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Abstract in German

Insbesondere wiahrend des Kauvorgangs ist die Mundschleimhaut verschiedenen dufleren
Kriften ausgesetzt. Diese Krifte filhren zu erheblichen elastischen Verformungen des
Gewebes. Die Belastungs- und Verformungseigenschaften der Mundschleimhaut werden
durch die Dicke des Epithels und der Menge der Kollagenfasern in der Submukosa
beeinflusst. Da der Anteil dlterer Menschen in der Bevolkerung weltweit zunimmt, steigt
auch die Zahl zahnloser PatientInnen und damit der Bedarf an prothetischen Versorgungen.
Die Mundschleimhaut unter der Prothese ist entscheidend fiir die Verteilung der

Okklusionskrifte auf den darunterliegenden Alveolarknochen.

Die vorliegende Arbeit zielt darauf ab, die biomechanischen Eigenschaften humaner
Mundschleimhaut in unfixiertem Zustand mittels Zugversuchs zu untersuchen. Dafiir
werden Gewebeproben aus drei verschiedenen Regionen (harter Gaumen, befestigte Gingiva
und freie Mundschleimhaut) getestet, um die orts- und richtungsabhingigen Last-
Verformungs-Eigenschaften zu untersuchen. Im Rahmen der Arbeit wurde die
Mundschleimhaut der Oberkieferregion von 11 Individuen untersucht. Insgesamt wurden 12
Proben entnommen: 5 Gewebeproben, die die befestigte Gingiva sowie freie
Mundschleimhaut enthielten, sowie 7 Gewebeproben des harten Gaumens. Zunédchst wurde
der Wassergehalt mithilfe des osmotischen Stressprotokolls angepasst. AnschlieBend wurde
ein Zugversuch durchgefiihrt: Dabei wurden der Elastizititsmodul, die Cauchy-
Versagensspannung, die Versagensdehnung, die Versagenslast und die Querschnittsfliche

berechnet und statistisch ausgewertet.

Die Ergebnisse zeigten, dass es fiir keinen der analysierten Parameter eine statistisch
relevante Richtungsabhéngigkeit innerhalb einer Region gab (p>0,05). Es wurde jedoch eine
statistisch relevante Ortsabhéngigkeit (p<0,05) fiir die Cauchy-Versagensspannung (harter
Gaumen - befestigte Gingiva; freie Mundschleimhaut - befestigte Gingiva), den
Elastizitdtsmodul (freie Mundschleimhaut - befestigte Gingiva) sowie die Versagenslast
(harter Gaumen - freie Mundschleimhaut) und die Querschnittsfliche (harter Gaumen -
befestigte Gingiva; harter Gaumen — freie Mundschleimhaut) festgestellt. Hinsichtlich der
Versagensdehnung wurde keine statistisch relevante Ortsabhédngigkeit festgestellt (p>0,05).

0%



Zusammenfassend bietet diese Arbeit erstmals verschiedene Parameter der mechanischen
Belastbarkeit der intraoralen maxilldren Schleimhaut auf Basis frischer (nicht fixierter)
Gewebeproben. Die Ergebnisse zeigen, dass Gewebe aus verschiedenen Regionen der
Mundhohle unterschiedliche mechanische Verhaltensweisen aufweisen, welche nicht
richtungsabhéngig sind. Zukiinftige Studien konnten dazu beitragen, die mechanischen
Eigenschaften durch Gewebemorphologie, die durch histologische Analysen bestitigt wird,

weiter zu untermauern.



Abstract in English

The oral mucosa is subject to various external forces, particularly during mastication. These
forces lead to considerable elastic deformation of the tissue. The load-deformation properties
of the oral mucosa are influenced by the thickness of the epithelium and the quantity of
collagen fibers situated in the submucosa. As the ratio of elderly in a population continues
to grow worldwide, the number of edentulous patients is increasing and with it the need for
prosthetic restorations. The oral mucosa under the prosthesis is essential for the distribution

of occlusal forces on the underlying alveolar bone.

This given study aims to investigate the stress deformation of unembalmed human oral
mucosal tissue. For this purpose, tissue samples from three different regions (hard palate,
attached gingiva and free oral mucosa) are tested to investigate the location and direction
dependence of load-deformation properties. As part of the study, the oral mucosa of the
upper jaw region of 11 individuals were examined. A total of 12 samples were taken: 5 tissue
samples containing the attached gingiva and the free oral mucosa, and 7 tissue samples of
the hard palate, respectively. First, their water content was adjusted with the help of the
osmotic stress protocol. Then the ultimate tensile test was performed and the modulus of
elasticity, the Cauchy failure stress, the failure strain, the failure load and the cross-sectional

area were calculated and statistically evaluated.

The study showed that there was no statistically relevant directional dependence within a
region for any of the analyzed parameters (p>0.05). However, a statistically relevant
location-dependence (p<0.05) was found for the Cauchy failure stress (palate - attached
gingiva; free oral mucosa - attached gingiva), the modulus of elasticity (free oral mucosa -
attached gingiva) as well as the failure load (palate - free oral mucosa) and the cross-sectional
area (palate - attached gingiva; palate — free oral mucosa). No statistically relevant location

dependence was found with regard to the failure strain (p>0.05).

In summary, this study for the first time offers different parameters of mechanical resilience
of the intraoral maxillary mucosa on the basis of fresh (unembalmed) samples. The results
indicate that tissues from different regions exhibit different mechanical behavior that is not
directional. Future studies may help substantiate the mechanical properties with tissue

morphology confirmed by histological analyses.
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1 Introduction

The tissues of the oral mucosa are exposed to various external forces, particularly during
mastication. When exposed to these forces, the oral soft tissues undergo significant elastic
deformation. The thickness of the epithelium as well as the extent of collagen fibers existing
in the submucosa influence the load-deformation properties of these tissues (1). In dentate
patients, the masticatory muscles transfer their forces through the teeth during occlusion. By
that, the vector of the forces occurring is axial to the long axis of the teeth, while to small
extent forces are also directed non-axially to the contact surfaces (2). In contrast, in
edentulous patients, the force generated by the masticatory muscles is mainly forwarded via
the prosthesis to the underlying tissues (3). The oral mucosa then distributes these forces and
by that protects the alveolar ridge (4). This causes a modification of the epithelium and
connective tissue. In areas of stress, a partial damage of collagen fibers and their network
was observed, which could change the tissue’s resiliency and thereby have an effect on the
dynamics of the tissue-denture interface (1). Constant exposure to masticatory forces could
modify the oral anatomy and eventually cause inflammatory chance and remodeling of the

alveolar bone (4).

1.1 Topography of the oral cavity

The oral cavity, Cavitas oris, comprises the lips, the hard palate (the anterior bony section of
the roof of the mouth), the soft palate (the posterior muscular section of the roof of the
mouth), the retromolar trigone (the region behind the wisdom teeth), the anterior two-thirds
of the tongue, the buccal mucosa (the lining of the inner surface of the lips and cheeks), the
gingiva (gums) and the area beneath the tongue known as the floor of the mouth (5). The
oral cavity is the space bounded at the front by the lips and the oral fissure, at the sides by
the cheeks, at the bottom by the floor of the mouth including the tongue and at the top by the
hard (Palatum durum) and soft palate (Palatum molle). When the jaw is open, the oral cavity
is a uniform space; when the jaw is closed, it can be subdivided into the oral vestibule
(Vestibulum oris), the space between the teeth and the lips or cheeks, and the actual oral
cavity, Cavitas oris propria, the space enclosed at the front and sides by the teeth and at back
by the palatoglossal arch (Arcus palatoglossus) as well as the palatopharyngeal arch (Arcus
palatopharyngeus), including the tonsillar fossa (Fossa tonsillaris) (6-8). In complete

dentition, the oral vestibule is primarily linked to the oral cavity through the narrow




interdental spaces and the retromolar triangle (Trigonum retromolare) located between the

final molar and the anterior edge of the ramus mandibulae (Ramus mandibulae) (7).

1.1.1 Palate

The palate serves as the roof of the oral cavity, providing support for the tongue and also
forming the floor of the nasal cavity. It consists of the hard palate (Palatum durum) and the

soft palate (Palatum molle) (8).

1.1.1.1 Palatum durum

The osseous part of the palate is formed by the incisive bone (Os incisivum), the maxilla and
the palatine bone (Os palatinum), extending until approximately the level of the third molar,

where it transitions into the soft palate (8).

The mucous membrane of the hard palate resembles the gum tissue and is therefore part of
the masticatory mucosa. It’s densely populated with small mucous glands (Glandulae
palatinae) and firmly attached to the bone through robust connective tissue fibers. In the
region of the median palatine suture (Sutura palatina mediana), the mucous membrane is
particularly fixed. Behind the incisors, on the surface of the incisive foramen (Foramen
incisivum), there is a small mucosal elevation known as the incisive papilla (Papilla
incisiva). From this point, the palatine raphe (Raphe palati) extends as a weakly developed
midline ridge towards the soft palate. From the anterior part of the ridge, two to five
transverse palatal folds (Rugae palatinae) extend laterally, acting as rough ridges during

mastication of food (7, 8).

1.1.1.2 Palatum molle

The soft palate attaches dorsally to the hard palate and comprises the velum (Velum
palatinum), which includes the uvula (Uvula) dorsally. The soft palate is composed of
muscle fibers and connective tissue, lined with a mucous membrane comprising a layer of
stratified squamous epithelium and containing secretory salivary glands. Unlike the hard
palate, the soft palate is highly flexible and lacks any bony structures. It acts as a valve
between the airway and the digestive tract by raising the nasopharynx, effectively blocking

communication between the Oropharynx and the Nasopharynx (8, 9).




The soft palate consists of five muscles that are vital for functions such as breathing, speech,
and swallowing: the tensor veli palatine muscle (M. tensor veli palatini), levator veli palatine
muscle (M. levator veli palatinie), uvular muscle (M. uvulae) as well as the palatoglossus
and palatopharyngeus muscles (M. palatoglossus and M. palatopharyngeus) whose fibers
converge from below into the muscular plate of the soft palate. Due to fat deposits between
the glands and muscles, the soft palate is soft and deformable (8, 9).

The pharyngeal isthmus (Isthmus faucium) is formed by the base of the tongue with the
lingual tonsils (Tonsilla lingualis), the soft palate with the uvula, the palatoglossal and the
palatopharyngeal arch, the intervening tonsillar fossa as well as the part of the superior
pharyngeal constrictor muscle that bulges during swallowing (8). The Isthmus faucium

forms the posterior border of the oral cavity (10).

1.1.2 Gingiva

The gum tissue, also known as gingiva propria, is the part of the oral mucosa that belongs to
the periodontium. Except for the gingival margin, it is firmly attached to the alveolar bone.
Healthy gingiva follows an arc-shaped path cervical along the tooth crowns, only just
covering the actual cervical region of the teeth. The interdental papillae completely fill the
approximal space. Healthy gums have a pale pink, matte shiny appearance with a coarse,
keratinized surface texture resembling the stippling of an orange peel. Healthy gums do not

bleed upon contact (11).

The following different tissue sections of the gingiva propria are distinguished: The gingival
margin, the interdental papillae and the attached gingiva. The gingival margin protrudes
about 2-3 mm beyond the bony alveolar limbus. In a healthy state, it lies close and tight to
the cervical tooth surface. The interdental papillae completely fill the space between the
dental crown and the bony interdental septum. Due to the curved approximal surface of the
teeth, a healthy interdental papilla has an oral and a vestibular part. The concavity between
the facial and oral recess is called col. It is not clinically visible and varies in width and depth
depending on the extent of the interproximal contact area. The attached gingiva is the part
that is anchored to the cement of the tooth or the periosteum by collagen fibers. The attached
gingiva is followed by the mucogingival junction (Linea girlandiformis). This junction
marks the boundary between the non-movable gingiva propria and the movable vestibular
mucosa, which includes the mucosa of the oral vestibule and the labial fold. The Linea

girlandiformis is missing in the palatal region - here the gingiva is part of the keratinized,
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non-mobile palatal mucosa (11-13). The mucosa of the lips and cheeks transitions into the

gingiva at the upper or lower border of the vestibule (Fornix vestibuli) (7).

