment (Burgess et al., 2010; De Jonghe et al., 2010; Ranieri and Boor, 2010). Spores also
have a greater ability to adhere to stainless steel than vegetative cells, which may contribute to
additional contamination via the processing environment (Rönner et al., 1990; Parkar et al., 2001).
If present in the final milk product, bacterial spores can germinate and continue producing
metabolic byproducts during milk storage, thus limiting its shelf-life.
Apart from bacterial contamination, certain lipases and proteases are naturally occurring
in fluid milk, some of which are associated with a high somatic cell count (SCC) (Ma et al., 2000;
Santos et al., 2003b). Milk with high SCC has higher rates of free fatty acids increase and casein
hydrolysis than low SCC milk (Santos et al., 2003b). Lipoprotein lipase and plasmin are the
primary enzymes associated with lipolysis and proteolysis of milk over the course of shelf-life.
The Pasteurized Milk Ordinance (PMO) requires HTST pasteurized milk to have a total
bacterial count of less than 20,000 CFU/mL for safety and quality. Because enzymes released by
bacteria vary in amount, specificity, and activity, milk may exhibit unacceptable off-flavors at low
bacterial concentrations due to enzymatic deterioration, while at other times no spoilage was
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detected even at bacterial counts >6 log CFU/mL (Mitchell et al., 1989; Haryani et al., 2003; Chen
et al., 2004). Most of these enzymes are heat resistant and not significantly affected by HTST
pasteurization. Ultra-high temperature (UHT) pasteurization of milk, which occurs at 135-140 °C
for 2-3s, can both reduce enzymatic activity as well as destroy a majority of bacterial spores,
leading to a sterile, shelf-stable product. However, undesirable sensory characteristics of UHT
milk such as cooked flavor, brown color, and sedimentation are not acceptable for many milk
consumers in the United States, particularly young children (Chapman and Boor, 2001; Chavan et
al., 2011). Therefore, processors turn to alternative processing methods to improve fluid milk
shelf-life.
Microfiltration (MF) is a membrane separation process that is effective in physically
removing vegetative bacteria and somatic cells from skim milk. Typically, MF membranes of 1.4
µm pore size are used for this purpose. The addition of a MF step prior to HTST pasteurization
has been used to extend the microbial shelf-life of milk (Elwell and Barbano, 2006; Hoffmann et
al., 2006; Fritsch and Moraru, 2008). However, Schmidt et al. (2012) found that two thirds of
samples extended shelf-life milk produced in this manner were spoiled by the sporeformers B.
cereus and Paenibacillus spp. One of the reasons for the presence of these sporeformers in MF
milk is that they might be smaller than the 1.4 µm membrane pores (Leuschner et al., 1999; Carrera
et al., 2007; Griep et al., 2018). Griep et al. (2018) compared the effectiveness of a 1.4 µm pore
size MF membrane and a 1.2 µm MF membrane for spore removal and found a significant increase
in removal of certain spore species by the smaller pore size.
MF of milk is traditionally conducted under warm conditions, between 50 and 55 °C, to
maximize product flux through the membrane. Extended processing at such temperatures has been
shown to promote the growth of thermophilic sporeforming bacteria such as Geobacillus and
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Anoxybacillus spp. (Murphy et al., 1999; Scott et al., 2007; Yuan et al., 2012). Spores are a
significant problem in milk processing plants, because they attach readily to stainless steel, and
can subsequently germinate and form biofilms within processing equipment, eventually
contributing to re-contamination of the final product (Flint et al., 2001; Parkar et al., 2001; Seale
et al., 2008). Resistance of biofilms to harsh chemicals and clean-in-place systems create
additional challenges in eliminating these microorganisms from the processing environment.
Microbial fouling is problematic in membrane processing systems as well (Kochkodan et al., 2006;
Tang et al., 2009; Anand et al., 2014). Therefore, conducting MF under cold conditions has the
potential to further mediate the risk of spore germination and microbial contamination of milk
(Fritsch and Moraru, 2008; Walkling-Ribeiro et al., 2011; Griep et al., 2018).
The objective of this study was to evaluate the effectiveness of cold MF using a 1.2 µm
membrane pore size combined with HTST pasteurization in extending the shelf-life of fluid milk.

2.3

MATERIALS AND METHODS

Raw Material and Treatments
Raw skim milk was purchased from the Cornell University Dairy Plant (Ithaca, NY) and
stored at 6 °C before use, for up to three days. Treatments for the shelf-life study consisted of a
raw control (RC), a HTST pasteurized control (HTST), 1.2 µm microfiltered milk (MF), and 1.2
µm MF and HTST pasteurized milk (MF-HTST).
MF Experiments
The pilot-scale MF unit consisted of a feed tank, variable speed centrifugal pump, countercurrent tubular heat exchanger, and a tubular ceramic membrane enclosed in stainless steel
housing. Initial permeate was drained into a container, while the retentate was recirculated into the
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feed tank. A 1.2 µm Tami ISOFLUX membrane (GEA Filtration; Hudson, WI) of 1.2 m in length,
with an outer diameter of 25mm, 23 internal channels of 3.5mm hydraulic diameters each, and a
total membrane area of 0.35m2 was used. In-line pressure gauges measured membrane inlet
pressure (Pi), membrane outlet pressure (Po), and permeate pressure (Pp), which were used to
determine the transmembrane pressure (TMP). An in-line thermometer was used to monitor
temperature during processing.
To prevent bacterial contamination from the equipment, the MF unit was sterilized with 80
°C water for 30 min immediately prior to processing. The raw skim milk was microfiltered at 6 ±
1 °C, maintained by using chilled water as the cooling medium through the heat exchanger.
Throughout processing, cross-flow velocity and TMP were maintained at 4.5 m/s and 87.3 kPa,
respectively. These parameters were chosen based on the range identified by Fritsch and Moraru
(2008) as optimal conditions for cold MF of skim milk. The permeate was allowed to drain for 5
min following startup, after which the permeate (MF skim milk) was collected through an inline
sampling port on the permeate section of the MF unit into sterile 5 L sampling bags (Quality
Management, Inc.; Oakdale, MN). After MF processing, all samples were immediately placed on
ice or in refrigerated storage until further processing or bottling. For the MF-HTST samples, MF
skim milk was transferred from the 5 L bags into a sterile polypropylene 20 L carboy (Fisher
Scientific, Hampton, NH) to simplify feeding into the pasteurization unit. All MF runs were
conducted in triplicate.
Following each MF experiment, the membrane was flushed with reverse osmosis (RO)
water, followed by alkaline cleaning (1.5% vol/vol Ultrasil 25, Ecolab, St. Paul, MN) for 30 min
at 85 °C. The membrane was then flushed again with RO water for 10 min, then cleaned with a
nitric acid solution (0.3% vol/vol HNO3, Fisher Scientific, Chicago, IL) for 20 min at 50 °C. The
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efficiency of membrane cleaning and performance of the membrane over time was monitored by
determining the water flux at 20 °C of the clean membrane both prior to, and following every MF
run. If the final water flux was less than 90% of the initial water flux, the chemical cleaning cycle
was repeated.
HTST Pasteurization of Milk
Pasteurization of skim milk samples for the HTST and MF-HTST treatments was
conducted using a pilot-scale MicroThermics© HTST/UHT Lab Unit, which was steam sterilized
at 125.6 °C before each processing cycle. For all treatments, milk was heated to 72-73 °C for 1516 s, then cooled to 6 °C before exiting the HTST system. The pasteurized milk was collected
directly into sterile polypropylene carboys with a quick filling/venting closure (Thermo Fisher
Scientific, Inc., Waltham, MA) and kept on ice or in refrigerated storage until bottling, which
happened within 2 h from processing.
Sample Bottling and Storage
The raw skim milk and MF-only skim milk were aseptically transferred to carboys in a
UV-light sanitized transfer hood, with HEPA-filtered air (Labconco Corporation; Kansas City,
MO). Sterile spigots were attached to the carboys to fill 100 mL amber-colored glass bottles. The
bottles were immediately capped with sterile rubber stoppers and sealed with aluminum caps
(Electron Microscopy Sciences; Hatfield, PA), then kept on ice until transfer to final storage.
Bottles were stored at 6 °C for the course of the shelf-life study and sampled weekly for analysis.
Sample Analysis
Microbial and chemical analyses were completed on the day of each experiment (Day 0),
and then weekly for a period of 98 days (14 weeks). Sampling was only discontinued if visible
coagulation occurred before the 98-day period. Coagulation occurred after 21, 63, and 84 days for
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the raw, MF, and HTST milks, respectively.
Microbiological Analysis. Samples were collected using sterile disposable syringes
(ThermoFisher Scientific; Waltham, MA) through the rubber stopper of the bottles. Total aerobic
bacterial load was determined by standard plate counting (SPC). Serial dilutions of the sample in
0.1% peptone (Difco, BD) were spread plated in duplicate on SPC agar (Difco, BD). Plates were
incubated for 48 h at 32 °C, then colonies were counted. Psychrotrophic spore counts (PSC) were
determined after a spore pasteurization step in which 10 mL of sample was held at 80 °C for 12
min, then cooled to 6 °C, followed by serial plating on BHI agar and incubation for 10 days at 6
°C.
Protein Analysis. The following analyses were performed in duplicate using the Kjeldahl
method, at the Dairy One Laboratory (Ithaca, NY): total nitrogen (TN) (AOAC 991.20; AOAC
International, 2010a), non-protein nitrogen (NPN) (AOAC 991.21; AOAC International, 2010b),
and non-casein nitrogen content (NCN) (AOAC 998.05; AOAC International, 2010c). Nitrogen
results were expressed as a protein equivalent using 6.38 as the conversion factor. True protein
(TP) and casein (CN) were calculated as (TN-NPN)  6.38 and (TN-NCN)  6.38, respectively.
Casein as a percentage of true protein (CN%TP) was calculated as (CN/TP)  100%. The change
of CN%TP was used as an index of proteolysis. If samples could not be tested on the scheduled
day of the weekly analysis, they were transferred into plastic flip-top vials (ThermoFisher
Scientific; Waltham, MA), flash-frozen with liquid nitrogen, and stored frozen until analysis.
pH and Titratable Acidity. A Mettler Toledo Easy pH Titrator System (Mettler Toledo,
LLC; Columbus, OH) was used to monitor pH and titratable acidity of the samples, initially and
for each subsequent week. TA is reported in units of g lactic acid/L.
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Statistical Analysis
All shelf-life experiments were conducted in triplicate, and sample analyses in duplicate.
Due to issues with water contamination in the sterilized carboys by the MicroThermics© system,
only two replicates of MF-HTST treatments were bottled. Sample analyses were therefore
conducted in triplicate for the MF-HTST experimental replicates, to allow for the same total
number of 6 repeats, as for the other treatments. Final results represent averages of all replicates.
When sample coagulation occurred on different weeks within individual treatment experiments,
results were averaged across the remaining two replicates, but no longer reported on following
weeks when only one replicate remained. Data was analyzed using RStudio statistical software
(version 3.2.2, RStudio, Inc., Boston, MA). Statistical differences among observed means were
determined using one-way ANOVA and Tukey HSD with a significance level α = 0.05. Linear
regression was used to determine the rates proteolysis over shelf-life, as ΔCN%TP / day.

