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ABSTRACT
DEVELOPMENT OF 3D-BIOPRINTED SCAFFOLDS FOR

ORAL APPLICATIONS OF PROBIOTICS

Jhanvi Patel

June 08, 2021

Background: Porphyromonas gingivalis adheres to and invades gingival
epithelial cells, resulting in decreased cell viability. Previous studies have
indicated that probiotics are effective against dental pathogens; however, few

approaches provide sustained-delivery of active agents in the oral cavity.

Hypothesis: Probiotics will limit P. gingivalis effects on Telomerase
Immortalized Gingival Keratinocyte (TIGK) cells and 3D-printed scaffolds

will prolong probiotic release.

Methods:  Lactobacillus  acidophilus, Lactobacillus  reuteri, and
Bifidobacterium bifidum were assessed with adhesion and antibiotic
protection assays to limit P. gingivalis effects on TIGKs. Scaffolds were

printed with a select probiotic and evaluated for release kinetics.



Results: Free L.a., L.r., and B.b. administration improved TIGK viability by
reducing P. gingivalis adhesion. Additionally, probiotic-containing scaffolds
were successfully printed, demonstrating high viability and sustained-release

of probiotics over two weeks.

Conclusion: Probiotics effectively limit P. gingivalis adhesion to TIGKs,
suggesting that 3D-bioprinted probiotic-containing scaffolds may be a

promising delivery system for mitigating P. gingivalis colonization.
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CHAPTER 1

INTRODUCTION

Prevalence and Impact of Periodontitis

Among currently prevalent oral diseases, biofilm-mediated periodontitis has become the major concern for
oral health. Periodontitis, expressed as a chronic inflammation of tooth supporting structure, begins as
gingivitis and progresses into severe destruction of periodontal ligament, alveolar bone, and eventually tooth
loss. Periodontal diseases are the major cause of tooth loss in adults older than 30 years. However, threats
associated with periodontal disease are not limited to oral health but are also linked with lethal systemic
diseases such as osteoporosis, type 2 diabetes mellitus, cardiovascular diseases and rheumatoid arthritis, as
well as abnormal pregnancy outcomes such as low birth weights and premature labor [1]. The National Health
and Nutritional Examination survey identified 46% of U.S. adults aged 30 years or older to be suffering from
periodontitis, representing roughly 141 million adult Americans. Among these, 8.9% of affected individuals
suffer from advanced periodontal disease, which involves severe destruction of tooth supporting
periodontium [2] and these numbers are expected to rise. Reports indicate that the estimated global cost of
direct treatment for oral diseases, including periodontitis, was US $298 billion — accounting for
approximately 4.6% of the total money spent on global health [3]. Unfortunately, many people affected by
periodontitis are unable to afford treatment, with ~538 million people living with untreated periodontal

disease [4].

Oral Manifestations of Periodontitis

Clinically, periodontitis is expressed from a milder form of gingivitis to a more advanced and
correspondingly destructive form of chronic periodontitis. Periodontitis begins as gingivitis that is caused by
subgingival formation of a biofilm. Gingivitis is demarcated through the clinical signs of inflammation,

bleeding on gentle probing, promoting discomfort, and progressing plaque formation [5]. At this stage,



gingivitis is a reversible disease, which can be resolved by supra- and subgingival plaque elimination through
mechanical maneuvering like scaling and root planing. However, if left untreated, gingivitis combined with
poor oral health care can progress to periodontitis. Periodontitis is clinically expressed as a chronic
inflammatory response that progresses to the destruction of connective tissue, resorption of tooth supporting
alveolar bone, mobility and ultimately the loosening and loss of teeth [5]. Diagnosis of chronic periodontitis
is based on clinical and radiographic assessment of the subgingival clinical attachment loss (= 5 mm),
bleeding on probing, and bone loss [5]. Chronic periodontitis causes irreversible tissue damage that requires

diligent protective care and maintenance of oral hygiene to prevent recurrence [6].

Biofilm Formation and Role in Periodontitis

Periodontal disease is a biofilm-mediated inflammatory disease. Therefore, a thorough understanding of
biofilm formation, properties, and mechanism of disease progression will assist in developing effective
therapies to prevent and treat periodontal disease. Biofilms are formed of a conglomerate of organisms
embedded in a matrix containing extracellular polymeric substances. As the bacterial colonies in the biofilm
grow, the biofilm develops “emergent properties™ that protect the biofilm and impart biofilm resilience
against environmental changes [7]. However, when environmental alterations exceed a threshold, the
overgrowth of certain microorganisms in the biofilm is initiated, leading to disruption in host homeostasis

and dysbiosis [8].

Biofilm formation and maturation are categorized in three different stages, which result in a structured and

functionally well-organized microbial community.
(1) Initial adhesion to tooth surface

The first step in the development of dental plaque (or biofilms) is the formation of a thin coating of acquired
pellicle on the tooth enamel. This coating is mainly comprised of proteins and other macromolecules such as
albumin, proline-rich proteins, glycoproteins, sialic acids, and alpha amylase, which are absorbed from saliva
and gingival crevicular fluid [8, 9]. Streptococci, considered as 80% of primary colonizers, bind to this

pellicle by adhesins, such as antigen I/II protein family, and serine-rich glycoproteins [10-13]. In addition to



streptococci, Actinomyces oris also colonizes via type 1 fimbria to proline rich protein (PRPs) and pellicle
statherin [14]. This initial colonization is an important step for plaque development as it prevents bacteria

washing by saliva and provides a surface for subsequent bacterial adhesion [15].

(2) Bacterial coaggregation and biofilm maturation

The second stage of biofilm development involves the adhesion of secondary colonizers to previously
attached bacterial cells and resulting biofilm maturation [15, 16]. The interspecies interactions between these
secondary bacteria with previously colonized bacteria are known as coaggregation, which leads to an increase
in biofilm biomass [17]. Bacterial coaggregation initiates bacterial co-localization of physiologically relevant
organisms in the same milieu, which leads to cell-cell signalling, development of complex nutritional
systems, and gene transfer [8]. This type of complex microbial community is interdependent for nutrition
where the metabolic byproduct of one species becomes the nutrient source of another species, thereby
directing the order of colonization [18]. It forms a functionally-structured community by colonizing bacteria
according to specific metabolic pathways [18]. Signalling mechanism between cells facilitate bacterial cells
to control the expression of virulence-regulating genes and adapt to environmental stimuli [8]. Additionally,
the proximity of cells also allows horizontal gene transfer, which increases the adaptive ability of the
organisms to alter oral environmental factors [19]. As the biofilm becomes more structured, organisms within
the biofilm alter gene expression to form a viscous matrix which provides mechanical stability and protects
the bacteria from host defense. The matrix allows bacteria to adhere to each other and work as a cohesive
multicellular unit to combat harsh environmental factors, distinguishing them from similar free-living
bacteria [19]. These “emergent properties” developed by biofilms facilitates their survival in unsuited oral

environment [7, 20].

(3) Biofilm dispersion

The final stage of biofilm development is the detachment of cells from the biofilm and dispersion into the
distant sites. Biofilm dispersion processes can be categorized into three stages (1) cell detachment from the
biofilm, (2) transfer of the cells to a new location, and (3) attachment of the cells to a the new location [21].

The mechanisms for biofilm dispersion are mainly characterized by active and passive mechanisms. Active



dispersion is initiated by the bacteria themselves, whereas in passive dispersion, external environmental
factors such as mechanical forces from oral tissues, fluid shear forces, and abrasion play major roles [22-24].
Close relationships between species within the biofilm can result in the evolution of various other passive
dispersal mechanisms including interspecific quorum-sensing signals, matrix-degrading enzymes,

antimicrobial compounds [25].

Etiology of Periodontal Diseases

Based upon the observation of multiple microbial clusters, the etiology of periodontitis was established via a
community ordination analysis using DNA probes [26]. From this analysis, it was observed that the
microbiome composition at healthy and diseased periodontal sites changed significantly, and that certain
microbes were found together repeatedly at diseased and healthy sites. Based on these observations, the
microbiome was classified in five categories of red, orange, yellow, green, and purple [26]. Among these,
the “red complex”, which includes Porphyromonas gingivalis, Treponema denticola and Tanerella forsythia
appears late in the biofilm development, and was suggested to be strongly associated with adult periodontal
disease progression [26-28]. However, in addition to red complex pathogens, metatranscriptome analysis of
biofilms from active periodontal disease sites found that other organisms such as Pseudomonas fluorescens
and different streptococci are also involved in transcribing virulence factors [29]. These findings suggested

the role of the entire community, rather than a few pathogenic bacteria, in causing disease.

A recent understanding of disease etiology has favored the polymicrobial synergy and dysbiosis model
proposed by Hajishengallis and Lamont [30]. This model suggests that dysbiosis or imbalance in the host
ecosystem further leads to periodontal disease progression [30]. According to this model, P. gingivalis Gram-
negative, anaerobic, rod-shaped bacteria plays a key role in inducing dysbiosis by modulating the innate host
responses and elevating the virulence of the microbiome through interspecies signaling [30, 31]. Specifically,
P. gingivalis is believed to alter host immune response by suppressing IL-8 and Th1 chemokines, which can
result in the delayed accumulation of neutrophils, leading to uncontrolled colonization and growth of
pathogenic microbiome in the oral cavity. This elevated pathogenic microbiome load (e.g., induced by P.

gingivalis) can lead to interference in host homeostasis and tissue destruction through robust inflammation



[30], promoting the growth of subgingival asacchyrolytic bacteria. These changes can induce an overgrowth
of bacteria that survive well under inflammatory conditions, shifting the microbial community from a healthy

to a disease causing state, further upregulating genes associated with proteolysis and inflammation [29].

These observations are further supported by an in vivo study performed by Hajishengallis [32]. He found that
infection of wild type mice with P. gingivalis induces inflammation and alveolar bone resorption, both of
which are characteristic of human periodontal disease. However, no such signs were found when germ free
mice were infected with P. gingivalis, which indicates that even low abundance of P. gingivalis in the murine
oral cavity can result in a significant increase in total biofilm biomass and population shifts in the microbial
community — ultimately causing characteristic symptoms of periodontitis. Hence, in murine models, P.
gingivalis has been considered as a key pathogen that plays a critical role in destabilizing host homeostasis
and promoting a dysbiotic environment that contributes to periodontal diseases; however, it is unclear if

similar events occur in humans.

P. gingivalis is widely used in the microbiological research due to its easy culture procedures and ability to
alter genetic appearance [30]. P. gingivalis demonstrate a wide array of virulence factors that plays important
role in causing tissue destruction by themselves [33]. Virulence factors such as capsule, lipopolysaccharide,
fimbriae are integral parts of bacterium that is expressed at different stages of its life cycle. These
determinents are capable of damging host in different ways causing inflammation and tissue distruction [34].
In oral cavity, P. gingivalis can efficiently modify the host immune response and create an environment
favorable to its continued persistence [35]. P. gingivalis alters the cytokine response of host which facilitates
its own growth and accumulation of other pathogens because of suitable environment created by P. gingivalis.
Furthermore, pro-inflammatory cytokines such as IL1-b, IL-6 and TNF-a facilitates osteoclasts function
through activation of nuclear factor kappa-B ligand [36]. Alterded expression of these cytokines induces the
loss of attachment and bone resorption critical for periodontal disease. The tissue destruction caused by P.
gingivalis is majorly attributed to enhanced host immune response and increased production of these

cytokines [37].