1.1.3 Buccal mucosa

The buccal mucosa is defined as the epithelial lining that covers the inner surface of the
cheeks and lips, extending from the point where the opposing lips touch to the line where
the alveolar ridges (both upper and lower) meet the pterygomandibular raphe (Raphe
pterygomandibularis). The cheeks, like the lips, are soft tissue folds with their own structure.
The muscular foundation is provided by the buccinator muscle (M. buccinator), to which the
mucous membrane adheres immovably on the inside, therefore preventing it from getting
between the rows of the teeth during mastication. The buccinator muscle constitutes the
primary structural and functional element of the cheek. Between the buccinator and masseter
muscle (M. masseter; which, along with the temporalis muscle (M. temporalis), is a powerful
closer of the mouth) is the distinct, mobile buccal fat pad, known as the Corpus adiposum
buccae or Bichat fat pad, which can deform under cheek pressure. Beneath the buccal
mucosa are mixed salivary glands called buccal glands, and free sebaceous glands, which
are not bound to hair follicles. Opposite the upper second molar, a small bump called the
parotid papilla (Papilla ductus parotidei) marks the opening of the parotid duct into the oral
vestibule (7, 14, 15).

1.1.4 Innervation of the oral mucosa

The oral mucosa receives its sensory innervation from the maxillary nerve (V2) and
mandibular nerve (V3), the second and third branches of the trigeminal nerve (V). The
trigeminal nerve also innervates the teeth and their supporting structures. Salivary glands
receive secretory parasympathetic fibers from the facial nerve (VII) and glossopharyngeal
nerve (IX). The motor innervation of the oral muscles mainly originates from the mandibular

nerve (V3), facial nerve (VII), accessory nerve (XI), and hypoglossal nerve (XII) (7).

The skin and mucous membrane of the upper lip are supplied by the superior labial branches
from the infraorbital nerve (N. infraorbitalis or V2); the skin and mucous membrane of the

lower lip are supplied by the mental nerve (N. mentalis) from the inferior alveolar nerve (7).




1.1.4.1 Innervation of the lower jaw, tongue and floor of the mouth

The lower jaw's teeth and gums receive innervation from the mandibular nerve
(N. mandibularis or V3). Tooth nerve supply comes from the inferior alveolar nerve
(N. alveolaris inferior). The lingual gum area is mainly innervated by the lingual nerve
(N. lingualis), while the labial gum area receives innervation from branches of the mental
nerve (N. mentalis), a branch of the inferior alveolar nerve (N. alveolaris inferior). The
buccal gum area and cheek is innervated by the buccal nerve (N. buccalis) which is also a
division of the mandibular branch of the trigeminal nerve (7, 10). With regard to the general
sensory innervation of the tongue and floor of the mouth, the anterior two-thirds of the
tongue up to the terminal sulcus is innervated by the lingual nerve (N. lingualis), the posterior
third by the glossopharyngeal nerve (N. glossopharyngeus, IX) and the transition from the
base of the tongue to the epiglottis by the vagus nerve (N. vagus, X). Special sensory
innervation (taste) follows a similar pattern: the anterior two thirds are innervated by the
Chorda tympani branch of the facial nerve (N. facialis, VII) and the posterior third by the
glossopharyngeal nerve (IX) (7).

1.1.4.2 Innervation of the upper jaw including the palate

The teeth and gums of the upper jaw are innervated by the maxillary nerve (N. maxillaris or
V2). A trio of branches from the maxillary nerve, namely the anterior, middle, and posterior
superior alveolar nerves (Rr. alveolares superiors anteriores, medii, and posteriores), provide
innervation to the teeth. The labial and buccal gingiva are supplied by the infraorbital nerve
(N. infraorbitalis or V2) and by branches of the posterior superior alveolar nerves
(Rr. alveolares superiors posteriores), all of which are branches of the maxillary nerve (V2)
(7). The palate’s sensory innervation comes from the maxillary division of the trigeminal
nerve. This division gives rise to numerous sensory branches that supply the central part of
the face, including the greater and lesser palatine nerve (N. palatinus major et N. palatinus
minor) as well as the nasopalatine nerve (N. nasopalatinus (V2)). The greater palatine nerve
emerges from its canal through the greater palatine foramen. It courses in the palate’s roof,
providing sensory innervation to the gingiva and mucosa of the hard palate. The lesser
palatine nerve runs parallel to the greater palatine nerve, originating from the lesser palatine
foramen to supply sensory innervation to the tonsils, uvula, and soft palate (9). The

nasopalatine nerve, also referred to as incisive nerve (N. incisivus), is a segment of the




maxillary division of the trigeminal nerve, which primarily supplies sensation to the anterior

palate (16).

1.1.5 Arteries of the oral cavity

Various branches of the external carotid artery (A. carotis externa) contribute to the blood
supply of the oral cavity, especially the maxillary artery (A. maxillaris), which is a terminal
branch of the external carotid artery. The tongue receives significant vascular support from
the lingual artery (A. lingualis), another branch of the A. carotis externa. The facial artery
(A. facialis) provides vascular support to various structures at the floor of the mouth while
the labial arteries (Aa. labiales inferior et superior), branching off the facial artery, supply
blood to the lips. The hard palate is supplied by the greater palatine and superior alveolar
arteries (A. palatina major and A. alveolaris superior). The alveolar arteries, originating from
the terminal branches of the maxillary artery, provide blood to the gingiva and teeth in the
upper jaw. Finally, the inferior alveolar artery (A. alveolaris inferior), entering the
mandibular foramen alongside the inferior alveolar nerve, provides vascular support to the

lower dentition and mandible (7, 10).

1.1.6 Veins of the oral cavity

Venous drainage from structures of the oral cavity primarily occurs through veins that share
the same names as the accompanying arteries. The smaller veins mostly converge into the
retromandibular vein (V. retromandibularis), the pterygoid plexus (Plexus venosus
pterygoideus), and the facial vein (V. facialis). The retromandibular and facial veins merge
and empty into the internal jugular vein (V. jugularis interna). Drainage from the tongue
occurs via the lingual vein (V. lingualis), which joins the internal jugular vein. The palate is
drained by the palatine vein (V. palatina), which connects to the pterygoid plexus and
empties into the maxillary vein (V. maxillaris). The upper and lower lips are venously
drained by the superior and inferior labial veins (Vv. labiales superior et inferior), which

then join the facial vein (7).

1.1.7 Lymphatic vessels

Lymphatic vessels from the oral cavity and face predominantly converge towards the
submental, submandibular, and jugulodigastric lymph nodes (NIl. submentales,
submandibulares et jugulodigastrices). Lymphatic vessels originating from the molars

commonly flow towards the ipsilateral submandibular lymph nodes, sometimes reaching the
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jugulodigastric lymph nodes. Moreover, lymphatics from the incisors typically drain to the
submental lymph nodes. Lymphatic vessels arising from the vestibular gingiva of both the
maxilla and mandible typically end up in the submandibular lymph nodes, while those from
the lingual and palatal gingiva often direct lymph towards the jugulodigastric lymph nodes
or initially through the submandibular nodes. The lymphatic vessels originating from the
soft palate typically drain into the lateral pharyngeal nodes (NII. cervicales laterales) (7, 9).
Lymph from the tip of the tongue usually drains into the submental lymph nodes, whereas
lymph from the center of the tongue may drain into either the ipsilateral or contralateral
submandibular lymph nodes. In the end, they drain into lymphatic nodes alongside the
internal jugular vein. Finally, lymph from the posterior third of the tongue typically drains
into the deep cervical lymph nodes (NII. cervicales profundi). Since lymph drainage occurs
both ipsilaterally and to the contralateral side, tumor cells in this region can be widely spread.
For instance, squamous cell carcinomas, particularly those affecting the lateral edge of the

tongue, frequently metastasize to the opposite side (6, 7).

1.2 Function of the oral cavity

The oral cavity plays an important role in complex motor activities, such as speaking,
respiration, feeding, chewing and swallowing (17). Capturing, mastication and bolus
formation of food are the main tasks of the oral cavity since it serves as the gateway to the
digestive tract, where food components undergo sensory evaluation, initial mechanical
breakdown by the teeth and are prepared for swallowing following the onset of food
breakdown by the oral salivary glands. Thorough chewing of omnivorous food is evidently
less critical for the actual digestion process in the stomach. Nevertheless, it holds significant
importance for taste perception. Additionally, the formation of a cohesive food bolus triggers
the swallowing reflex, which is one of the most complex reflexes involving the coordination
of numerous muscles. Moreover, as a part of the respiratory system, the oral cavity facilitates
the intake of large volumes of air. In addition, the oral cavity, with its various structures
including the lips, tongue, teeth and palate, alongside the mimic muscles, plays a crucial role
in speech production and communication. This role is emphasized by the external

morphology of the mouth and the associated facial expressions (8, 18).

1.2.1 Sensory receptors

Sensory nerves linked to mechanoreceptors in the mucosal lining of the oral cavity, pharynx,

and larynx are fundamental for a range of sensations. These nerves are crucial when
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perceiving complex sensory experiences such as oral kinesthesia and oral stereognosis.
Furthermore, they are involved in triggering reflexes and in the coordination and timing of
patterned motor activities (19). The oral cavity contains the highest density of sensory
receptors in the body. Taste perception is mediated by chemoreceptors located in the mucous
membranes of the tongue and palate, while thermoreceptors are distributed throughout the
oral mucosa. Mechanoreceptors are especially concentrated in the periodontal ligament,
though their presence in the oral mucosa is less dense. As a result, the sense of touch in the
teeth is more accurate than in any other area of our body. Altering the occlusion through
procedures such as grinding, fillings, or crowns involves not only therapeutic considerations
but also sensory-physiological challenges and limitations. Moreover, nociceptors in the
endodontium are crucial for pain sensation. Unlike mechanoreceptors or thermoreceptors,
the endodontium lacks such receptors, leading to pain being the only physiological response

to dentin stimuli (18).

1.2.2 Reflexes of the oral cavity

The many sensory receptors in the oral cavity are the first link in the chain of reflexes that
control muscles throughout the head, upper digestive system and airway. These reflexes
mainly affect the set of muscles in the tongue, which are crucial for all stages of nourishment
and maintaining airway patency. Some of the initial reflexes in the oral area are focused on
providing nutrition. For example, the sucking reflex is only triggered at the lips during the
breastfeeding period. Once breastfeeding is discontinued, such skills are quickly lost and
cannot be regained. As the central nervous system matures and the oral region undergoes
morphological development, new reflexes do emerge. Many of these reflexes serve to protect
both the tissues within the oral cavity, such as the tongue, and the upper airway from
aspiration. While basic reflexes can be elicited independently, most reflexes are integrated
with more intricate oral and pharyngeal actions, such as chewing and vocalization. The
initiation of the swallowing reflex occurs at the back of the tongue and the soft palate, leading
to deglutition, or the act of swallowing. This process is easier for a saliva-moistened bolus
than for liquid. Another reflex is the salivation reflex, also called the salivary secretion
reflex, which is an automatic reaction of the body to specific stimuli, resulting in the
production and release of saliva. Inflammatory conditions, the formation of stones, radiation
exposure, tumors affecting the salivary glands, as well as medications and psychological

factors, can significantly influence saliva production. The reflex secretion has a considerable




influence on the composition of the saliva. Finally, two protective reflexes are involved: The
masticatory cessation reflex, activated by the mechanoreceptors in the periodontal ligament
when there are obstacles encountered during chewing and the gag reflex, triggered by
obstructions during swallowing or when there is a risk of aspiration at the transition from

the oral cavity to the pharynx (17, 18).

1.3 Histology of the oral mucosa

Histologically, the oral mucosa consists of three layers: The outermost layer is a surface
squamous stratified epithelium referred to as the oral epithelium. The thickness and level of
keratinization of this layer vary based on the location and functional needs. Below the oral
epithelium, there is the Lamina propria, which is a dense connective tissue, and further
beneath lies the Submucosa, a dense irregular connective tissue containing blood vessels,
glands and fat. In certain regions of the oral cavity, the Submucosa is absent, which means
that the Lamina propria is bound directly to the bone or muscle (20, 21).

