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Abstract: Oral diseases such as gingivitis, periodontitis, and oral cancer affect millions of people
worldwide. Much research has been conducted to understand the pathogenetic mechanisms of these
diseases and translate this knowledge into therapeutics. This review aims to take the reader on a
journey from the initial molecular discoveries to complex regenerative issues in oral medicine. For this,
a semi-systematic literature search was carried out in Medline and Web of Science databases to retrieve
the primary literature describing oral cell models and biomaterial applications in oral regenerative
medicine. First, an in vitro cell model of gingival keratinocytes is discussed, which illustrates
patho- and physiologic principles in the context of oral epithelial homeostasis and carcinogenesis
and represents a cellular tool to understand biomaterial-based approaches for periodontal tissue
regeneration. Consequently, a layered gradient nonwoven (LGN) is described, which demonstrates
that the key features of biomaterials serve as candidates for oral tissue regeneration. LGN supports
proper tissue formation and obeys the important principles for molecular mechanotransduction.
Furthermore, current biomaterial-based tissue regeneration trends, including polymer modifications,
cell-based treatments, antimicrobial peptides and optogenetics, are introduced to represent the
full spectrum of current approaches to oral disease mitigation and prevention. Altogether, this
review is a foray through established and new concepts in oral regenerative medicine and illustrates
the process of knowledge translation from basic molecular and cell biological research to future
clinical applications.

Keywords: carcinogenesis; cell transformation; tissue homeostasis; mechanotransduction;
non-woven; mesenchymal stem cells

1. Introduction

Diseases of the oral cavity affect millions of people worldwide and lead to consider-
able morbidity and mortality [1,2]. From a clinicopathological perspective, these diseases
can be classified as infectious/inflammatory (e.g., stomatitis, pulpitis, periodontitis), au-
toimmune/dysimmune (e.g., oral manifestations of Systemic Lupus Erythematosus or
Sjögren syndrome), neoplastic (e.g., squamous dysplasia of the oral cavity or oral squa-
mous cell carcinoma (OSCC)), traumatic, or congenital (e.g., odontogenic cysts) [3–8].
In 2020, 377,713 new cases of cancer of the lip and oral cavity and a total of 177,757
deaths of both sexes and all ages due to this disease were registered by the International
Agency for Research on Cancer (IARC), World Health Organization (WHO)
(https://gco.iarc.fr/today/fact-sheets-cancers (accessed on 19 January 2022)). Accord-
ing to the Global Burden of Disease Study, severe periodontal disease was the 11th most
prevalent health condition in the world. Herein, the prevalence of periodontal disease,
comprising gingivitis and periodontitis, was reported to range from 20% to 50% around
the world (The Global Burden of Diseases, Injuries, and Risk Factors Study 2017, GBD
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2017) [9]. These numbers illustrate the urgent need for basic and clinical research in this
field, as well as reliable and innovative treatment options for these diseases [10,11]. Primary
prevention as well as secondary prevention, e.g., early detection with screening programs,
is of pivotal importance to reduce the social and medical impact of these diseases. This
is especially important for either highly prevalent diseases such as periodontitis (e.g., via
the detection of inflammatory biomarkers in saliva), or for the detection of precancerous
lesions, where the development of the actual tumor can be avoided [12–15]. In the context
of OSCC’s early detection, innovative noninvasive diagnostic approaches, such as vital
staining with Toluidine Blue, tissue autofluorescence, optic coherence tomography, or
in vivo confocal microscopy, are promising tools since they overcome the disadvantages of
classical biopsies [11,16–19].

For decades, the study of oral pathogenetic mechanisms has been a major goal of basic
research in the field of oral biology. In addition to clinical studies on patients and animal
models, in vitro cell culture systems have become precious tools to understand the molec-
ular mechanisms underlying oral tissue morphogenesis as well as the above-mentioned
oral diseases [20–23]. In almost all oral diseases, the cells of the periodontal tissues and the
oral cavity are damaged by external noxae. These noxae consequently lead to alterations
in the cells’ physiology and impair the function of the whole tissue [24]. While metabolic
shifts are reversible during acute inflammation, cellular adaptations and tissue remodeling
become permanent during chronic inflammation and tumorigenesis [25,26]. In the case of
oral cancer, changes in the cells’ DNA via mutations and epigenome via epigenetic modifi-
cations severely impair cellular behavior [27]. Processes such as cell adhesion, migration,
proliferation, differentiation, and apoptosis are dysregulated and finally lead to cellular
invasion and metastasis [28–31]. In this context, cell culture platforms allow for, e.g., moni-
toring epithelial growth under physiological and pathological conditions, the molecular
analysis of protein and gene expression patterns within the tissue, and the spatio-temporal
manipulation of these processes [32]. The simulation of major pathogenetic factors, such as
inflammatory stimuli or exposure to noxae such as ethanol, led to valuable insights into the
pathogenesis of oral diseases [33,34]. Such a cell culture system will be presented here to
illustrate the advantages but also the major shortcomings of this approach. In conjunction
with clinical data, these findings are, nonetheless, the basis of the accurate diagnosis of
disease entities as well as targeted, personalized treatment regimens in the future [35,36].

The periodontium is a complex tissue, harboring diverse cell types, including gingival
keratinocytes (GKs), gingival connective tissue fibroblasts (GFs), periodontal ligament
stem cells (PDLSCs), periodontal ligament fibroblasts (PDLFs), mesenchymal stem cells
(MSCs), osteoblasts, and osteoclasts [37]. Although simple cell culture models form the
basis of understanding in periodontal biology, they do not adequately represent the tissue
architecture and are not sufficient to study tissue regeneration. This is especially important
when it comes to the surgical treatment of periodontitis or OSCC, where large tissue
defects need to be covered. In this context, functional tissue engineering has been an
important issue in oral biology for more than a decade. In comparison with classical
tissue engineering, this rather modern sub-discipline addresses both the biochemical and
biophysical/biomechanical properties of a candidate biomaterial to support cell growth
and tissue formation in the best possible way [38]. Compelling experimental evidence has
established the concept of molecular mechanotransduction, the process by which external
biophysical cues are sensed by a cell, and are subsequently transformed into intracellular
biochemical signals and adaptive cellular responses [39]. Consequently, amongst others,
material properties such as lack of cytotoxicity, elasticity/stiffness, and the number and
density of cell adhesion points are now accepted as decisive parameters in the development
of biomaterials [40,41]. The importance of environmental mechanical signals in regulating
the aforementioned cell functions is evident in a paper published by the Ingber group.
Herein, activation of the cellular tyrosine-kinase Sarcoma (c-Src) in response to mechanical
forces is described to occur 40 times faster than that induced by the epidermal growth
factor (EGF), as predicted by physical models [42,43]. This is of high relevance to the
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idea of the periodontium as an anatomical region with diverse tissues, which all have
different biophysical properties. Thus, designing biomaterials for periodontal regeneration
is extremely challenging [44–47]. A non-woven biohybrid for gingival regeneration and
related work will be discussed, which illustrates the principles of biomechanics when
implemented in tissue engineering and its application to oral medicine.

Regarding periodontal disease causatives, the pathogenetic role of bacteria such as
porphyromonas gingivalis (PG) [48], treponema denticola (TD) [49], tannerella forsythia
(TF) [50], aggregatibacter actinomycetemcomitans (AA) [51], and others is well established.
Therefore, treatment strategies for, e.g., periodontitis, can also address non-host cells, i.e.,
the pathogens, instead of focusing on the actual host tissue by tissue engineering. Fighting
the microbes is effective in mitigating the host–pathogen interaction that contributes to
the destruction of the periodontium [52,53]. Non-surgical treatment of periodontitis often
includes the local or systemic administration of antibiotics such as macrolides [54]. There is
still a controversy regarding the proper treatment regime, since randomized, controlled
trials are scarce [55,56]. Thus, alternative intervention strategies are needed. One possibility
is to stimulate the proliferation of periodontal cells by, e.g., photobiomodulation, which is
especially effective for soft tissue repair [57,58]. The development of synthetic antimicrobial
peptides is another promising approach to support periodontitis treatment under experi-
mental and clinical conditions. Such peptides occur naturally or are specifically designed
to kill bacteria. Many antimicrobial peptides act as pore-forming toxins or pass the cell
membrane of the bacteria to interfere with the function of cytosolic proteins [59,60]. The
major advantage of antimicrobial peptides is their local administration, which reduces
adverse effects and antibiotic resistance [61]. Thus, such peptides are a good complement
to biomaterial-based oral tissue engineering to restore periodontal function. Interesting
aspects of such polymers are discussed herein.

The understanding of oral tissues that arises from cell culture studies and biomaterial/
polymer-based approaches is, however, only one facet of oral regenerative medicine. Di-
verse other technologies and techniques have been developed, which both broaden and
complement the understanding of the (patho)-physiology of the oral cavity and can be used
to mitigate disease conditions. Similar to other medical disciplines, cell-based treatment
strategies that make use of stem cells (SCs) derived from various periodontal tissues, but
also from bone marrow, adipose tissue, or induced pluripotent stem cells (iPSCs), have
become important in periodontal tissue regeneration research in recent years [62]. SCs are
characterized by their developmental potential, which enables them to differentiate into di-
verse cell types [63]. Thus, they can theoretically be used to build up tissues or whole organs
from scratch [64,65]. This property renders them an interesting tool for periodontal regen-
eration. A further promising approach is the intentional light-responsive control of gene
expression. This research area is called optogenetics (opto = light and genetics = genetic).
Optogenetic gene control makes use of proteins, whose conformation changes in response
to the application of light. This conformational change induces downstream effects, which
can be directed towards the intentional induction or shutdown of certain transcripts. Al-
though initially developed for neuronal cell research, this principle can be applied to tissue
engineering or tissue regeneration in dental medicine and support, e.g., cell differentiation
and wound healing or suppress malignant cellular phenotypes [66–69]. Consequently,
the integration of SC biology and targeted gene regulation is an auspicious extension of
cell culture studies and biomaterial-based tissue engineering in oral medicine and will be
referred to in this article.

Taken together, this review is a compilation of different aspects of molecular oral
research and related tissue engineering applications, which covers the evolution of experi-
mental findings in the context of, e.g., oral carcinogenesis and periodontitis, as well as their
translation into periodontal regenerative approaches in the last two decades. It does not
aim to provide an in-depth discussion of one selected aspect of oral regenerative biology,
but provides a broad coverage of the topic to the reader. To this end, it was decided that
cell culture studies as well as sophisticated biomaterial applications should be included to
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draw the path from initial discoveries to later applications and to show how the different
sub-disciplines interdependently and mutually influence each other. This narrative re-
view, therefore, is an important contribution to the scientific literature since it enables easy
and direct access to many facets of current oral biology research and tissue engineering
approaches. The broad spectrum, ranging from molecular oral tissue homeostasis and
carcinogenesis to innovative biomaterials, addresses both basic researchers and clinicians
in the field of dentistry and oral and maxillofacial medicine.

2. Results
2.1. In Vitro Cell Models to Study Oral Epithelial Tissue Homeostasis and Carcinogenesis

OSCC is a devastating disease arising from the squamous epithelia of the oral cavity.
The main risk factors are alcohol ingestion as well as tobacco use or the chewing of areca
nuts (especially in Asia). Infection with high-risk subtypes of human papillomavirus (HPV)
is also an etiologic factor. Since symptoms occur late in the course of the disease, patients
usually present with Union for International Cancer Control (UICC) stage III or IV dis-
ease [70]. Apart from radical surgery with neck dissection, radiotherapy and chemotherapy
are established treatment concepts. Therapeutic antibodies such as cetuximab (directed
against epidermal growth factor receptor (EGFR)) [71] or pembrolizumab, an immune
checkpoint inhibitor directed against programmed cell death protein 1 (PD-1; [72,73]),
expand the current treatment options, especially for advanced disease. Pharmacologically
active natural compounds have also been extensively investigated for their potential an-
titumor activity in OSCC and may complement classical treatments in the future [74–76].
An interesting example is the use of extracts from propolis, a complex resinous mixture of
wax, bee saliva enzymes, and plant-derived chemicals [77]. A recent study by Wezgowiec
and colleagues revealed that ethanol or ethanol/hexane extracts of propolis from different
regions in Poland showed remarkable anticancer effects on tongue OSCC cell lines and
additional anti-inflammatory activity. The pharmacological activity is attributed to either
caffeic acid phenethyl ester or a synergistic effect of different polyphenols [78]. A deeper
understanding of the mechanisms of action and exact chemical composition of such natural
products will, thus, prospectively enhance therapeutic options for OSCC.

As exemplified by the use of EGFR- or PD-1-directed therapies, a molecular un-
derstanding of the pathogenesis of the disease is key to developing additional targeted
treatment options. To this end, robust and reliable in vivo and in vitro disease models are
needed. On the one hand, in vivo models, for instance, those based on the nude mouse
system, may most adequately represent the in vivo tissue environment of an experimentally
induced tumor. Such tumor models are established, e.g., via phorbol ester treatment, which
serves as a tumor-promoting agent [79], or via the xenografting of cancerous cells [80]. On
the other hand, in vitro models based on cell culture systems are much less complex than
the in vivo models due to, for instance, restrictions on their interactions with other cell
types. They are, therefore, suitable for more basic oriented molecular and biochemical
studies, including drug screening. Moreover, they will help to abandon animal experi-
ments [81]. To illustrate the advantages and limitations of such cell culture systems, in vitro
cell models, in the form of conventional 2D cell cultures and 3D epithelial equivalents (EE),
are discussed below.

Regarding conventional cell cultures, Gawas and colleagues reported the establish-
ment of three cell lines derived from buccal OSCC. These cell lines express cytokeratins
(K) K8 and K14 as indicators of their epithelial origin. Further, they are negative for HPV
infection, exhibit aneuploidy, and form tumors in vivo [82]. Although these cell lines are
good candidates for the study of OSCC in vitro, they represent the final stage within the
multistep carcinogenesis process. This means that the molecular processes, which lead to
proper carcinoma, have already taken place. Apart from epigenetic dysregulation, genomic
instability, and dysregulated cellular energetics, this involves the enhanced, unrestrained
function of several proto-oncogenes. In their constitutively active form, they are called
oncogenes and lead to sustained cellular proliferation [83]. Additionally, tumor-suppressor
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genes that normally act as controllers of the cell functions are inactivated [84], which
renders the cells resistant to apoptosis. Under in vitro conditions, this process is termed
“cell transformation” and covers all changes from the “normal” to the “fully” malignant
tumor cell.

One important step during cell transformation is immortalization. This term, however,
does not describe individual cells with an unlimited lifespan, but a cell population with
a certain pool of permanently proliferative cells [85]. From a scientific perspective, this
would optimally lead to stably cultivatable cell lines, which are suitable for research on both
tissue homeostasis and cancer. The molecular basis for immortalization is the escape from
cell senescence [86]. In the case of human keratinocytes, amongst others, the introduction
of the E6 and E7 genes of the human papilloma virus type 16 (HPV16), either by natural
infection or via transfection in vitro, can lead to immortalization. These genes abrogate cell
cycle arrest by interfering with the tumor-suppressor genes and cellular gatekeepers p53
and Retinoblastoma (Rb) [87]. The E6 protein inhibits the function of p53 and leads to its
degradation. This, in turn, deactivates p53’s function in growth arrest and apoptosis and
promotes the cell cycle without repairing potentially damaging DNA mutations [88,89].
The E7 protein binds to Rb and leads to the dissociation of the protein from the transcription
factor E2F. Consequently, E2F promotes the transition of the cell cycle from the G1 to S
phase, and thereby sustains cellular proliferation [90]. The cyclin-dependent kinase (CDK)
inhibitor p16 is upregulated, which can be immunohistochemically detected as an indirect
marker of E7 expression in cells [91,92]. These molecular properties define the oncogenic
potential of E6 and E7. Of interest, not only do the classical high-risk HPV types express
these proteins in OSCC samples from patients, but low-risk types such as HPV70 also
express these proteins, which can, therefore, also contribute to oral carcinogenesis [93,94].

Many cell culture OSCC models similar to that of Gawas and colleagues have been
presented in the literature [95]. Their major shortcoming is that they are established from
clinically apparent cancers and, therefore, do not reflect the actual process of carcinogene-
sis. The sequence of the molecular changes, as well as their interdependence, cannot be
investigated in such models. A recent review by Suryaprakash and colleagues pointed out
that scientific data on 3D cell cultures for the study of oral carcinogenesis itself are very
scarce [96]. Thus, the adequate in vitro modelling of oral carcinogenesis remains a major
goal in the field.

Based on this idea, a cell line derived from human gingival keratinocytes (HPV-16GM),
in which immortalization was achieved by using HPV-16 E6 and E7, was established. This
cell line is non-tumorigenic following nude mouse subcutaneous injection and transplan-
tation. In the mouse model, it also lacks any signs of a benign neoplastic or invasive
malignant transformation [97,98]. HPV-16GM cells exhibit all major molecular features of
their native tissue, including the expression of tissue-specific K5 and K14, as well as K1 and
K10, and hemidesmosomal integrin α6. The terminal differentiation markers involucrin
and filaggrin, as well as epithelial €-cadherin, which is part of the adherens junctions (AJs),
are also expressed. Interestingly, these molecules, which are indispensable for epithelial
keratinocytes to build and maintain tissue homeostasis, could be detected in conventional
monolayers, but also in in vitro generated EEs (see below) of HPV-16 GM, herein exhibiting
a spatial distribution resembling the native gingival epithelial counterpart [33,98]. To check
for chromosomal alterations, the status of chromosomes (Chrs) 1, 8, 10, and 18 was deter-
mined, since aberrations in these chromosomes were reported in the cell lines of aggressive
head and neck cancers [99]. Regarding Chr 1, an analysis of epigenomic dysregulation
in the tissue samples of patients suffering from gingival–buccal OSCC revealed a high
number of differentially expressed genes. In one study, 184 of 1734 differentially regulated
genes in OSCC were located on Chr 1 [100], thus emphasizing its decisive role in OSCC.
In the HPV-16GM cell line, polysomy, i.e., trisomy and tetrasomy of Chr 10 and, to some
extent, also Chr 18, were detectable in early passages, but these did not persist. Chr 18
monosomies were more prominent in late passages. Importantly, the relative amount of
normal disomic chromosome pairs differed between the chromosomes but remained nearly
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constant in the early and late passages (pp. 22–83) [98]. These features render this cell line
an optimal candidate for the study of oral epithelial tissue homeostasis. The latter process
is defined as the lifelong maintenance of the coordinated balance between proliferation and
differentiation within stratified epithelia such as skin or oral mucosa [101,102]. It can serve
as a good experimental control in the study of progressive stages of cell transformation and
oral carcinogenesis [103].