Significance of Adhesion and Invasion of P. gingivalis in Disease Initiation

Adhesion of P. gingivalis to oral tissue such as epithelial cells and the tooth surface is the first crucial step
towards its colonization in the oral cavity. Extracellular structures such as fimbriae, lipopolysaccharides,
internalins, and capsules play important roles (Figure 1A). Among these, proteinaceous structures called
fimbriae are the major components involved in P. gingivalis adhesion to various oral structures. P. gingivalis
is found to have two types of fimbriae: long fimbriae composed primarily of the FimA protein and short
fimbriae comprised mainly of the Mfal polypeptide (Figure 1B) [38]. The long fimbriae are associated with
bacterial auto-aggregation and coaggregation with Actinomyces viscosus, Treponema denticola,
Streptococcus gordonii, and Streptococcus oralis [39-44]. In the absence of FimA in bacteria showed reduced
adhesion of bacterial cells to gingival fibroblasts and epithelial cells [45, 46]. Additionally, the long fimbriae
were found to be involved in P. gingivalis invasion of gingival epithelial cells. The short fimbriae are mainly
associated with co-aggregation of P. gingivalis with S. gordonii [47]. In addition, recent studies highlight the
importance of extracellular arginine, LPS, internalins, and the capsule of P. gingivalis adhesion to oral

surfaces [48-54].

(A) (B)

capsule

\ outer membrane + LPS gingipains ®

fimbriae hemagglutinins
HmuY/HmuR
-

Gingival epithelial cells

Figure 1: A. P. gingivalis determinants (Fimbriae, LPS, internalins, and capsule) involved in adhesion to
oral structures. B. Schematics showing P. gingivalis fimbriae FimA and Mfal interactions with epithelial
cells and other bacteria [55].



P. gingivalis Invasion of Gingival Epithelial Cells

Adhesion of P. gingivalis through these mechanisms helps to facilitate its colonization in the oral cavity and
initiates bacterial invasion into gingival epithelial cells (GEC) (Figure 2A). Similar to many other bacterial
genera such as Salmonella, Shigella, Escherichia, Yersinia, Haemophilus, Listeria, Brucella, Campylobacter,
and Actinobacillus spp., one of the major virulence factor of P. gingivalis is internalization of host cells [56-
58]. Adhesion of P. gingivalis to the host cell surface facilitates a series of changes that lead to bacterial
invasion of the cytoplasm, which protects bacteria from the host immune system and provides a suitable
environment for bacterial proliferation inside the host cell [59]. Subsequently, invaded bacteria increase in
number within the nutritionally rich cytoplasm of the cells and begin tissue destruction (Figure 2B). With
the help of electron microscopy, Sandros and Lamont have observed invasion of P. gingivalis in multilayered
human pocket epithelial cells in culture [60-62]. In general, bacterial attachment induces a series of changes
that initiate structural and biochemical alterations that facilitate bacterial invasion of the cytoplasm. The

interaction between bacteria and epithelial cells results in eukaryotic signaling pathways that direct

phagocytosis of bacteria [63]. The host cell signaling events can induce intracellular CaZ® fluxes, protein
phosphorylation, and protein synthesis which may lead to reorganization of the host cell cytoskeleton to adapt

the membrane invaginations that allow bacteria to enter the cell [63].

Figure 2: A. Image showing adhesion of P. gingivalis to Gingival Epithelial Cells (GECs). B. P. gingivalis

invasion and proliferation inside cytoplasm. Arrows indicate invasion of bacteria inside GEC cytoplasm [60]



Treatment of Periodontitis

Treatment approaches of P. gingivalis-mediated periodontitis focus primarily on eradicating pathogen
adhesion by mechanical debridement procedures such as scaling and root planing following the use of
antiseptics or antibiotics [64-69]. The antiseptic, chlorhexidine, has been used for its broad-spectrum
antimicrobial activity in the form of chips, gels, mouthwash, and films. Despite its widespread use, some of
the limitations resulting from its use include tooth discoloration, taste alteration, supragingival calculus
formation, and rarely, parotid swelling and oral mucosal erosion. In parallel, several types of antibiotics have
been locally and systemically administered to limit P. gingivalis-mediated disease, including tetracyclines
(tetracycline hydrochloride, minocycline, doxycycline), macrolides (erythromycin), lincosamides
(clindamycin), B-lactams (ampicillin, amoxicillin), and nitroimidazoles (metronidazole) [67-69].
Systemically delivered antibiotics effectively penetrate deep periodontal pockets via serum in areas that are
difficult-to-access by instruments [70]. However, there are many concerns regarding the efficacy of
antimicrobial treatments. First, biofilm-residing P. gingivalis has been shown to be 500 times less susceptible
to antimicrobial treatment compared to planktonic P. gingivalis [71]. Second, subgingival microflora develop
antibiotic-resistance. A study indicated that 25.5%, 23.5%, and 21.6% of the P. gingivalis strains sequestered
from periodontitis patients are resistant to amoxicillin, clindamycin, and metronidazole, respectively [72].
Additionally, pathogens such as P. gingivalis develop different mechanisms to evade host immune
surveillance by residing within gingival epithelial cells, making periodontitis treatment even more
challenging. Studies have found P. gingivalis within the layers of infected epithelial and connective tissue
can recolonize tissues after antibiotic treatment and cause refractory disease. These limitations have prompted

the need to develop novel agents to treat P. gingivalis mediated infections.

New Approaches to Limit P. gingivalis Colonization

Quorum sensing inhibitors

Bacteria in biofilms communicate with each other by producing signaling molecules termed autoinducers.
Production of autoinducers is directly proportional to the density of bacteria. When bacteria reach a certain
density, they initiate gene expression with the help of an intracellular signaling mechanism called quorum

sensing. With the help of quorum sensing, bacteria modulate their activity and facilitate their survival in



biofilm as a community. Quorum sensing is an important mechanism to target because it induces expression
of virulence factors [73]. Quorum sensing inhibitors interrupt this mechanism and present a promising
treatment approach for biofilm-induced diseases. Furthermore, these inhibitors are less likely to produce
bacterial resistance because they do not affect bacterial growth [74, 75]. Many of these agents are not toxic
to human gingival fibroblasts and monocytic cells. Quorum sensing inhibitors such as (5Z)-4- bromo-5-
(bromomethylene)-2(5 H)-furanone (2 mM) and D-ribose (50 mM) have shown reduction in biofilms
produced by monospecies P. gingivalis and dual-species F. nucleatum and P. gingivalis [42]. These inhibitors
were found active in in vivo studies and showed decreased bone loss in a murine model of periodontitis [75-
77]. In addition to these inhibitors, recent studies have evaluated a few biologics that can effectively reduce
pathogenic bacterial colonization. Among them, probiotics seem to be the most promising agents to limit oral

pathogens.

Probiotics: A Potential Approach to Combat Periodontitis

Elie Metchnikoff, Nobel Prize winner in Physiology and Medicine - 1908, was the first to establish the theory
that the Bulgarian population had a longer lifespan due to the consumption of fermented products containing
lactic acid-producing bacteria that enriched their gastrointestinal health [78]. In 1965, Lilley and Stillwell

1)

initially proposed the term “probiotic,” as opposed to “antibiotic” to define these lactic acid-producing
bacteria. Etymologically, the term emerges from an amalgamation of the Latin preposition pro ("for") and
the Greek noun bios, ("life"). In 1994, the World Health Organization regarded probiotics to be the second-
most important immune defense system when traditionally prescribed antibiotics were found to promote
antibiotic-resistance. The WHO defined probiotics as live bacteria which, when administered in adequate
amounts, confer health benefit to the host [79]. The first probiotic species, Lactobacillus acidophilus, was

introduced in research by Hull et al. in 1984 [80]; followed by Bifidobacterium bifidum in Holcombh et al.

in 1991 [80].

Conventionally, probiotics were associated with gut health, and their use was mainly focused on the
prevention or treatment of gastrointestinal infections. However, during the last decade, the understanding of

probiotic health effects have facilitated their utilization to treat a broader range of diseases such as infectious



diarrhea, skin and vaginal infection, H. pylori infection, and respiratory infections [80-82]. These discoveries

paved the way for a new concept of probiotics in medicine and dentistry [83-85].

Emerging studies on probiotics have proposed numerous mechanisms of action (Figure 3) that include the

following [79, 86]:

L. Pprobiotics bind efficiently to host surface sites resulting in inhibition of pathogen adhesion and

colonization

To date there is scarcity of in vitro studies that proves the exact mechanism behind probiotic effectiveness to
decrease bacterial colonization. Current literature suggests that probiotics compete with pathogenic bacteria
for host cell adhesion sites which results in decreased adhesion of pathogenic bacteria to the host surface
[86]. This decrease in adhesion and increase in bacterial clearance results in reduced colonization of
pathogens on the host surface. Higher binding efficacy of probiotics compared to pathogens is considered to

be a potential reason behind this phenomenon [86, 87].

A few clinical studies performed on chronic periodontitis patients indicated decreased pathogen colonization
after application of probiotics in different forms. Lactobacillus casei Shirota cell suspension, when
incorporated in a collagenous periodontal dressing for chronic periodontitis, resulted in a decrease in the
number of aggressive microbial species such as Bacteroids, Actinomyces and Str. Intermedius, as well as
Candida albicans from periodontal pockets. It also extended the remission period for periodontitis up to 10
to 12 months [87]. Another study preformed to evaluate B. subtilis effectiveness on oral health reported that
B. subtilis applied in the form of mouthwash for 30 days significantly reduced BANA score indicative of
decreased number of red complex pathogens [88]. In addition to reducing pathogenic bacterial adhesion,
probiotics also possess beneficial properties suitable to treat bacterial-induced oral diseases, such as those

discussed below.

10



2. Probiotics stimulate and modulate of the host immune system

Probiotics have been found to be effective in reducing pathogen-induced inflammation by modifying the host
immune system. Probiotics have demonstrated the ability to decrease primary cytokines such as TNF and to
increase secondary cytokines such as IL-6 and IL-8 in the oral cavity. They also enhance host immune
response by increasing IgA and defensin and decreasing matrix metalloproteinases (MMPs). These

modifications help to resolve inflammation and decrease tissue destruction [89, 90].