The structural characteristics of the oral mucosa vary considerably in different areas of the
oral cavity. However, three primary types of mucosa can be distinguished based on their
main functions: masticatory mucosa, lining mucosa and specialized mucosa (22). The
masticatory mucosa can be found in the gingiva and hard palate, the lining mucosa, also
referred to as the flexible mucosa, is present in the soft palate, the mucosa of the lips and
cheeks, the oral vestibule, the alveolar mucosa as well as the floor of the mouth and the lower

surface of the tongue. The specialized mucosa is found in the Dorsum linguae (21).
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Figure 1: Schematic and histological diagram of the oral mucosa (23)




1.3.1 Oral epithelium

The oral mucosa’s entire surface is lined with stratified squamous epithelium. This tissue is
well-organized, semipermeable, avascular, and with its thickness and degree of
keratinization varying based on its location in the oral cavity and the functional and
mechanical demands of that specific area. The surface of the oral epithelium exhibits varying
levels of keratinization. It ranges from no keratinization, as seen in the cheek, to partial or
parakeratinization, sometimes found on the gingiva and some areas of the palate. Full or
orthokeratinization is present in most areas of the hard palate and on the gingiva where it is
firmly bound to the bone. Keratinized areas are considered masticatory mucosa, while non-
keratinized areas are considered lining mucosa. The oral epithelium protects the oral cavity
from microbial, mechanical and chemical damage. The epithelium sits on a basement
membrane that divides it from the connective tissue and is made up of tightly packed
epithelial cells that exhibit different levels of differentiation: It starts with the deepest basal
layer of undifferentiated cells that continuously divide and progresses through layers of
suprabasal cells, which undergo different morphological and biochemical changes,

depending on the specific region and type of mucosa (20, 21, 24).

1.3.1.1 Epithelium of the masticatory mucosa

The oral epithelium in keratinized oral mucosa is composed of four layers. Starting from the
deepest layer, these are the Stratum basale, which is followed by the Stratum spinosum,
Stratum granulosum, and finally the Stratum corneum (20). The Stratum basale consists of
a layer of columnar or cuboidal cells positioned above the basement membrane, to which
they are attached by hemidesmosomes. These cuboidal or columnar cells are notable because
of their capacity of mitosis. Directly above the Stratum basale is the Stratum spinosum,
formed by several layers of larger, spiky-shaped cells known as prickle cells. The Stratum
spinosum is rather thick and forms the largest part of the epithelium. It is followed by the
stratum granulosum, which contains cells with small cytoplasmic keratohyalin granules.
There are at least two types of granules: one, that is found in highly keratinized parts of the
epithelium, which is also found in skin epithelium, which is characterized by its irregular
shape and the high electron dense; and another that is less irregular and can be found in non-
keratinizing as well as keratinizing epithelium. The outermost layer is the Stratum

superficiale or Stratum corneum, which is a keratinized layer of very flat, condensed cells
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with a thickened cell membrane. Here a drastic chance in the structure of the cells is noticed

as they are nucleus-free and neither granules, nor organelles can be found (20, 24).

1.3.1.2 Epithelium of the lining mucosa

The non-keratinized epithelium found on the lining mucosa does not contain a granular layer,
and the spinous layer is typically thinner in comparison to the keratinized epithelium. It is
less resistant to damage but can be stretched, possesses a basal layer resembling that of
masticatory mucosa, with the additional presence of cytokeratin. Similar alterations take
place in the cells as they progress and transform into the Stratum spinosum, including
enlargement and alteration in morphology. Cells in the outermost layer, the Stratum
superficiale, also show an increase of the thickness of their membrane, just like those of the
keratinized epithelium. However, the permeability in non-keratinized mucosa is higher than
in keratinized mucosa. Although the nuclei remain present in this layer, there is a gradual
reduction in organelle volume and a decrease in desmosomes, leading to desquamation of

the cells (20, 21).

1.3.1.3 Epithelium of the specialized mucosa

Specialized oral mucosa is located on the tongue’s dorsal surface and comprises keratinized
structures such as filiform papillae, and the dorsal surfaces of fungiform and circumvallate

papillae, alongside non-keratinized, interpapillary regions (21).

1.3.2 Junction between epithelium and Lamina propria

The epithelium is connected to the connective tissue beneath by an area of basement
membrane. The structure of this junction changes based on the type of oral mucosa and is
influenced by the tissue’s functional needs. The ratio between the height of the connective
tissue papillae and the thickness of the epithelium tends to remain consistent across different
areas of the oral mucosa. The junctions’ heights vary from 0.6 mm to 0.74 mm, except the
floor of the mouth at 0.3 mm. In masticatory mucosa, approximately 1.5-2.5 times more
papillae per mm? can be found compared to the lining mucosa. This is due to the forces

during mastication exerted on the mucosa (21).

1.3.3 Lamina propria

The superficial dense connective tissue, also referred to as Lamina propria, gives support to

the overlying epithelium (21). It comprises nerves, blood vessels, various cells including
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macrophages, fibroblasts, mast cells and inflammatory cells along with fibers, which are all
suspended in a gel-like substance composed of proteoglycans and glycoproteins (20). There
is limited regional diversity observed in the connective tissue of the oral mucosa, although
elastic fibers exist in the connective tissues of the lining mucosa and the arrangement of
collagen fibers is less uniform. The superficial layer of the Lamina propria is called papillary
layer (since it’s composed of connective tissue papillae), deeper down one can find the

reticular layer, which gets its name due to the fiber network present (21).

1.3.4 Junction between the Lamina propria and underlying tissues

The connection between the reticular layer of the Lamina propria and the underlying tissues
varies according to the type of mucosa. In anterior sections of the hard palate and the gingiva,
the Lamina propria is anchored to the periosteum and teeth, while in the posterior-lateral
parts of the hard palate, it is attached to a fibrous submucosa, which contains fat and salivary

glands. The Lamina propria of the lining mucosa is connected to the submucosa (21).

1.3.5 Submucosa

The submucosa is an elastic and fibrocollagenous tissue which contains blood vessels and
nerves. Depending on its location, minor salivary glands, lymphoid tissue, fat as well as
muscle may be included in this layer. The submucosa is present in all areas of the buccal
cavity except the attached gingiva and parts of the hard palate. There, without any
intervening submucosa, the oral mucosa is directly connected to the periosteum of the
underlying bone. This arrangement is referred to as the Mucoperiosteum, providing a firm,

inelastic attachment to the bone (20, 22).

1.4 Biomechanics of the oral mucosa

The oral mucosa is crucial in distributing occlusal forces to the underlying bony ridge during
mastication. It has a number of different biomechanical responses; however, there are four
primary biomechanical issues that are crucial to clinical applications, offering significant
biological insights into these mechanical models. These four include static response,

dynamic response, volumetric response and surface interactive response (4).

1.4.1 Static response

Static response is a form of short-term or instant response, which refers to the path-dependent

elasticity of a material (4). The modulus of elasticity is a fundamental parameter that
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describes how a material deforms in response to an applied force. The oral mucosa is known
to be highly deformable under compression, and its elastic modulus varies widely. As a
heterogeneous material, the immediate stiffness of the mucosa is influenced by both its solid
matrix structure (such as the epithelial layer and its fibrous network, as well as blood vessels

etc.) and its fluid components (1).

1.4.2 Dynamic response

Besides its immediate elastic reactions, the oral mucosa also demonstrates a time-dependent
dynamic response under loading and unloading, known as creep and delayed recovery. The
dynamic response is explained by the viscosity component, often assuming the mucosa tissue
is uniform. The diversity within the mucosa has not been thoroughly investigated, but
biomechanically, this diversity influences interstitial fluid activity and the related dynamic
response, thereby linking microscopic biomechanics to physiology. In the elderly
population, the mucosa typically exhibits more pronounced viscous behavior and less
rebound with slower recovery due to the decreased amount of elastin and they tend to have
an enhanced ability to retain fluid in the mucosa. Larger contact areas usually lead to firmer
mucosal responses; higher loading rates produce comparable effects. From literature, male
subjects appear to more frequently display a stiffer mucosal response with slower recovery
compared to female subjects, probably because females typically have thicker mucosa than

males (4, 25).

1.4.3 Volumetric response

The volumetric response describes the mucosa's ability to handle volume changes during
shape alteration. This response is influenced by the Poisson ratio, which is also known as
compressibility or lateral response (4). It represents the negative ratio of transverse to
longitudinal stretch. Under compression, the mucosa tends to expand sideways
perpendicular to the compression source, while it contracts under tension. The Poisson ratio
varies for each individual and is influenced by factors such as mucosal location, thickness,
morphology, age, and how long dentures have been worn. Determining the Poisson ratio is
vital for estimating how contact pressure and displacement distribute across the oral mucosa
under removable dentures, which eventually helps prevent tissue damage caused by

compression and shearing forces (26).
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1.4.4 Surface interactive response

The surface interaction is characterized by the friction coefficients between the mucosa and
the denture (4). The friction coefficient is affected by the physiological condition of the
mucosa, for example by xerostomia. Well-hydrated oral mucosa has a lower friction
coefficient compared to mucosa with xerostomia. Additionally, the denture’s material and
the amount of saliva influence the friction coefficient. Therefore, calculating the friction
coefficient requires considering each individual's physiological condition and the denture
material used. Properly determining the friction coefficient helps prevent mucosal trauma,

such as irritation and keratosis, caused by denture friction (26).

1.5 Preservation methods

Throughout history, various methods of embalming have been devised to prevent specimens
from undergoing decomposition and autolysis (27, 28). Embalming fluids should achieve
long-term structural preservation without causing excessive hardening of the tissue, preserve
the natural color, and ensure durability of the tissues over time (29, 30). In medical education
and research, preserved human tissue is frequently substituted for unembalmed human
tissue, primarily due to availability and ethical considerations. Emerging preservation
techniques like the Thiel method offer the potential for more lifelike mechanical
characteristics compared to traditional formaldehyde fixation (28). Because of protein
crosslinking, formalin fixation produces stiff specimens that do not closely mimic the
properties of unembalmed tissue. Hence, this embalming method is unsuitable for preclinical
biomechanical assessments. A more promising embalming technique for biomechanical
studies is the soft-fix method, initially introduced by Thiel in 1992 (31). The Thiel
embalming method incorporates a lower concentration of formaldehyde compared to the
typical formalin-based solutions (32). Formaldehyde has been categorized as carcinogenic
for humans (28). Ethanol-glycerin as a fixing agent and thymol as a preservative offer viable
alternatives to formaldehyde and phenol, without posing significant health risks. Their use
provides robust specimens while maintaining tissue flexibility and aesthetic appearance (27).
Previous studies have shown that ethanol-glycerin embalming was rated higher regarding
tissue preservation and suitability in anatomical dissection, whereas Thiel embalming was

found to provide better tissue pliability (29).
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1.5.1 Unembalmed specimen

The challenges of obtaining fresh tissue and the lengthy experimental testing process often
require a storage method that may compromise functional properties (33). Refrigeration and
freezing are commonly used to preserve experimental soft tissues. Studies have shown that
there is no significant difference observed in the physiological, sub-failure, and ultimate
failure mechanics between fresh and frozen specimens. Nevertheless, the mechanical

properties may be influenced by short-term tissue refrigeration (34).