Regarding oral carcinogenesis, in addition to infection with high-risk papilloma
viruses such as HPV-16 and HPV-18, lifestyle causatives such as areca nut, tobacco and
alcohol consumption are well-accepted risk factors. There is, however, growing evidence
that OSCC can also be caused by chronic mechanical irritation (CMI) [104]. CMI may
arise through dental prostheses, poor dentition, or behavioral factors such as cheek bit-
ing [105]. The molecular mechanisms of these carcinogens have been intensively inves-
tigated. While components of areca nuts such as arecoline interfere with different DNA
repair mechanisms [106,107], the molecular basis of CMI-related carcinogenesis is still an
open research question.

For tobacco-associated OSCC, an Indian study reported frequent mutations in molecules,
such as the tumor-suppressor p53 and the small GTPase Harvey rat sarcoma virus, p21ras

(H-ras) [108]. A recent study conducted with immortalized oral keratinocytes also found
changes in the expression of the tumor-suppressing cell–cell-contact molecule E-cadherin.
Loss of E-cadherin is seen in many carcinomas, including OSCC [109]. It is associated
with epithelial–mesenchymal transition (EMT, see below), and a migratory, invasive cellu-
lar phenotype [110]. Additionally, several microRNAs were proposed to be involved in
oral carcinogenesis, since the differential or neo-expression of these regulating RNAs was
reported in response to chewing tobacco and smoke exposure [111,112].

In the case of alcohol consumption, the main component, ethanol, is oxidized to acetate
in two steps. First, alcohol dehydrogenases convert ethanol to acetaldehyde (HAc). Second,
HAc is oxidized to acetate via aldehyde dehydrogenases. HAc damages cells by covalently
modifying proteins, including histones, and by interfering with the important cellular
glutathione antioxidant system. Lipids and DNA are covalently modified by HAc through
adduct formation [113]. Further, this leads to the synthesis of toxic cell metabolites such as
salsolinol, which induce reactive oxygen species (ROS) formation, further damaging the
cell [114]. In this context, it could be shown that the exposure of normal oral keratinocytes
to Hac promotes malignant transformation. Mechanistically, the methylation status of
various genes, including the erbB2 gene, is altered. erbB2 is also known as HER2/neu,
encodes for the receptor tyrosine kinase erbB-2, and is amplified in many cancer entities.
The study by Miyazaki and colleagues could show a HAc-induced demethylation in the
erbB2 gene, which leads to an increased expression of the gene, thereby sustaining cellular
proliferation and contributing to oral carcinogenesis [115].

Due to the decisive role of ethanol in the pathogenesis of oral cancer, the HPV-16GM
(“wild-type” GKs) cells were subjected to long-term ethanol exposure to simulate chronic
alcohol ingestion as a risk factor in OSCC. Under these experimental conditions, the nine-
week administration of 30 mM ethanol induced two stable phenotypes that were different
from the “wild-type” GKs: an epithelium-like/epitheloid cobblestone morphology (EPI)
and a spindle-shape fibroblast-like/fibroblastoid morphology (FIB). The cells were subse-
quently analyzed for the phenotypic and molecular changes emerging from this treatment.

On the molecular level, FIB cells exhibit a loss of K14 and desmoplakins, which are
characteristic marker proteins of cells derived from stratified epithelia. Of interest, neo-
expression of the simple epithelial keratin K18 and the mesenchymal intermediate filament
vimentin could be detected. Altogether, these molecular changes are typical of EMT, the
stepwise transformation of epithelial cells into mesenchymal cells during the multistep
process of carcinogenesis. These data suggest that FIB cells represent a stable intermediate
within this process and are, therefore, a more transformed phenotype than EPI cells [116].
Further molecular analysis revealed that the gp91phox homolog Nox1, an ROS-synthesizing
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, is upregulated in FIB
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cells. Therefore, Nox1 is predominantly localized in cell membranes and nuclei. Thus,
FIB-inherent Nox1 appears to be involved in the acquirement of a more advanced stage of
transformation of the FIB phenotype. This suggestion is underlined by detection of three
important ROS species, namely, HOO, H2O2, and OH, in membrane fractions of FIB cells,
and by upregulation of Nox1 downstream targets c-Jun-N-terminal kinase 1 (JNK1) and
Mitogen activated kinases p44/42 (ERK1/2), as well as increased phosphorylation levels of
JNK2 [97]. The latter molecules are all part of the mitogen-activated protein kinase (MAPK)
pathways, contribute to proliferation and cell survival, and are thus of great importance
to carcinogenesis [117]. In the ERK1/2 context, further mechanistic studies employing
the ERK1/2 inhibitor UO126 demonstrated that activated states of p44/42 in FIB cells are
responsible for elevated inducible nitric oxide synthetase (iNOS) at both the mRNA and
protein levels. This suggests that these kinases function as iNOS upstream regulators [118].
iNOS is, for example, important for the activation and migration of macrophages [119].
However, it has attracted increasing attention in cancer research since it is highly expressed
in multiple human cancer entities, including OSCC. In OSCC, nitric oxide (NO) production
by iNOS contributes to angiogenesis, tumor-suppressor inactivation, and the invasive
phenotype. Although not statistically significant, iNOS expression increases from normal
oral mucosa to precancer histologic lesions and the fully malignant OSCC phenotype [120].
The abundance of the NO-dependent nitrotyrosine modification of proteins is also a prog-
nostic marker in OSCC, meaning that higher nitrotyrosine levels are associated with a
poor outcome [121]. In addition to influencing iNOS, the above-mentioned intervention
on ERK1/2 suppresses the anchorage-independent growth (AIG) of FIB cells and reduces
vimentin expression [118]. AIG reflects the ability of in vitro transformed cells and cancer-
derived cells to survive and grow in the absence of anchorage to the extracellular matrix
(ECM) and their neighboring cells. AIG is a hallmark of carcinogenesis, and evaluating its
degree has been used in the analysis of epithelial cells at different transformation stages in
a semisolid medium called soft agar, where the degree of cell transformation is reflected by
the formation of cell colonies [122]. The anti-tumor activity of pharmacological compounds
can also be evaluated via testing the AIG of cells. In the context of OSCC, 6-shogaol, an
ingredient in dried ginger, has exemplarily been shown to reduce AIG of OSCC cell lines,
meaning that the compound inhibits the cancerous properties of the cells and might also be
used as a complementary cancer treatment [123].

To analyze further molecular alterations in FIB cells under more in vivo-like conditions,
organotypic cocultures were established. These are characterized by the spatially separated
growth of mesenchymal fibroblasts and epithelial keratinocytes. These cocultures allow
for keratinocytes to form stratified 3D-epithelia under in vitro conditions, which are also
termed EEs [98,102]. Compared to “wild-type” GKs and EPI cells, FIB cells are less able
to form proper epithelia and exhibit a striking down-regulation of epithelial-specific K14,
hemidesmosomal α6 integrin, and the AJ constituent E-cadherin [33]. The progressive
replacement of epithelial E-cadherin with mesenchymal N-cadherin, termed a cadherin
switch, has recently been shown to be critical for OSCC tumor progression, in both a mouse
model and human OSCC samples [124]. Similar to the monolayer culture, FIB-derived
EEs show extensive vimentin abundance [33]. This switch to mesenchymal cell markers
is not only indicative of EMT, but can also be found at the invasion front of, for example,
grade IVC OSCC tissue samples, as demonstrated by Kato and coworkers [125]. These
findings underscore the intimate interrelationship between E-cadherin, vimentin, EMT,
and the invasive/malignant cell phenotype. A recent study from Thailand on 200 patients
suffering from OSCC revealed that the analysis of combined E-cadherin and vimentin
expression as an indicator of EMT has a superior prognostic significance when compared
to the individual protein expression levels. The authors concluded that the aggressiveness
of the tumor is strongly correlated with the degree of EMT, i.e., tumors with complete EMT
are more aggressive than those with only partial EMT [126].

The functional consequences of the E-cadherin downregulation in FIB cells were
further analyzed. It has been described in the literature that E-cadherin downregula-
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tion is associated with a poor outcome and an aggressive histologic phenotype in OSCC.
Molecularly, E-cadherin downregulation is established either via promotor methylation,
RNA downregulation or the increased co-internalization of the protein with EGF and
EGFR [127,128]. Of interest, the cadherin family member placental (P)-cadherin is also a
prognostic OSCC marker. The expression of P-cadherin, especially when localized at the
plasma membrane, indicates better survival [129,130].

Thus, the expression and co-localization of E-cadherin and its intracellular AJ binding
partner β-catenin were studied at the plasma membrane in the EPI and FIB phenotypes.
If E-cadherin and β-catenin are found in proximity, this is indicative of intact AJs. Using
stimulated emission depletion (STED) microscopy, it could be shown that EPI cells exhibit
the membrane co-localization of both proteins, whereas FIB cell do not. This indicates a
disruption of AJs in the FIB cells, which has consequences for epithelial integrity [103].
The persistence of β-catenin with a concomitant downregulation of E-cadherin was also
reported in fully malignant OSCC, while the highest proportion of β-catenin was found
in poorly differentiated OSCC (PDOSCC) [131]. In this context, it should be noted that, in
PDOSCC, most of the β-catenin was detected within the cytoplasm [131]. It is, therefore,
likely that β-catenin also acts as a transcription factor in this case, and promotes cell prolif-
eration due to its nucleo-cytoplasmic shuttling ability. The nuclear importation of β-catenin,
which is indispensable for its transcription factor and proliferative activity, could be shown
in vitro to be mediated by the importin family member importin-11/IPO11, which shuttles
cargo from the cytoplasm to the nucleus [132]. A comparative study on keratinocytes
obtained from dysplastic and non-dysplastic oral tissue revealed the stabilization and
accumulation of β-catenin in the nucleus of dysplastic keratinocytes. The endocytic protein
Rab5, which is required for endosomal sequestration of the β-catenin destruction complex,
was involved in this process. Moreover, the authors of this study could correlate the in vitro
results with in vivo data. In clinical samples of oral dysplasia, they showed an increased
co-localization of the β-catenin destruction complex constituents glycogen synthase kinase
3 beta (GSK3β), adenomatous polyposis coli (APC), and the scaffold protein axin, with
early endosome antigen 1 and Rab5-positive early endosomes [133]. Taken together, these
data suggest the division of the E-cadherin and β-catenin functions is a key driver of oral
carcinogenesis. β-catenin’s switch from adhesion to its transcription factor function, as well
as its indirect stabilization through reduced degradation, seem to be crucial for EMT and to
maintain proliferation and oncogenic signaling in the transformation of oral keratinocytes.

Another interesting facet of the FIB phenotype arises from the reduced abundance
of the protein zyxin in fractions obtained from FIB plasma membranes, while large pro-
portions can be found within cytoplasmic protein fractions [103]. Generally, zyxin binds
to actin stress fibers and focal adhesions (FAs). It is also present in AJs to facilitate cy-
toskeletal reinforcement in response to mechanical stress [134]. Under conventional cell
culture conditions, the rigid polystyrene material exerts a great mechanical stress on cells.
This extracellular mechanical stress is sensed by both cell–matrix adhesion structures, i.e.,
FAs, and cell–cell contacts, i.e., AJs. Extensive crosstalk between FA-innate integrins and
AJ-inherent cadherins leads to the coordinated fine-tuning of cellular mechanotransduc-
tion [135]. Thus, it cannot be ruled out that the disruption of AJs in FIB leads to a shift from
membrane-bound to cytoplasmic zyxin. One of the rare mechanistic studies revealed that,
in breast cancer cells, cytoplasmic zyxin can inhibit the HIPPO pathway, thereby promoting
cell proliferation via nuclear translocation of the proliferation-associated co-transcriptional
activator yes-associated protein (YAP) [136]. Regarding OSCC, it has been reported that
silencing of the zyxin gene in OSCC-derived cells prevents the promotion of proliferation,
migration, and invasiveness [137]. These reports provide evidence that zyxin, in addition
to being involved in cell-to-cell and cell–matrix adhesions, is also involved in other features
of cell behavior. YAP and its cellular homologue, the transcriptional co-activator with
PDZ motif (TAZ), both bind to TEA-domain (TEAD) transcription factors, particularly
TEAD2, to exert their biological function inside the nucleus. In consecutive mechanistic
experiments, employing a pharmacologically based approach, it could shown, for the first
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time in periodontal cells, that YAP, rather than TAZ, governs the expression of zyxin, which
appears to be a YAP target gene [134]. These mechanistic insights broaden the under-
standing of cellular adhesion structures and mechanosignaling pathways in the context of
periodontal cells and OSCC development.

At the cell behavioral level, FIB exhibited a much faster response to proliferation-
promoting fetal calf serum, and thus required a much shorter timespan for cell doubling
compared to EPI and the parental HPV-16GM cells. FIB cells also exhibited a striking
nuclear YAP localization and higher amounts of chromatin-bound YAP when compared
to EPI and HPV-16GM. These results, therefore, demonstrate that phenotypic differences
in alcohol-treated keratinocytes correlate with discriminative proliferation behavior. Two
molecular equivalents of this cell behavior are the increased cytoplasmic fraction of zyxin
and a higher nuclear YAP abundance. Furthermore, the discussed molecular and cell
behavioral differences indicate that these alterations in FIB represent very early changes
in epithelial cell transformation during alcohol-induced oral carcinogenesis [103]. Func-
tional studies on OSCC cells, as well as an immunohistochemical investigation of patient
samples from OSCC, also describe the involvement of YAP [138–140]. The upstream reg-
ulators of this YAP-dependent proliferation are, however, diverse. Ion channels such as
PIEZO1- or G-protein-coupled receptors (GPCR) such as GPR39 have been described in the
literature [139,140]. It is very likely that the very stiff ECM found in many carcinomas, also
called desmoplastic stroma, is an indirect regulator of nuclear YAP activity and, therefore,
links mechanotransduction to cellular proliferation [141]. The morphological and molecular
changes of FIB cells are compared to EPI and HPV-16GM cells and graphically summarized
in Figure 1.

In conclusion, the aspects of alcohol-induced oral carcinogenesis and cell transfor-
mation discussed in this section show that many molecular changes detected in clinically
apparent oral carcinomas, such as the loss of E-cadherin, gains in vimentin, or the nuclear
abundance of YAP, can be demonstrated with the presented in vitro cell model. Since
the cells are transformed but do not yet show any tumorigenicity in vivo, the observed
molecular changes represent very early stages of carcinogenesis. To date, to the best of our
knowledge, no other stable cell models are available that reproducibly reflect these cell
transformation events within the multistep process of oral carcinogenesis. Previous models
are mostly derived from already established OSCCs, or are not sufficiently molecularly and
genotypically characterized [82]. Consequently, the model cell lines, (i) HPV-16 GM as a
parental cell line, (ii) EPI, and (iii) FIB, are a valuable investigation platform to identify
OSCC-relevant molecular alterations at very early stages of oral carcinogenesis, and to
characterize their effects on cell behavior. This renders this kind of in vitro model as an
optimal candidate for translational research on molecular tumor diagnostics and targeted
therapies for OSCC. The molecular characterization of oral cell lines under physiological
and pathological conditions deepens the understanding of oral biology. This knowledge
forms an indispensable basis for regenerative treatment approaches in the oral cavity, which
are discussed in the following section.

2.2. Biomaterial-Based Approaches in the Context of Oral Diseases

The biomaterial-based regeneration of oral tissues is a complex issue, since the pe-
riodontium is a highly specialized anatomic compartment with both soft and hard tis-
sues. Material selection is, therefore, an essential first step in establishing sustainable
and successful treatment options [142]. Important parameters include biocompatibility,
biodegradability, and mechanical strength [143]. The choice between natural or synthetic
polymers or hybrid approaches determines the physicochemical properties of the scaffolds.
Next, the fabrication mode, e.g., electrospinning, 3D printing, or salt leaching, contributes
to the material properties. Functionalization of the scaffold with chemically active residues
(e.g., coating with ECM components) influences the material’s interaction with different
cell types, which is the reason that an in-depth cell biological characterization of the target
cells is crucial (see above) [142,144].
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Figure 1. Summary of the morphological and molecular properties of HPV-16 GM (=GK), and
the alcohol-treated cell lines EPI (epitheloid) and FIB (fibro-blastoid). The upper part of the figure
depicts exemplary light microscopy pictures of the cell lines at the same magnification. (A) shows
the GKs with their cobblestone morphology, which is typical for keratinocytes. (B) depicts EPI
cells, which share morphological similarities with GKs but show more cytoplasmic inclusions and
more pronounced nuclei. In (C), the fibroblast-like, spindle-shaped FIB cells are presented. When
compared to GKs and EPI, FIB cells do not resemble normal keratinocytes and are characterized by
multidirectional cytoplasmic extensions and a less dense growth pattern. The lower part of the figure
summarizes the main cell behavioral and molecular properties of the three cell lines. The protein
expression levels are designated as follows: +++ very strong expression, + strong expression, - no
expression. Details are given in the main text. (Nox1 = NADPH Oxidase 1; iNOS = inducible Nitric
Oxide Synthase; YAP = Yes-Associated Protein.)
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Currently, guided tissue regeneration, which prevents epithelial overgrowth in pe-
riodontitis treatment, autogenous bone substitutes, and diverse natural and synthetic
polymers (e.g., polylactic acid, polycaprolactone, chitosan, alginate, collagen, silk) are in
clinical use in oral medicine. The advantages and shortcoming of these approaches are
discussed elsewhere [142,144]. Functional tissue engineering, however, also considers the
mechanobiological aspects of the target tissue. Therefore, examples of biomaterial design
for oral epithelial and soft tissue regeneration are discussed next [145].

2.2.1. Nonwoven Biomaterial Design for Oral Epithelial and Soft Tissue Regeneration

In the oral cavity, shear stress is ubiquitous [146,147]. Therefore, biomaterials being
developed for translational research and future clinical application must consider this
crucial aspect. This is important, e.g., in the context of epithelial and soft tissue regeneration
(STR) required for oral cavity diseases such as carcinomas or for profound soft tissue loss
or damage due to trauma [148,149]. Another critical aspect in biomaterials research with
the purpose of STR is that they must consider the loss of volume in the addressed tissue
during the long-term process of wound healing [150]. These two aspects make it essential
that the device for STR in the oral cavity is elastic enough to withstand multidirectional
shear forces. It should also remain at the wound site for a sufficiently long time to allow
for compensation of the volume loss. Regarding the clinical use of biomaterials in the
oral cavity, it should also be noted that they must be easy to handle for the surgeon, who
ultimately performs the wound treatment. From our own experience, one criterion for
good handling is the strength of the material, which must be sufficiently high that it does
not tear when sutured into the tissue defect.