Shimauchi et al. stated that the regular intake of tablets (three times daily for eight weeks) containing freeze-
dried L. salivarius resulted in lactoferrin values in gingival crevicular fluid corresponding to values in the
healthy state. Lactoferrin is one of the immune components that has antimicrobial properties and
normalization of its levels is indicative of the beneficial role of L. salivarius on pathogen-induced
inflammation. Furthermore, in this study, a high-risk group of current smokers (test group) showed greater
improvement of plaque index and pocket depth compared to a placebo control group. The study concluded
that a probiotic intervention may be a useful tool for the treatment of inflammation and the clinical symptoms

of periodontitis [90].

A more in-depth study of the molecular mechanisms underlying the beneficial effects of probiotics by Riccia
and colleagues further provides insight regarding their anti-inflammatory properties of probiotics. A
significant reduction in salivary levels of prostaglandin E2 (PGE2) and matrix metalloproteinases was
observed after application of L. brevis-containing lozenges to patients with severe periodontitis cases. The
authors suggested that the anti-inflammatory effects of L. brevis could be attributed to its ability to prevent
nitric oxide production and, subsequently, the release of PGE2 and the deactivation of MMPs. However,
possibilities also exist that L. brevis may also work as antagonist, leading to a reduction in the quantity of
plaque and an improvement in the gingival index [90]. Drinking milk containing L. casei for 8 weeks
decreased PMN elastase and MMP-3 activities in gingival crevicular fluid, and reduced gingival

inflammation as measured by myeloperoxidase (MPO) activity [91].

11



Probiotics produce an environment unsuitable for pathogens

Studies also suggest that probiotics compete with disease-causing bacteria for growth factors and
nutrients, resulting in the inhibition of pathogenic bacterial growth and a decrease in disease progression
[86, 87]. Furthermore, many probiotics can modify the surrounding environment by regulating the pH
and/or the oxidation—reduction potential, which may compromise the ability of pathogens to become
established [82]. Probiotics induce antimicrobial activity by secreting products called bacteriocins,
organic acids (lactic, acetic and butyric acid), and H202, which can act as antagonistics to pathogenic
bacteria [92-94]. L. acidophilus has been shown to produce two compounds, bacteriocin lactacin B and
acidolin. These compounds were found to inhibit Lactobacilli and enteropathogenic organisms
respectively [93, 94]. Silva et al. also demonstrated an inhibitory substance produced
by Lactobacillus GG with similar broad-spectrum activity [94]. Ishikawa et al. observed reduced P.
gingivalis, P. intermedia, and P. nigrescens salivary counts by one-twentieth of the initial value after 4

weeks daily ingestion of L. salivarius-containing tablets. This inhibitory activity against periodontal

pathogens was primarily related to L. salivaris produced acid [95].

| !

Reduced inflammation and tissue

An nism inst path ns. -—
tagonism against pathogens destruction.

Figure 3: Schematic representation of potential mechanism of probiotics to confer health benefits to host

(81]



Commonly Prevalent and Studied Oral Probiotics

Clinical studies with periodontitis patients have indicated that probiotics are capable of improving the
symptoms of periodontal diseases such as bleeding on probing, inflammation, and pocket depth. Thus,
probiotics may be considered as a potential therapeutic approach to combat periodontal pathogens and treat

periodontal disease.

Lactobacillus spp. acidophilus
plantarum
rhamnosus
paracasei
fermentum
reuteri
johnsonii
brevis
casei
lactis

delbrueckii gasseri

Bifidobacterium spp. Breve
infantis
longum
bifidum
thermophilum
adolescentis
animalis
lactis

Bacillus spp. coagulans

Streptococcus spp. thermophilus

Enterococcus spp. faecium

Saccharomyces spp. cerevisiae

Figure 4: Different bacterial genera classified under probiotics [96].

The most widely used oral probiotics are from the genera Lactobacillus and Bifidobacterium (Figure 4) [97].
These genera are observed as a part of the normal human microbiota. In the oral cavity, lactobacilli usually
comprise less than 1% of the total cultivable microbiota. Species commonly isolated from saliva samples
include L. paracasei, L. plantarum, L. rhamnosus, and L. salivarius [98-101]. Culture-based studies propose
that bifidobacteria are among the first anaerobes to colonize the oral cavity [102]. Both lactobacilli and

bifidobacteria can be found in breast milk, suggesting early exposure of the oral cavity to these bacteria [102,
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103]. The most commonly isolated species from oral samples include B. bifidum, B. dentium, and B. longum

[104-106].

Since the early writing of Metchnikoff, lactobacilli, bifidobacteria, and even more fermented food products
have been regarded as safe and considered beneficial for health benefits [106]. Studies suggest that there are
differences in the species composition of Lactobacillus and Bifidobacterium microbiota between
periodontitis patients and healthy persons [107-109]. Various studies have conveyed the capacity of
lactobacilli to inhibit the growth of periodontal pathogens, including P. gingivalis, Prevotella intermedia and
A. actinomycetemcomitans [108]. These observations suggest that colonization of lactobacilli in the oral

cavity could play an important role in the oral ecological balance. [108].

In initial studies with L. acidophilus, where patients with various periodontal diseases such as gingivitis,
periodontitis, and pregnancy gingivitis were treated locally with a culture supernatant of L. acidophilus,
significant recovery resulted for almost every patient [109]. Another commonly tested probiotic strain is L.
reuteri, which is a heterofermentative bacteria that can synthesize reuterin, a small compound with
antimicrobial activity [110]. After the use of L. reuteri in periodontitis or peri-implantitis patients, a decrease
in bleeding on probing, pocket depth and gingival and plaque index was found [111-113]. Many in vitro and
in vivo studies also showed that L. reuteri inhibits the growth of P. gingivalis [113-115]. Another study on L.
reuteri and L. brevis has shown improved gingival health characterized by decreasing gum bleeding [114-
116]. The use of chewing gum containing L. reuteri and L. brevis decreased pro-inflammatory cytokines
levels and MMP (collagenase) as well as inflammatory markers in saliva, respectively [117, 118]. In another
study, 14 days intake of L. reuteri in the form of chewing gum led to probiotic colonization in the oral cavity,

resulting in a reduction of plaque in patients with moderate to severe gingivitis [118].

Guided Periodontal Pocket Recolonization

The theory of replacing the pathogenic bacteria in the periodontal pocket with beneficial bacteria is called

guided periodontal pocket recolonization. The precise distribution of bacteria that colonizes the periodontal
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pocket at any given time can be modified with the help of replacement therapy which is also known as
‘probiotic therapy.” One of the pioneering studies in guided pocket recolonization showed that when a
bacterial mixture containing S. sangius, S. mitis and S. salivarius was subgingivally applied in beagles after
scaling and root planing, the recolonization of canine P. gingivalis and P. intermedia was suppressed [119].
Similarly, a delay in pathogen recolonization, a reduction in inflammation, and an improvement in bone level
and density were observed when this same mixture of S. sangius, S. mitis and S. salivarius was subgingivally
applied in a canine model [120]. These improved treatment and bone density outcomes suggest that

subgingival application of probiotics may be helpful in maintaining host-bacterial symbiosis.

While these studies have widely evaluated probiotic strains in treating periodontal diseases, their actual
mechanism has not been studied in vitro. A firm understanding of the cellular and molecular mechanisms
surrounding probiotic activity will help to justify its application in treating periodontal diseases. The
emergence of antibiotic resistance and the lack of natural treatment approaches highlight the need to develop
approaches that utilize probiotics in periodontal treatment to complement traditional periodontitis therapy

[120].

Current Probiotic Delivery Approaches and Limitations

Probiotics are widely available in the market in different dosage forms such as mouthwash, tablets, capsules,
and gums. These commercially available products incorporate different probiotic genera in various dosage
forms that comprise 1-3 billion CFU/serving. However, none of these products have been approved by the
FDA for the treatment of oral diseases. Furthermore, even though probiotics possess beneficial properties,
challenges with currently available delivery vehicles again highlight the need to develop dosage forms that
are more suitable for oral treatment purposes. Current challenges of oral probiotic utilization, including the
transient application of probiotics, retaining a therapeutic dose under the influence of salivary flow, and
difficulties in accessing disease sites provides opportunities to improve the delivery of probiotics (and other
active agents) to treat periodontitis. To date, there is a dearth of orally-administered sustained-release dosage

forms that provide prolonged delivery (> 1 wk.) within the oral cavity. Furthermore, few dosage forms have
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the ability to incorporate and maintain the viability of probiotics during oral application. Therefore, the
development of new delivery vehicles that provide localized sustained-release within the oral cavity would

help to address these limitations.

Novel Delivery Approach

In the last few years 3D-printing has been explored for medical and dental applications. Recent advances in
both techniques and materials for 3D-printing have demonstrated the feasibility of this technology for
regenerative medicine, tissue engineering, and biomedical research (Figure 5). 3D-bioprinting can be defined
as a process of combining cells with suitable polymers to create a cell-laden 3D-printed construct for tissue
engineering, drug screening, or in vitro disease models [121]. In 3D-bioprinting, a polymer solution
containing cells, called a bioink, is used to fabricate a complex three-dimensional scaffold-like geometry
(Figure 5). For many eukaryotic cell applications, bioinks have served as an extracellular matrix to facilitate
eukaryotic cell adhesion, proliferation, and differentiation [122]. However, 3D-bioprinting has been less
explored for the delivery of prokaryotic cells, in particular for therapeutic applications. With the availability
of a wide variety of materials and different printing techniques, 3D-bioprinting provides a suitable platform
to utilize prokaryotic cells for therapeutic purposes. Selection of a desirable bioink plays a crucial role to
facilitate cell-based applications and is mainly based on the type of incorporated cells and characteristics of
the polymer (Figure 6). Previous studies have applied 3D-printing to generate human bone, skin grafts,
myocardium, corneal tissue, trachea, intestinal tissue using different materials, bioactive agents, and most

importantly prokaryotic bacterial cells. [123-128].

Advantages of 3D-Bioprinting

= Shape customization

3D-bioprinting provides a number of advantages relative to other methodologies of formulating three
dimensional scaffolds. The ability to rapidly customize shapes, with high printing resolution, is the biggest
advantage of 3D-printing. Precise shapes and geometries of different scaffolds can be created for custom

applications with the help of commercially available software.
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=  Freedom of creating complex architecture

In addition to finely tailoring shapes and geometries, 3D-printing has the potential to create complex,
multilayered structures by employing various printing techniques and combining multiple materials of
suitable properties. Previous studies have created skin grafts, myocardium, corneal tissue, trachea, and

intestinal tissue by incorporating different 3D-printing techniques [127-131].

=  Wide variety of material of choice
3D-bioprinting utilizes a wide variety of natural and synthetic printable materials that can support the viability
and growth of different kinds of eukaryotic cells, growth factors, stem cells, etc. Properties of bioink can also

be modified by combining two or more different materials [132].

= Less time consuming and technique sensitive

Relative to the fabrication approaches involved in other dosage forms (e.g., molded structures, nanoparticles,
and electrospun fibers), 3D-printing is a less time consuming process. 3D-printing takes anywhere from
minutes to an hour to print a scaffold, depending on the desired size and shape. Other alternatives such as
molded scaffold synthesis can take as long as 10 to 12 hr to fabricate, whereas 3D-printing requires minimal

effort to manufacture the scaffolds as compared to more time-intensive fabrication techniques.