2.4

RESULTS AND DISCUSSION

Removal of Bacteria from Raw Skim Milk
Bacterial reduction is an important factor in the development of high quality, extended
shelf-life milk. Each processing treatment was effective in reducing the vegetative microbial load
from raw milk (Table 2.1). HTST pasteurization achieved the lowest bacterial reduction, 5.00 log,
followed by the 1.2 µm MF treatment, at 5.39 log. Combining the two treatments resulted in an
increased reduction, of 5.68 log, though the differences among treatments were not statistically
significant (p > 0.05). The average reduction in milk achieved by 1.2 µm MF in the study is,
however, higher than bacterial reductions previously reported for 1.4 µm MF membranes (Elwell
and Barbano, 2006; Fritsch and Moraru, 2008; Schmidt et al., 2012).
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The psychrotrophic spore count (PSC) was < 1 log CFU/mL in the initial raw milk, and it
was below detection levels in all treatments.

Table 2.1. Total bacterial reduction in milk by various treatments.
Initial load

After processing

Log reduction

(log CFU/mL)

(log CFU/mL)

(log CFU/mL)

HTST

5.44 ± 0.32

0.45 ± 0.11

5.00 ± 0.47

1.2 µm MF

5.44 ± 0.32

0.05 ± 0.05

5.39 ± 0.54

1.2 µm MF-HTST

5.68 ± 0.46

ND1

5.68 ± 0.56

Treatment

1

ND = not detectable (below detection limit of 25 CFU/mL)

Although the main purpose of this study was to evaluate the use of a smaller pore size MF
membrane than the typical 1.4 m membrane to more effectively remove bacteria, particularly
spores, from milk and thus extend its shelf life, the smaller pore size comes with the risk of
decreasing the milk’s protein composition as a result of casein micelle retention. To determine if
this occurred, the true protein (TP) of the skim milk before and after MF was determined (Table
2.2). Following MF, the skim milk TP content decreased significantly (p < 0.05), from 3.33 to 3.16
%. However, since protein in milk can vary naturally depending on a range of natural and
environmental factors, this lower concentration falls within natural variation of milk protein
content. Additionally, the MF retentate, containing the concentrated protein, can be separately
processed and re-combined with the permeate to prevent protein losses (Holm et al., 1986).
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Table 2.2. Change in true protein (TP) content in skim milk after 1.2 µm MF
Replicate

TP before MF (%)

TP after MF (%)

% Change in TP

1

3.35

3.17

-5.46

2

3.32

3.17

-4.55

3

3.31

3.14

-4.93

Average ± SD

3.33 ± 0.03a

3.16 ± 0.02b

-4.98 ± 0.46

a-b

Means within a row with different superscripts differ (p < 0.05)

Effect of Processing on the Microbial Shelf-life of Skim Milk
Processed milk samples were considered to have reached their microbial shelf-life when
the total bacterial count exceeded 20,000 CFU/mL, as defined by the PMO. Weekly monitoring
over the course of refrigerated storage at 6 °C showed that, excluding the raw control, the 1.2 µm
MF treatment was the first to pass the PMO limit with a shelf-life just over 14 days (Figure 2.1).
Microbial growth in these samples began almost immediately, with no apparent lag time. Although
a similar bacterial reduction was achieved by HTST pasteurization compared to the MF-only
treatment, the HTST milk remained within microbial limits for 84 days. No quantifiable bacteria
growth took place in the MF-HTST milk during the 98-day of the study. Also, no changes in PSC
were observed over refrigerated shelf-life, in any of the treatments (Figure 2.2). This was expected,
since sporulation is known to occur in harsh conditions or lack of nutrients, neither of which pertain
to refrigerated storage of milk.
The differences in vegetative bacterial growth among the different treatments may be due
to multiple factors. While the bacterial count in the MF-only treatment was below detection limits
immediately after processing, the samples were likely not sterile. Therefore, any bacteria
remaining in those milk samples faced little to no competition and were able to multiply rapidly,
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as seen in Figure 2.1. Meanwhile, in the HTST treatment, although a larger concentration of cells
remained, those bacteria that survived the heat treatment were likely thermally injured, leading to
a long lag time before exponential growth occurred. Even when growth began, the HTST samples
took about 3 weeks for samples to pass their microbial shelf-life, compared to 2 weeks for the MF-

Standard plate count (log CFU/mL

only samples.

9.0
20,000 CFU/mL
microbial shelf-life limit

8.0
7.0
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5.0
4.0
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1.0
0.0
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21

28
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35 42 49 56 63 70
Days of refrigerated storage
HTST

MF

77

84

91

98

MF + HTST

Figure 2.1. Total vegetative bacterial load during storage at 6 °C for raw skim milk and skim
milk processed by HTST, MF-only, and MF-HTST. Error bars represent standard errors.
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Figure 2.2. Psychrotrophic spore counts during 6 °C storage of raw skim milk and skim milk
processed by HTST, MF-only, and MF-HTST. Error bars represent standard errors.