Considering these requirements, a biomaterial was developed as a scaffold for either
in vitro cell culture or in vivo application. The aim was to allow for the growth of primary
or immortalized oral cells in vitro, including proper epithelial stratification. For in vivo
use, colonization by tissue resident cells from the in situ defect site should be achieved. A
biohybrid, polymer-based biomaterial was used. This was configured as a layered gradient
nonwoven (LGN) through electrospinning and is composed of natural collagenous gelatin
nanofibers and the biodegradable synthetic polymer polycaprolactone (PCL), the latter
produced by 3D micro-extrusion. This device aims to form a three-dimensional template
that mimics the ECM of soft tissues for proper cell adhesion and growth. Concerning
gelatin, the use of a non-toxic solvent/cross-linker mixture comprising acetic acid, ethyl
acetate, water and glyoxal facilitated the in situ crosslinking of gelatin nanofibers with
varying diameters (90–680 nm) during electrospinning. This increases water resistance and
prevents post-treatment crosslinking damage to the gradient gelatin network. Notably, the
cohesion between the electrospun gelatin and extruded PCL was ensured by a lamination
process in which the PCL was briefly heated above its melting temperature. Such sandwich-
like devices have been proven to be compatible with both gingival keratinocytes and
connective tissue fibroblasts. Furthermore, the in situ biodegradation of the LGN varies
with the number of laminated gelatin-PCL layers, so that the half-life of the biomaterial at
the defect site can be adapted to the specific need. This helps to overcome the obstacles
associated with the aforementioned loss of volume in the tissue [151]. The manufacturing
process of the LGN is depicted in Figure 2.

We then aimed to evaluate the suitability of the LGN for clinical application using pre-
clinical in vitro and in vivo validation studies. Primary GFs and immortalized GKs (HPV-
16GM, see Section 2.1) could populate the whole LGN. Investigations on tissue-specific
intermediate filaments revealed vimentin expression in connective tissue fibroblasts. HPV-
16GM cells expressed K14 as well as K1/10, with the latter indicating early keratinocyte
differentiation. The ability of HPV-16GM cells to express involucrin and filaggrin on the
LGN demonstrates that growth on this biomaterial allows for regular keratinocyte differen-
tiation [152], since involucrin and filaggrin represent terminal differentiation markers [102].
The LGN also enables the guided formation of stratified EEs in vitro when fibroblasts of the
gingival connective tissue and HPV-16GM keratinocytes are established as cocultures. This
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led to a proof-of-concept study in a minipig model. After inducing soft tissue dehiscence, a
nearly complete wound closure was observed at three weeks post-surgery, as indicated by
connective tissue formation and re-epithelialization. Importantly, failure of wound closure
was observed in cases of LGN loss due to mastication, while at sites with the presence of
LGN, the tissue was devoid of any signs of inflammation throughout the entire observation
period. These findings confirm both the biocompatibility of the biomaterial and its potential
clinical applicability [152].

Figure 2. Schematic representation of the manufacturing process of the layered gradient nonwoven
(LGN). The polycaprolactone (PCL) layers were generated by 3D micro-extrusion (upper left part;
orange). During this process, the polymer solution is extruded through a narrow orifice and deposited
on a carrier platform. The gelatin layers were generated by electrospinning (lower left part; blue).
The polymer solution is also extruded through an orifice but is additionally accelerated towards a
collector (black bar) via an electric field. Alternating layers of PCL and gelatin were then briefly
heated above the melting point of PCL, yielding the LGN. Subsequently, the cells (GF = gingival
fibroblast; GK = gingival keratinocyte) were transferred on opposite sides of the LGN and incubated
in culture medium. The resulting stratified epithelium and the layer of GFs is depicted on the right

side. Details are given in the main text. (
→
F = mechanical force).

During regenerative processes such as wound healing, the synthesis of fresh ECM
molecules from wound fibroblasts, in conjunction with their assembly into an intact ECM
within the wound bed, is indispensable. This is also a prerequisite for consecutive wound
closure through keratinocytes, which centripetally migrate from the wound margins into
the new ECM [153]. Hence, a precondition for tissue regeneration is the assembly of the
molecular constituents of the ECM, e.g., collagen type-IV and laminin-1/10, into a tissue-
specific three-dimensional network to provide the tissue-inherent biomechanical properties
needed for tissue regeneration. Based on their molecular constituents and their architec-
ture, each ECM offers a distinct set and spacing of anchor points, such as the fibronectin
(FN)-innate arginine-glycine-aspartate (RGD) sequence for cell adhesion, and a certain
stiffness, termed the Young’s modulus [154,155]. These two biomechanical parameters
are essential criteria for the cells’adhesion to the ECM via, for instance, FAs integrins to
perceive the ECM’s Young’s modulus. During the perception of the integrin-mediated
ECM stiffness, cells convert the extracellular biomechanical signals into intracellular bio-
chemical signals, which, when transmitted into the nucleus, govern gene expression and
cell behavioral responses such as proliferation or differentiation [156]. This conversion of
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extracellular (bio)mechanical signals into intracellular biochemical signals at the plasma
membrane is called mechanotransduction. Due to this functional significance for cell fate,
mechanotransduction is pivotal for tissue regeneration and tissue homeostasis [157,158].

Regarding the biomechanically relevant spacing of cell adhesion points, polymer-based
model surfaces with a defined spacing are precious investigation tools. With such substrates,
favorable and unfavorable anchor point distances can be determined for different cell types.
Therefore, microposts/pillars made of FN-biofunctionalized polydimethylsiloxane (PDMS)
were designed. By using different distances between the posts, it was shown that the early
differentiation of GKs, which is a prerequisite for epithelial regeneration, is governed by
inter-post distances. K1, an early differentiation marker of keratinized epithelia, such as skin
or attached gingiva, was highly expressed, with post distances of 8 µm. In contrast, larger
micropatterns of 11 and 14 µm led to progressive perinuclear K1 filament condensation,
along with decreased K1 gene expression levels [159]. Further studies, including other
periodontal cells such as GFs, PDLFs, and alveolar bone cells (ABCs), revealed that defined
variations in PDMS posts micropatterns could distinguish critical post distances in the
context of periodontal tissue homeostasis. These distances are decisive for (i) GFs to support
homeostatic EEs formation and biomarker expression in GF-HPV-16GM cocultures, and for
(ii) PDLFs and ABCs to express homeostasis-relevant marker proteins. In PDFLs, collagen
type I synthesis is important, which is a main component of the tooth anchoring Sharpey
fibers. In ABCs, alkaline phosphatase expression was monitored, since this is relevant
to bone formation [160]. These PDMS–based extracellular model environments provide
further evidence for the decisive role of the spacing of anchor points for cell adhesion
in periodontal cell and tissue functions, such as a broader keratinocyte differentiation,
epithelial stratification, and periodontal homeostasis.

Concerning substrate stiffness, a variation in the Young’s modulus of the above-
described LGN led to valuable insights into mechanically induced epithelial morphogen-
esis. Typically, connective tissue fibroblasts are needed to induce epithelial stratification
for in vitro coculture systems, which traditionally employ collagen type-I lattices as the
cell-carrying matrix [161,162]. However, it was found that LGNs with a stiffness of 3.2 kPa
(determined by Bioindenter™ measurements) allow for an in vivo epithelial-like tissue
morphogenesis in the absence of a connective tissue fibroblast, while the epithelial mor-
phogenesis on softer (2.1 ± 1.0 kPa) or harder (10.9 ± 2.51 kPa) substrates was less satisfac-
tory [163]. This morphogenesis was substantiated by keratinocyte stratification as well as
the expression and proper spatial distribution of specific biomarkers, which are indicative
for tissue homeostasis. The EEs display a supra-basal expression of the early differentiation
marker K1 and the terminal differentiation marker involucrin. The basement membrane
component collagen type IV is expressed at the epithelium-LGN interface, resembling the
normal in vivo situation. This pre-clinical model of LGN-induced epithelial morphogenesis
illustrates that its innate biomechanical information, represented by the 3.2 kPa Young’s
modulus, can support the growth of an epithelium with proper biomarker expression in
the absence of cocultured fibroblasts. Notably, the LGN Young’s modulus of 3.2 kPa is
in the stiffness range of natural epithelial basement membranes of the skin or the cornea
(2.0–10.0 kPa) [163].

To test whether the 3.2 kPa LGN is also able to support fibroblast-independent ep-
ithelial morphogenesis in vivo, constructs of GKs precultured for one day on the LGN
without and in combination with GFs were transplanted into subcutaneous pockets of
nude mice. The studies aimed to test the influence of a complete surrounding mesenchyme
(representing the in vivo situation) or, additionally, in vitro cocultured (precultured) GFs
on epithelial morphogenesis. The results of these experiments have shown that both a
complete mesenchyme in vivo and the presence of precultured GFs in vitro did not lead to
any improvement in epithelial morphogenesis compared to in vitro constructs consisting
of GKs and LGNs only. These findings suggest that the existence of other cell entities is
not required for LGN-induced GK epithelial morphogenesis in vivo and that the LGN’s
epithelium-inducing effect can, therefore, be generalized. Skin keratinocytes (epidermal
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keratinocytes = EKs) were also tested on the 3.2 kPa LGN to evaluate whether the Young’s
modulus of this LGN is also qualified to support epidermal epithelia. Here, differences
were found between solitarily transplanted EKs on the LGN into the nude mice and those
EKs with additional precultured epidermal fibroblasts (EFs). Of interest, the presence of
EFs improved the spatial expression patterns of differentiation biomarkers such as K1 and
involucrin [164]. This implies that, based on its biomechanical/biophysical properties alone,
the LGN is not able to finetune differentiation for EKs. Furthermore, these findings support
the notion that, in the context of tissue regeneration, there is a specific elastic modulus for
each keratinocyte entity, which can support the morphogenesis of the respective epithelial
type in the best possible way.

The strong relationship between molecular studies and biomaterial-based experiments
is underscored by further mechanistic studies with EEs established on the 3.2 kPa LGNs.
They revealed that a signaling axis consisting of the molecules’ EGF receptor (EGFR), the
MAPK ERK1/2 (p44/42), and integrin β1 is strongly involved in the in vivo-like epithelial
morphogenesis [165]. During epithelial morphogenesis, the LGN-innate stiffness must be
transported into the GKs. To identify the key molecules involved in this mechanosensing
and mechanotransducing process, an RNA interference (RNAi) approach was used to
achieve an FAK shutdown. The latter kinase is, amongst others, involved in the establish-
ment of FAs. In comparison with non-treated controls, GK-derived EEs with FAK shutdown
were characterized by a dysbalanced morphogenesis, as indicated by epithelial hyperplasia
and dysregulated proliferation and differentiation. This dysregulation became detectable
by the persistence of keratinocyte proliferation and premature spatiotemporal abundance
of K1, as well as involucrin and filaggrin [102]. These findings demonstrate the essential
role of FAK within the mechanotransduction-related gingival epithelial morphogenesis
and prove its importance for the biomaterial-based tissue regeneration of oral epithelia in
the course of oral diseases.

The concept of using gelatin-based nonwovens for periodontal tissue engineering
was further refined in recent in vitro/in vivo studies. It should be noted that nutrient
supply via proper vasculature/angiogenesis is a critical issue in tissue regeneration. Taking
this into account, it could be shown that the in situ crosslinking of electrospun gelatin
in conjunction with a gelatin fiber diameter of 1000 nm significantly supports (i) the
population of the nonwovens with endothelial cells and (ii) their angiogenic biomarker
expression (vascular endothelial growth factor (VEGF), angiopoietin-1 (Ang1) and integrin
β1), both in vitro and in vivo [166]. For comparison, a fiber diameter ranging from 400 to
700 nm yielded the LGN, which excellently supported the gingival epithelial morphogen-
esis [163]. These findings strongly suggest that slight modifications to the gelatin-based
nonwovens pave the way for further applications within the field of guided tissue regener-
ation. This conclusion is supported by a study by our group (manuscript in preparation).
Hydroxyapatite-enhanced (imitating the mineralized matrices of the periodontium) gelatin
nonwovens were fabricated via electrospinning, either with or without additional pores.
The latter were incorporated into the material using extractable polyethylene glycol fibers.
The nonwovens were subsequently colonized with human MSCs (hMSCs), PDLFs, or
cocultures of both cell types. Cell viability and differentiation was assessed by Resazurin
staining and the immunohistochemistry of the differentiation marker proteins periostin,
osteopontin, and Oct4, respectively. The study could show the overall biocompatibility
of the material. Of interest, nonwovens with additional pores were more favorable for
cell adhesion and survival. Osteopontin and periostin expression were most detected in
hMSCs and PDLFs cocultures on the nonwovens. Oct4 expression was, as expected, limited
to hMSCs. These data clearly show that such composite materials are (i) promising for
periodontal regeneration, (ii) support the survival and proliferation of various periodontal
cell entities, and (iii) lead to the differential expression of key differentiation markers in
the respective cell types. Future refinement of this approach and its combination with
materials that support oral mucosal regeneration (see above) may, therefore, be suitable
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to reproduce the complex histological and cellular architecture of the periodontium and
enable its proper regeneration.

Furthermore, current trends in nonwoven design focus on functional fiber generation
obtained by nonwoven post-modifications or pre-treatments. Hence, previously known
biocompatible polymers, i.e., the biodegradable poly(lactide-co-glycolic acid) (PLGA), have
found widespread use in modern medical practice and their degradation rate was modified
by electron beam irradiation [167]. The molecular weight of PLGA nanofibers and the
mechanical stiffness of the PLGA nanofibrous mats decreases with increasing electron beam
radiation doses. Cell proliferation on all electron-beam-irradiated PLGA mats remains
unaffected [167].

In the context of current orthodontic and orthopedic practice, Norkin and coworkers
analyzed the therapeutic potential of modified PCL scaffolds coated with vaterite for
bone regeneration [168]. Vaterite is a metastable polymorphic modification of CaCO3,
occurring in spherical hexagonal polycrystalline microparticles with a size ranging from
a few hundred nanometers to several micrometers. This modification was shown to be
applicable as an osteoconductive material [169,170], which is able to effectively release Ca2+

ions. This is of vital importance for the osteogenic activity of osteoblasts [168].
Silk has also been used in biomedical applications due to its various sources, good

biocompatibility [171], and tunable mechanical properties [123]. At present, silk research
for tissue regeneration demonstrated new preparation techniques, transforming natural
silk nonwovens into bio-adhesives for tissue repair, called artificial silk nonwovens. Here,
the technique entailed pretreatment of the silkworm cocoon sheet (SCS) with a CaCl2-
ethanol-H2O ternary solution to obtain a modified cocoon sheet (MCS), followed by surface
modification with a CaCl2-formic acid (Ca-FA) solution to obtain MCS/Ca with control-
lable adhesion, which was achieved by adjusting the Ca2+ content in Ca-FA. The highly
stretchable MCS/Ca firmly adhered to various substrates for loads as high as 54 kPa, and
its performance in repairing an injured liver in vivo was superior to that of a commercial
product, Sorbalgon® [172].

Among the materials that are still of interest to the many scientific teams working
on tissue regenerative biomaterial solutions, carbon fibers and fibrous structures based
on these are the focus in the production of carbon-derived nonwovens [173]. However,
because carbon fibers generally have a low biocompatibility, there is a strong need for
biological functionalization to improve cell compatibility. In this context, Frączyk’s group
investigated the possibility of chemically modifying the surface of carbon nonwovens
made of micrometer-sized carbon fibers, using a method based on the in situ formation of
diazonium salts of aromatic amine derivatives [174]. The advantage of this approach is the
preparation of modified materials in which the modifying agent is bound to the surface
via a stable C–C bond. The possibility of using this method of functionalization allows
for the incorporation of derivatives containing various functional groups, enabling the
further functionalization of carbon nonwovens, e.g., with biologically active RGD-type
peptides [174].

These examples clearly show that the trend in the development of multifunctional
biomaterials for oral regeneration is moving towards the mimicry of extracellular matrix
properties using polymer-derived nonwovens and combinatorial surface modifications.
These approaches, for example, exploit topographical features or variations in mechanics
combined with biochemical cues. These multifunctional biomaterial approaches not only
enable tissue regeneration, but also inversely stimulate the research on key regulatory
characteristics regarding cell fate decisions and histogenesis. These latter aspects have
recently been reviewed in the context of multifunctional biomaterial design [175].

2.2.2. A Smart Hydrogel for Controlled Drug Release in Periodontal Regeneration

Although nonwovens offer great potential for biomaterial-based regeneration in the
oral cavity, other types of materials, such as hydrogels, also exhibit advantageous properties
for this purpose. For a potential application in humans, the degradability of candidate
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biomaterials should be controllable, and correspond to the properties of the target tissue. In
the case of the LGN discussed in the previous subsection (see Section 2.2.1), the biodegrad-
ability is controllable using the number of laminated gelatin-PCL layers. This is, however,
just one possible means of influencing the degradation kinetics of a biomaterial. In this
subsection, an innovative hydrogel is presented [176]. This hydrogel is cell-compatible,
and its biodegradability is controllable by an external stimulus. Against this background,
this hydrogel is also referred to as “smart hydrogel”. Chemically, it is based on multi-arm
polyethylene glycol (PEG), to which gyrase B (GyrB) molecules are covalently bound. These
GyrB proteins are additionally biofunctionalized with the above-described RGD integrin-
binding motif. Upon addition of the aminocoumarin antibiotic coumermycin, dimerization
of GyrB molecules takes place and induces hydrogel formation. The controlled dissolu-
tion of the hydrogel is made possible by the addition of the antibiotic novobiocin, which
competes with coumermycin to bind to the GyrB molecules but does not support the dimer-
ization. The mechanistic concept of the hydrogel, including RGD-biofunctionalization,
coumermycin-induced formation, novobiocin-induced dissolution, and ZZ-functionalized,
GyrB-mediated growth factor (FGF-7/KGF) incorporation (see below), is shown in Figure 3.

In vitro tests on cell compatibility revealed that none of the hydrogel components
had cytotoxic effects on monolayer-cultured oral cell types, namely primary GFs or HPV-
16GM (=GKs). This applied to both the concentrations required for hydrogel formation
and novobiocin-induced dissolution within four (20 µM novobiocin) or six hours (50 µM
novobiocin). Upon the administration of 100 µM novobiocin, monolayer cells exhibited
morphological alterations, which, however, was not the case for epithelial or connective
tissue cells under in vivo conditions in a rat model. An immunohistochemical evaluation
of tissue sections did also not reveal any signs of inflammation, as indicated by the lack of
IL-6 expression [177]. This suggests that cells in monolayer cultures may be less resilient to
novobiocin when compared to the complex tissue situation in vivo.

