REVIEW

W) Check for updates

HEALTHCARE

www.advhealthmat.de

Biofabrication Strategies for Oral Soft Tissue Regeneration
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Gingival recession, a prevalent condition affecting the gum tissues, is
characterized by the exposure of tooth root surfaces due to the displacement
of the gingival margin. This review explores conventional treatments,
highlighting their limitations and the quest for innovative alternatives.
Importantly, it emphasizes the critical considerations in gingival tissue
engineering leveraging on cells, biomaterials, and signaling factors.
Successful tissue-engineered gingival constructs hinge on strategic choices
such as cell sources, scaffold design, mechanical properties, and growth
factor delivery. Unveiling advancements in recent biofabrication technologies
like 3D bioprinting, electrospinning, and microfluidic organ-on-chip systems,
this review elucidates their precise control over cell arrangement,
biomaterials, and signaling cues. These technologies empower the
recapitulation of microphysiological features, enabling the development of
gingival constructs that closely emulate the anatomical, physiological, and
functional characteristics of native gingival tissues. The review explores
diverse engineering strategies aiming at the biofabrication of realistic
tissue-engineered gingival grafts. Further, the parallels between the skin and
gingival tissues are highlighted, exploring the potential transfer of
biofabrication approaches from skin tissue regeneration to gingival tissue
engineering. To conclude, the exploration of innovative biofabrication
technologies for gingival tissues and inspiration drawn from skin tissue
engineering look forward to a transformative era in regenerative dentistry with
improved clinical outcomes.

1. Introduction

Gingival recession, characterized by the ex-
posure of tooth roots due to the loss of
protective gingival tissues, is a widespread
issue affecting nearly half of all adults in
the United States.!!-3] This common condi-
tion poses oral health challenges and dimin-
ishes the quality of life for millions. Patients
with gingival recession often face discom-
fort, a heightened risk of bacterial biofilm
development, aesthetic concerns, and root
sensitivity, particularly during chewing. Tis-
sueloss is triggered mainly by periodontitis-
related inflammation (following innate im-
mune response to bacterial plaque/biofilm
and bacterial products) and mechanical
stress.’*l When gingival recession pro-
gresses to an advanced stage, the exposed
tooth roots become susceptible to cario-
genic bacteria, potentially leading to root
caries and, in severe cases, tooth loss.[2*]
Addressing this pervasive issue demands
effective periodontal plastic surgical treat-
ments that reduce patient discomfort and
restore healthy gingival tissues.

Preimplant surgical reconstruction is
crucial in addressing various issues, such
as gingival recession and insufficient tissue
around the tooth.I”] The primary motivation
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Figure 1. The current standard of care for soft tissue reconstruction around teeth and dental implants. A,B) Subepithelial connective tissue graft har-
vested using the Trapdoor technique, C,D) Free gingival graft harvested from the hard palate, reprinted under term of the Creative Commons CC-BY-NC-
ND license,I’] E) Free gingival graft used to treat the gingival recession involving the mandibular central incisors, and its post-operative engraftment
and healing, and F) Free gingival graft placed around a dental implant in the posterior molar region to enhance the width of keratinized mucosa on the

buccal aspect, adapted from,®] Copyright 2019, John Wiley and Sons.

behind this requirement is to achieve an ideal amount of gum
and bone to support surrounding restorations or implants. Hard
and soft tissue reconstruction may be necessary to create a stable
foundation for successful implant placement and restoration.*!
The current standard of care for gingival recession and associated
soft tissue defects typically involves periodontal plastic surgery
techniques. These techniques often utilize autologous soft tis-
sue grafts, including free gingival grafts (FGGs) and connective
tissue grafts (CTGs), harvested from the patient’s palate. Addi-
tionally, procedures such as coronally advanced flaps and pedicle
grafts may be employed, utilizing gingival tissues from either the
same tooth or an adjacent one (Figure 1A-D).[58] Zucchelli et al.
recently reviewed these clinical approaches.[®) One of the clini-
cal techniques mentioned in periodontal plastic surgery studies
following the 2015 AAP Regeneration Workshop is the free gingi-
val graft (FGG), as shown in Figure 1E,F.[%] The FGG was initially
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utilized to repair keratinized tissue that had become deficient or
lost during development. Several risk factors for FGG have been
reported, including but not limited to inadequate recipient site
preparation, insufficient graft size and thickness, poor adapta-
tion to the recipient bed, and graft instability.l”] Because FGG
shrinks substantially (~30%) throughout the healing procedure,
a graft larger than the zone requiring soft tissue replacement
must be collected, which may explain the donor site’s postoper-
ative discomfort and complications.l”! Enough keratinized tissue
breadth and thickness seems crucial for natural teeth and dental
implants. Furthermore, marginal bone loss has been associated
with peri-implant soft tissue thickness.!”!

The transition from free gingival graft (FGG) to connective tis-
sue graft (CTG) signifies a shift from the traditional mucogingi-
val surgical technique to the more advanced field of periodontal
plastic surgery.l) While conventional mucogingival methods’ pri-
mary focus was expanding the keratinized tissue’s width (KTW),
the primary focus of contemporary periodontics should be on
the final aesthetic results. Extensive studies have shown that a
CTG is the most effective approach for healing gingival and mu-
cosal recessions at tooth and implant sites, enhancing soft tis-
sue thickness, covering exposed roots and implant parts, and re-
constructing interdental papillae.l’! The coronally advanced flap
(CAF), lateral rotational flap, semilunar flap, tunnel technique,
and vestibular incision subperiosteal tunnel access (VISTA) ap-
proach are a few of the methods that have been developed for
treating gingival recessions using a CTG or a graft replacement.[®]
CTG-based therapies have the most significant promise to obtain
full root coverage and improved aesthetics. During the first stages
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Table 1. The comparison of free gingival graft (FGG) and connective tissue graft (CTG) methods, including their success rate and limitations.[10-11]