Differences in microbial growth over shelf-life may also arise as a function of the specific
type of bacteria remaining, since growth rate, optimum temperature, and metabolite production
can vary greatly between genera and species (Haryani et al., 2003; De Jonghe et al., 2010; Schmidt
et al., 2012). Since MF is removing bacteria based on size exclusion, remaining bacterial
populations will include only the cells small enough to pass through the membrane. On the other
hand, HTST pasteurization is selecting for thermally resistant strains. Even comparing within
HTST pasteurized milks alone, Fromm and Boor (2004) found that samples collected from
separate plants can have a great variation in final bacterial count at the end of shelf-life, even if no
difference was found immediately after pasteurization. As such, while a bacterial concentration of
106 CFU/mL is often suggested as the limit for ‘spoiled’ milk, some have suggested that it is
difficult to directly correlate bacterial concentration in milk as an indicator of product quality, due
to the variety of high enzyme producing and low enzyme producing bacteria (Mitchell et al., 1989;
Chen et al., 2004). In an analysis of psychrotrophic bacterial growth and proteinase production,
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Haryani et al. (2003) reported that in one raw milk storage trial, total bacterial counts reached 9.1
log CFU/mL without a noteworthy production of microbial enzymes, whereas significant
deterioration occurred in another trial where raw milk had only reached a psychrotrophic count
between 6.1 and 6.9 log CFU/mL. Consequently, bacterial counts alone are not a sufficient
indicator of refrigerated milk shelf-life.
pH and Titratable acidity over shelf-life
Changes in pH and titratable acidity (TA) were monitored weekly, and the results are
shown in Figure 2.3. pH for all milk samples started between 6.73 and 6.77. The raw control
showed a very sharp decrease in pH over its short shelf-life, while the treated samples varied in
pH over shelf-life, ranging between 6.53 and 6.78. This variation may be due to bottle to bottle
variability, since measurements were made on milk samples from different sample bottles each
week. TA is the measure of the total acidity of milk. Increases in TA can be associated with
microbial spoilage due to the production of acids by gram-negative psychrotrophs or lactic acid
bacteria during storage. The raw milk control, which exhibited rapid microbial growth at the
beginning of shelf-life, had a sharp increase in TA, along with a corresponding decrease in pH. On
the other hand, all processed milk samples exhibited a decrease in TA over shelf-life. As gramnegative and lactic acid bacteria are sensitive to HTST pasteurization, they would not be expected
to lead to acidification in the HTST and MF-HTST samples. Additionally, most of these cells were
likely removed by the 1.2 µm MF-only treatment. The decrease in TA over shelf-life for these
samples may be a result of proteolysis, which will be discussed in the next section, as the enzymatic
breakdown of casein has been associated with decreased TA in milk and dairy products (Schmidt
et al., 1996; Park, 2001). Additionally, the native milk enzyme plasmin has been associated with
the production of hydrophobic peptide fragments (Chavan et al., 2011). Plasmin is highly specific,
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acting preferentially on lysyl-peptide bonds, but also on arginyl bonds (Weinstein and Doolittle,
1972; Dalsgaard et al., 2007). Proteolysis by plasmin can thus lead to the release of lysine and
arginine residues from the casein micelle and their released into the milk serum. Both of these
amino acids contain basic side groups, which may contribute to the decrease in TA in milk samples
that undergo proteolysis by plasmin.
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Figure 2.3. Changes in (a) pH and (b) titratable acidity of raw, HTST pasteurized, MF-only, and
MF-HTST skim milk during storage at 6 °C. Error bars represent standard errors.
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Effect of Processing on the Proteolytic Shelf-life of Skim Milk
Proteolysis is another crucial factor in the estimation of fluid milk shelf-life. Santos et al.
(2003) determined the proteolytic shelf-life in milk is reached when the decrease in casein as a
percent of true protein (CN%TP) exceeds 4.76%, above which point off-flavors were detected by
50% of sensory panelists.
Despite the undetectable microbial growth in the MF-HTST milk, the proteolytic shelf-life
was limited to 38 days, as estimated by linear regression (Figure 2.4). Proteolysis has previously
been identified as the limiting factor in the shelf-life of MF-HTST skim milk. Elwell and Barbano
(2006) reported a proteolytic shelf-life of 32 days for milk obtained using a 1.4 µm MF-HTST
process and stored at 6.1 °C. In that study, decreasing storage temperatures increased the
proteolytic shelf-life of milk. While shelf-life of the 1.2 µm MF-HTST treatment in the current
study is longer than that reported for 1.4 µm MF-HTST processes, this also could be a function
more of the specific batch of milk rather than a result of increased microbial reduction by the 1.2
µm membrane. Interestingly, the HTST and MF-only samples had similar proteolytic rates
compared to the MF-HTST samples. While Figure 2.4 may suggest that the HTST and MF-only
treatments had slightly longer proteolytic shelf-lives than the combination treatment, the samples
from the individual treatments coagulated before the end of the shelf study and could no longer be
analyzed, while those from the combination treatments were still fluid at the end of the 14 weeks
refrigerated study. In fact, some of those samples did not coagulate well beyond the study period,
but were no longer analyzed.
This data suggests that factors other than microbial load have limited the proteolytic shelflife of the skim milk samples in this study, most likely proteolytic enzymes. Proteolytic enzymes
in milk can either be released in milk as end products of bacterial growth and metabolism, or are
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naturally occurring. The amount, activity, and type of microbial enzymes in milk depend on the
type of bacteria present. Pseudomonas spp. have been reported to produce metalloproteinases, but
they are mainly lipolytic (Driessen, 1983; Hantsis-Zacharov and Halpern, 2007). Various Bacillus
spp. have been found to produce varying levels of both serine and metalloproteinases (Chen et al.,
2004; De Jonghe et al., 2010).
16
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Figure 2.4. Proteolysis of raw, HTST pasteurized, MF-only, and MF-HTST milk during storage
at 6 °C. Error bars represent standard errors.

On the other hand, plasmin, the native protease in raw milk, is associated with high somatic
cell count (SCC). Santos et al. (2003b) found that milk with a smaller initial SCC exhibited a
slower rate of proteolysis and subsequently longer shelf-life. Although SCC was not monitored in
this study, MF has previously been found to be very effective in removing somatic cells, even for
a 1.4 m pore size (Elwell and Barbano, 2006; Fritsch and Moraru, 2008). Nonetheless, the
possible break down of somatic cells by the high shear encountered during processing (i.e.
pumping, turbulent flow) may result in release of some of their enzymes into the milk. Moreover,

52

the presence of somatic cells in the initial raw milk can contribute to proteolysis even after their
removal via MF because they can act as urokinase type plasmin activators (Chavan et al., 2011).
All proteolytic enzymes, either naturally occurring or those produced by bacteria, present
a challenge to the dairy industry due to their extreme heat stability and resistance to HTST
pasteurization. Pasteurization may even render milk more susceptible to plasmin hydrolysis, as
plasmin inhibitors are heat-sensitive (Chavan et al., 2011). The presence of native plasmin
inhibitors may for instance explain why the MF-only treatment had a rather long proteolytic shelflife, despite the fast bacterial growth in these samples.
The action of different proteases can also have different effects on the appearance of milk.
Plasmin has been reported to favor hydrolysis of β-caseins located within the casein micelle, while
Pseudomonas spp. proteases tend to act on κ-caseins located at the surface of the micelle. As a
result, bacterial proteinases cause gelling and coagulation, while plasmin proteolysis causes
clarification (Muir, 1996; Hachana et al., 2010; Chavan et al., 2011). In this study, the raw, MF,
and HTST milks all coagulated at different stages within the 98 days of analysis, but MF-HTST
milk remained fluid and became clearer, with visible sedimentation. This suggests that plasmin is
likely the main protease of concern in MF-HTST treated milk, while bacteria and bacterial
proteases may have limited the microbial and proteolytic shelf-lives of the MF and HTST
treatments. An in-depth study of the microbial ecology of the MF processed milk may be useful in
understanding whether this process resulted in a selection of certain bacterial strains, based on size,
and how this might impact the specific enzymes known to cause degradation of milk during shelflife.
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2.5

CONCLUSIONS
Cold membrane filtration of skim milk using 1.2 µm pore size membranes can result in a

significant extension of microbial shelf life of refrigerated milk. When combined with minimal
HTST treatment, this process resulted in a remarkable refrigerated microbial shelf-life of skim
milk of 98 days. However, this microbial reduction did not result in a longer proteolytic shelf-life
compared to HTST pasteurization. This was attributed to the presence and activity of the heat
resistant plasmin and bacterial proteases, with plasmin activity possibly being predominant for the
MF-HTST treated milk, and bacterial protease activity being predominant in HTST milk. This
highlights again the fact that the quality of raw milk is crucial to improving the shelf-life of milk
by any processing method. The fact that the 1.2 µm MF process can effectively remove bacterial
spores from skim milk may hold substantial benefits for the manufacture of cheese and milk
powder, which could be investigated in a subsequent study.
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CHAPTER THREE
EFFECTIVENESS OF BACTOFUGATION FOR THE REMOVAL OF BACTERIAL SPORES
AND VEGETATIVE CELLS FROM MILK

3.1

ABSTRACT
Contamination of raw milk with bacterial spores can cause major quality and shelf-life

issues in fluid milk and other dairy products. Bactofugation has received increased attention as a
nonthermal method that can physically remove spores from milk by means of centrifugal force.
The objective of this work was to evaluate the effectiveness of bactofugation for spore removal in
a dairy plant. The study was conducted in a dairy plant, using a one-phase bactofuge, and the
process was conducted under warm conditions (60 to 65 °C). Samples of whole raw milk,
bactofuged raw milk, skim, cream, and pasteurized milk were analyzed for total bacterial plate
count (TPC), mesophilic spores (MSC), psychrotrophic spores (PSC) and somatic cells (SCC).
Experiments were completed at least in triplicate, and statistical differences among means were
evaluated using ANOVA at 0.05 significance level.
Bactofugation was effective in removing vegetative bacteria from raw whole milk, with an
average TPC reduction of 1.83 log CFU/mL. Pasteurization further reduced the vegetative
bacterial load, with an additional reduction of ~ 1.2. log. However, in the absence of the bactofuge,
TPC in skim and cream were reduced by 1.06 log reduction and 1.79 log, respectively, after
centrifugation in a cream separator. Nonetheless, the final pasteurized milk had a lower bacterial
load when bactofugation was used. The mesophilic and psychrotrophic spore count of the starting
raw milk was very low, and bactofugation resulted further reduction of these spores. Bactofugation
was also effective in removing somatic cells from the raw milk, with a difference of more than
155,000 cells/mL between the raw whole milk and bactofuged whole milk. This data provides
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useful information about the effectiveness of bactofugation for spore removal from milk, and can
help the industry make decisions about the practical adoption of this technology.