Generally, this stimulus-induced hydrogel dissolution is an important prerequisite for
the release of bioactive substances from such biomaterials. To apply this principle, fibroblast
growth factor 7 (FGF-7, formerly called keratinocyte growth factor (KGF)) was incorporated
into the hydrogel, which is a strong inductor of keratinocyte proliferation [178]. To achieve
the incorporation and controlled release, FGF-7 was fused to a fragment of the crystallizable
region (Fc region) of an antibody, and GyrB was fused with the zinc finger domain (ZZ-
domain) of protein A. The ZZ-domain functions as a receptor for the Fc region. Upon
the addition of novobiocin, multi-arm PEG with GyrB-bound FGF-7 is released from the
hydrogel network and the growth factor is subsequently able to bind nearby FGF receptors
on keratinocytes. The bioactivity of the released FGF-7 was demonstrated in a subsequent
keratinocyte proliferation assay. Regarding the potential application of this hydrogel in
the context of oral and periodontal diseases, both the GFs and the GKs were shown to
successfully populate the hydrogel until reaching confluence [176]. Cellular adhesion was,
however, strictly dependent on the presence of the RGD sequence, since the hydrogels
devoid of this binding motif failed to allow for cell adhesion and the spreading of both
cell types [176,177]. GKs and GFs seeded on the hydrogels showed β1 integrin expression.
α5β1 integrin recognizes the RGD sequence when it in a kinked conformation, as indicated
by a study, which evaluated the activity and selectivity profile of ligands for RGD-binding
integrins [179]. The results support the conclusion that the “smart hydrogel” is (i) cell-
(in vitro) and biocompatible (in vivo), (ii) supports the adhesion and growth of different
oral cell types in the presence of an RGD-binding motif, and (iii) can controllably release
bioactive factors such as FGF-7 for the successful promotion of keratinocyte proliferation.
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Figure 3. Illustration of the polyethylene glycol (PEG)-based, pharmacologically tunable “smart”
hydrogel. (A) Multi-arm PEG (green asterisk-like structure) was used as a backbone for the hydrogel.
It was chemically coupled to Gyrase B (GyrB; blue hemicycle) and the arginine–glycine–aspartate
binding motif (RGD motif; orange bar) from fibronectin. Upon the addition of coumermycin (red
ellipse), GyrB molecules can dimerize, which leads to hydrogel assembly. Subsequently, cells (as
exemplarily represented by gingiva keratinocytes (GKs)) can be seeded on the hydrogel, which can
bind to the RGD motif via membrane-inherent integrin receptors (grey receptors). (B) Dissociation
of the hydrogel is induced by adding novobiocin (brown hemicycle). Novobiocin competes with
coumermycin for the GyrB binding sites. Contrary to coumermycin, novobiocin does not lead to
dimerization of the GyrB molecules. Excess amounts of novobiocin, therefore, lead to the disassembly
of the hydrogel. (C) When additionally coupled with the ZZ-domain of Protein A (green triangle), the
multi-arm PEG can bind fibroblast growth factor 7 (FGF7), which is modified with Fc (crystallizable
fragment of antibodies; yellow/grey construct). When adding novobiocin, the hydrogel disassembles
and FGF7 can then bind to FGF7 receptors (FGF7-R; dark blue receptor) on cells such as GKs. Details
are given in the main text. A graphic legend is included in the lower right corner.

Alternative hydrogel strategies for periodontal regeneration are, for instance, based on
chitosan, which is the alkaline-treated form of the natural polymer chitin [180,181]. This is
composed of stochastically distributed β-(1→4)-linked amino sugars D-glucosamine and its
acetylated form, N-acetyl-D-glucosamine. By employing enzymatically solidified chitosan
hydrogels, which were loaded with fluorescently labelled PDL cells, Yan and coworkers
could show that these hydrogels did not have adverse effects in the surrounding tissue of rat
intrabony periodontal defects. Of note, the hydrogels were largely degraded 4 weeks post-
implantation. Moreover, treatment success was substantiated by a significant increase in
functional PDL length compared with cell-free hydrogels. However, the contribution of the
hydrogel-incorporated PDL cells to the treatment success could not be determined in detail,
since no fluorescent dye signal was detectable after the 4-week observation period [182]. A
more recent application based on chitosan-containing hydrogels consists of dental pulp
SC-derived exosomes (exosomes are generally cell-derived extracellular vesicles; in this
case, they are derived from dental SCs (DPSC-Exo)) that are incorporated into the hydrogels
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(DPSC-Exo/Chitosan) [183]. These hydrogels were able to speed up alveolar bone and
periodontal epithelium healing in mice suffering from periodontitis. Mechanistically,
healing was found to be associated with micro-RNA (miR)-1246 in DPSC-Exo, which exerts
immunomodulatory effects by converting macrophages from a pro-inflammatory to an
anti-inflammatory phenotype [184,185].

Periodontal tissue protective approaches, which employ protease-degradable (e.g.,
collagenase) hydrogels to release pathogenic bacteria-defeating substances, are reported in
a paper published by Lin et al. Herein, the so-called hybrid hydrogels were created for syn-
ergistic periodontal antibacterial treatment with sustained drug release and a near-infrared
(NIR, 808 nm)-responsive photothermal effect and evaluated for their efficacy against
PG [186]. Following irradiation, the hybrid hydrogels comprising silica-coated mesoporous
gold nanobipyramids (Au NBPs@SiO2), in conjunction with gelatin methacrylate and the
antibiotic minocycline, exhibited antibacterial effects in an NIR light irradiation-dependent
manner (Maximum: 1.2 W/cm2 NIR, antibacterial effect: 66.7%). In addition to antibiotic
release, the photothermal effects of the Au NBPs@SiO2 hydrogel-innate particles improved
with increasing NIR, progressively contributing to PG defeat, without seriously hampering
cell growth in vitro [186]. This biomaterial-based antimicrobial treatment strategy is an
interesting hybrid approach, which addresses oral pathogens as causatives of oral diseases
with the help of a hydrogel. Another possibility of attacking such germs, which relies on
different chemical principles, is discussed next.

2.2.3. Synthetic Mimics of Antimicrobial Peptides (SMAMPS) as a Strategy to Combat
Oral Pathogens

One major pathogenetic factor, which is common to many oral and periodontal dis-
eases, is a dysregulated oral microbiome. Different bacterial species, e.g., PG, TD, TF,
or AA, are known to actively cause, sustain, or at least passively permit inflammatory
stimuli within the oral cavity [187]. For this reason, it is important to develop antimicrobial
strategies that are, on the one hand, tissue-compatible and effective in combatting germs,
and, on the other hand, do not cause antimicrobial resistances. The use of systemically
administered antimicrobial chemotherapy is a controverse topic in periodontology [188].
However, innovative modes of drug delivery have been developed in recent years. One
example is porous matrices made of gelatin or cellulose derivates, which are loaded with
antibiotics (e.g., metronidazole). The local application of such matrices into deep periodon-
tal pockets led to remarkable clinical effects, as represented by a reduction in the pocket
depth and bleeding on probing [188,189].

When compared to classical antimicrobial chemotherapeutics, naturally occurring
antimicrobial peptides (AMPs), show different mechanisms of action with high bacterial
selectivity and a simultaneous reduction in drug resistances. One example of such AMPs
are defensins, which are also found in saliva. Due to their advantages, much of the re-
search effort has been concentrated on the synthetic reproduction of such AMPs, leading to
polymeric therapeutics called synthetic mimics of antimicrobial peptides (SMAMPS). The
antimicrobial effects of AMPs such as human β-defensin 3 (hBD3) [190] and SMAMPS are
based on their amphiphilicity. These molecules have both hydrophilic and hydrophobic
properties. Hydrophilic cationic groups are located opposite non-charged groups in the
defensin-peptide/SMAMP-polymer. These positive charges interact with the negatively
charged cell membranes of bacteria and do not interfere with the neutrally charged choles-
terol containing outer-membrane leaflets of eukaryotic cells. Subsequently, the bacterial
cells are killed, e.g., by toxic, pore-forming AMPs or via intracellular dysregulation of the
cellular physiology [191].

In the context of AMP mimetics, the first promising results regarding oral pathogens,
e.g., Streptococcus mutans (S. mutans, SM), that are etiologically involved in caries, were
published by Beckloff et al. in 2007. In this study, the peptide mimetic meta-phenylene
ethynylene (mPE), modeled after the amphiphilic magainin, an antimicrobial peptide from
the skin of the African frog Xenopus laevis, exhibited antimicrobial activity (reduction in
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viable bacteria within an SM biofilm by 3 logs at [100 nM] mPE) at nanomolar concentra-
tions. Based on structure–function analyses, the authors suggest that mPE, like its natural
counterpart magainin, interferes with bacterial lipopolysaccharide (LPS) and DNA, acting
as both a membrane-interfering molecule and an intracellular antibiotic [192]. mPE could
also be shown to exert potent activity against biofilms of AA and PG, involved in chronic
(PG) and aggressive (AA) periodontitis [193]. Moreover, in the same study, mPE [2 µg/mL]
was demonstrated to be anti-inflammatory by reducing the activation of the nuclear fac-
tor ‘kappa-light-chain-enhancer’ of activated B-cells (NF-kB), as well as interleukin-1β
(IL-1β)-induced IL-8 secretion [193].

SMAMPS can also be designed from scratch. In one exemplary study, a modular
approach was used to design the SMAMPS and to allow for sufficient amphiphilicity. A
poly(oxanorbornene) backbone served as a chemical scaffold for further modification. Unit
1 (U1) was generated by attaching both a hydrophobic butyl group and a hydrophilic,
positively charged ethylamine to the oxanorbornene group. A second unit (U2) with more
hydrophilic properties was synthesized by replacing the alkyl residue with another ethy-
lamine, yielding two positive charges. Due to this U1/U2-modular system, the generated
SMAMPS could vary in their antimicrobial activity and cell compatibility. Generally, these
SMAMPS-polymers had a molecular weight of approximately 3 kDa [194], which is in the
range of natural AMPs, for instance, the periodontitis-relevant hBD3 (5.2 kDa) [195]. The
modular system of SMAMPS is schematically illustrated in Figure 4.

Figure 4. Principles of the design of synthetic mimics of antimicrobial peptides (SMAMPS). The
SMAMPS described in the main text are based on a poly(oxanorbornene) backbone. (A) shows the
chemical structure of unit 1 (U1; see main text), which is a monomer from a poly(oxanorbornene)
structure. The side chains are composed of a butyl residue (left side) and a positively charged
ethylamine (right side). (B) Unit 2 (U2; see main text) differs from U1 in that the butyl chain was
replaced by another ethylamine residue, yielding two positive charges per monomer. (C) Schematic
representation of a complete SMAMP composed of 1 U1 and 9 U2 subunits, which, therefore, has a
considerable number of positive charges and leads to the selective killing of various bacteria. Details
are given in the main text.

By choosing a ratio of 1 U1:9 U2, it could be shown that these rather hydrophilic
SMAMPS exhibited a double selectivity in solution. First, they were selective for bac-
teria over erythrocytes and GFs, with the latter used as representatives of oral tissues
in SMAMPS-compatibility studies. Second, they were more selective for Gram-positive
than Gram-negative bacteria. Regarding the mechanism of SMAMPS-action, transmission
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electron microscopy (TEM) revealed that the bacterial envelopes were seriously damaged,
independent of the bacteria’s Gram-status. Using TEM, this was demonstrated for Gram-
positive Staphylococcus aureus (SA) and Gram-negative Enterococcus faecalis (EF) [194]. Both
bacteria species are present in oral tissues, while EF is also associated with periodonti-
tis [196,197]. This shows that the mode of action of the SMAMPS closely resembles that of
natural AMPs. With respect to the above-mentioned antimicrobial resistances, Kuroda and
Caputo could exemplarily show that the propensity of poly(methacrylate)-based SMAMPS
in triggering bacterial (Escherichia coli (ER)) resistance is low when compared to “classical”
antibiotics, such as the gyrase inhibitors Ciprofloxacin or Norfloxacin [198,199].

With respect to biomedical applications, e.g., the use of SMAMPS as coatings on
biomaterials such as catheters or dental implants, it is mandatory to immobilize them on a
surface. Therefore, a surface-attached (solid state) SMAMPS model was implemented.
A benzophenone anchor group, which was cross-linked by pentaerithritol-tetrakis(3-
mercaptopropionate) (=tetrathiol), was employed to immobilize the SMAMPS on model
surfaces. Herein, comparable methods, as in the above-discussed study, were used to eval-
uate the cell compatibility. The impedance measurement-based cell index (CI) showed that
GFs and GKs tolerated the chemically modified SMAMPS. By determining the minimum
inhibitory concentration (MIC) for antimicrobial activity, SMAMPS’ efficiency was moni-
tored. Therefore, it could be shown that, amongst others, surface-immobilized SMAMPS
of the aforementioned 1 U1:9 U2 ratio [194] matched the in-solution activity, as described
above. Moreover, to directly test for a biomedical application, medical-grade PDMS tubing
was coated with the SMAMPS. In this applied approach, two coatings of 100-nm thickness
were able to achieve an antibacterial efficiency (including SA and EF) of almost 100 % [61].

Another SMAPS approach addresses the above-mentioned periodontitis-relevant
hBD3. Regarding this defensin, Scudiero and coworkers designed a cyclic β-defensin
analog comprising 17 amino acids with one disulfide bond. This synthetic antimicrobial
cyclic peptide (AMC) represents a combination of hBD1 and hBD3 by merging the internal
hydrophobic domain of hBD1 and the C-terminal-charged region of hBD3. This was non-
cytotoxic for immortalized human colorectal adenocarcinoma cells (Caco-2) and retained
the antibacterial capacity of both native defensins, as shown by defeating bacteria including
Pseudomonas aeruginosa (P. aeruginosa, PA), and the aforementioned ER and EF. In
addition, AMC was also active against herpes simplex virus type-1 (HSV1) in a dose-
dependent manner [200].

A more recent strategy to prevent pathogen-induced periodontitis arises from small-
molecule inhibitors, which act as peptidomimetic compounds. They can inhibit PG inter-
action with oral streptococci and, thus, initial colonization of the oral cavity. Inhibition
of this interaction was achieved by creating 2-(azidomethyl)- and 2-(azidophenyl)-4,5-
diaryloxazoles with a full range of hydrophobic groups, which yielded so-called click
products by reacting with substituted arylacetylenes [201,202]. The compounds mimic the
antigen I/II streptococcus polypeptide, which serves as a docking region for the minor
fimbrial antigen of PG, mechanistically inhibiting bacterial interaction. In a consecutive
study, one compound could even be identified that inhibited PG-related virulence in an
in vitro biofilm model and in a periodontitis mouse model [202].

In summary, this chapter on biomaterial-based oral research illustrates the broad spec-
trum of approaches to address diseases of this organ. The findings on biomechanics suggest
that epithelial and STR, as well as tissue homeostasis, are dependent on certain optimal
values of spacing patterns for cell adhesion and elastic moduli for epithelial morphogenesis.
This means that biomaterials can carry the necessary biomechanical information for tissue
formation themselves. Thus, the LGN-innate biomechanical information can be considered
instructive for epithelial morphogenesis, but also for STR, as indicated by its successful
population with GKs and connective tissue GFs. The idea of cell-instructive biomaterials
was supported by studies on FAK shutdown in an EE model. These studies reveal that
molecules such as FAK, which are involved in mechanotransduction, are addressed by the
biomaterial’s biophysical information. Further, they demonstrate the overall importance of



Int. J. Mol. Sci. 2022, 23, 5288 21 of 38

FAK for the regeneration of the gingival epithelium. Different materials, as exemplified by
various gelatin-based nonwovens, could be shown to support the adhesion, survival, and
proliferation of different periodontal cell types, as well as endothelial cells. The PEG-based,
RGD-biofunctionalized smart hydrogels appear to be promising candidates for clinical use,
since they are tunable regarding their assembly and disassembly. Furthermore, the possibil-
ity of incorporating pharmacologically active compounds render them an excellent tool for
the controlled spatiotemporal release of drugs, which efficiently support tissue regeneration
in oral diseases. Regarding regeneration, further options consist of using biodegradable
chitosan-based hydrogels as carriers for periodontal cells or (pulp) SC-derived exosomes.
Hydrogels comprising gelatin methacrylate, in conjunction with Au NBPs@SiO2 and an
antibiotic, exert an NIR-irradiation-tunable synergistic antibiotic-photothermal impact on
oral pathogenic bacteria, preventing the onset and persistence of inflammatory oral diseases
such as gingivitis or periodontitis. Furthermore, these SMAMPS, which can be attached to
biomaterials, offer a strategy to defeat oral pathogens, while lacking the disadvantages of
classical antibiotics. The same holds true for the amphiphilic peptide mimetic mPE, which,
compared to SMAMPS, bears the additional property of being anti-inflammatory. While
SMAMPS and mPE interfere with the bacterial envelope, combinatory mimics of hBDs
(hBD1/3) can inhibit periodontitis-contributing bacterial interactions at very early stages.

Thus, the in vitro and in vivo reconstitution of a complex organ such as the periodon-
tium may be enabled by the sophisticated combination of different materials to fulfill the
biomechanical and biochemical needs of each cell entity or to protect oral tissues from
pathogenic microbiota.

2.3. Cell-Based and Optogenetic Approaches: Perspectives in the Context of Oral Diseases

In the previous chapters, molecular alterations, and the biomaterial-based approaches
derived in the context of oral diseases were discussed. This, however, does not represent
the full spectrum of current and newly developed strategies to mitigate oral diseases.
Against this background, this chapter deals with cell-based (Section 2.3.1) and optogenetic
(Section 2.3.2) approaches, which integrate both cell biological and biomaterial-related
principles. These selected possibilities offer new perspectives in regenerative oral medicine.