1.5.2 Thiel embalming

The Thiel method, often referred to as "the preservation of the whole body with natural
color" by its creator, strives to achieve more authentic material properties when compared
to previously employed embalming methods (28). Thiel-preserved specimens have
remarkably realistic visual and haptic characteristics (35). The Thiel's method involves an
initial injection of two infusion solutions into the body, followed by immersion in the
solution in movable, custom-made containers for approximately 6-8 months. Initially, 15.0
liters of the Thiel fixative are injected into the arterial system. The injection solution
comprises a stock solution (containing 2 kg of ammonium nitrate, 300 g of boric acid, 500
g of potassium nitrate, and 3 liters of ethylene glycol dissolved in 10 liters of hot water; with
a pH of 3.5), a p-chlorocresol solution (comprising 0.03 kg of p-chlorocresol and 0.5 liters
of ethylene glycol dissolved in 0.5 liters of distilled water), 0.3 liters of formaldehyde, and
0.7 kg of sodium sulfide. Following donor registration, cleaning, and shaving of the body,
the femoral artery is located and two cannulas are inserted—one cranially towards the
external iliac artery and the other caudally towards the popliteal artery. Then, the fixative is
injected at a maximum pressure of 0.5 bar using a pump (28, 35). Typically, the injection
takes 6 to 10 cycles, each lasting 10 minutes, with interruptions lasting two hours or longer
to ensure even distribution of the fixative. On average, the injection process takes around 24
hours. The injection process is deemed complete when the keratin of the epidermis and the
nails begin to detach. Then the second fixation stage, involving the submersion into the
solution in containers, takes place. The containers are filled with Thiel container solution,
consisting of 20 kg of ammonium nitrate, 6 kg of boric acid, 190 g of p-chlorocresol, 22
liters of ethylene glycol, 4 liters of formaldehyde and 10 kg of potassium nitrate. All these
ingredients are then dissolved in 200 liters of hot tap water (35).
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Thiel-preserved specimens have remarkably realistic visual and haptic characteristics (35).
It serves as an alternative to the use of fresh frozen specimens when investigating some
biomechanical principles/mechanisms. Some Thiel-embalmed specimens show an inverse
trend in elastic modulus, which may be related to slight differences in embalming, which
means that caution should be exercised when using Thiel-embalmed specimens to obtain
raw numerical data for direct clinical application (31). In addition, Thiel-preserved
specimens are not suitable for determining the elastic modulus or the ultimate stress of
tendons and ligaments, as the boric acid and formaldehyde present can alter these values
compared to unfixed tissue samples. Shrinkage artifacts and the decellularization due to
Thiel fixatives may also negatively impact tissue biomechanics and morphometry.
Furthermore, the histology of Thiel-preserved specimens is rather poor, since it changes the
tissue’s structure at cellular level, e.g. by showing fiber fragmentation as well as lack of

nuclei (35, 36).

1.5.3 Ethanol-glycerin embalming

A mixture of ethanol and glycerin, at a ratio of 0.7 L/kg body weight, is injected in an
explosion-proof room. Glycerin is added at a ratio of 2 to 10%, based on the donor's physical
condition (35). The mixture is injected into the femoral artery through two cannulas: one
pointing upwards and the other downwards. The ethanol-glycerin fixative is administered
with a pump at a maximum pressure of 0.5 to 0.8 bars, depending on the state of the vascular
system. Injection is paused for two hours when the abdominal wall begins to swell, with
longer or overnight pauses possible to ensure proper distribution of the fixative. This process
is repeated six to ten times until the distal extremities show increased turgor from the
ethanol-glycerin. The injection procedure generally takes around 36 hours. The bodies are
then immersed in metal containers filled with a water-diluted ethanol solution (65% by
volume) to preserve the skin. They remain in these containers for an average of four weeks.
For long-term storage, the bodies are wrapped in cotton cloths and polyethylene foil. Cooling
the specimens to 3 to 5°C preserves the fixed bodies for a minimum of three years. To
maintain fixation at room temperature, an alternative preservation method is utilized: a
thymol-ethanol solution. This solution is prepared by mixing 300.44 g (2 mol) of thymol
powder with 1 L of ethanol, which is then diluted with 10 L of water to achieve a final
concentration of 3% thymol (0.18 mol/L). The thymol solution is applied to moisten the

specimens and prevent bacterial or fungal contamination (27).
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Ethanol-glycerin-fixed specimens show significantly less joint motion compared to those
fixed with Thiel solution or unfixed tissues. Despite this reduced range of motion, ethanol-
glycerin fixation enables dissection of extremities in an abducted position without damaging
nearby muscles. However, when compared to formaldehyde-fixed specimens, specimens
fixed with ethanol-glycerin exhibit better rigidity, color retention, and range of joint motion.
Histological specimens can be effectively obtained and stained from ethanol-glycerin fixed
tissues, with results similar to those from tissues initially fixed with formaldehyde.
Concerning the biomechanical properties of ethanol-glycerin fixed tissues, the same
recommendations apply as for those fixed with formaldehyde or Thiel solution. Ethanol
significantly alters the material properties of soft tissues like tendons or ligaments during
uniaxial testing, likely due to denaturation of the proteins' tertiary structures. This alteration
may be reversible by rinsing the tissues; however, bone samples were altered irreversibly,

likely because the bone’s organic components were changed by ethanol (35).

1.6 Aim of the study

The aim of the given study was to evaluate the mechanical properties of the mucosa in the
maxilla region. The elastic modulus, failure Cauchy stress well as failure load and failure
stretch of fresh-frozen human oral mucosa tissues of the maxillary region will be assessed.
The focus was placed on the differences concerning directional and locational dependency.
The primary null hypothesis was that there is a location dependency with regard to the
parameters mentioned above between the different sites of the upper jaw tested: hard palate,
lining mucosa and attached gingiva. The secondary null hypothesis was that there was a

directional dependency regarding the mechanical properties within these three regions.
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2 Materials and methods

The study was approved by the Ethics Committee of the Medical University of Graz,
protocol number 35-500 ex 22/23. Between April 2022 and May 2022, the oral mucosa of
the maxilla region of 11 body donors following their death were dissected and frozen at
-80 °C. All body donors were bequeathed to the Division of Macroscopic and Clinical
Anatomy of the Medical University of Graz (Austria) under the approval of the ongoing
body donation program of the Medical University of Graz and in accordance with the Styrian
Death and Funeral Act. The osmotic protocol as well as biomechanical testing of the oral
mucosa was performed from February 2024 to May 2024. All specimens were preserved by
shock-freezing at -80 °C (37, 38). Prior to the biomechanical testing and the osmotic stress
protocol being performed on samples of the human oral mucosa, test trials were performed:
The osmotic as well as the vacuum protocol were performed first on a sponge cloth, later on

a muscular tendon. The biomechanical test trial was performed on a medical glove.

2.1 Exclusion criteria and study population

The body donors for the present study had an edentulous or partially dentate maxilla. The
study population consisted of 11 body donors: seven of them being female, and four being

male. On average, the body donors were 81.9 years old.

‘ Average ‘ Maximum ‘ Minimum
Age in years ‘ 81.9 ‘ 91 ‘ 70

Table 1: Age distribution within the study population

2.2 Dissection and preservation

The oral mucosa of the upper jaw was dissected from 11 specimens from three different
regions: the hard palate, the attached gingiva as well as the lining mucosa. The samples were
then marked based on their localization in the oral cavity by using surgical suture in different
lengths: Short-short meant right, long-long meant left, short-long meant anterior. After that,
the samples were divided into two main groups by region: on the one hand the hard palate
and on the other the attached gingiva as well as the lining mucosa of the upper jaw. A total

of 12 samples were obtained: 5 tissue samples including the attached gingiva and lining
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mucosa and 7 tissue samples of the hard palate. The samples were then shock-frozen at

-80°C (38).

Prior to the osmotic stress protocol, 10 small samples each of the 12 tissue samples each
were dissected. Ten samples each were needed in order to perform the osmotic stress
technique in 3 different polyethylene glycol (PEG) concentrations at 3 different times. A
tenth sample each was needed in order to serve as a control to determine the initial water

content of the oral mucosa in fresh condition (39).

Figure 2: Tissue sample M43: hard palate

2.3 Osmotic stress protocol

The osmotic stress technique was performed to exclude any change in the mechanical
properties of the oral mucosa due to its water content. The aim was to adjust the water content
to their native value. In order to achieve that, polyethylene glycol (PEG; Rotipuran, Carl
Roth GmbH + Co. KG, Karlsruhe, Germany; molecular weight 20.000 Da) was prepared at
a2.5 wt%, 5 wt% and 10 wt% concentration, buffered with 20mM Tris (Pufferan, Carl Roth
GmbH + Co. KG, Karlsruhe, Germany; molecular weight 121.14 Da). After dissecting ten
small samples each of the twelve tissue samples used for the osmotic stress protocol, first
the water content of the control group was determined by freeze-drying. After that, the water
content of the samples after submersion in three different PEG concentrations at three

different times was assessed (39).
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2.3.1 Polyethylene glycol (PEG)

The aggregate state and the specific properties of PEG are strongly related to the size of the
PEG molecule. Molecular masses of 1000 and above are solid substances. In the experiment,
PEG with a molecular mass of 20.000 Da was used, which means that it is a white to almost
white, solid substance with a waxy or paraffin-like appearance. One of the special properties
of low molecular weight polyethylene glycols is their amazing solubility in water as they
can be mixed with water in any ratio. This water solubility decreases with increasing
molecular weight, but even at a molecular weight of 35,000 g/mol, 50% aqueous solutions
can be prepared at room temperature (40). Polyethylene glycol hydrogels are widely used as
customizable substrates in both biological and technical fields due to their excellent
biocompatibility and remarkable hydrophilicity. Because of their advantageous material
properties such as transparency, flexibility, biocompatibility, and permeability to gases and
nutrients, PEG hydrogels find extensive use in biomedical applications. These include
serving as artificial tissue scaffolds, matrices for controlled biomolecule release, wound
dressings, and contact lenses (41). In the experiment, the PEG solutions were used to perform

the osmotic stress technique by adjusting the samples’ water content (39).

2.3.2 Preparation of the PEG concentrations

The aim was to mix three different PEG concentrations: 2.5 wt%, 5 wt% and 10 wt% with a
pH value of 7 (39). This pH value was used because it corresponds to the pH value of saliva

(42).

The first step was the 3-point calibration of the pH meter (EC-31 pH, Phoenix Instrument
GmbH, Garbsen, Germany). For this purpose, the pH electrode was calibrated using three
standard buffers (Technical Buffer pH 4.01; pH 7.00; pH 10.01, Xylem Analytics Germany
Sales GmbH & Co. KG, Weilheim, Germany). Buffer solutions should be chosen so that
the pH of the unknown is within the range of the standards. In between the calibrations in
three different pH concentrations, the electrode was washed with distilled water and gently

blotted dry using a tissue (43).

After the calibration process, the PEG (molecular weight 20.000 Da) solutions in
concentrations of 2.5 wt%, 5 wt% and 10 wt% were prepared. The PEG was dissolved in an

isotonic  sodium-chloride solution, buffered with 20 mM Tris (hydroxymethyl

20



aminomethane; pH = 7) (39). The aim was to have 2 liters of each PEG solution. The molar
mass (M) of Tris is 121.14 g/mol (44). Using the amount of substance formula, n=m/M, the

amount of Tris was calculated (45):

_m_ m
"Tu T 12114
n=20mM /L

m =002 x 121,14
m = 2,4228 g /L > 4,845 g Tris/2L

For the 5 wt% PEG solution of 2 liters, 200 ml isotonic sodium-chloride was mixed with
4.845 g Tris and 100 g PEG. Then, 1.7 liters of distilled water was added and the solution
was mixed on a magnetic stirrer until the particles had completely dissolved. This process
took 20 minutes. After that, the pH was measured (46). As it was above pH 7, hydrochloric
acid (HCl, 3N) was added until the desired pH of 7 was reached (47). After checking the pH
again, the PEG concentration was stored at 4°C (39).

2.3.3 Weighing process prior to PEG immersion of specimen

In order to be able to weigh the tissue samples and determine their water content by freeze-
drying in the later course of the experiment, tubes (Eppendorf Tubes® 5.0 mL, Eppendorf
SE, Hamburg, Germany) were first labelled and weighed when empty. A small hole was
drilled in the tubes’ cap to allow water to escape during the freeze-drying process before

weighing (38).

Figure 3: Empty Eppendorf tube

To determine the exact weight of the samples, a precision scale (Quintix®, Sartorius Lab

Instruments GmbH & Co. KG, Goéttingen, Germany) was used. The Sartorius Quintix
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laboratory balance has a maximum weighing capacity of 210 g and a readability of 0.1 mg
(48).

Once all the empty Eppendorf tubes had been weighed, the frozen 0-hour samples were
placed in the corresponding Eppendorf tubes. Then their weight prior to freeze-drying was
defined in order to serve as a control for the determination of the initial water content of the
oral mucosa in fresh state. These samples were then stored at -80°C until the osmotic stress

protocol was finished (39).

2.3.4 PEG immersion of specimens

In order to submerse the samples into the different PEG solutions, dialysis membranes (Carl
Roth GmbH + Co. KG, Karlsruhe, Germany; molecular weight cut-off = 6000-8000 Da)
were used (39).