3.2

INTRODUCTION
The presence of bacterial endospores in milk and dairy products can lead to major

economic losses in the dairy industry. Endospores are metabolically dormant cells originating from
the sporulation of spore-forming bacteria (e.g. Clostridium spp. or Bacillus spp.) under conditions
of environmental stress. Spore contamination and subsequent germination in the final product can
lead to quality defects and decreased shelf-life, notably in refrigerated milk, cheeses, and dairy
powders (Burgess et al., 2010; Lücking et al., 2013). Spores represent a major challenge due to
their resistance to HTST pasteurization, desiccation, and cleaning chemicals used in the dairy
processing environment (Ryu and Beuchat, 2005; Scheldeman et al., 2006; Setlow, 2006).
Due to the ubiquity of spores in the farm environment, numerous studies have focused on
the identification and control of raw milk contamination at the farm level. Spore concentrations in
bulk tank raw milk vary based on a number of factors such as herd size, seasonal variation, feed
type, bedding type, pre-milking routines, and teat cleaning practice (Scheldeman et al., 2005;
Masiello et al., 2014; Miller et al., 2015). Although improving farm practices can lower spore
counts, spore contamination of raw milk cannot be completely avoided. Therefore, processing
methods able to destroy or remove spores from the raw milk are also required. Ultra-high
temperature (UHT) processing (135-140 °C for 2-3 s) is effective at destroying spores, however
the induced changes in sensory characteristics are not acceptable for some milk consumers in the
US (Chapman and Boor, 2001; Chavan et al., 2011). Additionally, this method is not suitable for
cheese making, as temperatures used in UHT treatment alter the coagulation properties of milk.
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Alternatively, nonthermal processing methods can be used to physically remove spores
from milk without altered product characteristics. Microfiltration (MF) can effectively remove
vegetative bacteria and somatic cells from milk and has been employed in the production of
extended shelf-life (ESL) milk (Elwell and Barbano, 2006; Hoffmann et al., 2006; Fritsch and
Moraru, 2008). However, MF processing is limited to skim milk due to the overlap between milk
fat globule sizes with bacterial cell size, and the potential for membrane fouling by fat globules.
Bactofugation is a specialized centrifugation process designed to decrease the microbial
load of milk, both in vegetative and spore form, and is suitable for skim and whole milk.
Centrifugal separation of bacteria from milk is based on the difference in density between bacterial
cells, which have reported densities of 1.07 to 1.13 g/cm3, and milk, with a density of 1.023 to
1.035 g/cm3 for whole milk and 1.036 g/cm3 for skim milk (Walstra et al., 1999). Bactofuges were
reported to use centrifugation speeds of up to 20,000 rpm (10,000  g) and remove 95 to 99% of
the bacteria in raw milk through a fluid stream called ‘bactofugate’ (Kosikowski and Fox, 1968;
Torres-Anjel and Hedrick, 1971; Stack and Sillen, 1998). Bactofugate can make up 0.15 to 3% of
the original feed, depending on the bactofuge design, and contains a high concentration of
vegetative bacteria, spores, as well as some protein, particularly the denser casein micelles.
While this technology has received increasing interest in recent years, very little data is
available on the effectiveness for bacterial removal. Additionally, and the few existing studies are
decades old and thus may not be fully representative of today’s microbiological quality of milk.
To fill this knowledge gap, a study was conducted to evaluate the effectiveness of bactofugation
on microbial removal from milk in a fluid milk processing plant, and to provide a direct
comparison of a fluid milk process with and without a bactofuge. The data generated by this
research could help the industry make decisions about the practical adoption of this technology.
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3.3

MATERIALS AND METHODS
Equipment. The study was conducted in a dairy processing plant in New York State, during

the period November - December 2017. The milk processing line has a one-phase bactofuge (Tetra
Pak, Pully, Switzerland), which operates at 4250 RPM, installed prior to the cream separator (GEA
Process Engineering Inc., Columbia, MD), which operates at 4700 RPM. Although they operate
at similar RPM and g forces, a critical design difference between the bactofuge and the cream
separator is the larger diameter and higher number of discs in the bactofuge, as well as the different
placement of the rising channels along the disc stack. The bactofuge has outlet ports at the
periphery of the bowl, which allow periodic discharge of the bactofugate.
Sampling. The first part of the study took place in November 2017, with the bactofuge
installed in the fluid milk processing line. Collection points included raw whole milk from the
balance tank, bactofuged whole milk, raw skim milk, raw cream, and pasteurized milk (Figure
3.1). Samples were taken both at the beginning of the processing run (within ~90 min of
processing), as well as close to the end of the run (after 10.5 – 13 h of processing), to verify if
differences in effectiveness occurred during the run. Sampling was done using either an aseptic
sampling port with a sterile sampling bag (QualiTru Sampling Systems, Oakdale, MN), or presterilized sampling dippers (Cole Parmer, Vernon Hills, IL). Duplicate samples were taken at each
collection point. Since warm separation is employed at this plant, the bactofuged whole milk, skim
milk, and cream samples were immediately cooled to less than 6 °C after collection. All samples
were stored at ≤ 6 °C before analyses.
As a control, processing runs were also conducted in which the bactofuge was bypassed,
with the whole milk pumped directly to the cream separator. This collection was completed in
December 2017, in the same manner as described above. For these runs, samples were only
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collected within the first 90 min from startup.
Both studies were repeated three times, with sample collection for each study conducted
on three different production dates.

Raw Milk Receiving

Raw
whole milk

Bactofuged
whole milk

Bactofugation

Cream

Cream Separation
Skim milk

Pasteurized
milk

Pasteurization

Figure 3.1. Flow diagram for the fluid milk processing line. Dashed boxes indicate collection
points and collected streams.

Sample analyses. The first of the duplicate samples for each collection point was analyzed
for total aerobic plate count (TPC) and total composition (whole and skim only), onsite, within 6
h of collection. The second sample was either personally transported or shipped packed on ice
within 24 h via same-day delivery to the Milk Quality Improvement Program laboratory (Cornell
University, Ithaca, NY) for spore count analysis. Samples were analyzed for mesophilic spore
counts (MSC) and psychrotolerant spore count (PSC). Remaining samples from each collection
point were submitted to Dairy One (Ithaca, NY) for somatic cell count (SCC) analysis, as well as
total protein and fat composition analyses (cream only).
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Microbiological analyses. TPC was determined by diluting each sample with 0.1%
peptone water (Becton, Dickinson and Company, Franklin Lakes, NJ). Appropriate dilutions were
plated in duplicate on standard plate count agar (Difco, Becton, Dickinson and Company, Franklin
Lakes, NJ) and incubated for 48 h at 32 °C. For spore count analyses, a spore pasteurization step
was conducted, which allowed inactivation of vegetative cells and germination of existing spores.
The spore pasteurization step for all samples was completed within 6 to 40 h of collection. Spores
are unlikely to germinate in the cold storage or shipping conditions, so this timeframe was not
expected to impact the final spore counts. The methodology consisted of heating 10 mL of sample
at 80 °C for 12 min, in a water bath. Samples were then cooled to 6 °C and plated in duplicate on
BHI agar (Difco, Becton, Dickinson and Company, Franklin Lakes, NJ). MSC plates were
incubated for 48 h at 32 °C. TPC and MSC plates were counted and results expressed in log
CFU/mL. Due to anticipated low PSC concentration, the 3-tube most probable number technique
was used (Blodgett, 2010).
Other analyses. Whole milk, cream, and skim samples were submitted for direct
microscopic somatic cell count (SCC) analysis to Dairy One (Ithaca, NY). Cream samples were
also analyzed by Dairy One for total fat (AOAC Official Method 989.05. Ether Extraction, 1998)
and total protein (AOAC Official Method 991.20. Total Protein, 1998). Skim and whole samples
were analyzed for protein and fat composition using a Milkoscan™ Minor (Foss, Hillerød,
Denmark), in duplicate.
Statistical Analysis. The experimental data was analyzed for significant differences among
means using one-way ANOVA and Tukey’s HSD (α = 0.05).
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3.4

RESULTS AND DISCUSSION
First of all, it should be mentioned that samples taken at the start of processing and towards

the end of processing for the studies with an installed bactofuge were not significantly different
from each other in terms of microbial composition. Therefore, the results from each sampling point
for the data set “with bactofugation” represent averages of six or seven individual data points. For
the data set “without bactofugation”, the data represents averages of three individual replicates.
The results for TPC and SCC are shown in Figure 3.2 and Figure 3.3, respectively, while the spore
counts, which were mostly estimates because of the low concentration present in the samples, is
shown in Table 3.1. Table 3.1 also contains the average sample temperature at all the collection

TPC (Log CFU/mL)

points.
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Figure 3.2. Total plate counts (TPC) in various product streams, with and without
bactofugation (n=3-7). Within the same data series, means with different superscripts are
significantly different from each other (P < 0.05)
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Overall, bactofugation was effective in removing vegetative bacteria from raw whole milk,
with an average TPC reduction of 1.83 log CFU/mL. Over the six individual data points, reduction
by bactofugation ranged between 1.43 log to 3.32 log, or 96.3% to 99.95% of the initial bacterial
population. These results are comparable to those by Kosikowski and Fox (1968), in which
bactofugation at 54.4 °C and 9000  g reduced coliforms by 95.3% on average. After the cream
separator, TPC for the cream and skim milk were not significantly different from the bactofuged
whole milk, but were significantly different from each other, with the cream containing less total
bacteria than the skim milk. As expected, pasteurization further reduced the vegetative bacterial
load, with an additional reduction of ~ 1.2. log compared to bactofugation. Interestingly, when the
bactofuge was bypassed, TPC in skim and cream were also significantly reduced compared to the
raw whole milk, with ~ 1.06 log reduction in the skim fraction and 1.79 log reduction in the cream
fraction. Although the bacterial load was higher in both the skim and cream samples as compared
to when bactofugation was used, the differences across the two types of processing were not
statistically significant. In case of processing without bactofugation, bacteria were probably
accumulated in the sludge space of the cream separator, but no data is available to verify this
hypothesis. The final pasteurized milk averaged slightly higher in TPC without bactofugation
compared to the case when bactofugation was used (Figure 3.2).
The mesophilic spore count of the starting raw milk was very low and, even if colonies
grew on plates and were counted, counts were often below the detection limit of 25 CFU/plate.
We included the data for MSC in Table 3.1 to show overall trends in reduction, however specific
log reduction in MSC cannot be accurately reported. In one raw milk sample for the bactofuge
study, the MSC was above the detection limit, at 1.5 log CFU/mL. In this sample, MSC was
reduced after bactofugation to below the detection limit. Similarly, when the bactofuge was
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bypassed, two raw milk samples were above the detection limit, averaging 1.49 log CFU/mL. The
plate count results for cream and skim for these samples were also below the 25 CFU plate
detection limit, and the actual counts were higher than the plate counts following bactofugation.
This also holds true for the final pasteurized milk sample.