2.3.1. Cell-Based Approaches

To successfully treat inflammatory oral diseases such as gingivitis and periodontitis,
a profound understanding of the molecular basis of these diseases is required. In vitro
monoculture cell models and interactive co-cultures can be very valuable tools, as dis-
cussed above. The inflammation-associated molecules and molecular mechanisms that
are uncovered can then be translated into diagnostic and therapeutic applications. For
diagnostic purposes, the immortalized gingival keratinocyte cell line HPV-16GM (=GKs)
(see Section 2.3) was used to detect the molecular processes that occur in the oral cavity
as part of an inflammatory response. To simulate inflammation, GKs were exposed to
the pro-inflammatory cytokine IL-1β for 24 h and the changes in gene expression were
detected by epithelial-specific cDNA microarray analysis. Differentially expressed genes
were assigned to different functional domains of cellular biology: (i) cell stress (several heat
shock proteins (HSPs)), (ii) DNA repair (topoisomerase II), (iii) cell cycle and proliferation
(cyclin B, cell division cycle 2 (cdc2; a cyclin-dependent kinase)), (iv) anti-pathogen re-
sponse (IL-8, IP-10 (CXCL10, chemokine ligand 10), and MIP3a (CCL20, chemokine ligand
20)), (v) extracellular matrix and turnover (tenascin, laminins a5 (LAMA5), b1 (LAMB1), a3
(LAMA3), and c2 (LAMC2), as well as the matrix metalloproteinases MMP2 and MMP10),
and (vi) angiogenesis (vascular endothelial growth factor (VEGF) and the related VEGF-C).
Interestingly, the differential gene expression induced by IL-1β stimulation correlated with
the translocation of NF-kB to the nucleus [203]. These findings show that similar molecular
analyses can be used to identify the new candidate genes that are involved in inflammation-
related oral and periodontal diseases. Further characterization of these candidates is the
basis for their potential establishment as diagnostic oral disease markers. Regarding the
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myriad of transcription factors, NF-kB activity is intimately linked to periodontitis. In this
context, the finding of inflammation-associated NF-kB nuclear translocation was confirmed
in a recent work, in which the authors exposed PDLFs to bacterial LPS as an inflammatory
stimulus [204].

As outlined in the introduction (see Section 1), SCs from the oral cavity, which largely
exhibit the features of hMSCs, are a cornerstone of cell-based regenerative approaches
for oral diseases including caries, periodontitis, and oral cancers. This broad field was
recently reviewed by Yang et al. [205]. The expression of hMSC-featuring biomarkers was
exemplified in a study on human dental follicle cells (DFCs), while distinct DFC-fractions,
apart from embryonic and neural SC markers, expressed MSC-specific biomarkers (Notch
homolog 1 (Notch1), mesenchyme-1 (STRO-1), cell surface receptor CD44, and HLA-ABC
[(MHC) class I] as well as the IgG super-family member CD90) [206]. A more detailed
analysis of the tissue-regeneration abilities of SCs derived from different oral tissues
revealed that, for example, gingival mesenchymal SCs were superior to dental pulp-derived
mesenchymal SCs with respect to cell functions such as (i) proliferation, (ii) migration,
and (iii) induction of angiogenesis. While proliferation and migration were only analyzed
under in vitro conditions, looking at colony-forming ability and wound scratch assays,
angiogenesis was also analyzed in vivo by vessel formation in nude mice, following the
grafting of SC-harboring MatrigelTM constructs [207].

To exert their full regenerative potential, molecular interactions between SCs and their
neighboring cells are indispensable. The interplay between dental MSCs and host tissue
cells not only includes genuine periodontal cells, but also immune cells. This points to
an SC-inherent immunomodulatory competence. This competence is exemplified by an
in vitro study on PDLSCs, which were shown to modulate the immunological responses of
neutrophils in a paracrine fashion. To this end, neutrophil-differentiated human promyelo-
cytic leukemia HL-60 cells (HL60D) were treated with PDLSCs supernatants after PDLSC
exposure to PG protein extracts. The response was determined by a significant increase
in the HL60D recruitment rate and intracellular reactive oxygen species (ROS) compared
to control conditions [208,209]. Moreover, osteogenic DPSCs were shown to inhibit the
proliferation of peripheral blood mononuclear cells (PBMCs) when cocultured in vitro. Vice
versa, levels of anti-inflammatory cytokines, e.g., transforming growth factor-β (TGF-β),
increased [208,210].

Against this background, studies were conducted on the biophysics and interactions
of SCs with other periodontal cell types. With respect to periodontal SCs, studies on
the effects of the environmental biomechanical stiffness on cell behavior are very com-
mon, as exemplified by a current publication by Liu et al. In this, the authors showed
that increasing substrate stiffness promotes the proliferation and osteogenic phenotype of
PDLSCs. This was indicated by the increased expression of alkaline phosphatase (ALP),
osteopontin (OPN), osteocalcin (OCN), bone morphogenic protein-2 (BMP-2), and Runt-
related transcription factor 2 (RUNX2, also known as core-binding factor subunit alpha-1
(CBF-alpha-1)) [211]. Contrary to this, studies on the spacing of anchor points for SCs’
cell adhesion are rare. However, it could be shown that the micropatterns, and thus the
provision of potential adhesion points for FN-biofunctionalized PDMS microcolumns,
determine the adhesion and morphogenesis, as well as the proliferation and differentiation
of hMSCs. Smaller column spacings of 5 µm and 7 µm favored cell attachment and cell
spreading/morphogenesis, when compared to spacings of 9 µm and 11 µm. At the cell be-
havioral level, the hMSCs’ proliferation continuously decreased with increasing distances.
Regarding differentiation, typical mesenchymal SC-associated genes were expressed at
higher levels in cells grown on micropatterns with large pillar distances, preferentially
9 µm and 11 µm. This was revealed by an analysis of leukemia inhibitory factor (LIF), basic
fibroblast growth factor (bFGF), nucleoside diphosphate-linked moiety X motif 6 (NUDT6),
and nestin, suggesting the preservation of the SC character under these environmental
conditions [212]. These findings show that basic SC functions, such as adhesion, morpho-
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genesis, proliferation, and the SC character per se, also depend on biophysical cues, as
summarized at the end of Section 2.2.

Cell behavior in its natural environment, however, is even more complex. When
in vitro-cultured SCs are transferred to the respective periodontal tissue for the purpose
of tissue regeneration, the transplanted SCs come into direct or indirect contact with
the surrounding cells of the host tissue and interact with them. This interaction implies
that SCs influence the growth and differentiation properties of host cells and vice versa.
Therefore, it is important for the SC-based regeneration of periodontal tissues to broaden
the knowledge of the phenotypic or cell behavioral effects of such interactions and the
molecules involved. To address this important aspect of intercellular crosstalk, interactive
cocultures of hMSCs with human (h) hGFs, hPDLFs, and osteoblasts of alveolar bone
(hOA), were established. The resulting hMSCs behavior was examined. The analyses
revealed that these oral cell types affected hMSCs’ behavior, in that the SCs showed a
reduction in both proliferation and typical SC marker gene expression (e.g., POU domain
class 5 transcription factor 1 (POU5F1), transcription factor homeobox protein Nanog, and
SC growth factor receptor, also known as tyrosine protein kinase kit (c-kit)) within a 2-week
observation period. This proliferation-reducing and differentiation-inducing effect was
most pronounced when hMSCs were cocultured in the presence of hOA and was less
pronounced in the presence of hGFs and hPDLFs. hMSCs reduced the number of apoptotic
cells, regardless of the cocultured oral cell type [213]. These findings show that hMSCs and
the respective periodontal host cell entities mutually influence each other regarding cell
behavioral features including proliferation, hMSC stemness, and cell survival. Thus, the
results obtained from this kind of interactive coculture are form the basis of predictions
regarding stem and host cell behavior in hMSC-based oral tissue regeneration.

In further studies with these cocultures, it could be demonstrated that hMSCs elicited
the expression of markers of osteogenic differentiation, e.g., OPN, OCN, RUNX2, and
collagen 1a1 (COL-1a1), in the three cell types described above. Additionally, 3D-hMSC-
periodontal cell cocultures resulted in increased bone matrix production and a higher
presence of mineralization nodes compared to control cultures without hMSCs. The ex-
pression of the osteogenic phenotype in the co-culture decreased from hOAs to hGFs and
hPDLFs [214]. These findings indicate that hMSCs are potentially capable of stimulating
the osteogenic phenotype to varying degrees in oral host cells. They also show that differ-
ent periodontal cells have a different degree of inherent plasticity concerning osteogenic
differentiation. These insights provide valuable clues regarding the use of hMSCs for oral
bone regeneration.

In this context, the cell behavioral effects of hMSCs on hOAs were further analyzed. In
hMSC-hOA-cocultures, hMSC-derived VEGF release induced the chemoattraction of hOAs.
This mechanistic connection was confirmed by chemoattraction assays and employment of
the VEGF receptor inhibitor 3-[4-(dimethylamino)benzylidenyl]indolin-2 (=SU4312), with
the latter completely abolishing hOA chemoattraction towards hMSCs [215]. This finding
shows that hMSCs may contribute to periodontal/oral bone regeneration, not only through
the induction of the osteogenic phenotype in oral host cells, but also by attracting hard
tissue-forming cells to sites of bone regeneration. Moreover, this study supports the notion
that oral tissue/periodontal tissue-derived SC may exert a regenerative action on damaged
oral/periodontal tissues via secreted bioactive molecules, as suggested by the observed
chemo-attractive capacity of hMSC-derived VEGF. In the context of oral bone homeostasis,
this suggestion is backed up by an in vitro study on murine MSCs (mMSCs), which were
cocultured together with osteoclast precursor cells (RAW264). Here, the authors found
that the chemokine C-C motif chemokine ligand 2 (CCL2) secreted by the mMSCs was
responsible for the chemotaxis of RAW264 cells in a Boyden chamber assay [216].

The importance of soluble factors such as VEGF as determinants of cellular differentia-
tion and behavior is a long-established concept. This notion is increasingly important for
oral and periodontal tissues. It could be shown that the medium supernatants obtained
from oral/periodontal SCs (also designated as a conditioned medium (CM)) can support
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periodontal tissue regeneration. The regenerative potential of CM was recently reviewed
by Lin et al. [217], and exemplified in a study by Qiu and coworkers. Herein, collagen
membranes harboring the CM of gingival mesenchymal stem cells (GMSCs) and PDLSCs
were able to effectively support periodontal tissue regeneration in a rat periodontal defect
model. Methodically, regeneration was detected by comparing newly formed periodontal
ligament and alveolar bone in CM-treated versus non-treated animals [218]. In a further
rat periodontal defect study, employing the CM of PDLSCs and GFs, only the PDLSC-CM
was able to support periodontal tissue regeneration, as indicated by newly formed bone,
whereas the GF-CM failed to do this. PDLSC-CM proteome analysis revealed a complex
mixture of components, including extracellular matrix proteins, enzymes, angiogenic fac-
tors, growth factors, and cytokines. Thus, many potential candidates for this so-called
secretome may be involved in the actual tissue regeneration process. In addition, the au-
thors could show that PDLSC-CM treatment led to a decrease in periodontal inflammation,
as indicated by decreased mRNA levels for tumor necrosis factor alpha (TNF-α) [219].
These findings underscore the SCs’ various mechanisms of action influencing and directing
their neighboring cells in the context of tissue regeneration.

Regarding SC-based regeneration, another interesting question arises: is periodontal
regeneration also possible without the selected SC populations? To answer this question,
an alveolar bone regenerative approach that is completely devoid of preselected SCs was
established. Herein, mixed cell populations were created from oral tissues, namely, the
alveolar bone, the PDL, and the gingival connective tissue. The tests for biomarkers of
progenitor and SCs c-kit, STRO-1, and melanoma cell adhesion molecule (MCAM/CD146),
an accepted marker for stem/progenitor cells in combination with STRO-1 in periodontal
cells [220], only showed a marginal proportion of progenitor and SCs, regardless of the cell
fraction. After culturing the three cell populations in a medium specialized for osteogenic
differentiation, classical osteogenic biomarkers (e.g., bone gamma-carboxyglutamate pro-
tein (BGLAP/Osteocalcin), RUNX2, Osterix (OSX = transcription factor SP7) and ALP)
were increased in the cell population of alveolar bone and PDL at the gene expression level,
while they were downregulated in the gingival connective tissue fraction (GCTF). While
the increase in biomarker expression in the bone fraction was not surprising, the results in
the PDL cell fraction (PDLCF) show that the osteogenic phenotype is inducible. Moreover,
a comparison of PDLCF with GCTF revealed a much higher matrix mineralization and
ALP activity in PDLCF, as detected by the quantification of alizarin red stain and enzyme
activity [221]. These data suggest that PDL cells do not require SC input to contribute
to bone regeneration and may, therefore, be promising candidates in the development of
prospective cell-based therapy concepts.

Another strategy for prospective SC-free alveolar bone regeneration is the use of
osteoblasts. These cells can be stimulated under in vitro conditions so that they are pushed
as much as possible towards bone formation, i.e., they are preconditioned. Due to their
growth and differentiation behavior, these preconditioned cells could be promising candi-
dates for in vivo re-transference to efficiently support bone formation at the implantation
site. To be as independent as possible from expensive growth factors and cytokines, as
well as hormones or xenobiotics, during this preconditioning, a poly(methyl methacrylate)
(PMMA)/polycarbonate (PC)-based microchip with an FN biofunctionalization was chosen
as a platform. The latter is also suitable for 3D cell culture [222]. Osteoblasts inoculated into
the FN-functionalized microcavities (300 µm× 300 µm× 300 µm; width × length × depth)
of the chip revealed homogenous cell adhesion and morphogenesis, as well as a high vi-
tality and growth, as indicated by scanning electron microscopy (SEM) and dye-based
live/dead-staining for up to 14 days of culture. This was accompanied by significantly
increased gene expression levels for osteonectin (ON), OCN, and ALP in comparison with
matched conventional 2D-monolayer cultures. In addition, the formation of multilayered
osteoblast aggregates of a uniform size within the microcavities was detected by Azur II
staining from day 7, concomitant with the intercellular deposition of ECM bone matrix
constituents, including OCN, ON and FN [223]. In current in vitro and in vivo bone-healing
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studies, FN was shown to contribute to fracture healing. Lee and coworkers reported an
experimental setup in which the type III domains of FN (domains 9 and 10) were fused
to elastin-like polypeptides (FN-ELPs). When using these FN-ELPs as a cell culture dish
coating, the osteogenic differentiation of hMSCs is triggered. hMSCs exhibited elevated
ALP and mineralization activity in conjunction with an increased gene expression of OPN
and COL-1 [224]. Under in vivo conditions, a coating of beta-tricalcium phosphate (β-
TCP) particles (size 0.25–1 mm) with an FN solution (1 g/L) significantly increased the
guided formation of bone within 8 weeks in a rat calvaria critical-sized defect model [225].
This renders FN a suitable candidate for prospective bone fracture healing in the case of
oral diseases.

In a further approach using the previously described PMMA/PC-microchip, biome-
chanical cues, such as interstitial biomechanical fluid flow through the lacunar–canalicular
system (LCS), were imitated. LCS flow is an important environmental cue in hard tis-
sue/bone homeostasis and remodeling [226]. The optimization of LCS flow has been
analyzed in a brand-new article published by Wang and coworkers, which demonstrates,
with the help of a multiscale model, that a few load cycles with rest insertion, high strain
magnitude and rate support LCS flow within the osteocyte LCS [227]. Concerning the
importance of LCS flow for bone tissue, osteoblasts of the alveolar bone were inoculated
into the microcavities of the 3D-chip and cultivated under static and fluid flow conditions
in perfusion bioreactors for 7 days. An SEM-based comparison of the two culture condi-
tions revealed that the osteoblasts differed significantly in terms of morphogenesis. The
cells cultivated under fluid flow conditions were exclusively reorganized into a rotund,
osteon/bone-like tissue that consisted of densely packed, multicellular, three-dimensional
cell aggregates. As indicated by time-lapse microscopy, the formation of these mulberry-like
cell aggregates occurred within the first 24 h. Cell aggregate formation was also accompa-
nied by higher ECM gene expression and the expression of bone differentiation-associated
genes (COL-1, OCN, ON and ALP) after 7 days of culture. Mathematical modeling of the
fluid flow conditions within the microchips revealed that this ranged from 8 to 32 µm/s,
which is roughly in the range of the flow velocity of 24–84 µm/s for the osteocyte process
membrane of native bone tissue [228]. These results suggest that, on the one hand, the
culture can precondition osteoblasts in the direction of bone-like structures under 3D con-
ditions, and, on the other hand, fluid flow in 3D cultures represents a further trigger to
stimulate the bone micro-tissue formation of osteoblasts in vitro.

2.3.2. Optogenetic Strategies

Cell interactions and biomaterials can induce a specific cell-behavioral response in
target cells (see Sections 2.2 and 2.3.1). This is, however, a complex process, whose specific
steps and interactions are not always well understood. Many applications and research
questions in regenerative medicine make the more specific control of cellular responses
desirable. Optogenetics is a subtle concept to induce the spatiotemporally controlled
expression of regeneration-promoting genes in target cells. To this end, light-inducible
transgene expression systems are used.

A red/far-red light-triggered on/off gene switch is presented to demonstrate the
possible mode of operation of such a system. This was tested in diverse mammalian cell
types in vitro for its general applicability. Subsequent in vivo testing aimed for spatially
controlled angiogenesis in a chicken embryo model [229].

“Switch-on” of the optogenetic system: The first step is the transfection of target cells, e.g.,
primary human umbilical vein endothelial cells (HUVEC), for the controlled expression of
a target gene, e.g., VEGF. Illumination with red light (660 nm) leads to the isomerization of
the chromophore phycocyanobilin B (PCB, purified from the cyanobacterium Spirulina),
which is bound to the intracellularly expressed phytochromobilin (PhyB). Induced by the
isomerization-dependent conformal change in PhyB, the chromoprotein interacts with a
split transcription factor comprising two subunits, U1 and U2. The PhyB-U1-U2 complex
represents a functional transcription factor, which binds via a distinct element (DE) to
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a certain operator region (CR) of a vector DNA. Complex binding to CR recruits RNA
polymerase II and induces the transcription of the gene of interest (GOI) within a so-
called response vector (RV). In an exemplary study, genes such as human VEGF, which is
supportive of angiogenesis during wound-healing and tissue regeneration, were used. For
oral tissues, VEGF derived from saliva was recently reported to support wound-healing
in patients in response to tooth extraction, which qualifies this optogenetic system for
potential use in the oral cavity [229].

“Switch-off ” of the system: Upon illumination with far-red light (740 nm), the PhyB-
U1-U2 complex dissociates, thereby silencing the GOI expression within the RV [230]. The
functioning of the optogenetic system is shown in Figure 5.

Figure 5. Working principle of the optogenetic gene expression switch. (A) Upon irradiation with
far-red light (740 nm), the gene expression is turned off. The phycocyanobilin B (PCB), which is
bound to phytochromobilin (PhyB), is in a closed conformation and cannot bind to unit 2 (U2) of the
split transcription factor (green). Thus, the distinct element (DE) of unit 1 (U1) of the transcription
factor does not interact with the certain operator region (CR) on the response vector. Consequently,
there is no detectable expression of the gene of interest (GOI). (B) Illumination with red light (660 nm)
leads to the isomerization of PCB, which induces a conformational change in the PhyB-PCB complex.
PhyB-PCB can now recognize U2, which activates the split transcription factor. DE recognizes CR
and recruits RNA Polymerase II (Pol II) to the promotor of the response vector. The GOI, in this case,
vascular endothelial growth factor (VEGF), is now expressed. Details are given in the main text.
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This optogenetic system was first applied for tissue engineering purposes in a chicken
chorio-allantoic-membrane (CAM) assay. Herein, the red light-controlled system with
human VEGF as GOI was transfected into Chinese hamster ovary cells (CHO-K1, ATCC
CCL 61). Subsequently, the cells were incorporated into a PEG-based hydrogel prior to
placement onto CAM. In response to 660-nm red-light illumination, CAMs of chicken
embryos exhibited significantly stronger human VEGF-mediated angiogenesis compared
to controls, which were subjected to switch-off conditions [230].