A total of 108 samples (9 small samples each of the 5 samples of the buccal mucosa as well
as attached gingiva and 7 samples of the hard palate) were enclosed within 42-mm dialysis
membranes (Spectra/Por molecularporous membrane tubing, Carl Roth GmbH + Co. KG,
Karlsruhe, Germany; molecular weight cut-off = 6000-8000 Da), sealed and divided into
compartments for each individual sample at both ends using clips, and immersed in 2.5 wt%,
5 wt% and 10 wt% PEG solutions for durations of 8, 12 and 24 hours at 4°C, under
continuous stirring of the PEG solutions. After being submerged in the PEG solutions for
the given times, the samples were taken out of the dialysis membranes and placed in the
previously prepared tubes in order to be weighed again (39). The filled tubes were then stored
again at -80°C before freeze-drying (38).

Figure 4: Samples in dialysis membranes divided by clips prior to submersion into the PEG solutions
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2.3.5 Vacuum protocol

After all the samples underwent the osmotic protocol, these samples as well as the control
group were lyophilized for a minimum of 48 hours (39). Freeze-drying, also known as
lyophilization, is defined as sublimation of ice under vacuum (49). It allows the volume of
water to be measured by extracting all water from the tissue (50). In normal atmospheric
conditions, the transformation of liquid water into vapor through heating is referred to as
evaporation. However, at the triple point, all three states of water - solid (ice), liquid, and
gas (vapor) - can exist simultaneously, demonstrating that under subatmospheric pressures,
ice can transition directly into vapor via sublimation. The sublimation of ice from a frozen
sample yields an open, porous, and dry structure. Unlike evaporation, which results in the
concentration of components as drying proceeds, sublimation under vacuum reduces
concentration effects, yielding a dry product that is active and easily soluble. To sustain
freeze-drying conditions, it is important to decrease the partial pressure of water below the
triple point (approximately 800 mBar at 0°C) to ensure the direct transformation of ice into
water vapor. Reducing the chamber pressure accelerates the rate of sublimation by lowering
the concentration of gas/vapor above the sample, thereby minimizing resistance to water
molecules migrating from the sample (49).

Freeze-drying is a three-stage process: Freezing, primary drying and secondary drying. After
being adequately frozen, the samples undergo the primary drying phase, which means
sublimation of the ice. Once primary freeze-drying concludes and all ice has sublimated,
there remains bound moisture within the product. Although the product may seem dry, its
residual moisture content could be as high as 7-8%. Further drying at elevated temperatures
is required to decrease the residual moisture content to optimal levels. During secondary
drying, the remaining water is more tightly bound, necessitating more energy for its removal.
Traditionally, reducing the chamber pressure to the highest achievable vacuum level has
been considered advantageous for promoting the desorption of water (51). In the experiment,
the Eppendorf tubes containing the frozen tissue samples were taken out of the freezer

(-80°C) and immediately put into the vacuum pump at a room temperature of 22°C.

2.3.6 Water content determination

After the lyophilization process, all samples were weighed in their corresponding Eppendorf
tube again. In order to determine the samples’ net weight and therefore calculate their water

content, the Eppendorf tubes’ empty weight was subtracted from the weight before and after
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the freeze-drying process. After that, each samples’ water content was calculated using the

following equation:

Myer —

mdry
Rel.water content (%) = x 100

wet

2.3.6.1 Determination of the appropriate PEG concentration

The control groups’ average water content was 70.8%, with a median of 73.5% and a

standard deviation of 10.1%. As the aim was to adjust the water content to their native value,

precisely the water content of the control group, the time dependent decrease of water

content related to a specific PEG concentration had to be determined (39). The calculated

water content of the tissue samples at a given time in 2.5 wt%, 5 wt% and 10 wt% PEG

concentrations can be seen in Tables 2-4 as well as Figures 5-7.

Time-dependent decrease of water content
related to a specific PEG concentration
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Figure 5: 2.5% PEG (polyethlylene glycol) time-dependent relative water content
Oh 8h 12h 24h
Median 73.46 82.10 78.88 77.73
Relative water
content [%] | Vean 70.78 80.27 80.85 75.20
Standard deviation 10.09 8.12 7.03 10.25

Table 2: 2.5% PEG (polyethylene glycol) time-dependent relative water content
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REL. WATER CONTENT (%)

Time-dependent decrease of water content
related to a specific PEG concentration
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Figure 6: 5% PEG (polyethylene glycol) time-dependent relative water content

Oh 8h 12h 24h
Median 73.46 79.98 80.69 73.77
Relative water
content [%] Mean 70.78 76.01 78.80 68,86
Standard deviation 10.09 8.52 6.38 13.48

REL. WATER CONTENT (%)

Table 3: 5% PEG (polyethylene glycol) time-dependent relative water content

Time-dependent decrease of water content
related to a specific PEG concentration
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Figure 7: 10% PEG (polyethylene glycol) time-dependent relative water content
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Oh 8h 12h 24h

Median 73.46 73.27 77.60 76.92

Relative water
content [%] Mean 70.78 72.53 74.91 76.08
Standard deviation 10.09 9.93 5.97 5.99

Table 4: 10% PEG (polyethylene glycol) time-dependent relative water content

2.4 Biomechanical testing group

A total of 35 mucosa samples from three different intraoral sites (hard palate, attached
gingiva, free oral mucosa) were harvested from 11 different fresh frozen body donors at the
Division of Macroscopic and Clinical Anatomy, Medical University of Graz. The age at the
time of death ranged between 70 and 91. 7 were female, 4 were male and they had an

edentulous or partially dentate maxilla (1).

2.4.1 Adjusting mucosa water content using the osmotic stress

protocol

First, the water content of the tissue samples had to be adjusted to its native value (39).
Following the protocol set by the osmotic stress group, the osmotic stress technique was
employed to adjust the water content to 71 wt% in all mucosa samples used in the mechanical
testing group (39). As shown in Figure 6 and Table 3, the closest value to the native value
was obtained using the osmotic stress technique in samples immersed in 5 wt% PEG for 24
hours. For this purpose, the mucosa samples were each packed into a dialysis membrane and
sealed on both ends using clamps (39). The clamps were labeled with the respective sample
number. The sealed dialysis membranes were then put into containers containing a 5% PEG
solution. These containers were then put into a fridge at 4°C under continuous stirring for

24 hours.
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Figure 8: Palatal mucosa samples L85 and L43 in dialysis membranes

2.4.2 Mechanical testing

Prior to the mechanical tensile test, dumbbell-shaped specimens were cut from the mucosa
samples. This was made possible by 3D-printed blocks in dumbbell-shape measuring 6 mm
x 2 mm, into which blades (Tondeo, TSS3, United Salon Technologies GmbH, Solingen)

were clamped. The remaining excess tissue was removed using a scalpel.

Figure 9: 3D printed dumbbell-shaped mold

The aim was to create dumbbell-shaped tissue samples of the attached gingiva, lining
mucosa and hard palate in two different orientations, which are perpendicular to each other.
The orientations in the samples of the hard palate were labeled as sagittal (s) and sinister-
dexter (sd), while the orientations of the attached gingiva and lining mucosa were labeled
bucco-palatal (bp) and along the maxillary crest (kk; Kieferkamm (maxillary crest; mc). The

€69

location was marked as “p” for palatal and “v” for vestibular (which includes the attached
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gingiva as well as lining mucosa). Tissue supernatants from the dumbbell molds were

labeled and frozen at -80°C for histological examination in future studies.
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Figure 10: Palatal dumbbell-shaped tissue samples in the Figure 11: Dumbbell-shaped tissue samples of the
orientation "s" and "sd" attached gingiva and lining mucosa in the orientation

"mec” and "bp"

The dumbbell-shaped samples were then clamped in specifically manufactured 3D-printed
clamps in order to minimize sample slippage during testing. After being clamped, a vinyl
polysiloxane (VPS) impression material (Panasil initial contact light, Kettenbach GmbH &
Co. KG, Eschenburg, Germany) was applied to the narrow section of the shape to later
determine the reference area with a scanner (1). Once solid, the impression material was

removed from the specimen with a smooth scalpel cut.

£ BT E -I L O
Figure 12: Palatal samples M33 in 3D-printed clamps Figure 13: Impression-material on palatal samples M33

Then markers were placed onto the samples for tracking during the tensile test in the later
course of the experiment. Once the markers were placed onto the clamped mucosa samples,

the samples were clamped into the tensile testing machine (Autograph Shimadzu AGS-

10kNG, Shimadzu Corporation, Kyoto, Japan). This electronic, software-controlled (Control
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unit: DOLL EDC 60 1278; Software: WinMTPC) testing machine was developed for
universal material testing. Thanks to its numerous adjustable parameters, it can be
customized to suit specific materials and can generate servo-hydraulic forces of over 1000
N. The samples to be tested can be positioned within a steel frame using two large screw
clamps positioned one above the other. This allows a vertical force to be exerted on the test
object. The machine is able to collect different, selectable measured variables (force,
deflection, etc.), which can be individually defined and measured both digitally and optically
(52).

Before starting the uniaxial tensile test, the video extensometer (Videoextensometer ME-46;
Operating program: Winext NG, Messphysik Materials Testing GmbH, Fiirstenfeld, Austria)
was calibrated. The video extensometer provides a high resolution, non-contact strain
measurement system, which enables measuring longitudinal and lateral strain. The
measurement was performed optically, eliminating the need for physical contact between
the extensometer and the test specimen. This method can therefore be applied to all samples
without causing slippage or related specimen breakage issues (53). First, the measuring
marks had to be determined. As soon as the measuring marks were detected, the tensile test

was carried out.

————

;’/ Wimden alle Messmarken richtig erdcannt?

|
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Figure 14: Calibration process of the video extensometer

All uniaxial tensile tests were conducted at a room temperature of 20°C using the same
universal testing machine. The gripping length and parallel length of the samples were
defined as 6 mm and 3mm, the specimen temperature as 20°C. The standardized direction

of the tensile test was defined as straight. Before testing to failure, each sample underwent
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20 preconditioning load-unload cycles within a force range of 0.5-2.0 N. The cross-head
displacement rate was set at 20 mm/min, for the load-displacement readings a sampling rate

of 10 Hz was used (1).

=

Lt

Figure 15: Sample clamped into the Figure 16: Sample torn by the Figure 17: Sample torn by the
uniaxial testing machine tensile test, clamped in the uniaxial ultimate tensile test
testing machine

The torn samples were then labeled and re-frozen at -80°C for future histological

examinations.

2.4.3 Scanning

After the impression material was removed from the specimen, it was cut creating a smooth
surface, thereby enabling the scan of the cross sections. A commercial scanner (CanoScan
LiDE 400, Canon Austria GmbH, Vienna, Austria) with a 600-dpi resolution was utilized to
scan the casts of the cross-sections using the Canon IJ Scan Utility software, the cross-

sections were analyzed using the Fiji ImageJ win64 program (1).
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Figure 18: Scan of the molds of samples L44 and L92

2.5 Statistical analysis and processing of data

The statistical analysis was performed using MATLAB and Statistics Toolbox (2012b, The
MathWorks, Inc., Natick, Massachusetts, United States). Normality of distribution was
evaluated using the Shapiro-Wilk test. The ANOVA test was used to compare the differences
between the elastic modulus, failure Cauchy stress, failure load and failure stress of the
samples harvested from the three regions, with each being tested at right angles to each other.
Additionally, ANOVA testing was used to compare the cross-sectional areas of the samples.

Post hoc tests were then performed to make multiple comparisons between sample groups,

with significance set at 5% (p <0.05) (1).
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3 Results

Comparison of the anthropometric data of the body donors showed no significant differences
in age, height and weight between the specimens used for the osmotic stress protocol and

the biomechanical tests (39).

3.1 Osmotic stress protocol

The native samples had an average water content of 71 + 11 wt%. Immersion in a PEG
concentration for 24h resulted in a mean water content of 75.20 = 10.26 (2.5% PEG), 68.86
+ 13.48 (5% PEG) and 76.08 = 5.99 (10% PEG), as shown in Table 5. The osmotic stress
protocol showed that there was no statistically significant difference in the water content of
the specimen when being immersed in 2.5 wt%, 5 wt% or 10 wt% PEG solutions for
24 hours, as the p-value was 0.303. The comparison can be seen in Figure 19. However,
studies conducted simultaneously at the Division of Macroscopic and Clinical Anatomy
(Medical University of Graz) on the mucosa of the mandible region suggested that the
submersion in 5 wt% PEG allows adjusting the water content of the mucosa samples to the
initial value (39, 54). The samples were therefore dialyzed in 5 wt% PEG concentration for

24 hours prior to material testing (39).