Table 3.1. Mesophilic (MSC) and psychrotrophic (PSC) spore count in various product streams,
with and without bactofugation (n=3-7)
Parameter

Temperature at

MSC

PSC

measured

collection (°C)

(log CFU/mL)1

(MPN/mL)2

Product

With

Without

With

Without

With

Without

stream

bactofuge

bactofuge

bactofuge

bactofuge

bactofuge

bactofuge

Raw whole milk

2.2 ± 1.8

1.4 ± 1.5

0.92 ± 0.39a

1.29 ± 0.35a

0.348

0.182

Bactofuged whole milk

60.3 ± 2.6

N/A*

0.14 ± 0.19b

N/A*

0.0443

N/A*

Raw skim milk

63.5 ± 1.1

64.0 ± 1.0

0.13 ± 0.21b

0.94 ± 0.40a

<0.030

0.1343

Raw cream

63.5 ± 1.5

63.5 ± 1.4

0.28 ± 0.17b

0.53 ± 0.46a

0.2263

0.1173

Pasteurized milk

2.1 ± 0.2

1.9 ± 0.1

0.12 ± 0.18b

0.99 ± 0.34a

0.0323

0.139

*N/A = not applicable
a-d
Means with different superscripts within the same column significantly differ (P < 0.05)
1
Most plate counts results below detection limit (25 CFU/plate)
2
MPN estimates
3
Some MPN values in this set were below detection level (<0.030). To determine the average, these values
were considered 0.030.

Psychrotrophic spores in the raw milk were at even lower levels, and PSC levels were
estimated using the most probable number technique. Following bactofugation, PSC estimates
were reduced from 0.348 CFU/mL to 0.044 CFU/mL, and remained at 0.032 upon pasteurization.
Without the bactofuge, PSC was reduced only from 0.182 CFU/mL to 0.139 CFU/mL in the final
product, as a result of the cream separation step.
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Finally, bactofugation was effective in removing somatic cells from the raw milk, with a
reduction of more than 155,000 cells/mL from raw to bactofuged whole milk (Figure 3.3). Somatic
cell density is reported to range between 1.063-1.079 g/cm3 (Zucker and Cassen, 1969; Zipursky
et al., 1976). Without bactofugation, SCC were slightly lower in the skim and cream fractions
(following centrifugation in the cream separator), however the actual counts were not statistically
different from the raw milk, largely because of the high variability of the data (see the lighter color
bars in Figure 3.3). It is possible these somatic cells were removed in the cream separator as part
of the sludge, which is purged every 30 min. A significantly lower SCC was observed in the
pasteurized milk. Yet, this is likely not due to thermal destruction, which does not affect somatic
cells, but rather these cells may have been destroyed by shear forces due to pumping and
processing, as has been previously discussed (Elwell and Barbano, 2006).
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Figure 3.3. Somatic cell counts (SCC) in various product streams, with and without
bactofugation (n=3-7). Within the same data series, means with different superscripts are
significantly different from each other (P < 0.05)
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Protein composition was measured before and after bactofugation, since casein micelles
have a density higher than milk and comparable to bacteria, at 1.078 g/cm3 (de Kruif et al., 2012),
and thus are likely to be removed by high centrifugal forces. The initial raw milk had a total protein
content of 3.43% ± 0.02, and after bactofugation this was reduced to 3.37 % ± 0.03. Although
there was a slight decrease in protein content of the bactofuged whole milk, this decrease was not
drastic (< 2%). No protein loss was observed in the samples processed without bactofugation.

3.5

CONCLUSIONS
Overall, this study indicates that bactofugation does effectively remove some of the

vegetative bacteria, spores and somatic cells from whole milk, and fluid milk processed using
bactofugation has a lower microbial load than in the absence of bactofugation. Nonetheless, it is
also worth mentioning that in the absence of a bactofuge, centrifugation in a cream separator also
allowed for some reduction in the microbial load. This may be due to the fact that both the
bactofuge and the cream separator in this particular processing line use similar centrifugal forces,
which possibly results in the removal of microbial cells of similar densities. Thus, an increase in
the centrifugation force may result in additional removal of bacteria from milk, particularly spores,
which cannot be removed by a subsequent heat treatment.
The results of this study can help the dairy industry make decisions about the practical
adoption of bactofugation. In addition to addressing on-farm microbial contamination, this
technology can serve as a supplementary method to physically remove both vegetative cells and
spores form milk, and thereby improve downstream product quality and shelf-life.
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CHAPTER FOUR
REMOVAL OF BACTERIAL SPORES FROM MILK BY CENTRIFUGATION: IMPACT OF
TEMPERATURE AND CENTRIFUGAL FORCE.

4.1

ABSTRACT
Bactofugation can be used as a nonthermal method to physically remove spores from milk.

The objective of this work was to evaluate the impact of centrifugal force and temperature on spore
removal from milk, using spores of Bacillus licheniformis and Geobacillus sp. as challenge
microorganisms. Whole, raw milk was inoculated with 106 to 107 CFU/mL of spores and
centrifuged for 15 min in a lab centrifuge at low and high g-forces (2000 x g and 10000 x g,
respectively). Experiments were conducted at cold (4 °C) and warm (50 °C) temperatures.
Uninoculated whole milk was used as a control. Cream, skim, and pellet fractions were collected
aseptically after centrifugation. All fractions and the initial whole milk were analyzed for total
bacterial plate count (TPC), mesophilic spores (MSC), thermophilic spores (TSC) and somatic
cells (SCC). Experiments were completed at least in triplicate, and statistical differences among
means were evaluated using ANOVA at 0.05 significance level. TPC, MSC, TSC, and SCC were
significantly reduced in skim by centrifugation at 4 °C, regardless of centrifugal force, whereas
bacteria and occasionally SCC significantly increased in cream. At 50 °C and 10000  g, only TPC
and TSC were significantly reduced in skim. No differences in bacterial count between whole,
skim, or cream were observed at 50 °C and 2000  g. Overall, the effectiveness of bacterial removal
was primarily affected by centrifugation temperature, rather than centrifugal force. This data
provides useful information about the effectiveness of centrifugation for spore removal from milk,
which can positively impact dairy product quality and shelf-life.
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4.2

INTRODUCTION
The presence of endospores in milk and dairy products is a significant problem for the dairy

industry. These metabolically dormant cells are a result of the spore-forming bacteria such as
Bacillus spp. or Clostridium spp., that sporulate under extreme environmental stress. This results
in bacterial cells that are highly resistant to thermal treatment, drying, and cleaning chemicals
traditionally used in the dairy industry (Ryu and Beuchat, 2005; Scheldeman et al., 2006; Setlow,
2006). Spore levels in raw milk have can vary widely, depending on farm level factors such as
herd size, season, feed, bedding, and teat sanitizers, (Scheldeman et al., 2005; Masiello et al., 2014;
Miller et al., 2015). When present as contaminants in the final product, spores can germinate and
lead to quality defects and decreased shelf-life. In the dairy industry, refrigerated milk, dairy
powders, and cheese are particularly susceptible to spore contamination and its negative
consequences (Burgess et al., 2010; Postollec et al, 2012; Lücking et al., 2013).
Physical removal of spores by membrane filtration and centrifugation are increasingly
adopted by the industry in an attempt to increase the quality and shelf-life of milk and dairy
products. Microfiltration (MF) has been extensively studied for the production of extended shelflife (ESL) due to its effectiveness in removing vegetative bacteria and somatic cells from milk
(Elwell and Barbano, 2006; Hoffmann et al., 2006; Fritsch and Moraru, 2008; Schmidt et al., 2012;
Doll et al., 2017). However, MF processing can only be applied to skim milk, since milk fat
globules can lead to extensive membrane fouling. An alternative to MF is bactofugation, a
centrifugation process which reduces the microbial load of milk based on the difference in density
between bacteria and the other milk components. Bacterial cells are reported to range in density
between 1.07 - 1.13 g/cm3, compared to 1.023 - 1.035 g/cm3 for whole milk and 1.036 g/cm3 for
skim milk (Walstra et al., 1999). Bactofugation is being used particularly for cheese milk or ESL
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milk, and is suitable for both skim milk or whole milk.
Bactofuges have been reported to remove between 95 and 99% of the bacterial load and
may use speeds of up to 20,000 rpm (10,000  g, the gravitational force) (Kosikowski and Fox,
1968; Torres-Anjel and Hedrick, 1971; Stack and Sillen, 1998). The concentrated waste stream
known as bactofugate is generally estimated at 0.15 to 3% of the original feed, depending on the
bactofuge design. Though bactofugate is highly concentrated in vegetative bacteria and spores, it
may also contain some of the denser milk protein such as casein. A recent study that used a
commercial bactofuge reported similar results, with 96.3% to 99.95% of the initial vegetative
bacterial population of raw whole milk being removed by warm bactofugation (Griep and Moraru,
2018). Interestingly, when the bactofuge was bypassed and milk was only subjected to
centrifugation in a cream separator, which had a similar speed and centrifugal force as the
bactofuge, total aerobic plate counts (TPC) in skim and cream were also significantly reduced
compared to the raw whole milk. The average TPC reduction in whole milk by bactofugation was
1.83 log, while centrifugation only in the cream separator led to 1.06 log reduction in the skim
fraction and 1.79 log reduction in the cream fraction. Another important observation of that study
was that, although the use of both the bactofuge and the cream separator led to somewhat higher
reduction of vegetative cells and spores in the cream fraction compared to the skim fraction, both
types of cells were still found in cream, despite the significant difference in density between
bacteria and the cream.
These findings resemble recent reports on gravity separation of milk, which demonstrated
the tendency of bacteria, spores, and somatic cells to partition in the top cream portion following
gravity separation (Caplan et al., 2013; Geer and Barbano, 2014; D’Incecco et al., 2015). This
phenomenon was attributed to the effect of somatic cells and immunoglobulins in milk, which are
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associated with bacterial and fat agglutination (Geer and Barbano, 2014).
These findings raise the question of whether there is a preferential partitioning of bacteria
between the skim and cream phases under centrifugal force. The question is particularly relevant
for spores, which tend to have a more hydrophobic surface than their vegetative counterparts
(Doyle et al., 1984; Ankolekar and Labbé, 2010; Griep et al., 2018). This may additionally impact
the separation of vegetative bacteria and spores from milk by centrifugation. The current study is
set to address this question, by conducting a systematic investigation on the partitioning of
bacterial spores and vegetative cells between milk phases, and the potential impact of centrifugal
force and temperature on this partitioning. Since the spore counts naturally found in milk may be
too low to allow the generation of conclusive data, the study was conducted with milk inoculated
with a high concentration of Bacillus licheniformis and Geobacillus sp. spores. These two bacterial
species were selected because they are often implicated as dairy product contaminants (Watterson
et al., 2014; Burgess et al., 2010; Lücking et al., 2013).