= High throughput
High throughput is possible with 3D-printing because of the comparatively fast nature of the procedure,
minimal opportunities for user error, low equipment maintenance, and low manufacturing cost of
scaffolds. These potential advantages make 3D-printing a promising method with which to fabricate

novel dosage forms for probiotic administration in the oral cavity.

Stepwise Procedure for Bioprinting

The 3D-printing procedure can be divided into the following stages.
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=  Pre-printing: The pre-printing stage includes the growth and culture of cells, selection of suitable
printing material based on the type of cells, bioink preparation, and development of a program to operate
the printer and create customized shapes.

=  Printing: During the printing stage, printing parameters including temperature and pressure are adjusted
as the bioink is printed.

=  Post-printing: The post-printing stage consists of mechanical and chemical alteration of the scaffolds

via crosslinking.

Personalized hydrogel

i \Bioink formulations

Cell reprogramming and . '
differentiation

Fatty tissue biopsy

Heart cells

Blood vessel-forming cells

A vascularized 30 printi
cardiac patch Juiatng
\
s~~~.-

A human heart

Figure 5: Schematic representation of stepwise procedure for 3D-bioprinting.

Image adapted from:https://www.zmescience.com/research/inventions/3d-printing-heart-15042019 [133].
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Classification of Bioprinting Materials

A schematic of different bioink categories is provided in Figure 6 and their characteristics are described here.

= Matrix bioinks

Matrix bioinks protect cells from external environmental factors such as shear stresses during the printing
process. Matrix bioinks closely mimic the extracellular matrix and offer quick, nontoxic gelation to achieve
optimal print resolution. These bioinks range from media suspended cell slurries to cell-laden hydrogels such

as polyethylene glycol (PEG), gelatin or alginate [134-136]

= Sacrificial bioinks

Sacrificial bioinks are temporary inks that can be washed away after printing. They are mainly used to
develop a vascular network in a complex geometry. Sacrificial polymers offer high print fidelity,

cytocompatibility and ease of removal after printing [137, 138].

=  Support bioinks

Support bioinks offer more lasting support than sacrificial bioinks. Support biomaterials enhance mechanical
properties when used with matrix bioinks. These materials are most useful when developing tissues that
require higher mechanical strength, such as bone or cartilage. Support biomaterials include thermoplastics

such as polycaprolactone, poly(lactic-co-glycolic acid) or polylactic acid [139-142].
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Figure 6: Illustration of different categories of bioinks [134].
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Alginate-Gelatin Bioink

Among currently available biopolymers, gelatin and alginate are attractive for bioprinting applications
because of their ability to sustain cell viability and provide mechanical stability to printed scaffolds. Alginate
is a natural biopolymer obtained from brown algae. It is a negatively charged polysaccharide, which is
bioinert and induces a negliglible inflammatory response in vivo. Alginate is made up of two repeating
monomer units (1—4)-B-D- mannuronic acid and a-L-guluronic acid. o-L-guluronic acid helps the gel to
solidify, whereas the (1-4)-B-D- mannuronic acid and its combination with a-L-guluronic acid assist in
increasing the flexibility of the material [143-145]. Alginate can be easily modified by altering the polymer
density and crosslinking techniques [146-148]. Alginate biopolymers entrap water and other molecules by
using capillary forces and can allow it to diffuse from inside out. This characteristic is ideal for 3D-
bioprinting to achieve sustained release of biologics and other active agents from the bioprinted scaffolds
[149, 150]. However, alginate does not interact with cells and therefore, cannot provide cell adhesion and
differentiation. Because of these limitations it is mostly used with gelatin [151]. Gelatin is a denatured form
of collagen capable of reversible thermal gelation. Gelatin together with alginate increases the viscosity of
alginate and improves print fidelity. Gelatin also has abundant integrin-binding motifs, such as fibronectin,
vimentin, and vitronectin, which are usually helpful in eukaryotic cell migration, adhesion, and tissue repair

[152].

Currently Available Techniques for 3D-Bioprinting

To date, there are several different bioprinting techniques to accommodate the properties of various printing
materials (Figure 7). Among these, extrusion-based, fused deposition modeling, inkjet, stereolithography,
and laser-assisted techniques are the most widely used. Selection of the technique for bioprinting is mainly
dependent on the type of bioink. To illustrate, extrusion-based printing is the most common technique to use
pressure to print the material [153-159]. Hence, it is most suitable to print hydrogels. Another technique,
somewhat similar to the extrusion-based method, is fused deposition. This technique combines pressure and
high temperature to fuse the materials. Fused deposition printing, while similar in other ways to extrusion, is

best suited for thermoresponsive polymers and plastics [160, 161]. The high temperature conditions, make it
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less amenable for live cell incorporation. Inkjet printing is a droplet-based method that uses a thermal or
electrostatic actuator, and is therefore efficient in printing low viscosity inks [162-171]. Stereolithography
and laser-assisted printing rely on laser or UV curing. These techniques are mainly used for bioinks requiring

a photo-initiator [172-174] and can be detrimental to cell viability.

For our applications, we have utilized an extrusion-based bioprinting method, which enables materials to
print within physiologically relevant temperature and pressure ranges, to maximize cell viability in printed
scaffolds. Extrusion printing enable factors such as laser wavelength and high temperatures to be excluded
from the printing process. Gelatin and alginate hydrogel bioinks can be most efficiently printed using an
extrusion-based technique without compromising incorporated bacterial cell viability. In extrusion
bioprinting, a bioink-containing syringe is dispensed through the nozzle by pneumatic pressure or mechanical
force [153]. The pneumatic system uses compressed air to force the bioink out of a nozzle orifice. This
process takes some time to build up pressure for printing according to Bernoulli’s principle of fluids [154].
A mechanical dispensing system uses a screw or piston for extrusion-based printing which can be controlled
robotically resulting in more spatial control over bioink extrusion. The more complex design of an extrusion-
based printer relative to a pneumatic system, which makes it more prone to malfunction, is its main
shortcoming. Extrusion bioprinters are capable of printing high viscosity materials including hydrogels,
biocompatible copolymers, and cell spheroids. These attributes, together with low temperature and solvent-
free printing capabilities, make extrusion bioprinting an advantageous method to print probiotic-containing

scaffolds for oral delivery.
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Figure 7: Schematic representation of different bioprinting techniques [163].
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CHAPTER 2

HYPOTHESIS AND SPECIFIC AIMS

Antibiotics are most commonly used as adjuncts to mechanical manipulation for periodontal treatment to
limit disease reoccurrence. However, antibiotic treatment has some limitations in achieving long-term
efficaciousness, which is attributed to: (1) biofilm-mediated protection, (2) antibiotic resistance, and (3)
internalization of P. gingivalis into GECs and recolonization of the oral cavity after treatment. The long-term
aim of this project was to decrease antibiotic use by developing a novel approach to limit P. gingivalis
colonization. Toward this goal, we aimed to assess the ability of selected probiotics to reduce P. gingivalis
adhesion and invasion into TIGKs and to promote and increase TIGK cell viability. We selected
Lactobacillus reuteri, Lactobacillus acidophilus, and Bifidobacterium bifidum from among the most
clinically evaluated probiotics, for additional evaluation in vitro. In parallel, we explored the application of
3D-bioprinting to develop an alternative approach to incorporate probiotics with high viability for localized
oral delivery. Our hypothesis was that 3D-printed scaffolds prepared using gelatin alginate bioink would

incorporate and sustain the release of highly viable probiotics for 7 to 14 days.

Specific Aims to achieve these goals:

Aim 1: Evaluate the ability of Lactobacillus reuteri, Lactobacillus acidophilus, and Bifidobacterium bifidum
to prevent P. gingivalis adhesion to, and invasion of, TIGK cells and determine the resultant modulation of
TIGK cell viability.

Aim 2: Develop and characterize 3D-printed gelatin-alginate scaffolds that maximize probiotic viability and

sustain the release of probiotics for ~7 to 14 days.
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CHAPTER 3

MATERIAL AND METHODS

Growth of Bacterial Strains

Porphyromonas gingivalis ATCC 33277 (P. gingivalis) was cultured in Trypticase soy broth medium (TSBY
medium, Difco Laboratories Inc., Livonia, MI, USA) supplemented with 0.5% (w/v) yeast extract, 1 pg/ml
menadione, and 5 pg/ml hemin. The growth medium was reduced for 24 hr in an anaerobic chamber (10%
CO2, 10% Ha, and 80% Nz). Twenty ml of reduced media was subsequently inoculated with 2 ml of an
overnight P. gingivalis culture and incubated under anaerobic conditions for 48 hr at 37°C. Lactobacillus
acidophilus ATCC 4356 (L. acidophilus) and Lactobacillus reuteri ATCC 23272 (L. reuteri) were cultured
in de Man, Rogosa & Sharpe broth (MRS Broth) (Sigma-Aldrich, MO, USA). Briefly, 10 ml of medium was
inoculated with 100 pL of previously cultured bacteria and incubated at 37°C under aerobic conditions.
Bifidobacterium bifidum ATCC 29521 (B. bifidum) was cultured in a Modified Reinforced Clostridial
medium (ATCC® Medium 2107). The culture medium was pre-reduced for 2 hr in an anaerobic chamber.
Ten ml of pre-reduced media was sub-cultured with 1 ml of previously cultured B. bifidum medium. The
culture medium was incubated in anaerobic conditions for 48 hr. For the procedures below, the desired
concentration of bacteria was obtained by centrifuging 10 ml of bacterial medium at 3500 x g for 10 min.
Centrifuged bacteria were then resuspended in 1ml PBS and the ODsoo of the bacterial solution was measured
by diluting 50 pl of solution in 950 ul of PBS. The final optical density was calculated by multiplying the
dilution factor (20x) with the machine reading. Desired Multiplicity of Infection (MOI) of the cell
suspensions was calculated based on the final ODsoo using standard curves relating bacterial cfu and culture

OD650 for each organism.
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Cell Culture

In our experiments, we utilized telomerase immortalized gingival keratinocytes (TIGKs), which are a viral
protein-modified cell line derived from gingival epithelial cells found in the oral cavity [175]. They are
typically used in in vitro experiments due to their infinite life span and reduced donor-to-donor variability.
TIGKSs were grown in T75 flasks and cultured using DermaLife K Calcium Free Medium (LifeFactors®)
supplemented with penicillin/streptomycin (100 U/ml final concentration: St. Louis, MO), L-glutamine (6
mM), epinephrine (1 pM), recombinant human (rh) insulin (5 pg/ml), apotransferrin (5 pg/ml), rhTGF-a (0.5
ng/ml), extract P™, hydrocortisone hemisuccinate (100 ng/ml), and calcium chloride (0.06 mM). The

epithelial cells were incubated at 37°C in the presence of 5% COxz for one week to obtain 70% confluency.

