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Abstract

Salmonella is a major pathogenic bacteria found in both animals and humans. It leads to one of the
most common foodborne diseases and is often transmitted to humans through the consumption of
animal products. Antibiotics have long been used in the agriculture industry to prevent and treat
Salmonella infections, but their use has come under major scrutiny with the recent emergence of
antibiotic-resistant bacteria. This has increased the awareness of the benefits of probiotics,
especially with regards to their antimicrobial activity. Furthermore, their acceptance as an
alternative treatment option to antibiotics is largely due to their natural occurrence in the
microbiota of hosts. In this context, and according to current definitions, probiotics must be
delivered as “live” cells, which is a significant concern in pharmaceutical industries due to the
inherent loss of cells as a result of the harsh conditions of the digestive tract. Often times,
formulations will contain larger amounts of cells than effective dose requirements to make up for
cells lost during administration, making the process inefficient and increasing costs for
manufacturing. In this study, we successfully demonstrated the formulation of a delivery system
that protected the viability of the probiotic Lactobacillus acidophilus for application in poultry

feed to inhibit Salmonella.

Micromilling was used to design a delivery system, and micro-mold casting technology
was incorporated to fabricate a solid formulation. Process parameters and procedures — such as
encapsulation formulation, drying time, and spray coating thickness — were optimized using
Sulforhodamine B as a model drug. The protective efficacy and release characteristics of the
system with EUDRAGIT® S 100 polymer was determined by conducting in vitro digestive tests
using Sulforhodamine B dye. The release rate of encapsulated Sulforhodamine B dye in the

optimized system was measured to be 0.251%/ min of exposure to simulated gastric fluid. Only



10 £ 8 % of dye was leaked during incubation in simulated gastric fluid. Successful release of the
encapsulated agent was observed upon addition to neutral simulated intestinal fluid, showing the
pH responsive abilities of the system. The protein concentration contained in a single patch
encapsulating L. acidophilus was determined to be 34.2 £ 13.2 pg. The formulation and S100
polymer showed no negative effects on viability of encapsulated L. acidophilus cells and proved
to protect the cells during in vitro tests. More specifically, the cell viability after exposure to harsh
digestive conditions was 5.2 times higher, and the inhibition zone against Salmonella was 9.5 %
larger with the application of the S100 spray coated polymer. Short term environmental stability
tests showed minimal degradation of cells and the protective abilities of the polymer and
formulation were once again observed during in vitro studies. Additionally, the S100 polymer
likely protected the cells from hydrolytic degradation due to humidity, which could be applied

during commercialization stages to fulfill packaging requirements.

This work is the starting point for future developments in micro-fabricated oral drug
delivery systems. The unique structure of this system can be further investigated for co-delivery
of other agents. Additionally, the formulation could also be optimized to limit the degradation of
L. acidophilus cells during long-term storage to improve the efficacy of probiotics and ensure

successful commercialization of the system.
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1. Introduction

Antibiotics have played a large role in inhibiting the growth or killing bacteria in clinical
settings since their introduction in the 1930s [1]. They continue to be used for the treatment and
prevention of infections in a wide range of living organisms, from humans to plants and animals.
The use of antibiotics has transformed the development of society, having allowed for significant
growth in the medical field and agriculture industry. For example, it is reported that approximately
80% of all antibiotics in the USA are used for livestock [2].

Antibiotic use is multifaceted in agricultural settings where it is utilized to treat/ prevent
diseases, such as Salmonellose, and to improve feed conversion efficiency to promote growth of
livestock [3]. For poultry, antibiotics are normally administered orally by addition to drinking
water and feed, and the average amount of antimicrobial agent consumed per annum of animal
produced is 148 mg/kg [4]. However, since broiler chickens are often confined in cages together
and since food consumption will vary between them, it has been a challenge to control the dosage
of antibiotics administered to each animal [5]. As a result, healthy animals tend to consume more
food, and thus antibiotics, than sick animals, raising concerns about the efficacy of this approach
to treatment.

The evolution of multidrug-resistant (MDR) bacteria has emerged as another major issue
resulting from antibiotic use [1]. MDR bacteria such as Salmonella typhimurium are resistant to
antibiotics that are traditionally used to treat them, requiring more specific or restricted care and
possibly multiple drug cocktails for treatment instead [3]. More importantly, this can lead to the
generation of a multiple-drug-resistant strain, such as the totally drug resistant Tuberculosis bacilli
[6]. This is a significant concern as approximately 23,000 annual deaths in the USA are attributed

to antibiotic-resistant infections [2].



Antibiotic-resistant bacteria are a result of the consumption and misuse of antibiotics in
clinical and agricultural settings. Antibiotics used to produce animal products for human
consumption have shown to also contribute to the rise in antibiotic-resistant bacteria [5]. Similar
to humans, animals can develop antibiotic-resistant bacteria due to the overconsumption of
antibiotics, resulting in cross-species transmission to humans. This transmission can take place
through direct or indirect contact between the species, especially through food or shared
environments [7]. Moreover, the presence of antibiotic residues on animal products can have
adverse toxicity effects on human health [5]. The increasing awareness of adverse consequences
associated with antibiotic-resistant bacteria has driven the development of alternative technologies
(e.g., the use of probiotics instead of antimicrobial agents) to minimize or even eliminate the use

of antibiotics.

2. Literature Review
2.1 Salmonella

The US Centers for Disease Control and Prevention (CDC) estimates that there are 48
million cases and 3,000 deaths as a result of foodborne illnesses each year in the United States.
Amongst 250 foodborne diseases, Salmonella is listed as one of the top five most common bacteria
to cause illness [8]. Salmonella is a Gram-negative bacterium found in both humans and animals.
Salmonella enterica subsp. enterica is responsible for 99% of infections in warm-blooded animals,
with the serotype S. typhimurium causing most gastrointestinal infections in humans [9]. A range
of illnesses are attributed to Salmonella infection, such as enteric fever, bacteremia, enterocolitis,

and focal infections [10].



2.1.1 Pathogenesis

In spite of the risk of person-to-person transmission of Sa/monella, the main method of
pathogenesis for humans is through the consumption of contaminated food, especially through
beef, poultry, and eggs [10], [11]. According to a report by Darwin and Miller (1999),
approximately 10°-10'" bacteria are needed to initiate an infection, depending on the strain [10].
The bacterium is able to pass into the intestine where it adheres to the intestinal epithelium and
enters the cells that line it. The invasion of Sa/monella in the intestine triggers an influx of
neutrophils, causing inflammation in the tissue. People with Salmonella infection develop
symptoms such as diarrhea, nausea, vomiting, cramping, and fever. In addition, various serotypes
may spread to other organs in the body, such as the liver, spleen, gall bladder, etc. [12].

Like many other pathogens, Salmonella depends on the Type-Three Secretion System
(T3SS; Figure 1) to invade, colonize and destruct cells [13]. The T3SS has been researched
extensively due to the large role it plays in understanding bacterial pathogenesis and bacteria-host
interactions. Approximately 20 proteins make up the entire T3SS structure, which can be
categorized into structural, translocator, and effector proteins. Structural proteins form a needle
like structure with two rings, one that crosses the inner membrane and another that crosses the
outer membrane of the cell. Once the needle structure attaches to the host, translocator proteins are
secreted to create pores in the host cell membrane, from which effector proteins are transported
into the host cell cytoplasm [14], [15]. It is hypothesized that a signal mechanism is used to ensure
that the T3SS is only deployed when the bacterium comes into contact with the target host cell,
and not prematurely [16]. The effector proteins help Sa/monella invade nonphagocytic cells in the
epithelium to form a Sal/monella-containing vacuole, which allows for the survival and

colonization of Salmonella in the host. The disruption of the epithelial barrier by Salmonella is



thought to induce chloride secretion in the epithelium, resulting in diffusion of water and one of
the most common symptoms of Salmonella infection, diarrhea [17]. Effector proteins also have
the ability to inhibit the host immune responses through interaction with the host cell proteins, or
by creating an environment to protect from cellular killing, enabling the further spread and

persistence of Salmonella in the host [14].
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Figure 1. The structure of the Type 3 Secretion System (T3SS) of Salmonella associated with
virulence. Image adapted from [13].

2.1.2 Mitigation Methods

Foodborne Sal/monella is a major source for human infection and carries a heavy financial
burden on the agriculture industry [18]. Thus, many control measures have been used to limit the
transmission of Salmonella, especially in poultry. Poultry husbandry practices have been shown
to impact Salmonella colonization, with overcrowding of cages being a major factor [19].
Salmonella-monitoring regulations, such as the National Antimicrobial Monitoring System
program, have been implemented to identify and control outbreaks in animals during primary

production; but these often only minimize the impact of the disease instead of preventing the initial



outbreak. Vaccines have also been used in conjunction with monitoring regulations; however, no
currently available vaccine protects against all Salmonella serogroups. Thus, the efficacy of
vaccines is debatable for the moment, as there is concern over the potential further aggravation of
the prevalence of emerging serotypes [19]. On the other hand, antibiotics, such as
fluoroquinolones, have often been used to prevent Salmonella and promote growth in poultry
production. However, since the overuse of antibiotics in poultry has been shown to play a role in
the transmission of MDR Salmonella to humans, there are major concerns over its usage in
agriculture [20]. Bacteriophages and phage therapy were discovered a decade before the first
antibiotic, penicillin. Unlike antibiotics, they have the ability to target and infect specific bacterial
species or strain [21]. Although phage therapy has been around for over a century, the discovery
of antibiotics shifted the focus away from phages and towards antibiotics. Now that Western
medicine is beginning to realize the adverse side effects of antibiotics, more specifically the
evolution of MDR bacteria due to antibiotics, phage therapy and biocontrol in poultry has been the

subject of many recent studies [22], [23], [24].