Comparison: rel. watercontent (wt-%):

Oh to 24h immersionin PEG (2.5;5;10 wt%)
90
80
" —— %
60
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M 25% PEG 24h M 5% PEG 24h M 10% PEG 24h Oh

Figure 19: Comparison of Oh samples to samples submersed in 2.5%,5% and 10% PEG (polyethylene glycol) solutions
for 24h
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Oh (native) | 2.5% PEG 5% PEG 10% PEG

Relative water | Mean 73.46 75.20 68.86 76.08
content [%]

Standard deviation 10.09 10.26 13.48 5.99

Table 5: Overview of mean and standard deviation (ordinary one-way ANOVA) of the wt% of the native samples, as well
as samples submersed in 2.5%, 5% and 10% PEG (polyethylene glycol) solutions for 24h

3.2 Biomechanical testing

3.2.1 Elastic modulus

Figure 20 shows the elastic modulus of each sample using the regression method. The red
tangents in the graph represent the elastic modulus for each sample during the ultimate
tensile test. These tangents indicate the stiffness of each sample, reflecting how much they
deform under stress. The slope of these tangents corresponds to the elastic modulus,

providing insight into the mechanical properties of the tissues tested.

10 +

Cauchy stress o (N/mm?=MPa)

Stretch A (-)

Figure 20: Elastic modulus (MPa) of all samples: regression method

3.2.1.1 Region dependency

The samples’ elastic modulus was determined using the linear regression method. The
attached gingiva group exhibited the highest mean elastic modulus at 21.3 + 13.7 MPa,
followed by the hard palate samples at 7.9 = 5.1 MPa, and the buccal mucosa samples at 6.2
+ 4.3 MPa, as detailed in Figure 21 and Table 6. The mean elastic modulus of the attached

gingiva was significantly different from the mean elastic modulus of the buccal mucosa
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(p=0.049). However, no significant difference was found between the buccal mucosa and

hard palate groups (p >0.999) as well as the attached gingiva and hard palate (p=0.134).

Location dependency

p =.049
50 -
g
E'40-
w
= 30+
=1
I
E 20+
o i &
@ 104 | , .
w +
L —
0 I I 1
I Lm. A.g.

Figure 21: Elastic modulus of the three regions (MPa)

Lining mucosa Attached
Palatal (P) (L.m.) ginigiva (A.g.)
Elastic Modulus Mean 7.9 6.2 21.3
[MPa] -
Standard deviation 5.1 4.3 13.7

Table 6: Mean and standard deviations of elastic modulus (MPa); region dependency

3.2.1.2 Direction dependency

In terms of direction dependency, there was no statistically relevant difference found within
a region (palate: p=0.699; lining mucosa: p=0.381; attached gingiva: p=0.413) The mean
elastic modulus ranged from 2.58 + 0.65 MPa (lining mucosa: bp) to 25.16 + 14.83 MPa
(attached gingiva: bp). Further details can be seen in Figure 22 and Table 7.
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Elastic modulus (MPa)
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Figure 22: Elastic modulus (MPa) of all sample groups
P;S P; SD L.m.; MC L.m.; BP A.g.;MC A.g.; BP
Mean 8.18 7.68 7.62 2.58 18.13 25.16
Stand. d. 5.84 4.11 4.37 0.65 11.89 14.83

Table 7: Elastic modulus (MPa): Mean and standard deviation (stand. d.) of all sample groups

3.2.2 Failure Cauchy stress

Figure 23 illustrates the stretch on the x-axis and the Cauchy stress (MPa) on the y-axis

regarding the ultimate tensile test of each sample. The red markers on the graph indicate the

failure Cauchy stress (MPa) for each sample. These markers help identify the point at which

each sample reaches its maximum stress before failure. Figures 24-29 show the Cauchy

stress of each sample, sorted by region and direction of the sample groups.

MPa)
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Stretch A (-)

Figure 23: Failure Cauchy stress (MPa) of all samples
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Figure 26: Failure Cauchy stress: Lining mucosa: MC
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Figure 28: Failure Cauchy stress: Attached gingiva.: MC

3.2.2.1 Cross-sectional area
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Figure 25: Failure Cauchy stress: Palatal, SD
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Figure 27: Failure Cauchy stress: Lining mucosa: BP
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Figure 29: Failure Cauchy stress: Attached gingiva: BP

As the failure Cauchy stress is calculated using the samples’ cross-sectional area, calculating

this parameter was essential (55). By using the Fiji Image] win64 program, the scans of the

cross-section casts were analyzed. The cross sections ranged from 2.78 &+ 0.25mm? (attached
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gingiva, mc) to 17.0 £ 4.26 mm? (palate, s). The palate’s cross-sections statistically differed
from those of the lining mucosa (p=0.01) and attached gingiva (p<0.001), as seen in Figure
30 and Table 8. There was neither a statistically relevant difference found between the
regions lining mucosa and attached gingiva, nor a direction dependency within any of the

three regions, as shown in Figure 30 and Figure 31.
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Figure 30: Cross sectional area: location dependency Figure 31: Cross sectional area: direction dependency

o

o

Lining mucosa Attached
Palatal (P) (L.m.) ginigiva (A.g.)
Cross-sectional area | Mean 16.76 6.73 3.33
[mm?]
Standard deviation 5.53 3.20 1.87

Table 8: Mean and standard deviation of the cross-sectional area (mm?) of the regions palatal, lining mucosa, attached
gingiva

3.2.2.2 Region dependency

The attached gingiva group exhibited the highest mean failure Cauchy stress at 5.33 +3.23
MPa, followed by the hard palate samples at 1.35 £ 0.99 MPa, and the buccal mucosa
samples at 1.33 £ 0.9 MPa, as detailed in Figure 32 and Table 9. The mean failure Cauchy
stress of the attached gingiva was significantly different from the mean failure Cauchy stress
of the buccal mucosa (p<0.001) and the hard palate (p<0.001). However, no statistically

significant difference was found between the buccal mucosa and hard palate (p>0.999).
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Figure 32: Failure Cauchy stress of the three regions (MPa)

Lining mucosa Attached
Palatal (P) (L.m.) ginigiva (A.g.)
Failure Cauchy Mean 1.35 1.33 5.33
stress [MPa]
Standard deviation 0.99 0.90 3.23

Table 9: Failure Cauchy stress (MPa) of the three regions: mean and standard deviation

3.2.2.3 Direction dependency

In terms of direction dependency, there was no statistically relevant difference found within
a region (palate: p=0.469; lining mucosa: p=0.188; attached gingiva: p=0.438). The mean
failure Cauchy stress ranged from 0.82+ 0.72 MPa (lining mucosa: bp) to 5.88 + 2.91 MPa
(attached gingiva: mc), as shown in Figure 33 and Table 10.

Failure Cauchy stress (MPa)
12

10

-

M Palatinal: S M Palatinal: SD M Lining mucosa: MC

M Lining Mucosa: BP M Attached g:MC M Attached g.: BP

Figure 33: Failure Cauchy stress (MPa) of all sample groups
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P;S P; SD L.m.; MC L.m.; BP Ag.;MC A.g.; BP
Mean 1.56 1.15 1.84 0.82 5.88 4.78
Stand. d. 1.17 0.71 0.76 0.72 2.91 3.43

Table 10: Failure Cauchy stress (MPa): Mean and standard deviation of all sample groups

3.2.3 Failure load

Figure 34 displays the force F (N) applied at maximum stretch during the ultimate tensile
test, just before the tissue samples ruptured. The maximum load (N) of each sample is
marked with a red “x” on the graph. The maximum load represents the highest amount of
force each sample could withstand before breaking, indicating the tensile strength of the

tissue.

Stretch A (-)

Figure 34: Failure load (N) of all samples: load vs stretch

3.2.3.1 Region dependency
The palatal group exhibited the highest mean failure load at 15.18 + 10.30 N, followed by

the attached gingiva samples at 8.21 + 4.29 N, and the buccal mucosa samples at 5.14 +
3.02 N, as detailed in Table 11. The mean failure load of the hard palate was significantly
different from the mean failure load of the buccal mucosa (p=0.004), as detailed in Figure
35. There was neither a statistically significant difference found between the buccal mucosa

and attached gingiva (p=0.534), nor the hard palate and the attached gingiva (p=0.227).
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Figure 35: Failure load of the three regions (N)

Lining mucosa Attached
Palatal (P) (L.m.) ginigiva (A.g.)
Failure load [MPa] Mean 15.18 5.14 8.21
Standard deviation 10.30 3.02 4.29

Table 11: Failure load (N) of the three regions: mean and standard deviation

3.2.3.2 Direction dependency

In terms of direction dependency, there was no statistically relevant difference found within

a region (hard palate: p=0.469; lining mucosa: p=0.312; attached gingiva: p=0.438). The

mean elastic modulus ranged from 3.36 + 3.07 MPa (lining mucosa: bp) to 17.42 + 11.93

MPa (hard palate: s) as detailed in Figure 36 and Table 12.

Failure load (N)
40
35
30
25
20
15
10

o

M Palatinal: SD

M Palatinal: S M Lining mucosa: MC

M Lining mucosa: BP M Attached g: MC M Attached g.: BP

Figure 36: Failure load (N) of all sample groups
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P;S P; SD L.m.; MC L.m.; BP A.g.;MC A.g.; BP
Mean 17.42 12.94 6.91 3.36 9.62 6.78
Stand. d. 11.93 7.74 1.57 3.07 3.58 4.47

Table 12: Failure load (N): Mean and standard deviation of all sample groups

3.2.4 Failure stretch

Figure 37 displays the failure stretch on the x-axis and the force F (N) on the y-axis. The red
markers indicate the failure stretch in the ultimate tensile test for each tissue sample. The
failure stretch of a tissue represents the amount of deformation or elongation the tissue
undergoes before reaching its breaking point under applied force (28). This parameter is

crucial for understanding the mechanical properties and resilience of different tissue types.

20 +

Force F' (N)

—
T

o
T

Stretch A (-)

Figure 37: Failure stretch of all samples: load vs stretch

3.2.4.1 Region dependency

The failure stretches of the three regions ranged from 1.38 & 0.10 in the hard palate, to 1.54
+ 0.25 in the lining mucosa and 1.57 + 0.25 in the attached gingiva, as shown in Table 13.
There was no statistically relevant difference found between the regions (pal. vs. lining
mucosa: p=0.469; pal. vs. attached g.: p=0.137; lining mucosa vs attached gingiva: p>0.999),

as demonstrated in Figure 38.
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Figure 38: Failure stretch of the three regions

Lining mucosa Attached
Palatal (P) (L.m.) ginigiva (A.g.)
Failure stretch Mean 1.38 1.54 1.57
Standard deviation 0.10 0.25 0.28

Table 13: Failure stretch of the three regions: mean and standard deviation

3.2.4.2 Direction dependency

No statistically relevant difference was found within a region in terms of directional

dependency (hard palate: p=0.297; buccal mucosa: p=0.438; attached gingiva: p=0.812). The

mean failure stretch ranged from 1.35 £+ 0.09 (hard palate: sd) to 1.63 + 0.37 (attached

gingiva: mc) as shown in Figure 39 and Table 14.

2,5

1.5

05

M Palatinal: S

M Lining mucosa: BP M Attached g.: MC

Failure stretch

— -

M Palatinal: SD

M Lining mucosa: MC
M Attached g.: BP

Figure 39: Failure stretch of all sample groups
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P;S P; SD L.m.; MC L.m.; BP A.g.;MC A.g.; BP
Mean 1.42 1.35 1.47 1.60 1.63 1.51
Stand. d. 0.10 0.09 0.14 0.31 0.37 0.13

Table 14: Failure stretch: Mean and standard deviation of all sample groups
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4 Discussion

This study is the first to investigate fresh-frozen tissues of the human oral mucosa of the
maxilla region, allowing direct comparisons between tissues from three different intraoral
regions (hard palate, lining mucosa, attached gingiva) and additionally takes directional
dependence into account. The primary hypothesis, which proposed a difference in the
modulus of elasticity, failure Cauchy stress as well as failure load and failure stretch of oral
mucosa tissues from three different intraoral sites from the maxillary region, was confirmed.
The study's findings indicate that mucosa tissues from different intraoral regions exhibit
different mechanical behaviors. The second hypothesis, which indicated a directional
dependence regarding the mechanical characteristics within the three regions was rejected,
as the study's findings did not reveal directional dependence within a region for any of the

mechanical parameters tested.