4.3

MATERIALS AND METHODS
Milk Source. Raw whole milk was collected from the bulk tank of the Cornell University

Dairy Teaching Barn (Ithaca, NY) and stored at 4 °C until use in the centrifugation experiments.
Preparation of Bacterial Spore Suspensions. Isolated cultures of B. licheniformis and
Geobacillus sp. were obtained from the Cornell Milk Quality Improvement Program (Department
of Food Science, Stocking Hall, Ithaca, NY). B. licheniformis cells were pre-cultivated overnight
at 32 °C and Geobacillus sp. at 55 °C in brain heart infusion (BHI) broth (Becton, Dickinson and
Company, Franklin Lakes, NJ). B. licheniformis pre-culture was used to inoculate AK #2
sporulation agar (Becton, Dickinson and Company, Franklin Lakes, NJ) and incubated at 32 °C
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for 5 days. Geobacillus sp. pre-culture was used to inoculate Tryptone Glucose Extract agar
(Becton, Dickinson and Company, Franklin Lakes, NJ) supplemented with 10 mg/L manganese
sulfate and incubated at 55 °C for 22 days. Spores were stained with a 0.5% malachite green
solution and harvested when staining confirmed ≥95% sporulation. Spores were collected by
adding 15 mL of sterile phosphate buffer (Weber Scientific, Hamilton, NJ) to the agar surface and
scraping with a sterile loop. The resulting suspension was centrifuged at 4 °C, drained of
supernatant, and re-suspended in 50% ethanol for up to 48 h. Suspensions were then washed 3
times by centrifugation (10,668  g for B. licheniformis and 13,776  g for Geobacillus sp.), then
stored in sterile phosphate buffer at 6-7 °C until use. Three different suspensions of each B.
licheniformis and Geobacillus sp. were made, corresponding to three experimental replicates.
Preparation of Inoculated Milk. Immediately before the experiments, 15 mL of the
appropriate spore suspension was centrifuged, drained of supernatant and re-suspended in a small
volume of raw milk. This inoculum was then used to inoculate the total volume of raw milk used
for that particular experiment, reaching a final spore concentration of 6-7 log CFU/mL.
Centrifugation Experiments. Bacterial partitioning of whole, raw milk was evaluated at
centrifugation speeds of 2,000  g and 10,000  g, respectively. The impact of temperature on
separation was assessed by processing at cold (4 °C) and warm (50 °C) temperatures. It should be
noted that the temperature chosen for the warm separation is at the lower end or even slightly lower
than the temperatures used in industry for bactofugation (Griep and Moraru, 2018). This
temperature was selected to ensure that no inactivation of vegetative cells or germination of spores
might occur during the long duration of the centrifugation runs. As control, a set of experiments
with uninoculated raw milk was also completed. Following centrifugation, raw whole milk
separated into skim, cream, and pellet fractions. Initial raw milk and all resulting fractions were

76

subjected to microbial and compositional analyses within 12 h of milk collection from the farm. A
flowchart of the steps involved in this study and their sequence are shown in Figure 4.1.

Raw whole milk from
Cornell Dairy farm

Inoculated whole milk
6
7
(10 -10 CFU/mL)

Bacillus
licheniformis or
Geobacillus spp.
spore
suspension

Centrifugation:
Centrifugal force: 2000 x g, 10000 x g
Temperature: 4°C, 50°C
Time: 15 min

Pellet

Skim

Cream

Analyses:
Total plate count (TPC)
Spore count (MSC or
TSC)
Somatic Cell Count (SCC)
Protein content
Fat content

Figure 4.1. Experimental steps for investigation of bacterial partitioning after centrifugation.
Dashed lines represent steps unique to inoculated experiments only.

Centrifugation experiments were carried out using a Beckman Avanti™ J-25 centrifuge
(Beckman Coulter; Fullerton, CA) with rotor JA-14 and corresponding 250 mL tubes. Centrifuge
bottles were filled with 200 mL of inoculated or uninoculated milk, and the remaining untreated
milk was set aside for microbial and chemical analysis. Bottles were centrifuged for 15 min at the
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respective centrifugal force & temperature pairing. This length of time was chosen to allow full
separation of phases, based on preliminary calculations which considered the centrifugation
conditions and the largest separation distance in the centrifugation tubes (data not shown). In the
warm separation experiments, milk bottles were preheated to 50-52 °C in a temperature controlled
water bath with continuous shaking. Simultaneously, the centrifuge chamber was preheated to 40
°C (maximum temperature possible for that centrifuge). To maintain a 50 °C processing
temperature during centrifugation, the centrifuge rotor was heated to 60 °C overnight in a drying
oven. Preliminary tests confirmed the milk maintained a temperature of 50 ± 2 °C during
centrifugation. In the cold separation experiments, the centrifuge was precooled to 4 °C and bottles
were stored in a 4 °C refrigerator prior to centrifugation.
After centrifugation, the skim, cream, and pellet fractions were collected and analyzed
separately. Skim was collected first with a sterile syringe (B. Braun, Bethlehem, PA). The first 50
mL of skim were used for analysis and the remaining skim was set aside as waste due to the
increased risk of mixing with cream during collection. The “waste” skim was drawn from the bottle
at an angle, allowing the cream fraction to deposit on the side of the bottle opposite the pellet as
the skim level decreased. When no skim remained, the cream and pellet were collected carefully
using sterile spatulas (Corning®, Corning, NY). For ease of analysis, the cream and pellet fractions
were diluted with sterile phosphate buffer (Weber Scientific, Hamilton, NJ). Final microbial
concentration and composition values were adjusted according to the calculated dilution factor.
Microbiological Analyses. The initial whole milk, inoculated whole milk, skim, cream,
and pellet were analyzed for total aerobic plate count (TPC) by diluting each sample with 0.1%
peptone water (Becton, Dickinson and Company, Franklin Lakes, NJ). Appropriate dilutions were
plated in duplicate on standard plate count agar (Difco, Becton, Dickinson and Company, Franklin
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Lakes, NJ), then incubated for 48 h at 32 °C. For the uninoculated control and B. licheniformis
inoculated experiments, samples were also analyzed for mesophilic spore count (MSC). For the
Geobacillus sp. inoculated experiments, samples were analyzed for thermophilic spore count
(TSC). Both spore count methods require a spore pasteurization step, in which 10 mL of sample
was heated and held at 80 °C for 12 min in a water bath. This allowed for inactivation of vegetative
cells and germination of spores. Samples were then cooled to 6 °C and plated in duplicate on BHI
agar (Difco, Becton, Dickinson and Company, Franklin Lakes, NJ). MSC and TSC plates were
incubated for 48 h at 32 °C and 55 °C, respectively. TPC, MSC, and TSC plates were counted and
results expressed in log CFU/mL.
Milk Composition Analyses. Whole milk, cream, and skim samples were submitted for
direct microscopic somatic cell count (SCC) analysis (Dairy One, Ithaca, NY). Cream samples
were also analyzed by Dairy One for total fat (AOAC Official Method 989.05. Ether Extraction,
1998) and total protein (AOAC Official Method 991.20. Total Protein, 1998) proximate analysis.
Skim and whole samples were analyzed for protein and fat composition using a Milkoscan™
Minor (Foss, Hillerød, Denmark). Milkoscan samples were tested in duplicate.
Standardization of fat content in cream. Due to the variation in measured fat content of
the cream fractions between different centrifugation parameters and the potential for this variation
to impact microbial concentrations, a mass balance was conducted to standardize all cream
fractions to 40% fat using the corresponding skim fraction from the same experimental replicate.
Considering TPC, MSC, TSC, SCC, and fat content of the skim fraction used to standardize, these
values for the cream fraction were adjusted accordingly.
Statistical Analysis
All experiments and collection sets were completed with a minimum of three replicates.
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The effect of centrifugation on partitioning was analyzed separately for each study (control, B.
licheniformis inoculated, and Geobacillus sp. inoculated) using a linear mixed model with 3-way
ANOVA and Tukey’s HSD (α = 0.05) using R version 3.2.2 and RStudio version 1.1.423 statistical
software (RStudio, Inc., Boston, MA). The model included centrifugal force, temperature, and
milk fraction as fixed effects with whole milk as a random variable.