2.2 Probiotics

The word “probiotic” was coined in 1974 and is defined by the World Health Organization
as “live microorganisms which when administered in adequate amounts confer a health benefit to
the host” [25] [26]. The history of probiotics goes back well before the name was developed, with
Sumarian paintings showing indications of lactic acid fermentation of milk, which is a source of
probiotics, as early as 2500 B.C. [25]. “Probiotics” has recently become a buzz word in main
stream media for health and well-being, but Elie Metchnikoff was one of the first to promote

probiotics for therapeutic use in his book “Essais Optimistes” published in 1907. Many of the



medical concepts defended in this work still hold true today, such as the connection between
chronic disabilities and intestinal health, and enhancement of health through manipulation of the
intestinal microbiome [27]. Metchnikoff focused on the strain “Bulgarian bacillus”, which is now
known as Lactobacillus bulgaricus, as he found that Bulgarian peasants consuming large amounts
of soured milk lived longer lives [25]. Metchnikoff was awarded the Nobel Prize for his work in
immunology, but his concepts related to probiotics only began to gain traction in the mid-1990s,
and are now the source of the multi-billion dollar global industry we see today in food and

pharmaceutics [27].

2.2.1 Classification

Lactic acid bacteria (LAB) are members of the Lactobacillales order of the Firmicutes, with
6 families, more than 30 genera and over 300 species [28]. It is generally accepted that they belong
to the Gram-positive phylum with a low G+C content (<50%), are non-spore forming and either
coccobacilli or rods [29]. The genus Bifidobacterium also falls within the LAB designation but
belongs to the phylum Actinobacteria. This shows how LAB classification may not always follow
traditional classification methods. The most common genera found in probiotics are Enterococcus,
Bifidobacterium, and Lactobacillus, which will be the main focus of this work [30].

Lactobacillus species are commonly found in a number of fermented foods, such as wine,
breads, fruits and vegetables, dairy, etc., and are known constituents of the gastrointestinal and
vaginal tracts of humans/animals. Since there is such a large number of Lactobacillus species with
a wide range of biochemical and physiological properties, multiple species were initially identified
incorrectly and have had to be reclassified over the years. As a result, phenotypic and genotypic

data can be integrated, otherwise known as polyphasic taxonomy, to develop a classification



framework for the taxonomy of Lactobacillus. Genomic sequencing comparisons with 16 sSRNA,
rep-PCR, or pulsed-field gel electrophoresis can be used with phenotypic characterization, such as
sugar fermentation patterns, to identify species and strains [31].

According to their fermentation pathways, Lactobacillus can be classified into three main
groups: obligatory homo-fermentative, facultative hetero-fermentative, or obligatory hetero-
fermentative. Obligatory homo-fermentative LAB produce lactic acid as a major end product, but
may produce formic acid when under stress conditions. They use the Emben-Meyerhof-Parnas
(EMP) pathway. The most common homo-fermentative LAB are Lactobacillus acidophilus,
Lactobacillus bulgaricus, and Lactobacillus helveticus. Similarly, facultative hetero-fermentative
LAB can ferment hexose to lactic acid by the EMP pathway. They can also 1) produce co-products,
like ethanol and/or acetic acid, in addition to lactic acid under glucose limitations, and ii) ferment
pentose, as they have the enzymes aldolase and phosphoketolase. Examples of facultative hetero-
fermentative LAB include Lactobacillus plantarum, Lactobacillus casei, and Lactobacillus sake.
Lastly, obligatory hetero-fermentative bacteria also produce co-products, like COz, ethanol, and/or
acetic acid, in addition to lactic acid. However, hexose is fermented using the phosphogluconate
pathway instead, and pentose may enter this pathway and also be fermented. Examples of
obligatory hetero-fermentative LAB include Lactobacillus brevis, Lactobacillus fermentum, and

Lactobacillus reuteri [32].

2.2.2 Mechanism
Lactobacilli thrive in environments rich in carbohydrate-containing substrates, such as the
oral cavity and intestine of humans/ animals. Their beneficial health effects on organisms are often

seen in the gastrointestinal (GI) tract, especially in inhibiting pathogenic bacteria such as



Salmonella. There are three main mechanisms (Figure 2) in which probiotics may be beneficial in
the GI tract: 1) antagonism due to the production of their antimicrobial substances, ii) competition

with pathogens to adhere to epithelium, and iii) immunomodulation of the host [33].
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Figure 2. Antibacterial mechanisms of probiotics. Image adapted from [77].

According to Monteagudo et al. (2018), competition with pathogens to adhere to the
intestinal tract does not directly correlate to the inhibition of pathogens, but instead acts as a
protective barrier to the host to mitigate the colonization of pathogens by competing over binding
sites. The adhesion to the intestinal epithelial is attributed to the presence of mucous binding
proteins and pili on the Lactobacillus cell. The mucosa layer of the epithelium consists mainly of
mucin, which is the anchor for mucin binding proteins on the Lactobacillus cell wall to adhere to
the epithelium. Other surface proteins, such as fibronectin-binding proteins, or surface layer
proteins, such as choline-binding protein A, have also been shown to assist in the binding abilities

of Lactobacillus [34].



Pattern recognition receptors (PRRs) are proteins present on the epithelial cell membrane
that have the ability to recognize molecules associated with the endogenous microbiota of the host
and pathogens, called microbe-associated molecular patterns (MAMPs) and pathogen-associated
molecular patterns (PAMPs), respectively [35]. There are many mechanisms in which MAMPs
contribute to immunomodulation, for example the suppression of pro-inflammatory cytokines,
such as tumour necrosis factor alpha (TNY-a) and interleukin (IL-7). Probiotics, through this
defense mechanism, are thought to be effective at alleviating symptoms of immune-associated
diseases, like inflammatory bowel diseases [34].

One of the best-known antibacterial mechanisms of Lactobacillus is their ability to produce
inhibitory substances, such as bacteriocins, hydrogen peroxide, and organic acids. Bacteriocins are
proteins produced by bacteria that are potent to other bacterial strains. There are four groups of
bacteriocins produced by LAB that are differentiated according to their molecular weights and
genetic characteristics. Class I contains post-translationally modified bacteriocins that are less than
5 kDa and are called lantibiotics. Class II bacteriocins are heat stable, unmodified and their size is
less than 10 kDa. These can be further divided into two groups according to their need for a
secondary peptide to activate their antimicrobial activity. Class III bacteriocins are heat labile
unmodified proteins larger than 30 kDa [29]. Bacteriocins are released as a consequence of a lysed
cell or actively secreted from a cell. They contain a transporter gene in order to cross through the
cell membrane and reach a pathogenic cell. Immunity genes ensure that its own cell is protected
against the antagonist activity of the bacteriocins. Once the bacteriocin has reached the target
membrane, electrostatic interactions between the amino acid groups of the bacteriocin and
phospholipids of the membrane drive the binding mechanism [36]. After binding with the target

membrane, the bacteriocin produces a pore according to a barrel-stave, thoroidal, or carpet model



[37]. The formation of a pore in the target membrane results in the leakage of essential compounds
for cell function, including cations. Furthermore, this leakage of cations disrupts the proton motive

force, inducing cell death [36].
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Figure 3. Bacteriocin pore forming mechanisms (a) barrel-stave, (b) thoroidal, and (¢) carpet
models. Image from [37].

Similarly to bacteriocins, organic acids also have the ability to dissipate the proton motive
force. As discussed previously, lactic acid is usually the main metabolic product from carbohydrate
fermentation regardless of the fermentation pathway used, and acetic acid may also be produced.
In their non-dissociated form, lactic and acetic acids have the ability to penetrate into Gram-
negative bacteria through porin proteins found on the outer membrane. The nearly neutral pH of
the cytoplasm of the target bacteria results in the dissociation of the acid to produce hydrogen ions,
which accumulate in the cell and reduce the intracellular pH. The presence of hydrogen ions
interferes with metabolic functions and impacts the proton motive force. The antimicrobial activity

of each of the acids depends on the pH and their dissociation constant. At an external pH below
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the dissociation constant, the acid that has the higher dissociation constant will have more non-
dissociated acid, thus a stronger antimicrobial effect upon permeating the cell [32] [38].
Hydrogen peroxide has been known as natural disinfectant or preservative, and is still used
today, especially as a disinfectant for clothing and surfaces [39]. Lactobacilli produce excess
amounts of hydrogen peroxide as they convert oxygen using nicotinamide adenine dinucleotide
(NAD) [40]. The antimicrobial activity of hydrogen peroxide relies on its ability to reduce to
hydroxyl radicals, which are able to attack the membrane lipids, DNA, and other cellular
components of the target bacteria [39]. Lactobacillus has the ability to remove hydrogen peroxide
by reacting with NADH peroxidase, producing only water. Thus, no hydroxyl radicals are
produced, limiting its effect on Lactobacillus [40]. Interestingly, hydrogen peroxide has been

shown to have a higher inhibition against Gram-negative bacteria, like Salmonella [39].