Evaluation of binding efficacy of P. gingivalis to TIGKs after labeling with CS and HI

Among widely used fluorescent dyes, carboxyfluorescein succinimidyl ester (CS) stains extracellular
constituents such as the cell wall and outer membrane proteins via its succinimidyl group. Hexidium iodide
(HI) is a nucleic acid staining dye that selectively stains DNA. The binding efficiency of P. gingivalis to
TIGKSs, after labeling with carboxyfluorescein succinimidyl ester (CS) and hexidium iodide (HI), was
evaluated to determine the most suitable dye for labeling P. gingivalis. CS- and Hl-labeled P. gingivalis
were applied to TIGKs (1x10° cell/well) at MOIs of 100, 1000, and 5000 for 90 min. The number of CFUs
of cell-bound P. gingivalis was determined by converting each fluorescence value to the number of CFU

counts per mL with the help of a fluorescent standard curve.

Adhesion Assay

P. gingivalis adhesion to TIGK cells was evaluated after pre- or co-treatment with L. acidophilus, L. reuteri,
or B. bifidum, administered individually and at varying concentrations to a confluent layer of TIGKs. First,
TIGK cells were trypsinized and plated in 24-well plates at a density of 1x10° cells per well. After 48 hr at
37°C in the presence of 5% COz, cells were treated with carboxyfluorescein succinimidyl ester (CS)-labeled

P. gingivalis at a multiplicity of infection (MOI) of 2000 for the positive control group. Untreated TIGKs
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were considered a negative control group for background fluorescence and a lack of P. gingivalis adhesion.
Adhesion of the probiotic strains to TIGK cells in the absence of P. gingivalis was evaluated by individually

labeling them with CS and administering them to TIGK cells at MOlIs of 500, 1000, 2000.

After demonstrating adhesion of each fluorescently-labeled probiotic group alone, the ability of probiotics to
inhibit P. gingivalis adhesion was evaluated. In the first experimental group, TIGKs were pre-treated with
unlabeled probiotic strains at different MOIs for 15 min, and subsequently treated with fluorescently (CS)-
labeled P. gingivalis at a MOI of 2000 (Figure 8, pre-treatment). In the second experimental group. CS-
labeled P. gingivalis was applied at a MOI of 2000 and unlabeled probiotics were applied at MOIs of 500,
1000, 2000 and co-cultured with P. gingivalis (Figure 8, co-treatment). Bacteria-treated TIGKs were
incubated for 90 min at 37°C in the presence of 5% CO: to allow for bacterial adhesion. After incubation,
the supernatant was removed and TIGKs were washed three times with phosphate buffered saline (PBS) (137
mM NaCl, 2.7 mM KCI, 8 mM NaxHPO4, and 2 mM KH2POs). Fluorescence of P. gingivalis adhered to
TIGKSs was measured using a SpectraMax analyzer at 485 (excitation) and 535 (emission) nm wavelengths.
The fluorescence curves for P. gingivalis were prepared by serially diluting 2x108 CS labeled bacterial cells
per 0.5 mL and measuring the subsequent fluorescence. Adhered P. gingivalis bacterial colony forming unit
(CFU) counts were determined by converting fluorescence to CFUs with the help of this standard

fluorescence curve.
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Figure 8: Schematic representing control and experimental groups of the adhesion assay. Control groups

consisted of untreated TIGKs, fluorescently-labeled P. gingivalis-treated TIGKs, and fluorescently-labeled
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probiotic-treated TIGKs. Experimental groups include pre-treatment with unlabeled probiotics followed by
fluorescently-labeled P. gingivalis treatment or simultaneous co-treatment of TIGKs with fluorescently-
labeled P. gingivalis and unlabeled probiotics. Carboxyfluorescein succinimidyl ester (CS) was used to label
probiotics for binding efficiency experiments or P. gingivalis for adhesion assays as described in the

Methods.

Antibiotic Protection Assay to Measure P. gingivalis Invasion of TIGK Cells

P. gingivalis invasion of TIGKs was quantified using an antibiotic protection assay (Figure 9). After
measuring cell-bound fluorescence in the adhesion assay, adherent cell-bound bacteria were removed by
incubating TIGK cells with 300 ug/ml gentamicin and 500 pg/ml metrinidazole for one hour at 37°C in the
presence of 5% COa. Following incubation with antibiotics, TIGKs were treated with 500 pl of sterile DI
water to lyse the cells and released P. gingivalis (bacteria inside TIGKs) was quantified by plating 50 pl of
the suspension on blood agar plates supplemented 0.5% (w/v) yeast extract, 1 pg/ml menadione, and 5 pg/ml
hemin, 0.5 pg/ml Streptomycin. Plates were incubated under anaerobic conditions for 6 days. The invasion

was determined by counting CFUs [47].
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Figure 9: Overview of antibiotic protection assay. A. TIGKs treated by P. gingivalis. B. Removal of unbound

P. gingivalis by PBS wash. C. Killing of cell bound P. gingivalis by antibiotics treatment of TIGK cells. D.
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Treatment with DI water to collect internalized P. gingivalis by breaking the cell wall. E. Plating of supernant

and CFU counting.

Lactate Dehydrogenase Assay (LDH Assay)

TIGK viability after treatment with P. gingivalis was evaluated by using the CytoTox 96® Non-Radioactive
Cytotoxicity Assay kit (Promega, WI, USA). An initial experiment was performed to determine the effect of
TIGK cell density and cell lysis on LDH expression. Briefly, 2.5x10%, 5x10%, 1x10°, and 2x10° TIGK cells
per well were plated for 48 hr. Untreated/unlysed TIGKs and LDH (+) provided by the manufacturer served

as a negative and positive controls for LDH expression, respectively.

LDH expression from unlysed and lysed TIGKs of the same density was determined, and the cell density that
resulted in maximum LDH expression between unlysed and lysed cells (5x10%) was selected for further
experiments. The effects of P. gingivalis administration on TIGKs was evaluated by applying MOIs of 100,
500, 1000, 2500, 5000 and assessing LDH release from the cells. TIGKs were plated at density of 5x10* cells
per well for 48 hr before the experiment and incubated at 37°C in the presence of 5% COz. On the day of
experiment, cell were treated with P. gingivalis (MOIs of 100, 500, 1000, 2500, and 5000) and incubated for
8 hr. The experiment had three groups: a negative control of untreated/unlysed TIGKs, a positive control of
untreated/lysed TIGKs, and an experimental group of P. gingivalis-treated TIGKs. To exclude effects of
bacterial acid production on experimental results, we prepared free P. gingivalis-only cultures to measure
LDH production by P. gingivalis and subtracted these background levels from the experimental groups.
Forty-five minutes before collecting the supernatants, the positive control group was treated with 50 pl of
lysis solution (10x) provided by the manufacturer to attain maximum LDH release from the cells. After the

total incubation time of 8 hr, plates were centrifuged at 250 x g for 4 min and 50 pl aliquots from each group

was transferred to 96-well plates. Fifty pl of CytoTox 96® Reagent was then added to each well and
incubated for 30 min at 37°C in the presence of 5% COz. The reaction was terminated by adding a stop
solution of 50 pul into wells. Absorbance was measured at 490 nm and the percent cytotoxicity was calculated
using the following equation where effector spontaneous = P. gingivalis-alone,; TIGK spontaneous = TIGKs

only; Lysed TIGKs = target maximum of LDH expression/release.
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% Cytotoxicity = Experimental — Effector Spontaneous — TIGKs Spontaneous x 100
Lysed TIGKs — TIGKs Spontaneous

Preparation of Bioink for 3D-Printed Scaffold

Bioink preparation without bacteria:

A 10% gelatin:2% alginate bioink was prepared by adding 500 mg of gelatin (gel strength — 225 bloom, ~50
kDa Sigma, MO, USA) and 100 mg of alginate (viscosity not provided, MP Biomedicals, LLC, OH, USA)
to 5 ml of sterile MRS broth in a scintillation vial. Bioink was vortexed to prepare a homogenous mixture.

This preparation was incubated at 37°C overnight to completely dissolve the polymer.

Bioink preparation with bacteria:

Probiotic-containing bioinks were prepared by adding 500 mg gelatin and 100 mg alginate to 4.5 ml of sterile
MRS broth. The bioink (without probiotics) was similarly vortexed and incubated at 37°C overnight. On the
day of printing, probiotics were added to the ink by centrifuging MRS broth containing 5x107 bacteria per
mg of polymer at 3500 x g for 10 min. The probiotic pellet was resuspended in 0.5 mL of fresh MRS broth
and the prepared solution was added to the bioink. The ink was vortexed and incubated at 37°C for 15 min

to ensure distribution of probiotics throughout the ink.

3D-Bioprinting of Scaffold

3D scaffolds were printed with the help of an Allevi 3 bioprinter (Allevi, Inc., PA, USA) (Figure 10). STL
files were created by SolidWorks software to print 13 x 1 mm scaffolds. STL files were converted into G-
code by Allevi 3 software and scaffolds were printed adjusting parameters like temperature, pressure, and

needle gauge size. Scaffold bioprinting conditions were set to: 37.5°C, 42 psi and a 29 gauge needle.

Scaffold Crosslinking

Immediately after printing, scaffolds were stored in the refrigerator at 4°C for 15 min. The scaffold strength

and structural stability were enhanced by crosslinking alginate and gelatin with CaClz (Fisher Scientific) and
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genipin (Fisher Scientific), respectively. Alginate crosslinking was performed first by treating scaffolds with
5 mL 10% w/v CaClz in water at 4°C for 15 min. Following alginate crosslinking, scaffolds were treated with

5 mL 0.5% w/v genipin solution in DI water for 4 hr at room temperature to crosslink gelatin in the scaffolds.

Figure 10: Allevi 3 bioprinter with three extruders.

Image adapted from: https://3dprint.com/wp-content/uploads/2018/09/unnamed-40.jpg [176].

Viability of Probiotics in 3D-Bioprinted Scaffolds

The working temperature and pressure of the printer during scaffold preparation affects the viability of
probiotics. Therefore, it was important to determine the number of viable cells present after printing (Figure
11). 3D-bioprinted scaffolds were incubated at 4°C for 10 min. Uncrosslinked scaffolds were weighed and
transferred into 1.5 mL eppendorf tubes. One ml of MRS broth was added into each tube and incubated at
37°C for 10 min. Once scaffolds completely dissolved into the medium, the resultant solution was serially-
diluted and 5 pl of the solution was plated on agar plates. The number of CFUs/mg was calculated to
determine the number of viable bacteria in the scaffold after printing. The difference between bacterial
CFU/mg initially added to the bioink and CFU/mg calculated after 3D-printing provided the percent viability

of the probiotics in the 3D-bioprinted scaffolds.
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Figure 11: Overview of steps involved to determine post-print viability. Schematic shows the dissolution of
the scaffold in MRS medium, plating of this solution, and CFU counting of probiotics from the dissolved

scaffold.