4.4

RESULTS AND DISCUSSION
Total bacterial concentrations (TPC) of the whole milk and milk fractions following

centrifugation are shown in Figure 4.2, the results of the spore inoculated experiments in Figure
4.3, and of somatic cells separation in Figure 4.4. It should be mentioned from the onset that
centrifugal force did not have a major effect on separation patterns for any of the cell species
monitored in this study. This is different than the increased reduction of Clostridium spp. from
skim milk at increased centrifugal forces that was previously reported by Su and Ingham (2000),
however the centrifugation temperature and centrifuge model were not reported in that study.
Other data was not available for comparison. For the remainder of the paper, focus will be placed
on the effect of temperature on separation.
Vegetative bacteria separation and partitioning
In all centrifugation runs, bacteria concentrated in the pellet fraction. The increase relative
to the starting whole milk ranged between 0.6 to 3.1 log CFU/mL, and it was statistically
significant in all but one experimental set. The skim TPC concentrations were significantly lower
(by 0.6 to 1.95 log CFU/mL) than that of whole milk for all centrifugation experiments, except for
the runs at 50 °C and 2,000  g.
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Figure 4.2. Total aerobic plate count of whole milk and milk fractions after centrifugation at different
parameters from (a) Uninoculated control, (b) B. licheniformis inoculated, and (c) Geobacillus sp.
inoculated experiments. Error bars represent standard deviation. Columns within each centrifugation
parameter set with different letters differ (P < 0.05).
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The theoretical basis for separation in a centrifugal field is given by Stoke’s law (Bylund,
2003). The speed of separation is proportional to particle diameter, the difference in viscosity
between phases, as well as the radius and angular velocity of the centrifuge, and inversely
proportional to product viscosity. Therefore, most centrifugal separations in the dairy industry are
conducted under warm conditions, between 55 and 65 °C, to increase separation speed as a result
of decreased fluid viscosity. The effect of temperature on the efficiency of separation is less
straightforward and less investigated. An earlier study on the effect of temperature on centrifugal
separation of cold-pressed orange oil showed that efficiency of oil separation from water increased
with temperature from 43 °F (6.1° C) to 125 °F (51.6 °C), which is similar to the temperature range
used in the current study; this was attributed to the increase in the density difference between the
two phases (Berry and Casals, 1970).
In this work, after centrifugation at 2,000  g no significant difference in TPC between
whole milk and skim was observed at 50 °C, whereas at 4 °C a significant decrease in TPC in skim
was observed. At 4 °C, a concentration of bacteria was observed in the cream fraction, but this did
not occur at 50 °C. An increase in bacteria concentration in the pellet fraction was observed at both
temperatures. Similar patterns in TPC were observed between inoculated and control experiments,
for all centrifugation conditions. It should also be noted that similar bacterial concentrations for
all fractions were observed in the control experiments and the Geobacillus sp. inoculated
experiments (Figure 4.2A, 4.2C), whereas in the B. licheniformis inoculated experiments exhibited
much higher overall concentrations (Figure 4.2B). Since Geobacillus sp. is thermophilic, and
vegetative cells that may have been present could not grow at the 32 °C incubation temperature
used in the standard plate count procedure. Conversely, B. licheniformis is mesophilic and
consequently may have grown under these conditions and thus contributed to TPC.
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Therefore, these results seem to contradict the expectation that increasing the temperature
will improve the efficiency of vegetative cell separation from milk.
Spore separation and partitioning
Similar to the TPC patterns, both B. licheniformis and Geobacillus sp. spores were
significantly concentrated in the pellet fractions following centrifugation (Figure 4.3). Also similar
to the data reported above for TPC, both B. licheniformis and Geobacillus sp. spores were
significantly lower in skim compared to the initial whole milk following centrifugation at 4 °C
(1.9 to 2.2 log reduction), for both g-forces, while spore counts were significantly higher in cream
(0.7 to 1.0 log increase compared to whole milk). At 50 °C, no differential partitioning of spores
between skim and cream was observed at either g-force, with the exception of a decrease in
Geobacillus sp. spores in skim at 10,000  g. While statistically significant, this decrease only
amounted to 0.6 log CFU/mL. At the same centrifugation parameters, B. licheniformis spores were
reduced by 0.36 log in the skim, but this reduction was not statistically significant.
The phenomenon of bacterial concentration in the less dense, cream fraction was also
observed during gravity separation at both 4 °C and 12 °C (Caplan et al., 2013; Geer and Barbano,
2014). In those studies, this was attributed to the presence of both somatic cells and
immunoglobulins (Ig) in milk. When milk was pasteurized at ≥76.9 °C for 25 s, bacteria and
somatic cells no longer rose with the cream during gravity separation, presumably due to
denaturation of heat-labile Ig molecules. D’Incecco et al. (2018) further investigated the effect of
temperature and Ig on gravity separation of milk, and found that IgA and IgM were specifically
involved in association of fat globules and bacteria. As a result, fat globules can entrap bacterial
cells, causing them to rise to the top with the cream.
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Figure 4.3. (a) Mesophilic and (b) Thermophilic spore counts of whole milk and milk fractions
collected after centrifugation at different parameters. Data were collected from B. licheniformis
(a) and Geobacillus sp. (b) inoculated experiments. Error bars represent standard deviation.
Columns within each centrifugation parameter set with different letters differ (P < 0.05).

When milk was heated to 40 °C, the coalescence of fat globules greatly increased, decreasing the
total surface area available for fat globules to interact with bacteria. This coalescence may also
occur during centrifugation at 50 °C in the current study, which could explain the lack of bacterial
concentration in the cream fraction at this temperature. Nonetheless, it has to be acknowledged
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that the duration of the gravity separation was much longer than the duration of the centrifugation
experiments reported here, and such coalescence phenomena may not have enough time to occur
in the latter.
Another fact that may prevent concentration of bacteria in the cream phase at 50 °C may
be that the I-antigen to which IgM interacts and induces fat globule clustering is inactivated at
physiological temperatures (37 °C) and higher (Euber and Brunner, 1984). This antigen is found
in both human and bovine serum and is a known cold agglutinin (Euber and Brunner, 1984;
Huppertz and Kelly, 2006; D’Incecco et al., 2018). It is because of this interaction of IgM that the
rise of milk fat globules occurs more quickly than Stoke’s law accounts for. Gravity separation has
generally been investigated at cold temperatures, because this method is traditionally used in the
production of aged Italian cheeses, where warm temperatures could risk bacterial growth (Ma and
Barbano, 2000; Caplan et al., 2013; Geer and Barbano, 2014). As such, limited investigation has
been completed at temperatures above 15 °C.
In the present study, it is possible that the inactivation of I-antigen, along with increased
coalescence of fat globules preventing concentration of bacteria in the cream fraction upon
separation at warm, temperatures. Future testing is however required to verify this hypothesis.
Another aspect that was considered when trying to explain the partitioning of spores after
centrifugation is the surface hydrophobicity of spores. Using the same spore strains as in the
current study, Griep et al., (2018) found that B. licheniformis spores are hydrophilic, whereas the
Geobacillus sp. spores are hydrophobic. These differences in surface hydrophobicity between the
two spore species did not induce any significant differences in partitioning patterns after
centrifugation. Similarly, Torres-Anjel and Hedrick (1971) reported that species type did not affect
the spore removal following 2-phase bactofugation when comparing B. subtilis, B. cereus, and G.
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stearothermophilus. This information is useful because different species of sporeformers are
associated with different dairy products. While Bacillus spp. are more common to refrigerated
milk, Geobacillus spp. are commonly found in dairy powders. The potential for centrifugation to
effectively remove spores regardless of species could therefore be of great use across a range of
dairy products.
Somatic cell separation and partitioning
A comparison of somatic cell counts (SCC) in whole milk, and the skim and cream
fractions is shown in Figure 4.4. SCC in the pellet fraction could not be measured consistently and
accurately, due to limited sample volume, and therefore is not reported. Similar to the TPC and
spore count separation patterns, SCC counts were significantly lowered in skim at 4 °C. Moreover,
a concentration of somatic cells occurred in cream at 2,000  g and 4 °C, in both the uninoculated
and inoculated studies, and also in the uninoculated study at 10,000  g and 4 °C. Very likely,
some SCC concentration occurred in the pellet fraction (data not available). No preferential
partitioning of SCC between the skim and cream was observed at 50 °C. Somatic cell density is
reported to be in the range 1.063-1.079 g/cm3 (Zucker and Cassen, 1969; Zipursky et al., 1976),
which is comparable to the density of bacterial cells. Based on density alone, somatic cells would
be expected to be either removed in the pellet, or in the skim fraction. Their preference for the
cream fraction under cold conditions may also be explained by the interaction between somatic
cells and Ig that lead to the formation of aggregates of somatic cells, bacteria, spores, and fat, and
their subsequent removal in the cream phase (Geer and Barbano, 2014).
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Effect of centrifugation on the composition of various fractions
Protein loss in milk. Table 4.1 shows the protein composition of initial whole milk and
skim milk after centrifugation at the different parameter sets. Because the similar density of casein
micelles and bacteria, protein (casein) loss can be explained by its accumulation in the pellet. For
the Geobacillus sp. and B. licheniformis inoculated studies, protein was also significantly reduced
in the skim at 4 °C and 10,000  g. A slight loss was observed in the control study, but the
difference between the initial whole milk and the skim milk was not statistically significant.
Protein loss at 4 °C and 2,000  g was the least compared to all other centrifugation parameters,
in all three studies. As expected, the greatest losses occurred at 50 °C and 10,000  g for both the
inoculated and the control studies (13 to 16% of the initial total protein). This might be explained
by the denaturation, followed by aggregation and removal in the pellet of some of the most heat
sensitive proteins in milk.