2.2.3 Poultry

The GI tract of poultry is much shorter than other mammals with similar body lengths.
Despite this, it is host to a wide diversity of bacteria, with anywhere between 10° — 10'? bacteria
cells per gram of luminal content depending on the location in the tract [41]. The main components
of the GI tract are the esophagus, crop, proventriculus and gizzard, small intestine, caeca, and
cloaca. The crop is a sac-like organ that is connected to the esophagus. Depending on the feeding
pattern of the animal, the crop can be used as a storage pouch for feed, or the food may bypass the
crop and continue through the esophagus to the proventriculus. There is no degradation of the feed
in the crop, thus the pH of the feed remains constant while stored there. Svihus (2014) described
how the proventriculus and gizzard act as the stomach. The proventriculus is the first section,

where enzymes are secreted to begin the digestion process, decreasing the pH to 1.9 - 4.5, with an
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average of approximately 3.5. Then, the food moves to the gizzard, where the strong muscles and
the sandpaper-like surface grind the feed and mix it with the digestive juices excreted from the
proventriculus. Since poultry do not have teeth, this section is required to break down the food and
acts as a mechanical stomach. There are three parts to the small intestine, the duodenum, jejunum,
and the ileum [42]. All three sections play a different role in absorbing nutrients and minerals, and
pH in each section progressively increases towards neutrality, or a pH of 7.2 [43]. Two sacs, called
ceca, are found at the end of the ileum, where the contents of the digestive tract are held until
emptied through the cloaca [42]. Importantly, the microbial population is highest in the ileum and
ceca, especially for Lactobacillus which can inhibit the colonization of pathogenic bacteria through

the mechanisms discussed above [41].

2.2.4 Technical Challenges and Applications of Current Probiotic Formulations

As discussed in previous sections, probiotics may have many therapeutic applications in
both humans and animals. Extensive research has been conducted on the ability of probiotics to
prevent or treat illnesses such as diarrhea, respiratory infections, atopic dermatitis, and even
cardiometabolic syndrome [44]. Probiotics may be effective in alleviating depression, showing
how there may be a link between the gut microbiome and mental health, which would be a
significant advancement in mental health research [45]. In the specific case of probiotic use in
poultry studies have shown that they have many beneficial factors in addition to the antimicrobial
activity inhibiting pathogens. Mohan et al. found that the addition of probiotics in feed improved
the growth rate of broiler chickens [46], and Panda et al. showed that there was an increase in egg
production from hens consuming feed that included probiotics [47]. Additionally, reports indicate

that egg quality is also improved in laying hens upon consumption of probiotics, while egg
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contamination is decreased [48]. Lastly, the shift away from antibiotics as growth promoters
presents probiotics as an excellent alternative in agriculture. The evidence of the clinical efficacy
of probiotics is continuously growing as more attention is dedicated to this field. This being said,
concerns have also arisen regarding the quality and efficacy of current systems in both human and
poultry applications [49].

Both conventional and non-conventional pharmaceutical systems have been developed for
the delivery of probiotics; these include food-based products containing probiotics, which have
been around for centuries, like yogurts, cheeses, and meats. Govender et al. described how the
efficacy of probiotics using these food-based items is uncertain, as the viability of bacteria varies
according to many factors, such as production and consumption of products [49]. The harsh
conditions of the digestive system also impede the use of food-based probiotics, as they provide
little to no protection once consumed. Significant time and money has been invested into
pharmaceutical products to try to address the concerns faced by food-based probiotics and to make
products more effective at delivering viable bacteria. Since probiotics aimed at enhancing the
microflora are most effective when delivered to the intestine, commercial products are often made
for oral delivery with probiotics encapsulated into tablets, capsules, or beads [49]. The cells are
encapsulated into the core with a coating membrane surrounding the core, thus forming a barrier
stabilizing and protecting the bacteria against the harsh conditions of the digestive system. There
are three main types of encapsulation: reservoir, matrix, and coated matrix (Figure 4). For
reservoir encapsulation, the substance is encapsulated into the core with a layer around it for
coating. In a matrix, the encapsulated substance is dispersed within the coating material, and there
is no designated location for an encapsulated core. Lastly, a coated matrix is a combination of the

reservoir and matrix concepts, with a matrix-like encapsulation entirely covered by an additional
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coating layer. The cells can be released according to a range of stimuli, such as pH change, heat,

enzymatic activities, osmotic pressure etc. [50].
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Figure 4. Three different ways for encapsulation of probiotics. Image from [50].

The material used to encapsulate the probiotics must be able to protect the cells during the
production, storage and delivery stages. Polysaccharides, such as sodium alginate and chitosan,
oligosaccharides — like sucrose and trehalose —and proteins, have all been used with differing
encapsulation techniques [50]. Oligosaccharides are often used to preserve the cells as they prevent
phase transitions of the cell membrane, which would otherwise affect the integrity of the
membrane, resulting in leaks and damages to the cell [51]. This is further supported by multiple
experimental reports showing the increase in cell viability with the addition of an oligosaccharide
[52]. Furthermore, oligosaccharides are food-grade materials, making them safe for consumption.
Methods to encapsulate probiotics include spray drying, lyophilization, extrusion, emulsion, and
spray cooling [50]. These methodologies generally depend on the interactions between solutions
or the use of external equipment to produce a bead/ droplet encapsulating the probiotics [53].

Health Canada follows the WHO definition of probiotics to be “live microorganisms that,
when administered in adequate amounts, confer a health benefit to the host”. Furthermore, they
have defined “adequate amounts” to be 10° colony forming units (CFU) per serving to be

considered a probiotic product [54]. However, as we know, many cells are degraded due to the
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manufacturing, processing, and storage steps, with both live and dead bacteria inevitably being
delivered to the customer. Thus, in order to ensure that the advertised amount of viable bacteria is
delivered at the time of consumption, capsules often contain higher doses. Not only are there
concerns regarding the inefficiency of this methodology, there are also safety concerns with the
consumption of large amounts of bacteria. The potency of the probiotics is especially concerning
for individuals that are young or have immune disorders, as this may result in the imbalance of
anti- and proinflammatory cytokines [55]. Some studies show that dead probiotic bacteria may still
possess similar antimicrobial properties to live bacteria, but these concepts continue to be
investigated. It has also been hypothesized that the wide range of responses to probiotics may be
a result of the unknown variation in live and dead cells administered to the host [56]. Either way,
pharmaceutical processes must be accurate and efficient when producing drugs, which is a

significant concern with current processes.

2.3 Micromilling and micro-molding technologies

Microfabrication is a new and upcoming technology that utilizes engineering concepts to
resolve limitations in various fields, including the pharmaceutical industry. Fox et al. have
described how micro-particulate systems could address the many concerns associated with oral
drug delivery, such as drug degradation, low drug solubility, and low drug permeability [57].
Microfabrication can be used to enhance current oral drug delivery methods by altering features at
the microscale to improve the interaction between the drug system and the body. Of these features,
geometry is likely one of the most important, as it allows for the utilization of the precise control
in the design of the system for its application, such as a planar structure instead of the typical
spherical particles. In comparison to a spherical particle, planar shaped particles increase the

contact area for interaction with the epithelial lining, increasing drug permeation (Figure 5) [57].
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Furthermore, planar particles decrease the force exerted on it by the intestinal fluid, further
enhancing their adhesion to the epithelial lining. Lastly, the dissolution kinetics of the micro-
fabricated system could be used for the co-delivery of multiple drugs to enhance viability and

efficacy [57].
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Figure 5. Comparison of spherical and planar microparticle for adhesion to epithelium lining.
Image from [57].

Micromilling is a specific microfabrication process where a cutting tool is used to shape a
metal into a desired design. Advancements in computer numerical control (CNC) have allowed for
the automation of milling processes, and also improvements in the precision of the cutting tool
[58]. Nowadays, micro-scale milling tools (as small as 10 um in diameter [59]) can be used to
produce micro-scale products for various medical applications, such as implantable medical
devices and targeted drug delivery [60]. In the micromilling process, a three-dimensional design
is created using a computer; it is then converted into a code that can be used by the micromilling
machine. The coding determines the patterns taken by the milling bit to etch microstructures onto

a metal plate or plastics [61].
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Figure 6. Fabrication steps for polymer molding. Image from
[62].

A master mold is produced onto the micromilled metal plate, which can then be used in
micro-molding technologies to replicate the mold with polymers such as polydimethylsiloxane
(PDMS). An important aspect of PDMS is that it is a viscous liquid before curing, making it easy
to work with and giving it the ability to replicate features at the nanometer scale for the creation
of subsequent molds. A negative mold (polymer) is created from the original master mold (metal
plate) by adding a thermoset polymer, such as PDMS, and allowing it to cure. As seen in Figure
6, the negative mold has the opposite design from the master, therefore it must be replicated with
the polymer once again to produce a positive mold using, for example, polylactic acid (PLA) [62].

The PLA mold can then be used to fabricate PDMS molds used for casting microfabricated drugs.
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Notably, micromilling enables the mass production and easy scale-up of micro fabricated

technologies, as it is easy to replicate batches quickly and efficiently using the master mold [61].