4.1 Osmotic stress protocol: Results and comparison with
previous studies

There were no statistically significant differences in the results of the 3 different PEG
concentrations (2.5 wt%, 5 wt%, 10 wt%) with respect to the osmotic stress protocol.
However, in order to match the samples as closely as possible to native conditions, the results
of a parallel study on the mandibular mucosa were used: this study showed that the
mandibular mucosa was best matched to native conditions when immersed for 24 hours at a
PEG concentration of 5 wt% (54). The results of neither the concurrent study nor this study
followed a time-dependent exponential function as suggested by previous studies. In the
concurrent study of mandibular mucosa, there was an increase in water content in the
samples after 8 hours in 2.5 wt% and 5 wt% PEG concentrations, but this was followed by
a decrease, showing the expected dehydration. The samples immersed in a 10 wt% PEG
solution showed an increase in tissue water content, which is unusual as PEG solutions
should dehydrate the tissue by osmosis (39, 54). In this study, the water content of the tissues
showed an increase within the first 12 hours of immersion in 2.5 wt%, 5 wt% and 10 wt%
PEG concentrations. Following the increase, a decrease was observed between 12 and 24
hours of immersion in 2.5 wt% and 5 wt% PEG concentrations, following the expected
dehydration. No dehydration was observed in the samples immersed in 10 wt% PEG

concentrations for 24 hours.
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Previous studies have demonstrated that when tissues are exposed to different concentrations
of PEG for 24 hours, the water content of these tissues decreases exponentially over time:
The higher the PEG concentration, the lower the water content in the tissue. However, this
study was carried out on fresh-frozen samples of the iliotibial tract, a different type of tissue

composition from that of the mucosa (39).

4.2 Mechanical testing group: Results and comparison with
previous studies

In this study, the attached gingiva had the highest modulus of elasticity, followed by the hard
palate and the buccal mucosa. These results are corresponding to the previous studies that
used the Thiel-embalmed oral mucosa (1). However, this study yielded a statistically
significant difference between the attached gingiva and the buccal mucosa, whereas previous
studies also found a significant difference in the modulus of elasticity between the attached

gingiva and the hard palate (1).

The region dependent failure Cauchy stress, which was also called 'tensile stress' in other
studies, was highest in the attached gingiva samples in this study. There was a statistically
significant difference between the attached gingiva and the other two regions, but not
between the hard palate and the buccal mucosa. These findings are in line with a previous

study (1).

Regarding the failure load (N) in the ultimate tensile test, there are currently no studies on
the behavior of oral mucosa in different regions using human tissue samples. However,
studies have investigated the failure load in the regions of attached gingiva and buccal
mucosa using porcine tissue. These findings, similar to the results of this study, suggest that

the failure load is higher in the attached gingiva region than in the buccal mucosa (56).

As histological examinations were not performed in this study, the reasons for the behavior
of tissues from different regions can only be speculated. Previous research suggests that
attached gingiva tissues have predominantly unidirectional collagen fiber networks and
unraveled elastin, in contrast to the hard palate and lining mucosa. Tissues from the hard
palate region showed denser fibers and reticular tissue in random directions. Compared to

the attached gingiva, collagen fibers in the hard palate were denser but less oriented. Buccal
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mucosal tissues showed thinner bundles of fibers arranged in multiple directions (1).
However, these histological findings from other studies need to be validated for the tissue

samples used in this study by performing an additional histological examination on them.

4.3 Limitations

There were several potential influencing factors in this study that should be acknowledged.
Firstly, the sample size was relatively small, as tissue samples were obtained from only 11
body donors (7 female, 4 male). This limited study population may not be fully

representative and could affect the generalizability of the results.

Additionally, the duration for which the fresh-frozen body donors were stored prior to tissue
removal is unknown. The length of time the donors remained frozen could have several
effects on the tissue properties, introducing variability that we were unable to account for.
Moreover, it is also unclear whether the samples were unintentionally thawed during
handling and preparation. Thawing and refreezing cycles can significantly alter tissue

characteristics, potentially compromising the integrity of the samples.

Moreover, there is also a lack of detailed records regarding the storage conditions of the
samples. Ideally, the tissue samples should have been stored consistently at -80°C. However,
any deviation from this optimal storage temperature, whether due to equipment malfunction
or other issues, could have affected the quality and mechanical properties of the tissues.
Prolonged storage at -80°C could potentially impact or destroy cells within the tissues,
adding another layer of uncertainty to our findings. Without precise monitoring and
documentation of the storage conditions, it is difficult to exclude temperature fluctuations as

a source of variability in the results.

Furthermore, without histological examination of the samples, we cannot fully explain the
observed mechanical results. Histological analysis would provide insight into the cellular
and structural integrity of the tissues and help to elucidate the underlying reasons for their

mechanical behavior.
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Future research should aim to include a larger sample size, ensure strict adherence to
controlled storage conditions and include thorough histological examinations to validate and

extend the findings of this study.

There are several limitations to consider regarding the results of the osmotic stress protocol.
Firstly, histological evaluation is crucial for a thorough understanding of the findings. Cell
damage may have occurred due to shock freezing or prolonged storage at -80°C, resulting in
an inadequate number of intact cells for the osmotic stress protocol. Furthermore, the
container in which the filled dialysis membranes were immersed may have been too small,
or the solution volume may have been insufficient for the amount of tissue samples tested.
A comprehensive histological analysis will help to identify and address these potential

issues, ensuring the reliability of the experimental results.

4.4 Clinical implications

Understanding how the mucosa responds biomechanically to dental restorations is essential
in order to improve treatment outcomes and minimize patient discomfort. By studying the
mechanical properties of oral mucosa and tissue structures, we can advance the development
of better synthetic materials and structures. This knowledge is essential for improving
denture foundations in both fully and partially edentulous patients, allowing better
management of traumatized tissues and providing patients with clear guidelines for tissue
recovery after occlusal loading. In addition, it is important to identify areas where the use of
prophylactic denture liners can protect tissues with lower tensile strength. Quantitative
mechanical analysis of human oral tissues is essential for advancing both material
development and clinical practice to ensure that new materials effectively mimic natural

tissue behavior (1, 4).

4.5 Conclusion and future perspectives

The findings demonstrate that the attached gingiva is stiffer and has a higher failure Cauchy
stress compared to the hard palate and buccal mucosa. To properly verify the results
regarding the locational dependency of the maxillary oral mucosa and reassess the
directional dependency of the tissues’ mechanical properties within a region, a future
comprehensive histological examination is essential. This should include a detailed analysis

of the different cell types present, the composition and structure of the fibers, and the
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orientation of these fibers within the tissue. By thoroughly studying these histological
aspects, we can gain an understanding of the factors that influence the mechanical behavior
of the oral mucosa and ensure the accuracy and reliability of our findings. Such detailed
histological insights are crucial to validate the conclusions of our study and could potentially

reveal nuances in tissue behavior that could not be detected by mechanical testing alone.
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Attachment

Sample
ID

L43PS
L44PS
L82PS
L85PS
M22PS
M33PS
M43PS
L43PSD
L44PSD
L82PSD
L85PSD
M22PSD
M33PSD
M43PSD
L40VFKK
L6SVFKK
L69VFKK
L92VFKK
M22VFKK
L40VFBP
L65VFBP
L6SVFBP
L92VFBP
M22VFBP
L40VAKK
L65VAKK
L69VAKK
L92VAKK
M22VAKK
L40VABP
L65VABP
L6SVABP
L92VABP
M22VABP

Ref.
area
(mm?)

15.94
12.44
16.57
16.65
26.23
12.82
18.38
17.19
9.1
12.9
14.57
31.33
13.6
17
4.24
4.83
14.64
5.67
5.73
4.36
3.4
10.03
7.07
7.29
2.73
3
2.37
3.07
2.74
1.68
7.16
1.26
6.65
2.66

Failure
stretch (-)

1.350517989
1.366550807
1.568019839
1.366028302
1.586918917
1.298210532

1.38277651
1.526740593
1.320219884
1.439574401
1.250855619
1.254945162
1.328469289
1.312734758
1.341911551
1.578717609
1.534037596
1.641033125
1.275462206
1.203396697
1.247928094

1.79622366
1.975483949
1.774918157
1.418763473
1.603343132
2.348526947

1.46042687
1.321010809
1.501664941
1.408708099
1.661033244

1.65143835
1.332326284

Failure
load

™)

2.045
32.677
10.645
36.105

9.324
10.145
20.999

0.805

7.843
14.333
27.731
15.251
15.427

9.179

7.795

7.521

3.881

7.07

8.294

0.483

1.578

6.941

7.247

0.563
16.201

7.07
10.356
6.12

8.374

8.004

1.191

6.281

3.994
14.462

Failure Cauchy

(N/mm?*=MPa)

0.173262816
3.589612598
1.007336825
2.9621893
0.564103392
1.027328069
1.579810878
0.071496578
1.137855445
1.599489914
2.380746545
0.61088952
1.506933509
0.70879955
2.467028429
2.458288848
0.40666666
2.04622649
1.84619259
0.133312065
0.579185451
1.243029753
2.024940902
0.137075298
8.419555686
3.778545315
10.26217091
2.911339559
4.037279021
7.154360826
0.234325607
8.280118891
0.991856356
7.243647639

* not included since the sample didn’t surpass the preconditioning cycle

Elastic modulus, regr.

(N/mm?*=MPa)

0.480386931
15.04402543
1.854156924
16.80460654
1.311928055
4.48589515
4.440628118
*
4.553278205
5.717130717
16.51340759
5.136723973
8.444995279
3.230224597
13.03178454
5.557469539
2.464144139
4.408263527
10.8490644

*

*

1.960236104
2.224874884

*
38.45044961
4.537974865
18.40071571
6.742527273
19.10965544
27.17870784

*
24.86896514
2.903205476
43.64463251
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of water content after submersion for 0 hours