Probiotic Release from 3D-Printed Scaffolds

Probiotic release was evaluated at different time points of 1, 2, 4, 8, 24, 48 hr, and each day up to 2 weeks to
evaluate the potential of scaffolds to sustain probiotic release (Figure 12). The scaffold was weighed to
record its initial mass and then 5 mL of the media (I X PBS, MRS broth, or artificial saliva (Pickering
laboratories, 1700-0305) was added to each eppendorf tube and incubated at 37°C between time points. To
measure release, media (complete 5 ml) was removed for measurements daily and 100 pl of this eluate was
serially diluted to determine CFU counts. Bacterial CFU counts were determined by plating 5 pL of each
sample dilution on MRS agar plates. Plates were stored for 48 hr in anaerobic conditions at 37°C. The
CFU/mg of each sample was calculated and probiotic release from the scaffold at 1, 4, 8, 24, 48, 72 hr, and
each day was determined. After removing supernatant for plating, scaffolds were washed three times with 1
x PBS to remove bacteria present on the surface. The scaffolds were resuspended with fresh 5 ml of the

medium of choice and incubated at 37°C until the next time point.
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Figure 12: A brief illustration of release assay procedure. Schematic showing plating of solution and CFU

counting after incorporation of scaffolds in artificial saliva, MRS, or PBS until each desired time point.
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CHAPTER 4

RESULTS

Specific Aim 1:
Aim 1: Evaluate the ability of Lactobacillus reuteri, Lactobacillus acidophilus, and Bifidobacterium bifidum
to prevent P. gingivalis adhesion to, and invasion of, TIGK cells and determine the resultant modulation of

TIGK cell viability.

Results from the P. gingivalis Adhesion Assay

Evaluation of binding efficacy of P. gingivalis to TIGKs after labeling with CS and HI:

The binding of P. gingivalis to TIGKSs, after labeling with carboxyfluorescein succinimidyl ester (CS) and
hexidium iodide (HI), was evaluated to determine the labeling efficacy and most suitable dye with which to
label P. gingivalis. While both CS- and HI-labeled P. gingivalis demonstrate a dose-dependent trend in
binding to TIGK cells, a comparison of the labeling efficiency indicated that CS labels P. gingivalis more
efficiently (Figure 13). Overall, higher P. gingivalis binding to TIGKs was observed with CS, relative to HI
labeling at all concentrations. This indicates that regardless of the double ester bond in CS (which may
interfere with P. gingivalis binding), that CS labels P. gingivalis more efficiently than HI, enabling P.

gingivalis binding to be more easily detected, on TIGK cells.
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Figure 13: Carboxyfluorescein succinimidyl ester (CS)-labeled P.g. showed increased adhesion to
TIGK cells, relative to hexidium iodide (HI)-labeled P.g. under different dosing conditions. zZTIGK
cells, plated at a density of 1x10° cells per well, were treated with CS- and Hl-labeled P.g. at MOIs of 100,
1000, 5000 for 90 min. Fluorescence, indicative of P.g. binding, was measured (485 nm ex/535 nm em) and
the number of CFU/mL were determined. Values represent the mean + standard deviation of CFU/mL of P.g.
adhered to TIGK cells. A statistically significant increase in adhesion was observed when P.g. was labeled

with CS at MOIs of 1000 and 5000 (**P < 0.01, ****P < 0.0001).

Free L.a. adheres to TIGK cells and reduces P. gingivalis adhesion to TIGK cells

TIGK cells treated with different MOIs (500, 1000, and 2000) of L. acidophilus in the absence of P. gingivalis
demonstrated a dose-dependent trend in L. acidophilus binding; however, statistical significance was only
observed between L. acidophilus applied at an MOI of 500 and 2000 (Figure 14A, *P < 0.05). Next, we
evaluated the ability of free L. acidophilus, administered as a pre- or co-treatment at MOIs of 500, 1000, and
2000, to inhibit P. gingivalis binding to TIGK cells (Figure 14B). A dose-dependent reduction in adhesion
of P. gingivalis (MOI 2000) was observed after pre-treatment with probiotics (**P < 0.01, ***P < (0.001).
Pre-treatment with L. acidophilus for 15 min at MOIs of 500, 1000, and 2000 reduced adhesion by 53%,
56%, and 68%, respectively, relative to P. gingivalis alone.. In comparison, co-treatment of free L.
acidophilus at MOIs of 500, 1000, 2000 with P. gingivalis (MOI 2000) showed a trend in reducing P.

gingivalis binding. Specifically, administration of L. acidophilus at an MOI of 2000 significantly decreased
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P. gingivalis adhesion to TIGKs ( **P <0.01). Co-treatment with L. acidophilus at MOIs of 500, 1000, 2000
decreased P. gingivalis adhesion by 14%, 39%, and 52%, respectively. Overall, L. acidophilus pre-treatment
resulted in a slightly greater reduction in P. gingivalis binding, relative to that observed for the same L.
acidophilus co-treatment doses (P > 0.05).
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Figure 14: A. A dose-dependent trend in L.a. binding to TIGK cells is observed after administration

of different L.a. MOI. TIGK cells, plated at a density of 1x10° cells per well, were treated with CS-labeled
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L.a. at MOlIs of 500, 1000, 2000 for 90 min. Values represent the mean + standard deviation of L.a. binding
(CFU/mL) to TIGK cells at increasing MOIs. While a dose-dependent trend in binding was observed,
increased binding was only observed between L.a. administered at low (MOI 500) and high concentrations
(MOI 2000) (*P < 0.05).B. Inhibition of P.g. adhesion to TIGK cells after different doses of pre- and co-
treatment with L.a. L.a. was applied to CS-labeled P.g. (MOI 2000)-treated TIGKs at MOIs of 500, 1000,
2000 for 90 min. Values represent the mean + standard deviation of P.g. adhesion (CFU/mL) to TIGK cells
in the absence (P.g. alone) or presence of L.a. pre-or co-treatment. Statistical significance between P.g. alone
and L.a.-treated groups was calculated by one-way ANOVA and is represented by **P < 0.01, and ***P <
0.001. After pre-treatment, L.a. administered at all doses significantly inhibited P.g. binding to TIGK cells.
For L.a. and P.g. co-treatment, P.g. inhibition was observed at the highest dose of L.a. (2000 MOI). Overall,
L.a. pre-treatment resulted in a slightly higher reduction in P.g. binding, relative to that observed for the same

L.a. co-treatment doses (*P > 0.05).

Free L.r. adheres to TIGK cells and reduces P. gingivalis adhesion to TIGK cells at an MOI of 500.

TIGK cells treated with different MOIs (500, 1000, and 2000) of L. reuteri demonstrated binding to TIGK
cells; however, no statistical significance in binding was observed as a function of dose (Figure 15A, P >
0.05). Next, we evaluated the ability of free L. reuteri, administered as a pre- or co-treatment at MOIs of 500,
1000, and 2000, to inhibit P. gingivalis binding to TIGK cells (Figure 15B). Overall, pre-treatment of TIGKs
with L. reuteri for 15 min at MOIs of 500, 1000, and 2000 reduced binding of P. gingivalis (MOI 2000) by
64%, 45%, and 63%, respectively. Statistical significance in the inhibition of P. gingivalis binding was only
observed for L. reuteri administered at an MOI of 500 (*P < 0.05). Similarly, co-treatment with free L.
reuteri at MOlIs of 500, 1000, 2000 with P. gingivalis (MOI 2000) showed a trend in reducing P. gingivalis
binding. Specifically, L. reuteri co-treatment decreased P. gingivalis binding by 23%, 40%, and 56% at
respective MOIs of 500, 1000, and 2000. Overall, L. reuteri pre-treatment resulted in a similar reduction in

P. gingivalis binding, relative to that observed for the same L. reuteri co-treatment doses (P > 0.05).
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Figure 15: A. A dose-dependent trend in L.r. binding to TIGK cells is observed after administration of
different L.r. MOI. TIGK cells plated at a density of 1x10° cells per well were treated with CS-labeled L.
at MOIs of 500, 1000, 2000 for 90 min. Values represent the mean + standard deviation of L.r. binding
(CFU/mL) to TIGK cells at increasing MOIs. While a dose-dependent trend in binding was observed, no
statistical significance in binding was observed between different MOIs (P > 0.05). B. Inhibition of P.g.

adhesion after different doses of pre- and co-treatment with L.r. L.r. was applied to CS-labeled P.g.
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(MOI 2000)-treated TIGKs at MOIs of 500, 1000, 2000 for 90 min. Values represent the mean + standard
deviation of P.g. adhesion (CFU/mL) to TIGK cells in the absence (P.g. alone) or presence of L.r. pre-or co-
treatment. Statistical significance between P.g. alone and L.r.-treated groups was calculated by one-way
ANOVA and is represented by *P < 0.05. No statistical significance was observed between P.g. alone and
L.r.-pre- or co-treated groups, with the exception of P.g. and L.r. (500) pre-treatment. Overall, L.r. pre-
treatment resulted in a similar reduction in P.g. binding, relative to that observed for the same L.r. co-

treatment doses (P > 0.05).

Free B.b. adheres to TIGK cells and minimally impacts P. gingivalis adhesion to TIGK cells

TIGK cells treated with different MOIs (500, 1000, and 2000) of B. bifidum adhered to TIGK cells; however,
no statistical significance or trend in binding, as a function of MOI, was observed (Figure 16A, P > 0.05).
We further evaluated the ability of free B. bifidum administered as a pre- or co-treatment, to limit P. gingivalis
binding to TIGK cells (Figure 16B). Pre-treatment of TIGKs with B. bifidum for 15 min at MOlIs of 500,
1000, and 2000 reduced binding of P. gingivalis (MOI 2000) by 50%, 64%, and 79%. respectively. However,
no statistical significance in P. gingivalis binding inhibition was observed at these MOIs (P > 0.05). Co-
treatment with free B. bifidum at MOIs of 500, 1000, 2000 with P. gingivalis (MOI 2000) reduced P.
gingivalis binding by 85%, 33%, and 50% at respective MOIs of 500, 1000, and 2000. Overall, B. bifidum
pre-treatment resulted in a similar reduction in P. gingivalis binding, relative to that observed for the same

B. bifidum co-treatment doses (P > 0.05).
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Figure 16: A. B.b. demonstrates binding to TIGK cells; however, no dose-dependence in adhesion is
observed. TIGK cells, plated at a density of 1x10° cells per well, were treated with CS-labeled B.b. at MOIs
of 500, 1000, 2000 for 90 min. Values represent the mean + standard deviation of B.b.. binding (CFU/mL)
to TIGK cells at increasing MOIs. Regardless of B.b. dose, similar binding was observed (P > 0.05). B.
Inhibition of P.g. adhesion to TIGK cells after different doses of pre- and co-treatment with B.h. B.b.

was applied to CS-labeled P.g. (MOI 2000)-treated TIGKs at MOIs of 500, 1000, 2000 for 90 min. Values
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represent the mean + standard deviation of P.g. adhesion (CFU/mL) to TIGK cells in the absence (P.g. alone)
or presence of B.b. pre- or co-treatment. Statistical significance between P.g. alone and B.b.-treated groups
was calculated by one-way ANOVA. Both P.g. pre- and co-treatment, showed similar P.g. binding compared
to the untreated control group (P > 0.05). Overall, B.b. pre-treatment resulted in a similar reduction in P.g.

binding, relative to that observed for the same B.b. co-treatment doses (P > 0.05).