3. Project design and hypotheses

The increasing awareness of the consequences associated with antibiotic-resistant bacteria
has resulted in intentions to eliminate the use of antibiotics in agriculture in many countries
including Canada. Specifically, significant efforts have been focused on developing alternate
approaches to using antibiotics in removing antimicrobial agents in poultry. The use of probiotics
in reducing the abundance of Salmonella in poultry presents an innovative opportunity for the
development of a solid oral formulation that would significantly benefit the industry. A long-term
stable, cold storage-free, efficient probiotic formulation would allow for significant cost reductions
and a change in strategy for the entire agriculture industry.

Micromilling allows for the fabrication of conical frustum topographical features on
aluminum master structures, followed by replication of the topographic structures on PLA/PDMS
molds. The resulting PLA/PDMS mold provides a scaffold for producing probiotics easily through
molding/demolding processes. Finally, the addition of a pH-sensitive polymer stabilizes the
encapsulated therapeutic agents against the acidic pH of the stomach and releases them in the
neutral/basic pH of the intestine.

The main hypothesis of this study is that the development of a highly effective, dose-
sparing, and long-term stable probiotic formulation produced through a micromilling/molding
process can significantly contribute to the prevention and control of pathogenic bacteria, such as

Salmonella, in poultry farming.
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3.1 Objectives

The first objective of this work was to fabricate conical architectures using a combination
of micromilling and micro-molding technologies to encapsulate the probiotic bacterium
Lactobacillus acidophilus. The second objective was to demonstrate the stability and efficacy of
the resulting probiotic vector against harsh digestive conditions of poultry. Finally, short-term

environmental stability tests were conducted to evaluate the stability of the formulation over time.

4. Materials and Methods
4.1 Aluminum master mold and PLA/PDMS casting mold fabrication

A micromilling machine (Microlution 363-S; Microlution Inc., Chicago, IL USA)
equipped with a tungsten-carbide tip (Performance Micro Tool, Janesville, WI, USA) was used to
fabricate an aluminum master mold. The end-mill tool had the following dimensions: 1.3 mm
diameter, 40-44° helix angle, 2 flutes, 200-300 um flute length, ¢3.175 mm shank, 12.7 mm cutting
length, and 38.1 mm total length. The structures were designed using Autodesk Fusion 360, and
then optimized and validated. The G-code generated from the CAM software was used to control
the tool path of the micromilling machine, as shown in Figure 7. A feed rate of 10 mm/min and a
spindle speed of 20,000 rpm were used for the milling process. A heavy-duty coolant, EDM-30
(Rustlick Inc., DeWitt, IA, USA), was employed to reduce the amount of heat produced as a result
of friction on the sample. Once the Al master mold was fabricated, a negative mold was produced
using Dow SYLGARD 184 Silicone Encapsulant (PDMS) from Ellsworth Adhesives
(Germantown, WI, USA). The vendor instructions were followed to produce the formulation, and
all air bubbles were removed using a vacuum oven (SHEL LAB; Sheldon Manufacturing Inc.,
Cornelius, OR, USA). The degassed formulation was poured onto the surface of the aluminum

mold, placed in a vacuum oven to remove any remaining air bubbles within the formulation, and
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let to cure at 37 °C. This first generation PDMS mold was used to make a PLA mold by adding
polylactic acid (PLA) pellets to the mold. The pellets were placed on the surface and melted in an
oven at 200 °C. Air bubbles within the PLA were removed using the vacuum oven, cooled to room
temperature (RT) to set, and then demolded. A second generation PDMS mold was produced from
the PLA mold in a similar procedure as the first generation. This second generation PDMS mold

was used for subsequent experiments.
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Aluminum (Al) block Al master mold structure

Figure 7. Fabrication with a micromilling machine. (a) Computer aided design, (b) simulation, (c)
CNC machine, and (d) live image of fabrication.

4.2 Bacterial cell culture

Lactobacillus acidophilus (ATCC 4356) and Salmonella typhimurium (ATCC 14028) were
obtained from Cedarlane (Burlington, Ontario, Canada) and propagated according to product sheet
information. Media for L. acidophilus was prepared using MRS broth from Sigma-Aldrich (Cat#

69966; St. Louis, Missouri, USA) and following the vendor instructions. Nutrient broth (NB) from
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Sigma-Aldrich (Cat# N7519) was prepared according to the vendor instructions and used to grow
S. typhimurium. Agar plates were prepared in the same manner as the liquid broths with the
addition of 1.5% agar powder flakes (Thermo Fisher Scientific, Cat # BP1423; Waltham,
Massachusetts, USA). The optical density (OD) was measured at a wavelength of 595 nm using a
plate reader (Bio Rad iMark Microplate Reader; Bio-Rad Laboratories, Inc., Hercules, California,
USA). The data was read using a computer running the Microplate Manager Software (version
6.1). Since a 96-well plate was used to measure OD, pathlength correction was applied to
normalize the OD for 200 pL.

Cell stocks were prepared of both L. acidophilus and S. typhimurium by inoculating a single
colony from propagation into 3 mL of broth and incubating overnight at 37 °C. 1 mL of the
overnight culture was added to 500 mL of fresh broth in a 1-L flask, and incubated according to
growth conditions. Once the growth reached ODs95 ~0.8, 800 uL of culture were added to 200 pL
of 30% sterile glycerol solution in a cryogenic vial. Vials were stored in a -80 °C freezer until use.

Cultures of L. acidophilus were grown by adding 2.4 mL of cell stock thawed at RT to a
sterile 500-mL flask containing 300 mL of fresh MRS broth. The culture was incubated in a CO»
incubator (3100, Thermo Fisher Scientific) at 37 °C and 5% CO». Cultures were incubated until
stationary phase was reached, as determined by a growth curve. For S. typhimurium, liquid cultures
were grown by inoculating 100 uL of cell stock into 10 mL of fresh NB, and incubated at 37 °C

and 200 rpm.

4.3 Fabrication of probiotics patch
Low viscosity carboxymethylcellulose (CMC) sodium salt (Cat #C5678), sucrose (Cat

#84097), trehalose dihydrate (Cat# 90210), and sulforhodamine B (abbreviated as SB dye
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hereafter; Cat #230162) were obtained from Sigma-Aldrich. Phosphate Buffered Saline (PBS),
10% solution from Fisher Scientific (Cat# BP3994) was used to make 1xPBS by diluting the PBS
with DI water in a ratio of 1:9.

A process flow for the fabrication of the probiotic patch is represented in Figure 8. Upon
fabrication of the PDMS molds by micromilling and mold casting, L. acidophilus cells or SB dye
were encapsulated using established procedures adapted for biological samples. L. acidophilus
cells were collected at the stationary phase and washed by centrifugation (Eppendorf 5804) three
times with PBS and one time with DI water for 10 min at 13,416 x g and 4 °C. The pellets were
suspended in 200 pL of DI water, combined, and labelled as “cells”. The probiotic formulation
used in this work was composed of 1:1:2 ratio of cells: DI: 15 wt% trehalose + 0.5 wt% CMC. For
SB dye, the formulation consisted of a 2 v/v% concentration of SB dye with 15 wt% trehalose +
0.5 wt% CMC. Approximately 250 uL of the formulation was added to the surface of the mold
and spread using a pipette tip. A vacuum oven was then used to run 6 cycles to remove any air
bubbles in the encapsulation solution. Any excess solution was removed from the top surface of
the mold and discarded. A 50-mL falcon tube filled with approximately 45 mL of cured PDMS
provided a flat surface for the molds during centrifugation. They were centrifuged for 5 min at
1,207 x g and 24 °C to ensure the encapsulation solution was captured into the conical structures
of the molds, and any excess solution was removed using filter paper. The molds were then dried
in an incubator at 37 °C for 4 h. A CMC backing formulated of 15 wt% low viscosity CMC + 10
wt% sucrose was added and spread across the mold evenly through a horizontal motion only. The
molds were once again placed in a vacuum oven for 4 cycles (to remove any air bubbles in the
CMC backing) and incubated overnight at 37 °C. Finally, the structures were carefully demolded

from the PDMS mold manually.
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4.4 Spray coating
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Figure 8. Schematic representation of the probiotic patch fabrication process.
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EUDRAGIT® S 100 polymer (abbreviated as S100) was received from Evonik Canada
Industries (Burlington, Ontario, Canada). Methylene chloride (DCM; Cat # D37-4), isopropanol
(Cat #BP26181), and reagent alcohol (Ethanol) (Cat # A962P-4) were obtained from Fisher
Scientific. A co-solvent, consisting of DCM: isopropanol: ethanol in a 2:1:1 v/v ratio, was used to
prepare 5 wt% stock solution by dissolving Eudragit S 100. As seen in Figure 9, the solution vessel
was attached to a nitrogen (N2) gas line in order to pressurize it, and another N> gas line was
connected to the spray nozzle. Various parameters — such as pressure, platform distance, and spray
coating time — were tested to optimize the coating conditions. The final procedure was to keep the
N2 gas cylinder set to 60 psi and the platform distance to 23 cm from the spray nozzle. The
microstructures were analyzed using scanning electron microscope (SEM). Micrographs were
obtained using a Hitachi S-3000 (Mississauga, Ontario, Canada) operating at 15 kV, 80 pA, with
a working distance of 15 cm and running a PC-SEM software. The samples were dried at 40 °C
for 24 h prior to analysis, and cut into 1x1 cm? squares. Carbon tape was used to hold samples
during analysis. These were coated with 10 nm gold using a multi-cathode sputter deposition
(Denton Vacuum Inc., Moorestown, NJ, USA) operating at 1 mTorr. The back (flat) side of the
patches were coated first, allowed to dry in an incubator at 37 °C for 3 h, then the conical structures
were spray coated, followed by drying at 37 °C overnight. A Q-tip was used to ensure sufficient
coating of the edges of the probiotic patch with the polymer solution. The patches were placed to

dry for an additional 3 h in an incubator at 37 °C.
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Figure 9. Spray coating process set up.