#  ProbendD Empty Eppendorftubewith drilled  Osmotic stress protocol (PEG immersion Eppendorftube with frozen Vacuum protocol, Eppendorftube with freeze-dried
lid of specimens) specimen (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg) Start (date, time) End (date, time) Date, Time Weight (mg) Start (date, time) End (date, time) _Weight (mg]
1 L69-vest 31.01.2024, 8:00 1010,11 13.02.2024,13:00 13.02.2024,13:00 13.02.2024, 13:00 1053,43 14.02.2024,09:00 16.02.2024,13:00 1018,21
2 L92-vest 1007,02 1023,28 1009,79
3 L65-vest 1003,65 1025,26 1011,62
4 M22-vest 1005,29 1031,30 1015,31
5 L40-vest 1006,42 1023,66 1015,04
6 M43-pal 1004,93 1030,29 1010,60
7 L85-pal 1007,96 1036,41 1013,45
8 M33-pal 1003,23 1028,65 1013,08
9 M22-pal 1006,69 1016,86 1010,31
10 L43-pal 1009,53 1045,28 1016,84
11 L82-pal 1005,48 1020,44 1009,02
12 L44-pal 1007,54 1030,90 1014,41
13
14
15
Median 1006,56 1029,47 1013,27
Mean 1006,49 1030,48 1013,14
Standard dev. 2,03 9,99 2,80
Determination of water content after submersion for 8 hours: 10% PEG ]
# | ProbendD Empty Eppendorftubewith drilled ~ Osmoatic stress protocol (PEG immersion Eppendorf tube with frozen Vacuum protocol, Eppendorftube with freeze-dried
lid of specimens) specimen (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg) Start (date, time) End (date, time) Date, Time Weight (mg) Start (date, time) End (date, time) Weight (mg)
1 L69-vest 13.03.2024, 16:00 1006,41 14.03.2024,08:00 14.03.2024,16:00 14.03.2024,19:00 1049,72 15.03.2024,14:00 18.03.2024, 15:00 1014,10
2 L92-vest 1004,40 1045,49 1017,76
3 L65-vest 1005,27 1054,30 1022,04
4 M22-vest 1007,39 1028,48 1013,71
5 LA40-vest 1007,21 1029,82 1012,97
6 M43-pal 1006,81 1062,46 1025,15
7 L85-pal 1004,39 1036,45 1010,14
8 M33-pal 1003,73 1027,82 1010,47
9 Mz22-pal 1008,52 1034,91 1014,15
10 L43-pal 1008,21 1039,48 1016,08
11 L82-pal 1003,56 1042,81 1009,05
12 L44-pal 1007,34 1050,14 1029,96
13
14
15
Median 1006,61 1041,15 1014,13
Mean 1006,19 1041,82 1016,30
Standard dev. 1,80 10,52 6,14
Determination of water content after submersion for 12 hours: 10% PEG
#  ProbendD Empty Eppendorftubewith drilled = Osmotic stress protocol (PEG immersion Eppendorftube with frozen Vacuum protocol, Eppendorftube with freeze-dried
lid of specimens) specimen (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg) Start (date, time) End (date, time) Date, Time Weight (mg Start (date, time) End (date, time) _Weight (mg]
1 L69-vest 13.03.2024, 16:00 1008,90 14.03.2024,08:00 14.03.2024,20:00 14.03.2024,21:00 1046,47 15.03.2024,14:00 18.03.2024, 15:00 1016,24
2 L92-vest 1002,25 1039,21 1014,26
3 L65-vest 1006,03 1082,29 1031,97
4 M22-vest 1007,51 1063,32 1024,86
5 L40-vest 1007,34 1061,75 1017,37
6 Ma3-pal 1005,57 1046,93 1013,69
7 L85-pal 1008,19 1039,64 1014,56
8 M33-pal 1004,10 1026,50 1011,90
9 M22-pal 1008,29 1048,01 1016,67
10 L43-pal 1006,96 1037,31 1014,15
11 L82-pal 1010,24 1055,99 1021,66
12 L44-pal 10086,07 1047,91 1014,90
13
14
15
Median 1007,15 1047,42 1015,57
Mean 1006,79 1049,61 1017,69
Standard dev. 2,08 14,02 5,52
Determination of water content after submersion for 24 hours: 10% PEG
#  Probendp EMPtYEppendorftubewithdrilled = Osmotic stressprotocol {PEG immersion Eppendorf tube with frozen Vacuum protocol, Eppendorf tube with freeze-dried
lid of specimens) specimen (wet, -80°C) specimen (dry, room temp.)
Date, Time We\ght (mg} Start (date, time) End (date time! Date, Time Wzﬂgﬂ (mg) Start (date, time] End (date, time) Weight (m
1 L69-vest 13.03.2024, 16:00 1006,93 13.03.2024, 16:00 14.03.2024,16:00 14.03.2024, 19:00 1028,35 15.03.2024,14:00 18.03.2024, 15:00 1012,80
2 L92-vest 1005,71 1035,56 1012,45
3 L65-vest 1006,35 1038,54 1013,94
4 M22-vest 1007,01 1036,70 1016,22
5 L40-vest 1005,46 1030,88 1009,04
6 M43-pal 1003,77 1030,15 1008,57
7 L85-pal 1010,33 1039,85 1015,21
8 M33-pal 1007,08 1054,96 1024,66
9 Mz2-pal 1010,29 1038,37 1016,44
10 L43-pal 1008,51 1033,44 1015,49
11 L82-pal 1007,18 1037,73 1012,93
12 L44-pal 1006,13 1034,49 1013,04
13
14
15
Median 1006,97 1036,13 1013,49
Mean 1007,06 1036,59 1014,32
Standard dev. 1,82 6,54 3,84
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Determination of water content after submersion for 8 hours 5% PEG

Osmotic stress protocol (PEG immersion of Eppendorf tube with frozen specimen

Vacuum protocol, Eppendorf tube with freeze-dried

# Proben-ID Empty Eppendorf tube with drilled lid specimens) (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg) Start (date, time) End (date, time) Date, Time Weight (mg) Start (date, time) End (date, time)  Weight (mg)
1 L69-vest 31.01.2024, 8:00 1008,59 12.02.2024,11:00 12.02.2024,19:00 13.02.2024,13:00 1090,63 14.02.2024,09:00 16.02.2024,13:00 1020,61
2 192-vest 1009,84 1042,98 1015,67
3 L65-vest 1011,37 103442 1018,70
4 M22-vest 1007,22 1024,79 1014,30
5 L40-vest 1010,18 1021,13 1012,50
6 Ma43-pal 1008,92 104317 1015,33
7 L85-pal 1008,70 102041 1010,55
8 M33-pal 1005,34 1061,85 1026,82
9 M22-pal 1008,06 1028,74 1014,50
10 L43-pal 1009,32 1049,68 1016,60
11 L82-pal 1007,84 1025,14 1011,62
12 L44-pal 1005,95 104153 1012,66
13
14
15
Median 1008,65 1037,98 1014,92
Mean 1008,44 1040,37 1015,82
Standard dev. 1,64 19,37 4,32
Determination of water content after submersion for 12 hours 5% PEG
#  ProbendD  Empty Eppendorf tube with drilled id Osmotic stress prota.col (PEG immersion of Eppendorf tube with frozen specimen Vacuum protocoll, Eppendorf tube with freeze-dried
specimens) (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg) Start (date, time) End (date, time) Date, Time Weight (mg) Start (date, time) End (date, time)  Weight (mg)
1 L69-vest 31.01.2024, 8:00 1005,72 12.02.2024,20:00 13.02.2024,08:00 13.02.2024,13:00 1051,37 14.02.2024,09:00  16.02.2024,13:00 1014,19
2 192-vest 1002,62 1067,49 1012,50
3 L65-vest 1007,27 1045,34 1014,54
4 M22-vest 1005,67 1050,71 1020,91
5 L40-vest 1009,05 1049,97 1018,96
6 M43-pal 1007,12 1037,53 1011,72
7 L85-pal 1006,58 1063,88 1018,78
8 M33-pal 1006,77 1048,79 1014,97
9 M22-pal 1010,11 1044,56 1021,78
10 L43-pal 1002,42 1027,35 1006,69
11 L82-pal 1005,01 1033,07 1008,92
12 L44-pal 1005,78 1041,23 1013,81
13
14
15
Median 1006,18 1047,07 1014,37
Mean 1006,18 1046,77 1014,81
Standard dev. 2,14 11,03 4,43
Determination of water content after submersion for 24 hours 5% PEG
#  ProbendD  Empty Eppendorftube with drilled lid Osmotic stress proto_col (PEG immersion of Eppendorf tube with frozen specimen Vacuum pmtoco.l, Eppendorf tube with freeze-dried
specimens) (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg) Start (date, time) End (date, time) Date, Time Weight (mg) Start (date, time) End (date, time)  Weight (mg)
1 L69-vest 31.01.2024, 8:00 1002,35 08.02.2024,16:00 09.02.2024,16:00 13.02.2024, 13:00 1050,52 14.02.2024,09:00 16.02.2024,13:00 1014,17
2 L92-vest 1008,19 1029,59 1012,42
3 L65-vest 1008,24 1021,66 1011,73
4 M22-vest 1008,60 1023,96 1016,54
5 L40-vest 1005,87 1036,49 1010,59
6 M43-pal 1004,97 1043,51 1029,39
7 L85-pal 1002,31 1018,74 1007,03
8 M33-pal 1003,83 1037,39 1011,44
9 M22-pal 1007,03 1033,05 1016,22
10 L43-pal 1005,65 1036,51 1012,17
11 L82-pal 1003,47 1021,81 1008,32
12 L44-pal 1009,14 1059,16 1028,47
13
14
15
Median 1005,76 1034,77 1012,30
Mean 1005,80 1034,37 1014,87
Standard dev. 2,35 11,81 6,82
Determination of water content after submersion for 8 hours 2.5% PEG
# | ProbendD Empty Eppendorftube with drilled = Osmotic stress protocol (PEG immersion Eppendorftube with frozen Vacuum protocol, Eppendorf tube with freeze-dried
lid of specimens) specimen (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg) Start (date, time) End (date, time) Date, Time Weight (mg) Start (date, time) End (date, time) Weight (mg)
1 L69-vest 26.03.2024, 16:00 1005,68 27.03.2024,07:30 27.03.2024, 15:30 27.03.2024, 19:00 1030,67 02.04.2024,15:00 05.04.2024,09:00 1010,26
2 L92-vest 1006,08 1054,77 1019,15
3 L65-vest 1005,92 1041,95 1020,16
4 M22-vest 1002,87 1054,10 1018,56
5 L40-vest 1007,27 1039,00 1012,11
6 M43-pal 1009,93 1074,85 1021,95
7 L85-pal 1005,50 1050,59 1012,65
8 M33-pal 1005,62 1030,33 1008,72
9 M22-pal 1002,65 1044,07 1010,10
10 L43-pal 1010,62 1072,78 1017,02
11 L82-pal 1001,66 1028,16 1005,14
12 L44-pal 1008,97 1039,68 1014,44
13
14
15
Median 1005,80 1043,01 1013,55
Mean 1006,06 1046,75 1014,19
Standard dev. 2,70 14,76 4,99
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Determination of water content after submersion for 12 hours 2.5% PEG

4  ProbendD Empty Eppendorftube with drilled  Osmotic stress protocol (PEG immersion Eppendorf tube with frozen Vacuum protocol, Eppendorftube with freeze-dried
lid of specimens) specimen (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg) Start (date, time) End (date, time) Date, Time Weight (mg) Start (date, time) End (date, time)  Weight (mg)
1 L69-vest 26.03.2024, 16:00 1007,73 27.03.2024,07:30 27.03.2024,19:30 02.04.2024, 14:00 1018,40 02.04.2024,15:00 05.04.2024,09:00 1008,23
2 L92-vest 1006,02 1028,89 1011,16
3 L65-vest 1006,01 1016,15 1007,59
4 M22-vest 1007,76 1047,35 1018,33
5 L40-vest 1009,04 1021,85 1010,38
6 M4a3-pal 1003,66 1026,70 1007,81
7 L85-pal 1010,75 1030,16 1014,73
8 M33-pal 1005,39 1021,63 1008,92
9 M22-pal 1003,01 1019,47 1006,81
10 L43-pal 1003,73 1031,39 1009,76
11 L82-pal 1006,91 1020,18 1008,64
12 L44-pal 1008,21 1024,78 1013,46
13
14
15
Median 1006,47 1023,32 1009,34
Mean 1006,52 1025,58 1010,49
Standard dev. 2,24 8,05 3,28
Determination of water content after submersion for 24 hours 2.5% PEG
#  ProbendD Empty Eppendorftube with drilled  Osmotic stress protocol (PEG immersion Eppendorf tube with frozen Vacuum protocol, Eppendorftube with freeze-dried
lid of specimens) specimen (wet, -80°C) specimen (dry, room temp.)
Date, Time Weight (mg Start (date, time) End (date, time) Date, Time Weight (mg) Start (date, time) End (date, time) _Weight (mg
1 L69-vest 26.03.2024, 16:00 1006,08 26.03.2024,17:00 27.03.2024,17:00 27.03.2024, 19:00 1028,20 02.04.2024, 15:00 05.04.2024, 09:00 1009,88
2 L92-vest 1008,72 1048,12 1016,59
3 L65-vest 1004,57 1037,09 1022,52
4 M22-vest 1006,78 1035,40 1014,20
5 L40-vest 1007,65 1056,78 1014,77
6 M43-pal 1005,75 1062,15 1019,40
7 L85-pal 1005,83 1043,09 1013,41
8 M33-pal 1008,69 1029,82 1012,93
9 M22-pal 1008,79 1044,08 1019,41
10 L43-pal 1009,54 1034,43 1013,71
11 L82-pal 1010,15 1034,66 1016,28
12 L44-pal 1001,75 1071,41 1022,90
13
14
15
Median 1007,22 1040,09 1015,53
Mean 1007,11 1043,77 1016,33
Standard dev. 2,37 12,95 3,83
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