Examining P. gingivalis Invasion of TIGK Cells

P. gingivalis invasion of TIGK cells when administered at different doses

Next we evaluated the ability of P. gingivalis, administered at MOIs of 100, 500, 1000, and 2000
(corresponding to 1x107, 5x107, 1x108, and 2x10% CFU/mL respectively), to invade TIGK cells (Figure 17).
Opverall, increased invasion of TIGKs was observed as a function of dose. P. gingivalis administered at a
MOI of 2000 demonstrated increased levels of invasion, relative to P. gingivalis administered at an MOI of

100, 500, and 1000 (****P < 0.0001).

*kk*
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Figure 17: TIGK cells show a dose-dependent increase in P. gingivalis internalization. TIGK cells plated

at a density of 1x10° cells per well were treated with P.g. at MOIs of 100, 500, 1000, 2000 for 90 min.

40



Antibiotics were subsequently administered to TIGK cells for 1 hr, followed by treatment with water for 20
min to lyse cells and enable the collection of internalized bacteria. The lysed fraction was plated on agar
plates to determine the concentration (CFU/mL) of internalized bacteria. Values represent the mean =+
standard deviation of P.g. internalization (CFU/mL) in TIGK cells. Statistical significance in internalization
as a function of administered P.g. dose was calculated by one-way ANOVA and is represented by ****P <
0.0001. Atan MOI 0f 2000, P.g. internalization was significantly higher relative to P.g. administered at MOIs

of 100, 500, 1000.

Results for TIGK Cell Viability Assay

Cell density determination for TIGK viability assay

Adhesion and invasion of P. gingivalis directly impacts the viability of GECs and affects tissue health. To
evaluate the effect of probiotics on TIGK cell viability after P. gingivalis treatment, we performed an LDH
cytotoxicity assay to assess LDH levels in TIGK cells after probiotic treatment. LDH secreted by TIGK cells
is indicative of cytotoxicity caused by effector cells (here, P. gingivalis). To determine the appropriate TIGK
cell plating density for this assay, LDH release from cells was evaluated at different TIGK cell densities
(Figure 18). Free LDH provided by the manufacturer and unlysed/untreated TIGK cells served as positive
and negative controls for LDH expression, respectively. Overall, a gradual increase in LDH response was
found in both unlysed and lysed cells as cell density increased. Furthermore, as assay validation, a comparison
of unlysed to lysed TIGK cells, plated at densities of 2.5x10%, 5x10%, 1x10°, and 2x10°, showed significantly
higher levels of LDH expression, relative to similar density of unlysed TIGK cells (****P < 0.0001), which
suggests that TIGK cells increase expression of LDH in the presence of adverse chemicals indicative of
cytotoxicity. Cytotoxicity of the TIGK cells as measured by the LDH assay was proportional to the density
of unlysed or lysed TIGK cells. A cell density of 5x10* was selected for further experiments as it produced

the maximum difference in LDH release between unlysed and lysed cells.
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Figure 18: response between unlysed and lysed TIGK cells plated at different cell densities. LDH release
from unlysed TIGK and lysed TIGK cells plated at densities of 2.5x10%, 5x10%, 1x10°, and 2x10° cells per
well, was evaluated after 8 hr of incubation. Free LDH provided by the manufacturer and unlysed TIGK cells
served as positive and negative controls for LDH expression, respectively. Values represent the mean +
standard deviation of cell cytotoxicity, measured by assessing LDH release/activity as measured by
production of a red formazan product at 490 nm. The statistical significance between unlysed and lysed TIGK
cells plated at the same cell density was assessed by one-way ANOVA and is represented by ****P <0.0001
between each group. The LDH response of lysed TIGK cells at all concentrations (2.5 x10%, 5x10%, 1x103,

and 2x10°) was significantly higher relative to the same density of unlysed TIGK cells.

LDH release (i.e. cytotoxicity) after treatment with different doses of P. gingivalis

TIGK cells plated at density of 50k were treated with different MOlIs of P. gingivalis for 8 hr (Figure 19).
Statistical significance in LDH release/cytotoxicity was observed after P. gingivalis administration at MOIs
of 100, 500, and 1000, relative to untreated/unlysed TIGKs (***P < 0.001, ****P < (0.0001). This finding
indicates that P. gingivalis induces cytotoxic effects on TIGK cells. Treatment with P. gingivalis at MOlIs of

2500 and 5000 showed similar LDH release/cytotoxicity to untreated/unlysed TIGKs (P > 0.05).
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Figure 19: High levels of LDH release/cytotoxicity were observed after the administration of P.
gingivalis at MOIs of 100, 500, and 1000. TIGK cells, plated at a density of 5x10* cells per well, were
treated with P.g. at MOIs of 100, 500, 1000, 2500, 5000 for 8 hr. Untreated/unlysed TIGK cells and
untreated/lysed TIGK cells served as negative and positive control groups for LDH production, respectively.
Values represent the mean + standard deviation of cell cytotoxicity, measured by assessing LDH
release/activity as measured by production of a red formazan product at 490 nm. Statistical significance was
determined between untreated/unlysed and P.g.-treated cells, using one-way ANOVA and is represented by
***%P < 0.001 and ****P < 0.0001. While higher MOIs of 2500 and 5000 show similar LDH response to
untreated TIGK cells, lower MOIs of 100, 500, 1000 showed significantly higher LDH production relative

to untreated/unlysed TIGK cells.

Specific Aim 2: Develop and characterize 3D-printed gelatin-alginate scaffolds that maximize probiotic

viability and sustain the release of probiotics for ~7 to 14 days.

Our long-term goal for 3D-bioprinting was to develop a scaffold containing probiotics that is of suitable size
and shape to place into a periodontal pocket after mechanical plaque removal or surgical periodontal
procedure. These scaffolds were predicted to release probiotics sustainably for up to two weeks of

periodontium healing. We envision that sustained delivery of probiotics at the desired (localized) site will
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facilitate healing and periodontal health by decreasing colonization of pathogens and increasing beneficial
probiotic accumulation in the oral cavity. At first we developed printing parameters suitable for a gelatin-
alginate bioink and printed different scaffold shapes with the Allevi 3D printer. Figure 20 demonstrates
various shapes of scaffolds created with the help of Allevi software demonstrating the ability to print a variety
of structures with different morphological features suitable for different applications. Among these different
patterns, we selected the 13x1 mm scaffold shown in Figure 20B, due to its suitable shape for subgingival

pocket administration.

Development of 3D-bioprinted scaffold

Figure 20: A. Different morphologies of 3D-bioprinted scaffolds demonstrate the ability to print scaffolds
with various morphologies and dimensions, suitable for a variety of dental (and other) applications.
B. Among these different patterns, the 13x1 mm scaffold was selected due to its suitable shape for subgingival

pocket administration. Scale bar on left = 0.5 mm, right = 1 mm.
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Evaluation of effects of printing conditions on bacterial cell viability

Bioprinting parameters such as temperature and pressure can affect bacterial cell viability post-printing. L.a.
was incorporated at 5x107 CFU per mg polymer, and bacterial viability was assessed immediately post-
printing (Figure 21). Overall, high probiotic viability was maintained during the printing process, with
scaffolds demonstrating a high post-print viability of 1.1x107 CFU/mg — a loss of less than one logarithmic
unit of bacteria during the printing process. Well maintained probiotic viability indicates the promising

potential of 3D-bioprinting to incorporate high viabile concentrations of probiotics.
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Figure 21. Probiotic viability was determined pre- and post-printing after initial incorporation of
5x10” CFU L.a. per mg scaffold. The concentration of L.a. added to the polymer solution prior to printing
(5x107 CFU/mg) was considered as 100% viability. Post-print viability was determined by dissolving the
scaffold in ImL MRS broth and plating aliquots of the scaffold dilutions on an agar plate. Values represent
mean =+ standard deviation of CFU/mg post-printing. Overall L.a. viability decreased from 5x107 to 1.1x107

CFU/mg, showing less than a one-log decrease in probiotic viability (***P < 0.001).

L. acidophilus release from probiotic scaffolds

To demonstrate the potential of 3D-bioprinted scaffolds to sustain probiotic release in different media, we

assessed the release kinetics of probiotics from scaffolds incubated in MRS broth, artificial saliva, and PBS
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over 17 d (Figure 22). Release kinetics suggest that L. acidophilus incorporated in 3D scaffolds is released
and likely proliferates for at least 14 days, suggesting the ability of 3D-bioprinted scaffolds to release bacteria
within the desired timeframe of 7 to 14 d. Evaluation of release kinetics in MRS broth, artificial saliva, and
PBS shows maximum release and proliferation of bacteria in MRS broth medium. In comparision, release

in artificial saliva was detected after ~4 days incubation, while no L. acidophilus release was detected in PBS.

of L.a. (CFU/mg scaffold)
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Figure 22. Cumulative release of L.a. from 3D-bioprinted scaffolds in PBS, MRS broth, and artificial
saliva. L.a. concentration of 5x10” CFU/mg was added to 10% gelatin-2% alginate bioink and printed at 37°C
and 42.5 psi. Bacterial release was assessed after 1 hr, 4 hr, and each day through 17 days in triplicates.
Values indicate the mean + standard deviation of cumulative release of L.a. (CFU/mg) at each time point.
Statistically significant release (and proliferation) of L.a. was found in MRS broth, relative to artificial saliva
and PBS, after 14 days (*P < 0.05). L.a. release in artificial saliva and PBS was much lower relative to
release in MRS broth. **Data in collaboration with Veeresh Rai, graduate student in Dr. Steinbach-Rankins

Lab.
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CHAPTER 5

DISCUSSION

Adhesion of P. gingivalis to gingival epithelial cells is the primary and most important mechanism for its
colonization of the oral cavity. After initial attachment to the cell surface, with the help of major and minor
fimbriae, P. gingivalis starts to auto- and co-aggregate with other bacteria such as Actinomyces viscosus,
Treponema denticola, Streptococcus gordonii, and Streptococcus oralis [39-44]. This process facilitates
accumulation of P. gingivalis and other bacteria in the oral cavity, leading to the initiation and progression
of periodontal diseases. Furthermore, adhesion induces structural changes in the cell cytoskeleton that
facilitates internalization of P. gingivalis [56, 58, 63]. Within the cytoplasm, internalized bacteria escape
from the host immune surveillance and benefit from the nutrient-rich environment for their growth and
proliferation. These nutrients and growth factors enable the bacteria to produce toxic metabolic products,
compromising cell viability and leading to tissue destruction [59]. The invasion of P. gingivalis is also a
major contributor to antibiotic and periodontal treatment failure, as internalized bacteria often recolonize the
oral cavity post-treatment. Hence, bacterial adhesion and invasion are the important steps that eventually lead

to disease progression and tissue destruction.