4.5 Characterization of cell viability during fabrication process

The effects of the vacuum oven, centrifugation, incubation time, and the CMC backing on
cell viability were evaluated at various fabrication steps by immersing a PDMS mold with
encapsulated probiotic formulation into a well of a 6-well plate. Each well contained 1 mL of DI,
and the PDMS molds were placed face down into the DI and soaked for 1 h at RT on a platform
shaker (VWR, Radnor, Pennsylvania, USA) at a speed of 4. The PDMS mold was removed using
a tweezer and rinsed with DI to ensure all of the encapsulated formulation was removed from
PDMS molds. Similarly, demolded samples (with a CMC backing) were placed with the conical
structures downwards and fully dissolved in a well with 1 mL of DI after 90 s. The remaining
solution in the well was added to a 2-mL Eppendorf tube and centrifuge-washed twice with DI
water for 5 min at 17,005 x g and 4 °C. During the final wash, all excess solution was removed

from the walls of the tube using Kimwipes, and the pellet was suspended in DI to a final volume
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of 1.0 mL. For measurements with the demolded samples, this final 1.0 mL solution (containing
the pellet and DI) were added to a 50-mL Flacon tube containing 4 mL of MRS broth at RT, and
incubated according to growth conditions.

To determine the formulation effect, the encapsulation formulation (from encapsulation
procedures) was poured into a 50-mL Falcon tube (cells: DI: 15 wt% trehalose + 0.5 wt% CMC in
a ratio of 1:1:2). Another 50-mL Falcon tube containing a ratio of cells: DI of 1:3 was used for
comparison. These tubes were placed on an automatic rotator at RT for 24 h and the protein

concentration and cell count of the suspensions were measured periodically.

4.6 Stability in simulated digestive conditions

Pepsin from porcine gastric mucosa (Cat #P7000), pancreatin from porcine pancrease (Cat
#P7545), and potassium chloride (KCl; Cat #P9333) were obtained from Sigma-Aldrich.
Hydrochloric acid (HCI; Cat # A144S) and sodium phosphate dibasic anhydrous (Na;HPO4) (Cat
# S374-1) were obtained from Fisher scientific. pH of the solutions was measured using a pH meter
(Hanna Instruments, Woonsocket, Rhode Island, USA) calibrated according to vendor instructions
prior to use. Simulated gastric and intestinal solutions for in vitro digestive procedures were
modified from Sommerfeld et al. [63]. Two samples were added into 50-mL Falcon tubes with the
corresponding solutions (i.e., gastric or intestinal fluids). The simulated gastric fluid (SGF)
consisted of 0.2M KCl, 0.2M HCI (added dropwise to obtain a pH of 2.0) and 3,000 U of pepsin.
A 50-mL Falcon tube containing 5 mL total of the gastric fluid was incubated in a water bath
(Walter Products Inc.) set at a temperature of 40 °C for 45 min. Then, 0.1 wt% Na;HPO4 solution
was added dropwise to the SGF with 3.7 mg/mL of pancreatin to reach a pH of 7.1 to create the

simulated intestinal fluid (SIF). This SIF was incubated in the water bath for an additional 60 min.

27



Upon completion of the incubation for biological samples (i.e., L. acidophilus), the solution was
centrifuged for 5 min at 13,416 x g and 4 °C to remove the buffer and enzymes. Subsequent to the

addition of MRS at RT, the samples were incubated according to growth conditions.

4.6.1 Dye release tests:

For SB dye release tests, the same in vitro digestive procedures were followed as above.
Samples encapsulated with SB dye were exposed to the simulated gastric conditions followed by
the intestinal conditions. 100 pL of the sample were pipetted into a 96-well plate every 10 min.
Fluorescence was measured using a microplate reader (Cytation5; BioTek, Winooski, Vermont,
USA). The data was read using a computer running Gen5 Software (version 2.09). A fluorescence
spectrum was measured using an excitation of 540 nm and emission range of 560 to 620 nm with

1 nm steps.

4.6.2 Environmental stability test:

Probiotic samples with a protection layer (spray coated) were exposed to harsh
environmental storage conditions to characterize the protective efficacy of the protection layer
made of S100 polymer. The stability of the samples was measured at the conditions listed in Table
1. The samples were incubated at 37 °C and 70% relative humidity (RH) for either 1 day or 1 week
in an environmental chamber (HPP260; Memmert, Schwabach, Germany). For comparison
purposes, probiotic patches were stored in sealed and unsealed containers and their time-dependent
stability change was monitored at day 1 and week 1 post-storage. To prepare sealed storage

samples, 60-mL bottles containing probiotic patches were flushed with N> gas, followed by sealing
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using an electromagnetic induction sealer (CapsulCN). Stability of the probiotic patches were

measured following the same procedure addressed above in a simulated digestive condition.

Table 1. Stability test conditions

Time Condition
Storage Sample Testing
1 day Sealed Spray coated Digestive
Bare DI
Unsealed Spray coated Digestive
Bare DI
1 week Sealed Spray coated Digestive
Bare DI
Unsealed Spray coated Digestive
Bare DI

4.7 Characterization
4.7.1 Colony Forming Units (CFU)

Drop plate CFU was used to measure the number of viable cells. The method was adapted
from Naghili et al., where 2 pL from the sample were spotted onto the agar plate using a pipetter
and allowed to absorb fully [64]. 10-fold dilutions were made using DI water and all measurements
were performed in triplicates. Agar plates were then incubated in a CO> incubator at 37 °C and 5%

CO, for 48 h.

4.7.2 Agar well diffusion test
The antimicrobial activity of the patches was evaluated using the agar well diffusion
method adapted and modified from Shokryazdan et al. [65]. A well was punctured into an MRS

agar plate using the base of a 1-mL pipette tip. 100 pL of the L. acidophilus sample were added to
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the well and allowed to diffuse into the agar by incubating at 37 °C and 5% CO: overnight. A soft
NB agar overlay was made using the vendor instructions for liquid NB with the addition of 0.5%
agar powder flakes. Then, 108 CFU/mL of S. typhimurium were added to 30 mL of the soft NB
agar overlay. The soft NB agar overlay was then spread around the wells and incubated overnight
at 37 °C and 5% COz. The inhibition zone diameter was then measured. All measurements were

performed in triplicates.

4.7.3 Protein concentration

Micro BCA Protein Assay Kit (Cat #23235) from Thermo Fisher Scientific was used.
Vendor protocols were followed to quantify the protein concentrations of samples and all dilutions
were made using DI water. A 0 — 200 pg/mL bovine serum albumin (BSA) standard curve was
prepared and measured each time. 100 pL of working reagent were added to 100 puL of sample in
a 96-well plate and mixed by pipetting up and down. The plate was covered with aluminum foil
and incubated at 45 °C for 45 min. Absorbance at a wavelength of 560 nm was then measured
using a plate reader (Bio Rad iMark Microplate Reader). The data was read using a computer
running the Bio-Rad Microplate Manager Software (version 6.1) with a 4-parameter fit. All
samples were measured in triplicate and at least 3 dilutions were used to quantify the protein

concentration.

4.7.4 Optical microscopy
A stereomicroscope (Cole-Parmer, Montreal, Quebec, Canada) with a haloid lamp

(AmScope, Los Angeles, California, USA) was used for microscopy analysis. Images were
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captured with a computer using a Moticam (Motic, Richmond, British Columbia, Canada) 2.0MP

digital camera operating Motic Image Plus software (version 3.0).

4.8 Statistical analysis

Standard deviations were calculated using the built-in tool in excel. For results of CFU/
protein concentration, the division arithmetic calculations for error propagation were used. PSPP
(developed by GNU) was used to conduct analysis of variance (ANOVA) with Tukey test set at a

95% confidence interval.