Table 4.1. Protein composition of whole milk and skim fraction following various centrifugation
treatments. Values represent mean ± SD, n=3-8.
Skim milk

Initial
whole
milk

2000  g

10000  g

Control

3.29 ± 0.06a

3.27 ± 0.08ab

3.16 ± 0.07ab

3.17 ± 0.08b

2.81 ± 0.07c

Milk inoculated with
B. licheniformis

3.32 ± 0.05a

3.26 ± 0.12ab

3.14 ± 0.12b

3.21 ± 0.01ab

2.88 ± 0.08c

Milk inoculated with
Geobacillus sp.

3.26 ± 0.01a

3.17 ± 0.02b

3.08 ± 0.01c

3.10 ± 0.01c

2.73 ± 0.02d

Treatment

a-d

4°C

50°C
2000  g
10000  g

Means within a row with different superscripts differ (P < 0.05)
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Fat composition in cream. Significant compositional differences were observed between
the cream fractions following centrifugation under different conditions (Table 4.2). Milk that was
centrifuged at 4 °C resulted in a cream fraction with 51.45 to 56.28 % fat. The cream fraction
following centrifugation at 50 °C was significantly higher in fat content, ranging from 73.31 to
80.82 % fat. The more efficient separation of cream from skim at the higher temperatures has been
reported before (Ma and Barbano, 2000; D’Incecco et al., 2018). This is consistent with Stoke’s
law, and can be explained by the decreased viscosity and increased difference in density between
cream and skim at the higher temperature.

Table 4.2. Fat composition of whole milk and cream fraction following various centrifugation
treatments. Values represent mean ± SD, n=3-8.
Cream

Initial
whole
milk

2000  g

10000  g

2000  g

10000  g

Control

3.86 ± 0.04a

54.97 ± 7.68b

52.77 ± 0.57b

73.31 ± 2.40c

75.57 ± 10.68c

Milk inoculated with
B. licheniformis

3.89 ± 0.07a

51.45 ± 0.90b

54.58 ± 2.85b

75.42 ± 0.13c

78.60 ± 1.43c

Milk inoculated with
Geobacillus sp.

4.02 ± 0.09a

55.09 ± 5.45b

56.28 ± 5.77b

74.55 ± 0.91c

80.82 ± 12.66c

Treatment

a-c

4°C

50°C

Means within a row with different superscripts differ (P < 0.05)

4.5

CONCLUSIONS
Both high and low speed centrifugation was effective at removing vegetative bacteria,

spores, and somatic cells from milk, particularly at 4 °C. High speed centrifugation at 50 °C was
also efficient, but to a lesser extent. Vegetative bacteria and spores concentrated predominantly in
the pellet fraction. Some concentration of bacteria and somatic cells in the cream fraction occurred
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at 4 °C but not at 50 °C. Differing spore surface properties did not seem to affect their removal
and partitioning. Using laboratory centrifugation, temperature had the greatest impact on
vegetative bacteria, spore and somatic cells partitioning in milk. While higher temperatures are
preferred in industry because of the ease of processing and productivity, the potential for protein
losses is higher at the higher temperatures, which must be a consideration in industrial processing.
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CHAPTER FIVE
SUGGESTIONS FOR FUTURE RESEARCH

As described in both Chapter One and Chapter Two of this dissertation, MF with a 1.2 µm
pore size can more successfully remove vegetative bacteria and spores from skim milk. However,
the use of smaller pore sizes comes at the risk of certain processing limitations, such as increased
protein retention and decreased product flux. These risks can be mitigated or at least lessened
through optimization studies to determine the processing parameters which achieve the highest
permeate flux. The reduced membrane fouling may lead to decreased protein retention.
The MF studies reported in Chapter One focused on two strains of sporeforming bacteria
relevant to raw milk and dairy powders, however as mentioned, there are additional strains that
could be worth investigating. Paenibacillus spp. has been isolated in high concentrations in
refrigerated milk at the end of shelf-life due to its psychrotrophic characteristics. Additionally,
Clostridium tyrobutyricum causes the significant defect in cheese known as late blowing. With the
knowledge gained in the MF studies regarding how differing spore sizes and surface properties
impact MF efficacy, it may be necessary to complete challenge studies with these two
microorganisms to determine if MF is equally as effective at removing these spores. If it is the
case, for example, where C. tyrobutyricum exhibits similar surface properties and even smaller
spore size than B. licheniformis, perhaps an even smaller MF pore size would be necessary for
product improvement, as even a very smaller number of spores in the permeate could still result in
quality defects in the final cheese.
A major finding of the shelf-life study described in Chapter Two was that proteolysis may
be the limiting factor in milk shelf-life even in the absence of microbial growth. This limitation is
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highly dependent on raw milk quality. This quality can continually decrease over raw milk storage,
as psychrotrophic bacteria proliferate and produce proteolytic and lipolytic enzymes. Further shelflife studies of raw milk held for the maximum allowable 72 h prior to processing could further
elucidate the potential for shelf-life improvement by MF, even with the lowest quality raw milk.
A major limitation of many spore removal studies is the low initial concentration of
bacterial spores, which are reduced below detection following processing. This was again the case
in the dairy plant study outline in Chapter Three, which investigated spore removal by
bactofugation. In order to determine the full potential for spore removal by bactofugation,
inoculated challenge studies are critically necessary. Unfortunately, this may prove to be difficult,
as pilot-scale bactofuge units have not been developed. Additionally, most full-scale bactofuges
are likely located in commercial dairy processing facilities, which cannot risk conducting
inoculated studies on their processing lines for risk of cross-contamination. Development of spore
inoculum with high enough concentration for such a large volume of milk additionally may pose
a challenge. However, should these challenges be overcome, such a study would be very beneficial
in encouraging the implementation of bactofuges more widely in the dairy industry.
Finally, in the laboratory centrifugation study in Chapter Four, bacterial concentration in
the cream fraction was observed under cold conditions. Previous gravity separation studies found
this to be due to the presence of native Ig in the raw milk, as similar patterns were not observed in
pasteurized whole milk after gravity separation due to inactivation of the Ig. Similar follow-up
studies could be completed following the centrifugation of pasteurized whole milk to verity if
indeed Ig are the cause of bacterial concentration in the cream.
Each of these studies individually or in total have the potential to greatly impact the dairy
industry and further promote the production of high quality milk with low spore counts.
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APPENDIX
The following data on Anoxybacillus sp. was collected in conjunction with the surface
property measurements completed in Chapter One but was not included in the final manuscript
due to MF limitations as a result of low suspension concentrations. Generation of Anoxybacillus
sp. suspensions were conducted in a similar manner as previously described, with the exception
that Anoxybacillus sp. was sporulated on Spo8 plates [8 g Nutrient broth (Difco, BD), 0.51g
MgSO4•7H2O, 0.97g KCL, 0.2g CaCl2•2H2O, 3mg MnCl2•4H2O, 0.55mg FeSO4•7H2O, 12g agar
(Difco, BD), and 1L distilled, deionized (DI) water, adjusted to a pH of 6.9 with 1M HCl] at
55°C for an average of 19 days. Surface property measurements and SEM imaging were
conducted as previously described.

Table A.1. Measured vegetative cell and spore sizes of Anoxybacillus sp.
Long axis (µm)a
Vegetative cell (n = 3)
3.82 ± 0.73
Spore (n = 21)
aValues

1.50 ± 0.03

Short axis (µm)a
0.64 ± 0.02
0.86 ± 0.02

represent mean ± standard error

Table A.2. Zeta potential, contact angle measurements, and Gibbs free energy values for
Anoxybacillus sp. cell suspensions1

θWater

θGlycerol

θDiiodomethane

ΔGbwb

ΔGbws

Vegetative cell

-9.16 ± 0.19

64.86±13.39

103.46±2.33

72.71±0.89

34.95

40.93

Spore

-9.81 ± 0.76

73.93±3.19

58.81±0.90

57.71±5.02

-35.44

-6.68

Surface

1
2

Gibbs Free
Energy (mJ/m2)

Contact Angle (°)

Zeta
potential
(mV)

Values represent mean ± standard error; n = 3 for all measurements
NA = not applicable
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Figure A.1. SEM images of vegetative cells and spores of Anoxybacillus sp. (E-F). Black scale
bars represent 2 µm.
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