Among the potential biologics currently available to treat pathogen-mediated oral diseases, probiotics seem
quite promising. Probiotics have been effective in the treatment of many GI disorders, H. pylori infection,
and skin and vaginal infections because of their ability to reduce pathogen adhesion [80-82]. However, to
date, no in vitro studies have evaluated the potential of probiotics to reduce oral pathogen adhesion, invasion
and subsequent killing of host cells. Hence, this study aimed to assess the beneficial properties of different
probiotics against a major periodontal pathogen, P. gingivalis. Adhesion, antibiotic protection and LDH
cytotoxicity assays were conducted to evaluate the effects of probiotic administration on P. gingivalis

adhesion to and invasion of TIGK cells, and on modulating TIGK cell viability.
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Unlike previous studies that evaluated probiotics for systemic applications, this study provides important
insight into specific probiotics species effectiveness against a prominent oral pathogen, P. gingivalis. It
evaluates the previous theories of probiotic mechanisms and provides evidence that probiotics can adhere to
and potentially interfere with P. gingivalis binding. Furthermore, the development and characterization of
scaffolds fabricated with 3D-bioprinting may help to overcome the limitations of current approaches and

provide a novel therapeutic avenue for the future prevention and treatment of periodontitis.

In these studies we observed that treatment with L. acidophilus, L. reuteri, or B. bifidum alone resulted in
probiotic adhesion to TIGK cells. These observations suggested that probiotics may occupy adhesion sites
on the host surface, and may thereby decrease potential binding sites for pathogen attachment, resulting in
reduced pathogen adhesion. However, when TIGK cells were pre- or co-treated with L. acidophilus, L.
reuteri, or B. bifidum in conjunction with P. gingivalis, only pre-treatment with L. acidophilus (and one
concentration of co-treatment) demonstrated a statistically significant decrease in P. gingivalis adhesion to
TIGK cells. Pre-treatment with L. acidophilus at all MOlIs (500, 1000, 2000) and co-treatment with an MOI
of 2000 showed a statistically significant reduction in adhesion suggesting L. acidophilus as a promising
probiotic to limit P. gingivalis adhesion. Furthermore, relative to co-treatment, L. acidophilus pre-treatment
seemed to enhance the inhibition of P. gingivalis adhesion. These observations support the hypothesis that a
reduction in pathogen colonization can be attained and potentially attributed to enhanced probiotic binding
to TIGK cell adhesion sites, relative to P. gingivalis. Pre-treatment with probiotics such as L. acidophilus,
may enable probiotics to preoccupy the binding sites commonly sought by P. gingivalis, leading to decreased
availiibility of adhesion sites and reduced bacterial adhesion. These findings suggest the potential of L.
acidophilus, and potentially other probiotics, administered after mechanical debridement (prior to subsequent
pathogen colonization), to delay or reduce the bacterial recolonization. Furthermore, these data suggest that
pre-administration may be more efficacious, than administration at later times, potentially due to the

mechanism by which probiotics occupy binding sites and prevent pathogen binding on eukaryotic cells.

While a comparison of data collected to date, with L. acidophilus, L. reuteri, and B. bifidum pre-treatment

indicates that L. acidophilus may be the most effective probiotic species to reduce P. gingivalis adhesion,
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future work would benefit from varying the dose of P. gingivalis to assess its impact on probiotic adhesion

and subsequent inhibition.

In parallel with evaluating the potential of P. gingivalis to bind to TIGK cells in the presence or absence of
probiotics, results from the antibiotic protection assay indicate that P. gingivalis invasion of TIGK cells
exhibits some level of dose-dependence — highlighting the importance of mitigating P. gingivalis adhesion
to TIGK cells. After this initial experiment, several trials of the antibiotic protection assay were performed
after pre- and co-treatment with L. acidophilus, L. reuteri, or B. bifidum following the same protocols.
However, these experiments were difficult to evaluate. We found similar clustered colonies of P. gingivalis
and probiotics together for pre- and co-treatment groups on agar plates, making them difficult to distinguish
because of similar appearance. To overcome this challenge, we incorporated an inhibitory concentration (0.5
pg/ml) of streptomycin in our agar plate to prevent probiotic colony formation in pre- and co-treatment
groups. However, the addition of streptomycin decreased the viability of both pre and co- cultures on agar
plates. Similarly, free probiotics and the P. gingivalis group also showed decreased viability on streptomycin
modified agar plates. These findings suggest that the concentration of antibiotics is too high, and may kill the
relatively small amount of invaded bacteria, thereby preventing colony formation on agar plates. Future
experiments may be conducted to assess the appropriate dose of antibiotics to kill probiotics and enable only
P. gingivalis growth on the agar plates. Additionally, these challenges may be overcome by using a P.
gingivalis strain that is capable of encoding beta lactase enzymes, which provide bacterial resistance to
antibiotics. Use of an antibiotic-resistant P. gingivalis strain may help to facilitate its growth on antibiotic-
treated agar plates to enable the evaluation of its invasion in the presence of probiotics. Additionally, other
methods including phase contrast and confocal microscopy should be adopted to evaluate P. gingivalis

internalization in different treatment groups.

Additionally, we performed an LDH cytotoxicity assay to evaluate the effects of P. gingivalis on TIGK cell
viability both with and without probiotic application. We first performed the LDH assay with different plating
densities of TIGK cells to ensure observation of LDH production in lysed cells and that the assay was working

properly. As anticipated, an increase in LDH release was seen in the lysed, relative to the unlysed cell group.
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Among the plated cell densities (25k, 50k, 100k, and 200k cells per well), a maximum difference between
lysed and unlysed groups was observed at a density of 50k cells (after 8 hr incubation). Using this
information, subsequent experiments were conducted to evaluate LDH response after treatment with P.
gingivalis at MOlIs of 100, 500, 1000, 2500, 5000 to determine the appropriate MOI for future experiments
with probiotics. After treatment with lower MOIs of 100, 500, and 1000 P. gingivalis, a significant increase
in LDH release was observed. In contrast, higher MOIs of 2500 and 5000 resulted in LDH release similar to
untreated/unlysed cells. Future experiments will be conducted to reassess the impact of higher MOIs and

different durations of incubation on LDH expression.

In addition to adhesion, invasion, and cell viability studies, in future work, we would like to evaluate the
effects of probiotics on P. gingivalis-mediated enhanced cytokine response. We aim to determine modulation
in IL-8 and TNF cytokine levels with the help of ELISA after probiotic administration. Results from these
studies will provide valuable insight regarding the role probiotics play in improving P. gingivalis-mediated

inflammation.

Aerobic and anerobic probiotic species such as L. paracasei, L. rhamnosus, L. salivarius, and Bifidobacteria
are found in the healthy oral cavity and contribute to 1% of the total microflora, suggesting the ability of
probiotics to survive and grow in the oral environment. A variety of delivery vehicles, including nanoparticles
and fibers have been used to deliver active agents to the oral cavity. However, nanoparticles and fibers have
certain limitations, which include harsh processing conditions, limited architectural features, burst release of
incorporated agents, and complex fabrication techniques. These limitations may be overcome by using a
novel 3D-bioprinting approach that highly incorporates viable probiotics using a variety of biocompatible
materials. Overall, 3D-bioprinting is less technique-sensitive and potentially more efficient, due to its ability

to highly incorporate live cells and release incorporated agents for longer durations.

In this work, 3D-bioprinting of probiotics with gelatin alginate bioinks produced structurally stable scaffolds.

Post-print crosslinking enhanced the mechanical properties and increased the duration of scaffold stability

(demonstrated via release). However, high printing temperature and pressure may impact probiotic viability.
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To evaluate these effects, we compared probiotic viability before and after printing, recovering 1.1x107
bacteria. Less than a one-log decrease in bacterial viability indicates that 3D-bioprinting with an extrusion-
based technique provides a promising approach by which to incorporate and maintain the viability of live
prokaryotic cells in a scaffold. Evaluation of release kinetics in MRS broth, PBS, and artificial saliva showed
the preliminary potential of 3D-bioprinted scaffolds to gradually release and foster the proliferation of
probiotics over 14 days. Compared to probiotic release in PBS and artificial saliva, MRS broth provided high
levels of L. acidophilus release and proliferation of L. acidophilus. Artificial saliva showed comparatively
lesser release of probiotics relative to that observed in MRS broth. These findings may be due to the overall
lower concentration of glucose in artificial saliva relative to MRS. Due to the low probiotic viability seen in
artificial saliva, future work may want to investigate other artificial salivas with higher glycogen content,

used for pharmaceutical testing.

Previous work in our group has focused on increasing the retention of delivery vehicles in the oral cavity
with a variety of surface modifications [177, 178]. Similarly we could use chitosan or other adhesives to
enhance mucoadhesion of the scaffols in subgingival pockets [179]. However, current results indicate that
3D-bioprinting addresses previously mentioned limitations of nano particles and fibers. In contrast to these
dosage forms, 3D-bioprinting excludes the use of harmful solvents in formulating the delievery vehicle,
thereby preservingthe viability of active biologics. 3D-bioprinted scaffolds also possess enhanced geometric
diversity and structural stability compared to nanofibers. Release results from our study show that probiotic
release from scaffolds is sustained up to 14 days, which may, in the right environment, overcome the

limitation of burst release from other dosage forms.

Future experiments will seek to evaluate these scaffolds in vitro to assess their ability to reduce P. gingivalis
adhesion to and invasion of TIGK cells similar to free probiotics. Following that, the aim will be to evaluate
these scaffolds in vivo. We desire to utilze either a ligature-induced periodontitis model or Bakermodel to
test these scaffolds for efficacy against periodontitis in in vivo studies. The ligature-induced periodontitis
model uses silk ligature to induce periodontitis and alveolar bone loss in mice. A ligature is tied in the gingival
sulcus commonly around the maxillary second molar which helps to gain reproducibility and increase validity

[180]. The ligature facilitates bacterial plaque accumulation and causes inflammation [180-182]. This model
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is considered advantageous because of its predictability of events and duration for causing periodontitis and
alveolar bone loss [181-184]. Another model is the Baker model in which mice are infected orally with P.
gingivalis, causing periodontitis and alveolar bone loss [185]. This model allows for controlled
environmental conditions in which mice naturally develop periodontitis over a period of time identical

periodontitis in humans [186].

Results from these future studies would lend further support to the idea that probiotics administered in 3D-
bioprinted scaffolds, after mechanical plaque removal or surgical periodontal procedures, can be an effective
strategy to combat recolonization of P. gingivalis in the oral cavity during healing. The aim will be to utilize
these scaffolds for two weeks following periodontal treatment by placing it in subgingival pockets and
ensuring its retention with the help of adhesives. Sustained relese of probiotics in subgingival pockets will
help to reduce recolonization of pathogens in diseased site and provide beneficial effects during the healing

period, improving the outcomes of periodontal interventions.
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