5. Results and Discussion

5.1 Mold Fabrication

Figure 10a and 10b show optical microscopy images of the 10x10 array of conical
structures on an aluminum master mold produced from the micromilling machine. Due to the
number of line and arc commands in the G-code, the surface of the conical structures in the
aluminum mold was found to exhibit unwanted machining debris and a rough surface finish during
the first micromilling process (Figure 10a). This debris would cause issues fabricating subsequent
PDMS molds with fine engraved architecture. Thus, a smoothing G-code was created with higher
feed rates, new path parameters, and tight tolerance positions to remove these marks after
fabrication. As seen in Figure 10b, the secondary micromilling process was proven to be effective
in smoothing the surface. Furthermore, SEM analysis was performed on the negative PDMS mold
fabricated from the smoothed aluminum master mold. As seen in Figure 10c, consistent structures

with no irregularities were observed on the surface or within the conical structures. Additionally,

31



the PDMS accurately replicated structures even at the micro scale, as shown by the successful

replication of the fine grooves at the base of the conical structures.
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Figure 10. Aluminum master structure. (a) Before smoothing, (b) after smoothing, and (¢) SEM
image of a negative PDMS mold from the aluminum master structure after smoothing. Inset
image represents a high magnification image where scale bar is 500 um.
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5.2 Effect of Fabrication Process on Cell Viability

The protective abilities of trehalose on L. acidophilus cells are shown in Figure 11a. At
RT, the addition of 15 wt% trehalose + 0.5 wt% CMC to a formulation consisting of DI and L.
acidophilus cells resulted in a higher cell viability than a formulation made of just DI. The time
period tested correlated to significant points in the fabrication process, where Time 0 was defined
as when the basic encapsulation procedures are completed (once all air bubbles and excess
formulation are removed). Similarly, Time 4 indicates the point after a 4 h-incubation,
corresponding to when the CMC backing would normally be added. Finally, Time 24 indicates the
time point after incubation of the molds for 24 h, equivalent to the time when the molds are
demolded, before spray coating. It should be noted that the viability in Figure 11a was measured
using only the formulation suspension, and not by encapsulating the formulation in PDMS molds.
Although there was a decrease in cell viability over time for all samples, higher levels of cell
viability were consistently observed with the addition of trehalose. This improvement in cell
viability is consistent with the stabilizing effect of trehalose observed for biomolecules, as

expected according to literature; hence trehalose was used for the remainder of experiments [51].

To determine the effect of vacuum encapsulation, centrifugation, and incubation time on
the cell viability, cells formulated with trehalose were encapsulated in PDMS molds and tested
after various time periods of incubation at 37 °C. All samples encapsulated originated from the
same batch to ensure no formulation or process differences would interfere with the results.
Samples were separated into 3 groups to test at the significant points in the encapsulation process
(Times 0, 4, and 24 h). As seen in Figure 11b, the incubation time in the encapsulation process had
no significant effect on the cell viability over the course of incubation up to 24 h. These findings

support the conclusion that the L. acidophilus cells were successfully encapsulated into the PDMS
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molds and that the initial encapsulation procedures and incubation time period had no effect on
cell viability. Interestingly, there is a decrease in cell viability over time for the cells suspended in
trehalose (Figure 11a), but the same trend is not evident for cells encapsulated in the PDMS molds
(Figure 11b). This difference is likely attributed to the incubation temperatures used, as the cells
suspended in the trehalose formulation (in Figure 11a) were incubated at RT and those
encapsulated in the PDMS molds (in Figure 11b) were incubated at 37 °C. Thus, 37 °C was used

as the incubation temperature for the remainder of experiments.
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Figure 11. L. acidophilus cell viability. (a) Cell stability in a suspension of DI and trehalose for various
incubation periods at RT, and (b) the effect of corresponding process incubation periods at 37 °C on
cells encapsulated in a PDMS mold. The mean value was calculated from 3 replicates and the error bars
indicate standard deviation. Note: ** p-value > 0.05 by ANOVA.

Figure 12 shows the process flow diagram for the fabrication of L. acidophilus
encapsulated probiotic patch formulation. Samples at two different parts of the fabrication process
were collected to investigate the effect of the addition of the CMC backing on the measurement of

L. acidophilus cell viability. “Molded wio backing”” represents the probiotic patch after the 4-h drying
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process without a CMC backing, and “Demolded w/backing” 1s after 24 h of drying with the addition

of the CMC backing.

*
Cells

Encapsulation Vacuum oven

*

+ ¢

CMC Incubation @
for 4 hours ® O §
® ®

e ©
CMC backing Centrifuge
£ 3
—
Xk %k
—
I Incubation
for 24 hours
o 3 Incubated in
Vacuum oven MRS Broth

Figure 12. Schematic representation of the probiotic patch fabrication process. Note: * Molded wro
backing, ** Molded wio backing MRS, *** Demolded w/ backing MRS.
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As shown in Figure 13a and b, no significant cell viability was measured for demolded
samples with CMC backing when incubated in MRS broth for 6 and 12 hours. However, incubation
of Demolded w/backing MrRs samples in MRS for 24 h exhibited a significant increase in CFU values
(Figure 13c¢), followed by a similar level of CFU in comparison to Molded wio backing MRs samples
after 48 h of incubation in MRS (Figure 13d). This marked increase in CFU might be associated
with the encapsulated cells being in a dormant stage while in the solid trehalose formulation as
they adapt to their new environment (i.e., liquid-to-solid state and solid-to-liquid state). That is,
the probiotic cells may enter a dormant stage to protect themselves from various environmental
stresses, such as dehydration during the processing steps. During this time, the cells in the solid
formulation may have low metabolic activity [66], [67]. However, upon exposure to a more
hospitable environment, such as incubation in MRS broth at 37 °C, they may regain their ability
to replicate after adaptation to this new environment [68]. Longer adaption of the cells in the solid
state to the changing environment explains why Demolded w/ backing MRs samples showed a rapid
increase in their CFU values with the increase of incubation time in MRS broth (particularly after
12 h). As such, the cells in the patch formulation likely become culturable (incubation for around
24 h) and are assumed to exit the dormant stage and regain viability after incubation for

approximately 48 h in MRS.
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Figure 13. Change in cell viability of samples, i) molded without a CMC backing and ii) demolded with
a CMC backing, with the increase of incubation time in MRS broth ((a) 6 hours, (b) 12 hours, (¢) 24
hours, and (d) 48 hours). The mean value was calculated from 3 replicates and the error bars indicate
standard deviation.
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To better understand the lag in cell growth from samples Demolded w/ backing due to the
cells being in a dormant stage, three batches of experiments were independently conducted to
confirm the effect of incubation time in MRS broth on cell viability. To this end, the CFU values
of samples Molded wio backing measured directly after dissolving in DI were compared with those
measured from Molded w/o backing MRs and Demolded w/ backing MrRs samples, which were incubated
in MRS broth for 48 h and then measured. As shown in Figure 14, it is evident that samples
Molded wio backing MRs displayed a significant increase in viability compared to Molded wio backing
that were not incubated in MRS broth. Also, as observed in Figure 13, a similarly high level of cell
viability was seen from Demolded w/ backing MRs patch samples compared to Molded wo backing MRs.
It can be concluded that incubating the samples in MRS broth does not only provide a hospitable
environment for cells to reactivate from the dormant stage, but also likely contributes to the growth
of cells after 48 h of incubation. Therefore, Molded wio backing MrRs and Demolded w/ backing MRS
sample measurements did not correlate to the exact same amount of initial cells encapsulated, but
the incubation in MRS broth was assumed to be required to reactivate the cells from their dormant

state.
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Figure 14. Cell viability of samples incubated in MRS broth for 48 hours 1) molded without a
CMC backing, and ii) demolded with a CMC backing in comparison to iii) molded without a
CMC backing and directly measured without incubation in MRS broth. The mean value was
calculated from 3 replicates and the error bars indicate standard deviation.
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5.3 SB Dye Release Test

The release behavior of the encapsulated agent of the demolded samples was investigated
by using SB dye as a model drug. It is important to determine if the conical structures of the
demolded probiotic patch would dissolve to ensure that the cells encapsulated would be fully
released in aqueous solution. Figure 15 shows the fluorescence microscopy images of SB dye-
encapsulated patch with a CMC backing before and after exposure to DI water (Figure 15). The
homogeneous distribution of SB dye seen in Figure 15a indicates that SB dye was successfully
encapsulated into the conical structures of the mold by employing our patch fabrication process,
and that the CMC backing provides sufficient support to keep the structures intact when demolding
the patch. As shown in Figure 15b, it is evident that upon exposure to DI water, the conical
structures began to dissolve and completely released the encapsulated model drug after 90 s.
Moreover, the majority of the dye was released, as only minimal amounts remained on the base of
the CMC backing after exposure to DI. The slight amounts of SB visible on the background could
be attributed to SB being diffused into the CMC backing during the fabrication process. This means
that the majority of L. acidophilus cells (which are significantly larger than SB dye molecules)
encapsulated in our patch formulation would not interact with the CMC backing. Importantly, the

CMC backing did dissolve, albeit at a slower rate, but the dissolution rate was not quantified.
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Figure 15. Fluorescent images of SB dye encapsulated molds release behavior. (a) Before and (b) after
exposure to DI for 90 seconds.

5.4 Formation of a Protection Layer via Spray Coating of S100 Anionic Copolymers

In order to improve the coating conditions for the formation of a passivation layer on the
patch, we first monitored the time-dependent S100 polymer coating thickness using the spraying
coating setup shown in Figure 9. The thickness of the polymer coating on a silicon wafer was
measured from SEM images analyzed at three different coating times (2, 5, and 10 s). As seen in
Figure 16 it is evident that the thickness of the passivation layer increased with coating time (see
Table 2 for thickness measurements). As shown in Figure 17, a linear relationship can be seen
upon plotting the protection layer thickness against the corresponding spray coating time. From
the linear curve fitting, the coating rate was found to be 1.076 um/sec under our experimental

conditions.
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Figure 16. SEM images of a spray coated silicon wafer after (a) 2 seconds of coating, (b) 5
seconds of coating, and (c) 10 seconds of coating (i: cross-sectional view, ii: top view). Note: PC
is polymer coating on top of the silicon wafer.
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Table 2. Protection layer thickness according to SEM image analysis

Spray coating time Coating thickness
(seconds) (um)
2 1.89+0.90
5 4.60 +1.30
10 11.2+24
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Figure 17. Protection layer thickness as a function of spray coating time. The linear equation for
the coating rate was y = 1.076 - x. Error bars indicate the standard deviation as calculated by the

SEM analysis in Table 2.