Of interest, the spatiotemporally controlled gene expression using the optogenetic
switch-on and switch-off mechanisms can also be used to simultaneously regulate multiple
target genes within one cell. This is possible via the simultaneous use of different excitation
wavelengths (multichromatic approach). In a proof-of-principle study, three optogenetic
gene expression systems could be transferred to a single CHO-K1 cell, while the optical
switches responded to the wavelengths of 311 nm, 465 nm, and 660 nm. In this case, the
chosen GOIs were blue light-inducible firefly luciferase (FLuc, 465 nm), red light-inducible
secreted alkaline phosphatase (SEAP, 660 nm; important for hard tissue formation also
in oral tissues such as alveolar bone), and UVB-inducible proangiogenic angiopoietin
1 (Ang1, 311 nm). Notably, in the case of UVB, cells were pulsed for induction to avoid
cytotoxicity [231]. The results show that the optogenetic GOI(s) system(s) described here
can be transferred to different cell types, strongly suggesting their future implementation in
periodontal cells. This approach could potentially promote the regeneration of respective
tissues in response to oral diseases or trauma, since the oral cavity, in comparison with
other organs, can easily be reached by light sources.

In this context, Huang and coworkers recently published a promising study. Herein,
the transcription factor Lhx8, which is also important in the embryonic development of
craniofacial tissues such as bone and teeth [232], was introduced into bone-marrow-derived
stem cells (BMSCs) in a UV-inducible optogenetic system. In vitro studies on human
oral pulp stem cells (hDPSCs) have shown that Lhx8 promotes their proliferation, and
Lhx8 overexpression in hDPSCs yielded the attenuation of osteogenesis [233]. Indeed, the
optogenetic induction of Lhx8 expression in BMSCs first stimulated their early proliferation
and, later, their differentiation. In a rat calvaria critical-sized bone defect model, the UV-
pulse-driven induction of Lhx8 expression in BMSCs-harboring Poly(lactic-co-glycolic acid)
(PLGA) scaffolds resulted in a significant increase in bone formation in vivo [66]. With
these experiments, the general feasibility of an optogenetic-driven regenerative approach
for hard tissues, as also found in the periodontium, was shown.

Taken together, apart from the environmental stiffness, the patterning of adhesion
points additionally appears to be decisive for SC morphogenesis and behavior. The in-
teractive cocultures of SCs and periodontal cells (i) are useful in determining stem and
host cell behavior in hMSC-based oral tissue regeneration. (ii) They also show that differ-
ent periodontal cells have a different degree of inherent plasticity concerning osteogenic
differentiation. Moreover, (iii) they show that hMSCs may contribute to oral bone regenera-
tion not only by the induction of the osteogenic phenotype in oral host cells, but also by
attracting hard tissue-forming cells to bone regeneration sites through chemotaxis.

As an alternative to the direct grafting of SCs, CM, i.e., the secretome of periodontal
SCs, appears to be promising due to its ability to support alveolar bone formation. Re-
garding alveolar bone loss in response to oral diseases, regeneration possibilities not only
arise from SCs, but also from periodontal ligament cells, since they can be pushed towards
the osteoblastic phenotype. Alternatively, the promising results of PMAA/PC-microchip-
cultured osteoblasts suggest that microtissue-preconditioned alveolar bone osteoblasts are
candidates for prospective retransfer therapies in the clinic.

Another aspect critical for tissue reconstitution is the spatiotemporal control of gene
expression. Here, optogenetic switch-on and switch-off of transcription systems of one or
multiple GOIs within a single target cell pave the way for light-controlled strategies, which
enable targeted gene expression during future oral tissue regeneration.
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3. Conclusions

Despite the many advances in the field of molecular research regarding oral diseases
and related biomaterials, there is still an enormous need to translate this knowledge into
diagnostic and therapeutic applications. Many oral diseases are based on the molecular
changes caused by pathogens or external noxae, for instance, the consumption of alcohol
or tobacco. To obtain a better understanding of the molecular pathophysiology, suitable
in vitro cell culture systems are required, which allow for the identification and characteri-
zation of candidate molecules for diagnosis and therapy. This knowledge is indispensable
in the functional and structural restoration of damaged tissue, such as during periodontitis
or oral carcinoma. Thus, biomaterials that carry the biophysical information for tissue
regeneration and enable the spatio-temporally controlled release of tissue regenerative
bioactive molecules, such as cytokines or growth factors, are required. Apart from targeting
host cells, therapeutics directed against oral pathogens are the cornerstone of oral medicine.
Mimics of biomolecules, such as oral defensins, are useful candidates to combat the bacteri-
ally induced destruction of periodontal tissues, as they largely prevent bacterial resistance
to antibiotics.

Concerning the cell-based strategies for oral tissue regeneration, SCs from periodontal
tissues are important for translational research. In this context, SC behavior can be elu-
cidated by in vitro coculture experiments, which reveal the mutual influence of SCs on
oral tissue cells and vice versa. Moreover, SCs have both immunomodulatory and anti-
inflammatory actions. Although their beneficial impact on humans seems to be promising,
the fates and functions of SCs after transplantation still need to be elucidated in more detail.
Furthermore, the exact mechanisms of tissue regeneration through SCs is partly unknown
and, therefore, are an open research question [234]. Further SC-related regenerative op-
tions lie in SC-derived CM and exosomes. In addition, experimental approaches to cell
preconditioning with in vivo-relevant 3D culture systems (so-called bioreactors) provide
further options in the regeneration or augmentation of oral tissues.

Optogenetics is a very young but promising research field for the spatio-temporally
controlled expression of one or more target genes. This principle can be applied to support
tissue regeneration in the oral cavity. Although this method has largely been applied
experimentally to date, its benefits to regenerative medicine and dentistry are already
foreseeable [67].

These key messages beautifully illustrate the broad spectrum of current oral research,
ranging from the fundamental principles of cell culture studies to sophisticated biomaterial-
based treatment approaches to oral regeneration.

4. Methods

This narrative review aims at summarizing and discussing selected research on the
molecular principles of oral biology, as well as related biomaterial applications. The primary
literature was retrieved from Medline and Web of Science databases using a semi-systematic
research approach. First, research works dealing with oral squamous cell carcinoma cell
lines from the last 5 years were collected and screened for their molecular characterization
in terms of cytokeratin expression patterns. Illustrative examples were selected to compare
the advantages and disadvantages of current approaches. Additionally, forward citation
searching was applied to own research work in the field to identify related articles, which
are additionally relevant to in-depth discussions on oral epithelial homeostasis and car-
cinogenesis. As a next step, the same search strategy was applied to biomaterial-based
regenerative approaches. Due to the immense amount of research work in this particular
area, the search terms were specified as three domains: (i) nonwoven-based, (ii) hydrogel-
based, and (iii) antimicrobial approaches. Based on the current literature and own research
work, a forward and backward citation search yielded relevant articles, a selection of which
are presented in this review, based on their illustrative power. Additional articles with
interesting new principles or advancements in basic principles, polymer modifications,
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optogenetics, etc., were included to provide a broad overview of the whole topic and
illustrate the developments in the field of translational oral medicine.

Based on this strategy, this review is conceived in the form of a literature review
that maps the state of research on a specific topic, which also includes own research, and
critically examines this along with the current literature.
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58. Sterczała, B.; Grzech-Leśniak, K.; Michel, O.; Trzeciakowski, W.; Dominiak, M.; Jurczyszyn, K. Assessment of human gingival
fibroblast proliferation after laser stimulation in vitro using different laser types and wavelengths (1064, 980, 635, 450, and
405 nm)—Preliminary report. J. Pers. Med. 2021, 11, 98. [CrossRef]

59. Almoudi, M.M.; Hussein, A.S.; Abu-Hassan, M.I.; Saripudin, B.; Mohamad, M.S.F. The Association of Early Childhood Caries
with Salivary Antimicrobial Peptide LL37 and Mutans Streptococci. J. Clin. Pediatric Dent. 2021, 45, 330–336. [CrossRef]

60. Khabbaz, H.; Karimi-Jafari, M.H.; Saboury, A.A.; BabaAli, B. Prediction of antimicrobial peptides toxicity based on their
physico-chemical properties using machine learning techniques. BMC Bioinform. 2021, 22, 549. [CrossRef]

61. Zou, P.; Laird, D.; Riga, E.K.; Deng, Z.; Dorner, F.; Perez-Hernandez, H.-R.; Guevara-Solarte, D.L.; Steinberg, T.; Al-Ahmad, A.;
Lienkamp, K. Antimicrobial and cell-compatible surface-attached polymer networks—How the correlation of chemical structure
to physical and biological data leads to a modified mechanism of action. J. Mater. Chem. B 2015, 3, 6224–6238. [CrossRef]

62. Moreno Sancho, F.; Leira, Y.; Orlandi, M.; Buti, J.; Giannobile, W.V.; D’Aiuto, F. Cell-based therapies for alveolar bone and
periodontal regeneration: Concise review. Stem Cells Transl. Med. 2019, 8, 1286–1295. [CrossRef] [PubMed]

63. Assis, R.I.; Racca, F.; Ferreira, R.S.; Ruiz, K.G.; da Silva, R.A.; Clokie, S.J.; Wiench, M.; Andia, D.C. Osteogenic commitment of
human periodontal ligament cells is predetermined by methylation, chromatin accessibility and expression of key transcription
factors. Cells 2022, 11, 1126. [CrossRef] [PubMed]

http://doi.org/10.1021/acsami.2c01161
http://doi.org/10.1039/D0BM00269K
http://doi.org/10.3390/polym14071462
http://doi.org/10.1073/pnas.0711704105
http://www.ncbi.nlm.nih.gov/pubmed/18456839
http://doi.org/10.1038/nrm2594
http://www.ncbi.nlm.nih.gov/pubmed/19197334
http://doi.org/10.1111/jre.12954
http://www.ncbi.nlm.nih.gov/pubmed/34786723
http://doi.org/10.3390/md20030181
http://doi.org/10.3390/jfb13010004
http://doi.org/10.1007/s10439-022-02952-x
http://doi.org/10.1902/jop.2003.74.1.90
http://doi.org/10.1177/10454411010120050301
http://doi.org/10.1111/j.1600-0757.2009.00332.x
http://doi.org/10.1038/s41598-021-90037-5
http://www.ncbi.nlm.nih.gov/pubmed/34031466
http://doi.org/10.1128/IAI.00614-20
http://www.ncbi.nlm.nih.gov/pubmed/33361202
http://doi.org/10.1155/2021/6846074
http://www.ncbi.nlm.nih.gov/pubmed/34790237
http://doi.org/10.1002/JPER.20-0764
http://www.ncbi.nlm.nih.gov/pubmed/34374434
http://doi.org/10.1007/s00784-021-03906-8
http://www.ncbi.nlm.nih.gov/pubmed/33786649
http://doi.org/10.4317/jced.59058
http://doi.org/10.3390/jpm11020098
http://doi.org/10.17796/1053-4625-45.5.7
http://doi.org/10.1186/s12859-021-04468-y
http://doi.org/10.1039/C5TB00906E
http://doi.org/10.1002/sctm.19-0183
http://www.ncbi.nlm.nih.gov/pubmed/31692298
http://doi.org/10.3390/cells11071126
http://www.ncbi.nlm.nih.gov/pubmed/35406691


Int. J. Mol. Sci. 2022, 23, 5288 32 of 38

64. Antarianto, R.D.; Pragiwaksana, A.; Septiana, W.L.; Mazfufah, N.F.; Mahmood, A. Hepatocyte Differentiation from iPSCs or MSCs
in Decellularized Liver Scaffold: Cell–ECM Adhesion, Spatial Distribution, and Hepatocyte Maturation Profile. Organogenesis
2022, 18, 2061263. [CrossRef] [PubMed]

65. Li, N.; Xie, T.; Sun, Y. Towards organogenesis and morphogenesis in vitro: Harnessing engineered microenvironment and
autonomous behaviors of pluripotent stem cells. Integr. Biol. 2018, 10, 574–586.

66. Huang, D.; Li, R.; Ren, J.; Luo, H.; Wang, W.; Zhou, C. Temporal induction of Lhx8 by optogenetic control system for efficient
bone regeneration. Stem Cell Res. Ther. 2021, 12, 339. [CrossRef]

67. Spagnuolo, G.; Genovese, F.; Fortunato, L.; Simeone, M.; Rengo, C.; Tatullo, M. The impact of optogenetics on regenerative
medicine. Appl. Sci. 2019, 10, 173. [CrossRef]

68. Lai, Y.S.; Chang, Y.H.; Chen, Y.Y.; Xu, J.; Yu, C.S.; Chang, S.J.; Chen, P.S.; Tsai, S.J.; Chiu, W.T. Ca2+-regulated cell migration
revealed by optogenetically engineered Ca2+ oscillations. J. Cell. Physiol. 2021, 236, 4681–4693. [CrossRef]

69. Wong, C.-W.; Ko, L.-N.; Huang, H.-J.; Yang, C.-S.; Hsu, S.-H. Engineered Bacteriorhodopsin May Induce Lung Cancer Cell Cycle
Arrest and Suppress Their Proliferation and Migration. Molecules 2021, 26, 7344. [CrossRef]

70. McDowell, J.D. An overview of epidemiology and common risk factors for oral squamous cell carcinoma. Otolaryngol. Clin. N.
Am. 2006, 39, 277–294. [CrossRef]

71. Espinosa-Cotton, M.; Rodman, S.N., III; Ross, K.A.; Jensen, I.J.; Sangodeyi-Miller, K.; McLaren, A.J.; Dahl, R.A.; Gibson-Corley, K.N.;
Koch, A.T.; Fu, Y.-X. Interleukin-1 alpha increases anti-tumor efficacy of cetuximab in head and neck squamous cell carcinoma. J.
Immunother. Cancer 2019, 7, 1–16. [CrossRef]

72. Olmos, M.; Glajzer, J.; Büntemeyer, T.-O.; Frohwitter, G.; Ries, J.; Eckstein, M.; Hecht, M.; Lutz, R.; Kesting, M.R.; Weber, M.
Neoadjuvant Immunotherapy of Oral Squamous Cell Carcinoma: Case Report and Assessment of Histological Response. Front.
Oncol. 2021, 11, 3421–3432. [CrossRef] [PubMed]

73. Schmid, P.; Cortes, J.; Pusztai, L.; McArthur, H.; Kümmel, S.; Bergh, J.; Denkert, C.; Park, Y.H.; Hui, R.; Harbeck, N. Pembrolizumab
for early triple-negative breast cancer. N. Engl. J. Med. 2020, 382, 810–821. [CrossRef] [PubMed]

74. De Camargo, M.R.; Frazon, T.F.; Inacio, K.K.; Smiderle, F.R.; Amôr, N.G.; Dionísio, T.J.; Santos, C.F.; Rodini, C.O.; Lara, V.S.
Ganoderma lucidum polysaccharides inhibit in vitro tumorigenesis, cancer stem cell properties and epithelial-mesenchymal
transition in oral squamous cell carcinoma. J. Ethnopharmacol. 2022, 286, 114891. [CrossRef] [PubMed]

75. Kim, J.Y.; Kim, J.; Bandara, B.; Tilakaratne, W.M.; Kim, D. Leaf extract of Osbeckia octandra induces apoptosis in oral squamous
cell carcinoma cells. BMC Complementary Med. Ther. 2022, 22, 20. [CrossRef]

76. Shahbaz, K.; Asif, J.A.; Liszen, T.; Nurul, A.A.; Alam, M.K. Cytotoxic and Antioxidant Effects of Phoenix dactylifera L. (Ajwa
Date Extract) on Oral Squamous Cell Carcinoma Cell Line. BioMed Res. Int. 2022, 2022, 5792830. [CrossRef]

77. Ibrahim, R.S.; El-Banna, A.A. Network pharmacology-based analysis for unraveling potential cancer-related molecular targets of
Egyptian propolis phytoconstituents accompanied with molecular docking and in vitro studies. RSC Adv. 2021, 11, 11610–11626.

78. Wezgowiec, J.; Wieczynska, A.; Wieckiewicz, W.; Kulbacka, J.; Saczko, J.; Pachura, N.; Wieckiewicz, M.; Gancarz, R.; Wilk, K.A.
Polish propolis—Chemical composition and biological effects in tongue cancer cells and macrophages. Molecules 2020, 25, 2426.
[CrossRef]

79. Chun, K.-S.; Kundu, J.K.; Park, K.-K.; Chung, W.-Y.; Surh, Y.-J. Inhibition of phorbol ester-induced mouse skin tumor promotion
and COX-2 expression by celecoxib: C/EBP as a potential molecular target. Cancer Res. Treat. Off. J. Korean Cancer Assoc. 2006,
38, 152. [CrossRef]

80. Tomakidi, P.; Stark, H.J.; Herold-Mende, C.; Bosch, F.X.; Steinbauer, H.; Fusenig, N.E.; Breitkreutz, D. Discriminating expression
of differentiation markers evolves in transplants of benign and malignant human skin keratinocytes through stromal interactions.
J. Pathol. A J. Pathol. Soc. Great Br. Irel. 2003, 200, 298–307. [CrossRef]

81. Mery, B.; Rancoule, C.; Guy, J.-B.; Espenel, S.; Wozny, A.-S.; Battiston-Montagne, P.; Ardail, D.; Beuve, M.; Alphonse, G.;
Rodriguez-Lafrasse, C. Preclinical models in HNSCC: A comprehensive review. Oral Oncol. 2017, 65, 51–56.

82. Gawas, N.P.; Navarange, S.S.; Chovatiya, G.L.; Chaturvedi, P.; Waghmare, S.K. Establishment and characterization of novel
human oral squamous cell carcinoma cell lines from advancedstage tumors of buccal mucosa. Oncol. Rep. 2019, 41, 2289–2298.
[PubMed]

83. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
84. Zamarin, D.; Holmgaard, R.B.; Subudhi, S.K.; Park, J.S.; Mansour, M.; Palese, P.; Merghoub, T.; Wolchok, J.D.; Allison, J.P.