Furthermore, the
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5.5 Release Behavior of the Patch with a Protection Layer in Simulated Digestive Conditions
of Poultry

To characterize the pH-dependent release behavior of the patch with different thicknesses
of the S100 protection layer, time-dependent release tests were performed using SB dye-
encapsulated patch (SB-patch) in simulated digestive conditions. For this purpose, SB-patches
were initially exposed to the simulated gastric fluid (SGF; pH = 2.0, time: 45 min), followed by
the simulated intestine fluid (SIF; pH = 7.1, time: 60 min). The release behavior was monitored by

measuring fluorescence intensity during incubation in simulated digestive conditions.

As shown in Figure 18, all patch samples exhibited a gradual release over the course of
incubation in SGF, followed by a rapid release upon exposure to SIF. For all samples, there was a
significant increase in the fluorescence intensity upon exposure to the SIF at 45 min, which is also
when the pH increased to 7.1. This would be expected, as the S100 polymer is known to dissolve

in environments where the pH is greater than 7.

As Figure 19 shows, a higher level of encapsulated SB leakage in SGF was observed from
the patch samples with the thinner passivation layer. Nearly 35% of the dye had been released by
the end of the SGF incubation for the patches with 2 s of spray coating, whereas the 5-s and 10-s
coating conditions had significantly lower amounts of dye released under the same conditions.
Under different spray coating conditions, the release rate of SB in SGF was measured to be linearly
correlated: R = 0.841 - t (2-s spray coating), R = 0.568 - t (5-s spray coating), R = 0.251 - t (10-
s spray coating), where R is the percent dye released and ¢ is the time exposed to the SGF in min
(Figure 19). Using these experimental equations, the amount of dye released at the end of the SGF
incubation was 34 + 16 %, 23 = 8 %, and 10 £ 8 % for 2-, 5-, and 10-s spray coated samples

respectively. As shown in Figure 20, a clear decreasing linear relationship was observed in the
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amount of dye that was released as the spray coating time increased. Thus, with an increase in
spray coating time, there is an increase in polymer thickness and decrease in the amount of leakage

of SB dye.

An interesting release profile is noted in Figure 18 b and ¢, where there is rapid release of
the dye upon exposure to the simulated intestinal fluid, followed by a linear increase in the release
after approximately 80 min. Dissolution and diffusion mechanisms of the polymers play a role in
the release of dye from the system. The S100 polymer protects the system from the SGF, but upon
exposure to the SIF, the rapid dissolution kinetics of the S100 polymer may explain the initial rapid
release of dye. Then, as the CMC is exposed to the SIF, it likely swells and ultimately dissolves
due to the chains disentangling, resulting in the zero-order release seen in the latter part of Figure
18 [69]. At this time, the dissolution rate may be dependent on the drug diffusion coefficient in the
CMC [70]. Although it was not within the scope of the current research, further studies are needed

to investigate the time-dependent release mechanism for target specific delivery of probiotics.

While not fully investigated in this work, leakage of the dye from the thin coating might
be associated with defects of the coating or the leak of SB diffused into the passivation layer during
the coating process. In addition, the conical structures of the samples could be affecting the
dispersal of the polymer during the coating process, as the thickness of the polymer is likely lower
on the side edges and base of the structure when compared to the tip. Thus, with an increase in
spray coating time, the polymer thickness increases for all parts of the structure, minimizing the
leakage, as seen for samples spray coated for 10 s. These findings support the idea that spray
coating parameters can be adjusted to achieve time- and pH-dependent release of the model drug,

SB dye, and that 10 s of spray coating produces a sufficient layer of the polymer to coat samples.
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Figure 18. In vitro release test of SB dye encapsulated in molds spray coated for (a) 2 seconds,
(b) 5 seconds, and (¢) 10 seconds. The mean value was calculated from 3 replicates and the error
bars indicate standard deviation.
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Figure 19. Release of SB dye as a function of time in SGF of molds spray coated for (a) 2
seconds, (b) 5 seconds, and (¢) 10 seconds. The linear equation is seen on each plot, where R is
the release rate (%) and t is the time exposed to SGF (min). The mean value was calculated from
3 replicates and the error bars indicate standard deviation.
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Figure 20. Release of SB dye in simulated gastric conditions as determined by experimental
release rate equations for various periods of time a sample is spray coated. Error bars indicate the
standard deviation as determined by the linear regression from Figure 19.

5.6 Preservation and Delivery of L. acidophilus in Simulated Digestive Conditions

The encapsulation efficiency of L. acidophilus in a single patch was determined to be 34.2
+ 13.2 pg. The time-dependent release behavior of a patch with encapsulated L. acidophilus
exposed to simulated poultry digestive conditions is shown in Figure 21. All samples were
demolded with a CMC backing, either with the S100 polymer protection layer (Coated) or without
a protection layer (Uncoated). The CFU values were compared with those of 1) positive control
samples, i.e. uncoated patch samples dissolved in DI (Uncoated pi), uncoated patch samples
dissolved in PBS (Uncoated pss), or coated patch samples exposed to SIF (Coated intestine), and 2)
negative control samples, i.e. uncoated samples exposed to either SGF (Uncoated stomach) or
exposed to SGF followed by SIF (Uncoated digestive). Notably, the positive controls, Uncoated b1
and Uncoated pss, did not show significant cell growth until 12 h of incubation in MRS, and it is

only after 24 h of incubation that they exhibited a significant increase in CFU when compared to

49



the coated samples. In fact, 48-h incubation in MRS resulted in a similar cell viability for all
positive controls compared to our sample. Thus, the addition of the S100 coating does not appear
to cause negative impacts on the viability of the L. acidophilus cells. Moreover, due to the
protection provided by the S100 coating, coated samples exhibited significantly higher levels of
cell viability compared to the negative controls after 48 h of incubation in MRS. Furthermore, an
increase in the cell viability between Uncoated stomach and Uncoated digestive Was observed

interestingly.

To eliminate the errors due to variations in the quantity of cells used in the procedures for
the viability assays, a ratio can be applied to evaluate and compare between batches according to
equation (1), where CFU/ protein is for the test condition of interest and CFU/ protein-DI is that

of the Uncoated pr sample:

CFU/ protein

Relative CFU/ protein = —————
CFU /protein—DI

(1)
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Figure 21. Time-dependent cell growth of L. acidophilus in simulated digestive conditions after

incubation in MRS broth for (a) 12 hours, (b) 24 hours, and (c) 48 hours. Note: * CFU/mL <
500. The mean value was calculated from 3 replicates and the error bars indicate standard

deviation.
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As shown in Figure 22, it is clear that the variation in error increases upon combining the
results from all three batches together. However, a significant difference is still seen in the L.
acidophilus cell viability of our sample when compared to Uncoated stomach and Uncoated digestive.
Thus, this further confirms that the S100 coating provides protection against the harsh digestive
conditions. The batch-to-batch differences are most likely due to variations in the starting culture
of cells and human error during the procedures. This can be further limited by increasing the
batches tested. It is interesting to note that the Uncoated b1 samples did not show a significant
difference in cell viability when compared to Uncoated pss. The Uncoated pBs samples were
measured to determine whether DI had any negative effects on the L. acidophilus cells, but as seen
in Figure 22, that was not the case. Importantly, our coated patch samples showed 5.2 times greater
cell viability after exposure to poultry digestive conditions when compared to samples without a
protection layer. This significant improvement in the stability of the encapsulated cells can be
advantageous in terms of dose sparing capabilities. That is, our probiotic formulation can exhibit
the same level of therapeutic efficacy by using approximately 80% less cells compared to the
conventional probiotics without protective formulations. Dose sparing is considered a key factor
in pharmaceutical science, as pharmaceutical products often contain significantly more active
products (in this case cells) than required. This is done in hopes of still achieving the targeted
efficacy level even after cell loss due to exposure to harsh conditions. As mentioned previously,
not only is this approach inefficient, but there are also concerns regarding the accuracy of dosages
upon administration [71]. Having a platform that integrates the protection of cells during the

formulation stages removes these hurdles that are often faced with drug delivery.
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Figure 22. L. acidophilus cell viability after exposure to simulated digestive conditions and
incubation in MRS broth for 48 hours. (a) Batch #1, (b) Batch #2, (¢) Batch #3, and (d) all batches
combined. The mean value was calculated from 3 replicates and the error bars indicate standard
deviation for all except for (d) where the mean and standard deviation were calculated from the 3
batches. In Figure (d), * P <0.05 and ** P > 0.05 by ANOVA.

To study the effects of antimicrobial substances produced from L. acidophilus, agar
diffusion experiments were performed against S. typhimurium. Table 3 summarizes the sizes of
the inhibition zones produced by each sample condition, indicating diffusion of antimicrobial
substances through the agar. From the comparison of the diameter of the inhibition zones, it is
observed that the antimicrobial activity of our coated patch sample was higher than that of the

negative controls. This result is consistent with the cell viability data in digestive conditions

53



(Figure 22). It should be noted that some studies report potential antimicrobial activity from dead
probiotic cells [56]. This may be the case for the negative controls in the present study, as it was
shown previously that these had lower cell viability. Thus, the cell viability data should be taken
in consideration with the agar well diffusion results to accurately understand what is occurring.
An increased number of viable cells together with larger inhibition zones of our samples further
supports the protective efficacy of the S100 polymer coating exposed to harsh environmental

conditions.

Importantly, it should be noted that the organic solvent composition is a critical factor in
determining the extent of solubility of the polymer and compatibility with the microfabrication of
the probiotic formulations. In this work, we wused the co-solvent, composed of
dichloromethane:ethanol:isopropanol in a 2:1:1 ratio, that our group has previously applied for the
fabrication of pH-responsive macropored microparticle’s using microemulsion technology [72],
[73]. It was found that the increase in the composition of dichloromethane makes it difficult to
spray coat the polymer due to a rapid solvent evaporation and poor adhesion between polymer
coating and trehalose. On the other hand, an increase in the composition of more polar solvents
dissolve trehalose and damage encapsulated cells. Our application confirms that our co-solvent
does not appear to destabilize the L. acidophilus cells while also maintaining the integrity of the

microfabricated structures.
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Table 3. Agar well diffusion inhibition zone produced by L. acidophilus against S. typhimurium.
The mean value and standard deviation were calculated from 3 replicates.

Condition Diameter (cm)
Uncoated pi 2.72+0.30
Uncoated stomach 2.39+0.15
Uncoated digestive 2.41+0.30
Coated intestine 2.62+0.19
Coated dgigestive 2.64+0.18
Uncoated pas 2.69+0.14

5.7 Environmental Stability Test of L. acidophilus

The Food and Drug Administration (FDA) has a guideline for stability tests that should be
conducted before application for a new drug product. These tests may, for example, quantify the
degradability of a drug over time in various environmental conditions to evaluate the shelf life of
the product [74]. The long-term stability of our formulation was tested by storing the samples at
37 °C and 70 % RH for 1 day vs. 1 week, in different packaging, sealed vs. unsealed, as seen in
Table 4. For all conditions, the negative control was once again Uncoated digestive. The stability of
the formulations after storage and exposure to the simulated poultry digestive conditions is shown
in Figure 23. As expected, the results support the observation that S100 polymer coating protects
the L. acidophilus cells, as the cell viability is significantly higher for the coated samples in contrast
to the uncoated samples. Additionally, the agar well diffusion inhibition diameters (Table 5) show
that there was a difference in inhibition between all coated samples compared to the uncoated ones.

The higher antimicrobial activity is likely due to the patch formulation with a protection layer
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containing a significantly larger number of viable cells, thus enhancing the overall antimicrobial

activity.

No significant difference was observed between the coated samples that were sealed or
unsealed, meaning that the S100 polymer coating was well dispersed and has sufficient thickness
to protect the samples against harsh environmental conditions. Moreover, the S100 polymer was
protecting the cells from hydrolytic degradation, as it forms a barrier between the cells and the
humidity in the environment; this was supported by the fact that the unsealed samples exposed to
70 % RH did not show significant difference in cell viability when compared to the sealed samples.
Thus, not only was the S100 polymer coating protecting the cells against the harsh environmental
conditions of the poultry digestive system, but it was also useful in protecting against the humidity
in the environment during storage. This protective efficacy is a significant benefit for our
formulation, as it has been shown that hydrolytic degradation often hinders the therapeutic benefits
of drugs by reducing the stability during shelf life [75]. Yang et al. found that the S100 polymer is
water insoluble due to the aggregated structure of the polymer chains, resulting in a water insoluble
barrier [75]. Protection from hydrolytic degradation is therefore integrated into the formulation of
our samples, minimizing the future need for extensive packaging of samples for protection during

storage.
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Figure 23. Sealing of samples for stability tests. (a) Patch encapsulated with SB dye in a pill
bottle, (b) Sealing of bottles foil seal using electromagnetic induction sealer, (c) Visual
confirmation of successful sealing of foil, and (d) Removal of foil seal from bottle.

A significant difference was seen between the sealed coated samples stored for 1 day when
compared to those stored for 1 week. Similar results were found in literature, where Klayraung et

al. noted that long-term storage of probiotic formulations at 30 °C caused a decrease in cell
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viability, whereas storage at 10 °C did not [76]. Since a decrease in cell viability was seen, the

process and formulation could be further optimized to further limit the degradation. Stability tests

were only conducted under environmental conditions that would cause the most significant effect

on cell viability (37 °C and 70 % RH), but further analysis could help to draw an appropriate

conclusion.

Table 4. Environmental Stability Test Conditions

Storage Sample Testing Label
Sealed Spray coated | Digestive Coated digestive-s
Bare DI Uncoated dgigestive-s
Unsealed Spray coated | Digestive Coated dgigestive-U
Bare DI Uncoated dgigestive-U

=
o
[e]

-
o
2]

CFU/ protein conc. (CFU/ ug)

-
(]
o

I 1 day
[ 11 week
* % * %
Coated, Coated, Uncoated, Uncoated,
digestive S digestive U digestive S digestive U

Figure 24. Environmental stability of cells upon exposure to digestive conditions after storage at
37 °C and 70 % RH for 1 day and 1 week. The mean value was calculated from 3 replicates and

the error bars indicate standard deviation. * P <0.05 and ** P > 0.05 by ANOVA.
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Table 5. Agar well diffusion inhibition zone diameters for samples upon exposure to digestive
conditions after being stored at 37 °C and 70 % RH for 1 day and 1 week. The mean value and
standard deviation was calculated from 3 replicates.

Conditions Diameter (cm)
1 day 1 week
Coated dgigestive-s 4.85+0.15 4.93 £0.28
Coated digestive-U 521+£0.28 5.16£0.41
Uncoated gigestive-s 3.30+£0.15 3.15+£0.12
Uncoated gigestive-U 3.68 £0.18 3.40+0.38

6. Conclusions and Future Work

This study explored the integration of micromilling/ micro-molding technologies with drug
delivery to produce a platform to encapsulate and deliver the probiotic L. acidophilus. Probiotics
have been shown to reduce the virulence of various pathogens, such as Sa/monella, in poultry, and
provide other enhancements to poultry health — such as improvement in the growth of broiler
chickens. They have been proposed as alternatives to antibiotics, especially recently with an
increase in awareness of the significant negative impacts of antibiotics on both human and poultry
health. The main goal was to develop a formulation that would protect the viability of the L.

acidophilus cells against the harsh digestive conditions for targeted release in the poultry intestine.

A micromilling machine was used to successfully produce a 10x10 master mold on an
aluminum plate for the fabrication of subsequent micro-sized systems using micro-molding
concepts. Process parameters, such as vacuum oven cycles, centrifuge conditions, drying time,
backing formulation, and spray coating thickness, were evaluated and optimized using SB dye as

a model drug. Spray coating with S100 polymer was used to provide a protective barrier against
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acidic environments, such as the low pH of the stomach of poultry. The release behavior was
evaluated using SB dye to minimize leakage of the encapsulated agent, and pH-dependent release
behavior was observed upon exposure to neutral conditions. Further analysis can be conducted
regarding the impact of process parameters on the release behavior, such as optimization of spray
coating for accurate time-dependent release. We were able to apply our findings from the
successful demonstration of the encapsulation of our model drug, SB dye, to a real-life application

with L. acidophilus cells.

The formulation and processing procedures developed were shown to have little to no
negative effects on the viability of L. acidophilus cells. Moreover, in vitro tests with the S100
polymer coating proved to protect the cells in acidic environments, and allowed for the sustained
release of cells upon exposure to the neutral conditions of the intestine, which was the targeted site
for L. acidophilus release. A significant decrease in cell viability was noted for samples that were
not coated with the S100 polymer and exposed to harsh digestive conditions, further showing the
efficacy of the barrier. Larger inhibition zone diameters were seen with the use of the S100
polymer compared to no polymer, which was attributed to a higher number of viable cells after
exposure to the digestive conditions. A lag was seen in the detection of viable cells when compared
to a control. It was hypothesized to be due to viable but non-culturable cells in a dormant stage.
To fully understand the behavior of the cells, further analysis can be conducted to confirm the

metabolic state of the cells.

Storage stability tests were conducted to determine the degradation of the formulation
under harsh storage conditions. The S100 polymer provided a barrier to protect the formulation
against humidity in addition to its protective efficacy in digestive conditions. The polymer

prevented hydrolytic degradation often seen with pharmaceutical drugs during storage due to
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humidity. However, a decrease in cell viability was seen when stored for 1 week in comparison to
1 day, which was attributed to the formulation. For future work, the stability tests should be
conducted for longer periods of time to understand the rate of degradation. This would also help
in optimizing the process and formulation to minimize the degradation. Furthermore, other storage

conditions should be tested, such as storage at 4 °C, which is also normal refrigerator temperatures.

Lastly, an important aspect of this work was utilizing geometric structures at the micron-
scale to improve various aspects of drug delivery. With the proof-of-concept of encapsulation of a
biological agent in this study, a natural next step would be to explore co-delivery abilities with the

unique structure and properties of the current platform.
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