Localized oncolytic virotherapy overcomes systemic tumor resistance to immune checkpoint blockade immunotherapy. Sci.
Transl. Med. 2014, 6, 226ra32. [CrossRef] [PubMed]

85. Gröger, S.; Michel, J.; Meyle, J. Establishment and characterization of immortalized human gingival keratinocyte cell lines. J.
Periodontal Res. 2008, 43, 604–614. [CrossRef] [PubMed]

86. Lu, Y.; Li, L.; Chen, H.; Jing, X.; Wang, M.; Ge, L.; Yang, J.; Zhang, M.; Tang, X. Peroxiredoxin1 Knockdown Inhibits Oral
Carcinogenesis via Inducing Cell Senescence Dependent on Mitophagy. OncoTargets Ther. 2021, 14, 239. [CrossRef]

87. Fischer, M.; Uxa, S.; Stanko, C.; Magin, T.M.; Engeland, K. Human papilloma virus E7 oncoprotein abrogates the p53-p21-DREAM
pathway. Sci. Rep. 2017, 7, 2603.

88. Hallikeri, K.; Burde, K.; Anehosur, V.; Kulkarni, B.B.; Hiremath, S.V. p53 polymorphism and association of human papillomavirus
in oral submucous fibrosis and oral squamous cell carcinoma: A case–control study. J. Oral Maxillofac. Pathol. JOMFP 2019, 23, 97.

http://doi.org/10.1080/15476278.2022.2061263
http://www.ncbi.nlm.nih.gov/pubmed/35435152
http://doi.org/10.1186/s13287-021-02412-8
http://doi.org/10.3390/app10010173
http://doi.org/10.1002/jcp.30190
http://doi.org/10.3390/molecules26237344
http://doi.org/10.1016/j.otc.2005.11.012
http://doi.org/10.1186/s40425-019-0550-z
http://doi.org/10.3389/fonc.2021.720951
http://www.ncbi.nlm.nih.gov/pubmed/34368002
http://doi.org/10.1056/NEJMoa1910549
http://www.ncbi.nlm.nih.gov/pubmed/32101663
http://doi.org/10.1016/j.jep.2021.114891
http://www.ncbi.nlm.nih.gov/pubmed/34910952
http://doi.org/10.1186/s12906-022-03505-4
http://doi.org/10.1155/2022/5792830
http://doi.org/10.3390/molecules25102426
http://doi.org/10.4143/crt.2006.38.3.152
http://doi.org/10.1002/path.1366
http://www.ncbi.nlm.nih.gov/pubmed/30816493
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1126/scitranslmed.3008095
http://www.ncbi.nlm.nih.gov/pubmed/24598590
http://doi.org/10.1111/j.1600-0765.2007.01019.x
http://www.ncbi.nlm.nih.gov/pubmed/18771458
http://doi.org/10.2147/OTT.S284182


Int. J. Mol. Sci. 2022, 23, 5288 33 of 38

89. Zhang, J.; Yu, G.; Yang, Y.; Wang, Y.; Guo, M.; Yin, Q.; Yan, C.; Tian, J.; Fu, F.; Wang, H. A small-molecule inhibitor of MDMX
suppresses cervical cancer cells via the inhibition of E6-E6AP-p53 axis. Pharmacol. Res. 2022, 177, 106128. [CrossRef]

90. Rodolico, V.; Arancio, W.; Amato, M.C.; Aragona, F.; Cappello, F.; Di Fede, O.; Pannone, G.; Campisi, G. Hypoxia inducible
factor-1 alpha expression is increased in infected positive HPV16 DNA oral squamous cell carcinoma and positively associated
with HPV16 E7 oncoprotein. Infect. Agents Cancer 2011, 6, 18. [CrossRef]

91. Berdugo, J.; Rooper, L.M.; Chiosea, S.I. RB1, p16, and Human Papillomavirus in Oropharyngeal Squamous Cell Carcinoma. Head
Neck Pathol. 2021, 15, 1109–1118. [CrossRef]

92. Sudhakaran, A.; Hallikeri, K.; Babu, B. p16 as an independent marker for detection of high-risk HPV in oral submucous fibrosis
and oral squamous cell carcinoma. Indian J. Pathol. Microbiol. 2019, 62, 523. [PubMed]

93. Pannone, G.; Santoro, A.; Carinci, F.; Bufo, P.; Papagerakis, S.; Rubini, C.; Campisi, G.; Giovannelli, L.; Contaldo, M.; Serpico, R.
Double demonstration of oncogenic high risk human papilloma virus DNA and HPV-E7 protein in oral cancers. Int. J.
Immunopathol. Pharmacol. 2011, 24 (Suppl. S2), 95–101. [CrossRef] [PubMed]

94. Søland, T.M.; Bjerkli, I.H.; Georgsen, J.B.; Schreurs, O.; Jebsen, P.; Laurvik, H.; Sapkota, D. High-risk human papilloma virus was
not detected in a Norwegian cohort of oral squamous cell carcinoma of the mobile tongue. Clin. Exp. Dent. Res. 2021, 7, 70–77.
[CrossRef] [PubMed]

95. Vipparthi, K.; Patel, A.K.; Ghosh, S.; Das, S.; Das, C.; Das, K.; Sarkar, A.; Thatikonda, V.; Pal, B.; Arora, N. Two novel cell
culture models of buccal mucosal oral cancer from patients with no risk-habits of tobacco smoking or chewing. Oral Oncol. 2021,
113, 105131. [CrossRef] [PubMed]

96. Chitturi Suryaprakash, R.T.; Kujan, O.; Shearston, K.; Farah, C.S. Three-dimensional cell culture models to investigate oral
carcinogenesis: A scoping review. Int. J. Mol. Sci. 2020, 21, 9520. [CrossRef]

97. Chamulitrat, W.; Schmidt, R.; Tomakidi, P.; Stremmel, W.; Chunglok, W.; Kawahara, T.; Rokutan, K. Association of gp91phox
homolog Nox1 with anchorage-independent growth and MAP kinase-activation of transformed human keratinocytes. Oncogene
2003, 22, 6045–6053. [CrossRef]

98. Roesch-Ely, M.; Steinberg, T.; Bosch, F.X.; Mussig, E.; Whitaker, N.; Wiest, T.; Kohl, A.; Komposch, G.; Tomakidi, P. Organ-
otypic co-cultures allow for immortalized human gingival keratinocytes to reconstitute a gingival epithelial phenotype in vitro.
Differentiation 2006, 74, 622–637. [CrossRef]

99. Cheng, H.; Yang, X.; Si, H.; Saleh, A.D.; Xiao, W.; Coupar, J.; Gollin, S.M.; Ferris, R.L.; Issaeva, N.; Yarbrough, W.G. Genomic and
transcriptomic characterization links cell lines with aggressive head and neck cancers. Cell Rep. 2018, 25, 1332–1345.e5. [CrossRef]

100. Das, D.; Ghosh, S.; Maitra, A.; Biswas, N.K.; Panda, C.K.; Roy, B.; Sarin, R.; Majumder, P.P. Epigenomic dysregulation-mediated
alterations of key biological pathways and tumor immune evasion are hallmarks of gingivo-buccal oral cancer. Clin. Epigenet.
2019, 11, 1–12. [CrossRef]

101. Heim, J.B.; McDonald, C.A.; Wyles, S.P.; Sominidi-Damodaran, S.; Squirewell, E.J.; Li, M.; Motsonelidze, C.; Böttcher, R.T.;
van Deursen, J.; Meves, A. FAK auto-phosphorylation site tyrosine 397 is required for development but dispensable for normal
skin homeostasis. PLoS ONE 2018, 13, e0200558. [CrossRef]

102. Wang, X.; Steinberg, T.; Dieterle, M.P.; Ramminger, I.; Husari, A.; Tomakidi, P. FAK Shutdown: Consequences on Epithelial
Morphogenesis and Biomarker Expression Involving an Innovative Biomaterial for Tissue Regeneration. Int. J. Mol. Sci. 2021,
22, 9774. [CrossRef] [PubMed]

103. Husari, A.; Hülter-Hassler, D.; Steinberg, T.; Schulz, S.D.; Tomakidi, P. Disruption of adherens junction and alterations in
YAP-related proliferation behavior as part of the underlying cell transformation process of alcohol-induced oral carcinogenesis.
Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2018, 1865, 209–219. [CrossRef] [PubMed]

104. Piemonte, E.; Lazos, J.; Belardinelli, P.; Secchi, D.; Brunotto, M.; Lanfranchi-Tizeira, H. Oral cancer associated with chronic
mechanical irritation of the oral mucosa. Med. Oral Patol. Oral Cirugía Bucal 2018, 23, e151. [CrossRef] [PubMed]

105. Gupta, A.A.; Kheur, S.; Varadarajan, S.; Parveen, S.; Dewan, H.; Alhazmi, Y.A.; Raj, T.A.; Testarelli, L.; Patil, S. Chronic mechanical
irritation and oral squamous cell carcinoma: A systematic review and meta-analysis. Bosn. J. Basic Med. Sci. 2021, 21, 647.
[CrossRef] [PubMed]

106. Tsai, Y.-S.; Lee, K.-W.; Huang, J.-L.; Liu, Y.-S.; Juo, S.-H.H.; Kuo, W.-R.; Chang, J.-G.; Lin, C.-S.; Jong, Y.-J. Arecoline, a major
alkaloid of areca nut, inhibits p53, represses DNA repair, and triggers DNA damage response in human epithelial cells. Toxicology
2008, 249, 230–237. [CrossRef] [PubMed]

107. Yang, W.; Qin, N.; Song, X.; Jiang, C.; Li, T.; Ji, P.; Li, Y.; Ding, D.; Wang, C.; Dai, J. Genomic Signature of Mismatch Repair
Deficiency in Areca Nut–Related Oral Cancer. J. Dent. Res. 2020, 99, 1252–1261. [CrossRef] [PubMed]

108. Batta, N.; Pandey, M. Mutational spectrum of tobacco associated oral squamous carcinoma and its therapeutic significance. World
J. Surg. Oncol. 2019, 17, 1–12. [CrossRef] [PubMed]

109. López-Verdín, S.; de la Luz Martínez-Fierro, M.; Garza-Veloz, I.; Zamora-Perez, A.; Grajeda-Cruz, J.; González-González, R.;
Molina-Frechero, N.; Arocena, M.; Bologna-Molina, R. E-Cadherin gene expression in oral cancer: Clinical and prospective data.
Med. Oral Patol. Oral Cir. Bucal 2019, 24, e444. [CrossRef]

110. Li, M.; Rao, X.; Cui, Y.; Zhang, L.; Li, X.; Wang, B.; Zheng, Y.; Teng, L.; Zhou, T.; Zhuo, W. The keratin 17/YAP/IL6 axis contributes
to E-cadherin loss and aggressiveness of diffuse gastric cancer. Oncogene 2022, 41, 770–781. [CrossRef]

111. Bhat, M.Y.; Advani, J.; Rajagopalan, P.; Patel, K.; Nanjappa, V.; Solanki, H.S.; Patil, A.H.; Bhat, F.A.; Mathur, P.P.; Nair, B. Cigarette
smoke and chewing tobacco alter expression of different sets of miRNAs in oral keratinocytes. Sci. Rep. 2018, 8, 7040.

http://doi.org/10.1016/j.phrs.2022.106128
http://doi.org/10.1186/1750-9378-6-18
http://doi.org/10.1007/s12105-021-01317-5
http://www.ncbi.nlm.nih.gov/pubmed/31611434
http://doi.org/10.1177/03946320110240S217
http://www.ncbi.nlm.nih.gov/pubmed/21781453
http://doi.org/10.1002/cre2.342
http://www.ncbi.nlm.nih.gov/pubmed/33140903
http://doi.org/10.1016/j.oraloncology.2020.105131
http://www.ncbi.nlm.nih.gov/pubmed/33387705
http://doi.org/10.3390/ijms21249520
http://doi.org/10.1038/sj.onc.1206654
http://doi.org/10.1111/j.1432-0436.2006.00099.x
http://doi.org/10.1016/j.celrep.2018.10.007
http://doi.org/10.1186/s13148-019-0782-2
http://doi.org/10.1371/journal.pone.0200558
http://doi.org/10.3390/ijms22189774
http://www.ncbi.nlm.nih.gov/pubmed/34575938
http://doi.org/10.1016/j.bbamcr.2017.10.015
http://www.ncbi.nlm.nih.gov/pubmed/29104085
http://doi.org/10.4317/medoral.22017
http://www.ncbi.nlm.nih.gov/pubmed/29476673
http://doi.org/10.17305/bjbms.2021.5577
http://www.ncbi.nlm.nih.gov/pubmed/33823123
http://doi.org/10.1016/j.tox.2008.05.007
http://www.ncbi.nlm.nih.gov/pubmed/18585839
http://doi.org/10.1177/0022034520930641
http://www.ncbi.nlm.nih.gov/pubmed/32527169
http://doi.org/10.1186/s12957-019-1741-2
http://www.ncbi.nlm.nih.gov/pubmed/31775759
http://doi.org/10.4317/medoral.23029
http://doi.org/10.1038/s41388-021-02119-3


Int. J. Mol. Sci. 2022, 23, 5288 34 of 38

112. Priya, N.; Nayak, R.; Bhat, K.; Kugaji, M.; Vijayalakshmi, K.; Rao, K. Site specificity and expression profile of miR-21 in oral
squamous cell carcinoma. J. Oral Maxillofac. Pathol. JOMFP 2021, 25, 154. [CrossRef] [PubMed]

113. O’Grady, I.; Anderson, A.; O’Sullivan, J. The interplay of the oral microbiome and alcohol consumption in oral squamous cell
carcinomas. Oral Oncol. 2020, 110, 105011. [CrossRef] [PubMed]

114. Rodriguez, F.D.; Coveñas, R. Biochemical Mechanisms Associating Alcohol Use Disorders with Cancers. Cancers 2021, 13, 3548.
[CrossRef]

115. Miyazaki, Y.; Okuyama, A.; Hoshino, M.; Nishimura, M.; Kikuchi, K. Influence of Acetaldehyde on Oral Epithelial Cells. J. Oral
Cancer Res. 2021, 4, 44–48.

116. Chamulitrat, W.; Schmidt, R.; Chunglok, W.; Kohl, A.; Tomakidi, P. Epithelium and fibroblast-like phenotypes derived from
HPV16 E6/E7-immortalized human gingival keratinocytes following chronic ethanol treatment. Eur. J. Cell Biol. 2003, 82, 313–322.
[CrossRef] [PubMed]

117. Greer, P.F.; Rich, A.; Coates, D.E. Effects of galectin-1 inhibitor OTX008 on oral squamous cell carcinoma cells in vitro and the role
of AP-1 and the MAPK/ERK pathway. Arch. Oral Biol. 2022, 134, 105335. [CrossRef]

118. Chunglok, W.; Ittarat, W.; Tomakidi, P.; Schmidt, R.; Stremmel, W.; Chamulitrat, W. Human gingival mucosal keratinocytes
exhibiting anchorage-independent growth express increased inducible nitric oxide synthase: Regulation by MAP kinases. Nitric
Oxide 2004, 11, 237–246. [CrossRef]

119. Xue, Q.; Yan, Y.; Zhang, R.; Xiong, H. Regulation of iNOS on Immune Cells and Its Role in Diseases. Int. J. Mol. Sci. 2018, 19, 3805.
[CrossRef]

120. Varghese, S.S.; Sunil, P.; Madhavan, R.N. Expression of inducible nitric oxide synthase (iNOS) in oral precancer and oral squamous
cell carcinoma: An immunohistochemical study. Cancer Biomark. 2011, 8, 155–160. [CrossRef]

121. Silva Servato, J.P.; Ueira Vieira, C.; de Faria, P.R.; Cardoso, S.V.; Loyola, A.M. The importance of inducible nitric oxide synthase
and nitrotyrosine as prognostic markers for oral squamous cell carcinoma. J. Oral Pathol. Med. 2019, 48, 967–975. [CrossRef]

122. Borowicz, S.; Van Scoyk, M.; Avasarala, S.; Rathinam, M.K.K.; Tauler, J.; Bikkavilli, R.K.; Winn, R.A. The soft agar colony formation
assay. JoVE J. Vis. Exp. 2014, 92, e51998. [CrossRef] [PubMed]

123. Huang, J.; Wang, L.; Jin, Y.; Lu, P.; Wang, L.-L.; Bai, N.; Li, G.; Zhu, P.; Wang, Y.; Zhang, J.; et al. Tuning the Rigidity of Silk Fibroin
for the Transfer of Highly Stretchable Electronics. Adv. Funct. Mater. 2020, 30, 2001518. [CrossRef]

124. Guo, M.; Mu, Y.; Yu, D.; Li, J.; Chen, F.; Wei, B.; Bi, S.; Yu, J.; Liang, F. Comparison of the expression of TGF-β1, E-cadherin,
N-cadherin, TP53, RB1CC1 and HIF-1α in oral squamous cell carcinoma and lymph node metastases of humans and mice. Oncol.
Lett. 2018, 15, 1639–1645. [CrossRef]

125. Kato, K.; Shimasaki, M.; Kato, T.; Segami, N.; Ueda, Y. Expression of sphingosine kinase-1 is associated with invasiveness and
poor prognosis of oral squamous cell carcinoma. Anticancer Res. 2018, 38, 1361–1368. [PubMed]

126. Wangmo, C.; Charoen, N.; Jantharapattana, K.; Dechaphunkul, A.; Thongsuksai, P. Epithelial–mesenchymal transition predicts
survival in oral squamous cell carcinoma. Pathol. Oncol. Res. 2020, 26, 1511–1518. [CrossRef]

127. Burassakarn, A.; Pientong, C.; Sunthamala, N.; Chuerduangphui, J.; Vatanasapt, P.; Patarapadungkit, N.; Kongyingyoes, B.;
Ekalaksananan, T. Aberrant gene promoter methylation of E-cadherin, p16 INK4a, p14 ARF, and MGMT in Epstein–Barr
virus-associated oral squamous cell carcinomas. Med. Oncol. 2017, 34, 128. [CrossRef]

128. Pannone, G.; Santoro, A.; Feola, A.; Bufo, P.; Papagerakis, P.; Lo Muzio, L.; Staibano, S.; Ionna, F.; Longo, F.; Franco, R. The role
of E-cadherin down-regulation in oral cancer: CDH1 gene expression and epigenetic blockage. Curr. Cancer Drug Targets 2014,
14, 115–127. [CrossRef]

129. Muzio, L.L.; Campisi, G.; Farina, A.; Rubini, C.; Pannone, G.; Serpico, R.; Laino, G.; De Lillo, A.; Carinci, F. P-cadherin expression
and survival rate in oral squamous cell carcinoma: An immunohistochemical study. BMC Cancer 2005, 5, 63. [CrossRef]

130. Seppälä, M.; Jauhiainen, L.; Tervo, S.; Al-Samadi, A.; Rautiainen, M.; Salo, T.; Lehti, K.; Monni, O.; Hautaniemi, S.; Tynninen, O.
The expression and prognostic relevance of CDH3 in tongue squamous cell carcinoma. Apmis 2021, 129, 717–728. [CrossRef]

131. Kumar, V.; Panda, A.; Dash, K.C.; Bhuyan, L.; Mahapatra, N.; Mishra, P. Immunohistochemical Expression of the Epithelial to
Mesenchymal Transition Proteins E-cadherin and β-catenin in Grades of Oral Squamous Cell Carcinoma. J. Pharm. Bioallied Sci.
2021, 13 (Suppl. S1), S555–S560.

132. Mis, M.; O’Brien, S.; Steinhart, Z.; Lin, S.; Hart, T.; Moffat, J.; Angers, S. IPO11 mediates βcatenin nuclear import in a subset of
colorectal cancers. J. Cell Biol. 2020, 219, e201903017. [CrossRef] [PubMed]

133. Reyes, M.; Peña-Oyarzún, D.; Silva, P.; Venegas, S.; Criollo, A.; Torres, V.A. Nuclear accumulation of β-catenin is associated
with endosomal sequestration of the destruction complex and increased activation of Rab5 in oral dysplasia. FASEB J. 2020,
34, 4009–4025. [CrossRef] [PubMed]

134. Belgardt, E.; Steinberg, T.; Husari, A.; Dieterle, M.P.; Hülter-Hassler, D.; Jung, B.; Tomakidi, P. Force-responsive Zyxin modulation
in periodontal ligament cells is regulated by YAP rather than TAZ. Cell. Signal. 2020, 72, 109662. [CrossRef] [PubMed]

135. Barcelona-Estaje, E.; Dalby, M.J.; Cantini, M.; Salmeron-Sanchez, M. You Talking to Me? Cadherin and Integrin Crosstalk in
Biomaterial Design. Adv. Healthc. Mater. 2021, 10, 2002048. [CrossRef] [PubMed]

136. Ma, B.; Cheng, H.; Gao, R.; Mu, C.; Chen, L.; Wu, S.; Chen, Q.; Zhu, Y. Zyxin-Siah2–Lats2 axis mediates cooperation between
Hippo and TGF-β signalling pathways. Nat. Commun. 2016, 7, 11123. [CrossRef] [PubMed]

http://doi.org/10.4103/jomfp.jomfp_360_20
http://www.ncbi.nlm.nih.gov/pubmed/34349427
http://doi.org/10.1016/j.oraloncology.2020.105011
http://www.ncbi.nlm.nih.gov/pubmed/32980528
http://doi.org/10.3390/cancers13143548
http://doi.org/10.1078/0171-9335-00317
http://www.ncbi.nlm.nih.gov/pubmed/12868599
http://doi.org/10.1016/j.archoralbio.2021.105335
http://doi.org/10.1016/j.niox.2004.09.004
http://doi.org/10.3390/ijms19123805
http://doi.org/10.3233/CBM-2011-0207
http://doi.org/10.1111/jop.12942
http://doi.org/10.3791/51998
http://www.ncbi.nlm.nih.gov/pubmed/25408172
http://doi.org/10.1002/adfm.202001518
http://doi.org/10.3892/ol.2017.7456
http://www.ncbi.nlm.nih.gov/pubmed/29491060
http://doi.org/10.1007/s12253-019-00731-z
http://doi.org/10.1007/s12032-017-0983-5
http://doi.org/10.2174/1568009613666131126115012
http://doi.org/10.1186/1471-2407-5-63
http://doi.org/10.1111/apm.13176
http://doi.org/10.1083/jcb.201903017
http://www.ncbi.nlm.nih.gov/pubmed/31881079
http://doi.org/10.1096/fj.201902345RR
http://www.ncbi.nlm.nih.gov/pubmed/31990106
http://doi.org/10.1016/j.cellsig.2020.109662
http://www.ncbi.nlm.nih.gov/pubmed/32330602
http://doi.org/10.1002/adhm.202002048
http://www.ncbi.nlm.nih.gov/pubmed/33586353
http://doi.org/10.1038/ncomms11123
http://www.ncbi.nlm.nih.gov/pubmed/27030211


Int. J. Mol. Sci. 2022, 23, 5288 35 of 38

137. Yamamura, M.; Noguchi, K.; Nakano, Y.; Segawa, E.; Zushi, Y.; Takaoka, K.; Kishimoto, H.; Hashimoto-Tamaoki, T.; Urade, M.
[Corrigendum] Functional analysis of Zyxin in cell migration and invasive potential of oral squamous cell carcinoma cells. Int. J.
Oncol. 2016, 49, 2188. [PubMed]

138. Omori, H.; Nishio, M.; Masuda, M.; Miyachi, Y.; Ueda, F.; Nakano, T.; Sato, K.; Mimori, K.; Taguchi, K.; Hikasa, H. YAP1 is a
potent driver of the onset and progression of oral squamous cell carcinoma. Sci. Adv. 2020, 6, eaay3324. [CrossRef]

139. Hasegawa, K.; Fujii, S.; Matsumoto, S.; Tajiri, Y.; Kikuchi, A.; Kiyoshima, T. YAP signaling induces PIEZO1 to promote oral
squamous cell carcinoma cell proliferation. J. Pathol. 2021, 253, 80–93. [CrossRef]

140. Jiang, Y.; Li, T.; Wu, Y.; Xu, H.; Xie, C.; Dong, Y.; Zhong, L.; Wang, Z.; Zhao, H.; Zhou, Y. GPR39 overexpression in OSCC promotes
YAP-sustained malignant progression. J. Dent. Res. 2020, 99, 949–958. [CrossRef]

141. Meng, Z.; Qiu, Y.; Lin, K.C.; Kumar, A.; Placone, J.K.; Fang, C.; Wang, K.-C.; Lu, S.; Pan, M.; Hong, A.W. RAP2 mediates
mechanoresponses of the Hippo pathway. Nature 2018, 560, 655–660. [CrossRef]

142. Paradowska-Stolarz, A.; Wieckiewicz, M.; Owczarek, A.; Wezgowiec, J. Natural Polymers for the Maintenance of Oral Health:
Review of Recent Advances and Perspectives. Int. J. Mol. Sci. 2021, 22, 10337. [CrossRef]

143. Samiei, M.; Alipour, M.; Khezri, K.; Saadat, Y.R.; Forouhandeh, H.; Abdolahinia, E.D.; Vahed, S.Z.; Sharifi, S.; Dizaj, S.M.
Application of collagen and mesenchymal stem cells in regenerative dentistry. Curr. Stem Cell Res. Ther. 2021. [CrossRef]
[PubMed]

144. Yamada, S.; Shanbhag, S.; Mustafa, K. Scaffolds in Periodontal Regenerative Treatment. Dent. Clin. 2022, 66, 111–130. [CrossRef]
[PubMed]

145. Dehghan-Baniani, D.; Mehrjou, B.; Chu, P.K.; Wu, H. A Biomimetic Nano-Engineered Platform for Functional Tissue Engineering
of Cartilage Superficial Zone. Adv. Healthc. Mater. 2021, 10, 2001018. [CrossRef]

146. Lin, H.-H.; Chao, P.-H.G.; Tai, W.-C.; Chang, P.-C. 3D-Printed Collagen-Based Waveform Microfibrous Scaffold for Periodontal
Ligament Reconstruction. Int. J. Mol. Sci. 2021, 22, 7725. [CrossRef]

147. Zheng, L.; Shi, Q.; Na, J.; Liu, N.; Guo, Y.; Fan, Y. Platelet-Derived Growth Factor Receptor-α and β are Involved in Fluid Shear
Stress Regulated Cell Migration in Human Periodontal Ligament Cells. Cell. Mol. Bioeng. 2019, 12, 85–97. [CrossRef] [PubMed]

148. Asparuhova, M.B.; Stähli, A.; Guldener, K.; Sculean, A. A Novel Volume-Stable Collagen Matrix Induces Changes in the Behavior
of Primary Human Oral Fibroblasts, Periodontal Ligament, and Endothelial Cells. Int. J. Mol. Sci. 2021, 22, 4051. [CrossRef]

149. Guarnieri, R.; Reda, R.; Di Nardo, D.; Miccoli, G.; Zanza, A.; Testarelli, L. In Vitro Direct and Indirect Cytotoxicity Comparative
Analysis of One Pre-Hydrated versus One Dried Acellular Porcine Dermal Matrix. Materials 2022, 15, 1937. [CrossRef]

150. Schmitt, C.M.; Brückbauer, P.; Schlegel, K.A.; Buchbender, M.; Adler, W.; Matta, R.E. Volumetric soft tissue alterations in the
early healing phase after peri-implant soft tissue contour augmentation with a porcine collagen matrix versus the autologous
connective tissue graft: A controlled clinical trial. J. Clin. Periodontol. 2021, 48, 146–163. [CrossRef]

151. Angarano, M.; Schulz, S.; Fabritius, M.; Vogt, R.; Steinberg, T.; Tomakidi, P.; Friedrich, C.; Mülhaupt, R. Layered gradient
nonwovens of in situ crosslinked electrospun collagenous nanofibers used as modular scaffold systems for soft tissue regeneration.
Adv. Funct. Mater. 2013, 23, 3277–3285. [CrossRef]

152. Schulz, S.; Angarano, M.; Fabritius, M.; Mülhaupt, R.; Dard, M.; Obrecht, M.; Tomakidi, P.; Steinberg, T. Nonwoven-based
gelatin/polycaprolactone membrane proves suitability in a preclinical assessment for treatment of soft tissue defects. Tissue Eng.
A 2014, 20, 1935–1947. [CrossRef] [PubMed]

153. Wiegand, C.; Hipler, U.-C.; Elsner, P.; Tittelbach, J. Keratinocyte and Fibroblast Wound Healing In Vitro Is Repressed by Non-
Optimal Conditions but the Reparative Potential Can Be Improved by Water-Filtered Infrared A. Biomedicines 2021, 9, 1802.
[CrossRef] [PubMed]

154. Khorolsuren, Z.; Lang, O.; Pallinger, E.; Foldes, A.; Szabolcs, G.G.; Varga, G.; Mezo, G.; Vag, J.; Kohidai, L. Functional and cell
surface characteristics of periodontal ligament cells (PDLCs) on RGD-synthetic polypeptide conjugate coatings. J. Periodontal Res.
2020, 55, 713–723. [CrossRef]

155. Tribst, J.P.M.; Dal Piva, A.M.D.O.; Ausiello, P.; De Benedictis, A.; Bottino, M.A.; Borges, A.L.S. Biomechanical analysis of a custom-
made mouthguard reinforced with different Elastic Modulus laminates during a simulated maxillofacial trauma. Craniomaxillofac.
Trauma Reconstr. 2021, 14, 254–260. [CrossRef] [PubMed]

156. Hunter-Featherstone, E.; Young, N.; Chamberlain, K.; Cubillas, P.; Hulette, B.; Wei, X.; Tiesman, J.P.; Bascom, C.C.; Benham, A.M.;
Goldberg, M.W. Culturing Keratinocytes on Biomimetic Substrates Facilitates Improved Epidermal Assembly In Vitro. Cells 2021,
10, 1177. [CrossRef] [PubMed]

157. Kirschneck, C.; Thuy, M.; Leikam, A.; Memmert, S.; Deschner, J.; Damanaki, A.; Spanier, G.; Proff, P.; Jantsch, J.; Schröder, A. Role
and Regulation of Mechanotransductive HIF-1α Stabilisation in Periodontal Ligament Fibroblasts. Int. J. Mol. Sci. 2020, 21, 9530.
[CrossRef]

158. Sun, C.; Rankovic, M.J.; Folwaczny, M.; Otto, S.; Wichelhaus, A.; Baumert, U. Effect of Tension on Human Periodontal Ligament
Cells: Systematic Review and Network Analysis. Front. Bioeng. Biotechnol. 2021, 9. [CrossRef]

159. Steinberg, T.; Schulz, S.; Spatz, J.P.; Grabe, N.; Mussig, E.; Kohl, A.; Komposch, G.; Tomakidi, P. Early keratinocyte differentiation
on micropillar interfaces. Nano Lett. 2007, 7, 287–294. [CrossRef]

160. Mussig, E.; Schulz, S.; Spatz, J.P.; Ziegler, N.; Tomakidi, P.; Steinberg, T. Soft micropillar interfaces of distinct biomechanics govern
behaviour of periodontal cells. Eur. J. Cell Biol. 2010, 89, 315–325. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/27666023
http://doi.org/10.1126/sciadv.aay3324
http://doi.org/10.1002/path.5553
http://doi.org/10.1177/0022034520915877
http://doi.org/10.1038/s41586-018-0444-0
http://doi.org/10.3390/ijms221910337
http://doi.org/10.2174/1574888X17666211220100521
http://www.ncbi.nlm.nih.gov/pubmed/34931969
http://doi.org/10.1016/j.cden.2021.06.004
http://www.ncbi.nlm.nih.gov/pubmed/34794550
http://doi.org/10.1002/adhm.202001018
http://doi.org/10.3390/ijms22147725
http://doi.org/10.1007/s12195-018-0546-7
http://www.ncbi.nlm.nih.gov/pubmed/31719900
http://doi.org/10.3390/ijms22084051
http://doi.org/10.3390/ma15051937
http://doi.org/10.1111/jcpe.13387
http://doi.org/10.1002/adfm.201202816
http://doi.org/10.1089/ten.tea.2013.0594
http://www.ncbi.nlm.nih.gov/pubmed/24494668
http://doi.org/10.3390/biomedicines9121802
http://www.ncbi.nlm.nih.gov/pubmed/34944618
http://doi.org/10.1111/jre.12760
http://doi.org/10.1177/1943387520980237
http://www.ncbi.nlm.nih.gov/pubmed/34471482
http://doi.org/10.3390/cells10051177
http://www.ncbi.nlm.nih.gov/pubmed/34066027
http://doi.org/10.3390/ijms21249530
http://doi.org/10.3389/fbioe.2021.695053
http://doi.org/10.1021/nl062271z
http://doi.org/10.1016/j.ejcb.2009.08.004


Int. J. Mol. Sci. 2022, 23, 5288 36 of 38

161. Barua, N.; Huang, L.; Li, C.; Yang, Y.; Luo, M.; Wei, W.I.; Wong, K.T.; Lo, N.W.S.; Kwok, K.O.; Ip, M. Comparative Study of
Two-Dimensional (2D) vs. Three-Dimensional (3D) Organotypic Kertatinocyte-Fibroblast Skin Models for Staphylococcus aureus
(MRSA) Infection. Int. J. Mol. Sci. 2021, 23, 299. [CrossRef]

162. Stark, H.-J.; Baur, M.; Breitkreutz, D.; Mirancea, N.; Fusenig, N.E. Organotypic keratinocyte cocultures in defined medium with
regular epidermal morphogenesis and differentiation. J. Investig. Dermatol. 1999, 112, 681–691. [CrossRef] [PubMed]

163. Jedrusik, N.; Meyen, C.; Finkenzeller, G.; Stark, G.B.; Meskath, S.; Schulz, S.D.; Steinberg, T.; Eberwein, P.; Strassburg, S.;
Tomakidi, P. Nanofibered gelatin-based nonwoven elasticity promotes epithelial Histogenesis. Adv. Healthc. Mater. 2018,
7, 1700895. [CrossRef] [PubMed]

164. Strassburg, S.; Caduc, M.; Stark, G.B.; Jedrusik, N.; Tomakidi, P.; Steinberg, T.; Simunovic, F.; Finkenzeller, G. In vivo evaluation
of an electrospun gelatin nonwoven mat for regeneration of epithelial tissues. J. Biomed. Mater. Res. A 2019, 107, 1605–1614.
[CrossRef] [PubMed]

165. Jedrusik, N.; Steinberg, T.; Husari, A.; Volk, L.; Wang, X.; Finkenzeller, G.; Strassburg, S.; Tomakidi, P. Gelatin nonwovens-based
epithelial morphogenesis involves a signaling axis comprising EGF-receptor, MAP kinases ERK 1/2, and β1 integrin. J. Biomed.
Mater. Res. A 2019, 107, 663–677. [CrossRef] [PubMed]

166. Liu, Y.; Wang, X.; Hu, F.; Rausch-Fan, X.; Steinberg, T.; Lan, Z.; Zhang, X. The effect of modifying the nanostructure of gelatin fiber
scaffolds on early angiogenesis in vitro and in vivo. Biomed. Mater. 2021, 17, 015010. [CrossRef]

167. Lee, J.B.; Ko, Y.-G.; Cho, D.; Park, W.H.; Kim, B.N.; Lee, B.C.; Kang, I.-K.; Kwon, O.H. Modification of PLGA nanofibrous mats by
electron beam irradiation for soft tissue regeneration. J. Nanomater. 2015, 16, 136. [CrossRef]

168. Saveleva, M.S.; Ivanov, A.N.; Chibrikova, J.A.; Abalymov, A.A.; Surmeneva, M.A.; Surmenev, R.A.; Parakhonskiy, B.V.;
Lomova, M.V.; Skirtach, A.G.; Norkin, I.A. Osteogenic Capability of Vaterite-Coated Nonwoven Polycaprolactone Scaffolds for In
Vivo Bone Tissue Regeneration. Macromol. Biosci. 2021, 21, 2100266. [CrossRef]

169. Abalymov, A.; Van der Meeren, L.; Skirtach, A.G.; Parakhonskiy, B.V. Identification and analysis of key parameters for the
ossification on particle functionalized composites hydrogel materials. ACS Appl. Mater. Interfaces 2020, 12, 38862–38872. [CrossRef]

170. Green, D.W.; Bolland, B.J.; Kanczler, J.M.; Lanham, S.A.; Walsh, D.; Mann, S.; Oreffo, R.O. Augmentation of skeletal tissue
formation in impaction bone grafting using vaterite microsphere biocomposites. Biomaterials 2009, 30, 1918–1927. [CrossRef]

171. Kim, S.H.; Lee, Y.J.; Chao, J.R.; Kim, D.Y.; Sultan, M.T.; Lee, H.J.; Lee, J.M.; Lee, J.S.; Lee, O.J.; Hong, H.; et al. Rapidly photocurable
silk fibroin sealant for clinical applications. NPG Asia Mater. 2020, 12, 46. [CrossRef]

172. Yang, C.; Shang, S.; Shou, D.; Ran, L.; Lan, G.; Hu, E. Transforming natural silk nonwovens into robust bioadhesives for in vivo
tissue amendment. J. Clean. Prod. 2021, 314, 127996. [CrossRef]
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