Features

Free gingival graft (FGG)

Connective tissue graft (CTG)

Donor Tissue Source Palate (roof of the mouth)

Indication Gingival recession
Tissue Type Full-thickness gingival tissue
Graft Design
Graft Size
Wound Closure Sutured
Healing Outcome
Esthetic Outcome Moderate esthetic outcome
Post-operative Discomfort Palatal discomfort and pain
Graft Success Rate Generally high success rate

Potential Complications

Epithelium and connective tissue

Limited to the size of the donor site

Increased width of keratinized tissue

Graft shrinkage, graft failure, color mismatch

Palate (subepithelial layer)

Gingival recession, root coverage

Subepithelial connective tissue

Only connective tissue

Limited to the size of the donor site

Sutured

Increased width of keratinized tissue, root coverage
Excellent esthetic outcome

Palatal discomfort and pain

Generally high success rate

Graft shrinkage, graft failure, color mismatch

of wound healing, the CTG may serve as a biological filler, en-
hancing the adaptability and stability of the flap to the root.[®] This
transition is associated with an increased likelihood of achiev-
ing complete root coverage and an augmentation of the gingival
phenotype thickness. However, it has been shown that patient
discomfort and pain are similar to the FGG method.l! Table 1.
shows the differences between FGG and CTG and their limita-
tions.

Although autologous grafts have been extensively utilized clin-
ically for periodontal plastic surgery, they still carry fundamen-
tal issues related to donor site morbidity, tissue shortage and re-
tention, and site-specific characteristics of the tissue. This has
led to the exploration of alternate strategies for gingival reces-
sion management. Past work in the early 1980s demonstrated
the use of cultured epithelial cell sheets of human skin and
mucosa for intraoral grafting."?! However, these sheets lacked
tissue architecture and underlying supporting structures, mak-
ing them fragile and challenging to handle. With the advances
in tissue engineering in the past two decades, alternative ap-
proaches have been realized toward the biofabrication of gin-
gival tissue constructs. This can be seen in using and validat-
ing tissue-engineered oral mucosa and gingival equivalents for
fundamental research,['**! translational applications in animal
models, and limited proof-of-concept use in clinical studies for
oral and extraoral applications.l"*2%) Breaking the regulatory bar-
riers, allogeneic cultured keratinocytes and fibroblasts in bovine
collagen (Organogenesis’ GINTUIT) became the first regenera-
tive dentistry product that secured FDA approval in 2012 for treat-
ing mucogingival defects in adult patients and is applied topically
to surgically prepared vascular gingival graft bed.[!]

In contrast to conventional methods, 3D bioprinting tech-
nology facilitates the creation of tissues through a systematic
and reproducible layer-by-layer assembly process. This inno-
vative approach enables the precise construction of tissues or
even entire organs, offering potential breakthroughs in regen-
erative medicine and transplantation. Unlike 3D bioprinting,
perfusion-based microfluidic organ-on-chip systems primarily
serve as advanced disease modeling and drug discovery plat-
forms. These systems leverage microfluidic principles to mimic
the physiological conditions of human organs, aiding in the
study of disease mechanisms and the evaluation of therapeu-
tic interventions.[?2723] Integrating these technological advance-
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ments with a deep understanding of advanced materials and en-
gineered constructs holds substantial promise for enhancing cur-
rent clinical approaches to gingival regeneration, offering person-
alized interventions, expedited recovery, and minimized surgical
interventions.'*172*] Though tissue engineering is in its early
stages for periodontal regenerative therapies, it holds significant
promise. This review explores alternative biofabrication strate-
gies for overcoming challenges in traditional mucogingival treat-
ments, outlining critical considerations for gingival tissue con-
struct biofabrication. Lastly, we focus on exploring alternative bio-
fabrication strategies, including insights from skin biofabrication
and regeneration approaches, on further expanding the potential
for cross-application in gingival tissue regeneration.

2. Gingiva and Oral Mucosa

The major soft tissue component of the mouth is the oral mu-
cosa, which includes the gingiva (commonly referred to as gums)
and mucosal tissue that lines other parts of the oral cavity, includ-
ing the alveolar bone, palate, tongue, floor of the mouth, cheeks,
and the lips. Gingiva and oral mucosa serve as a barrier, shield-
ing the deeper oral tissues from the environmental conditions
within the oral cavity. Everyday activities such as grasping, biting,
and chewing food subject the soft tissues of the mouth to me-
chanical stresses, including compression, stretching, shearing,
and surface abrasions caused by rigid dietary particles. The oral
mucosa exhibits numerous adaptations in its epithelial and con-
nective tissue components to withstand these challenges. More-
over, the sensory function of the oral mucosa holds paramount
significance, serving as a vital source of information concerning
the dynamic processes occurring in the oral cavity. In this unique
environment, specialized receptors play a crucial role by detect-
ing changes in temperature, registering tactile sensations, and
signaling pain, thereby facilitating the recognition and regulation
of diverse stimuli and oral conditions.

Histologically, the oral mucosa primarily comprises two key
tissue elements (Figure 2): a stratified squamous epithelium, re-
ferred to as the oral epithelium, and a connective tissue layer
beneath it known as the lamina propria.l®®! Both components
orchestrate the responses associated with developing gingival
health and disease. The mucosa in areas subjected to mechan-
ical stress (gingiva and hard palate), called masticatory mucosa,
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Figure 2. Histomorphology of the human gingiva. Hematoxylin and eosin (H&E) stained the histological section of the hard palate and gingival tissue,
showing the different tissue structures and cell layers. Some of the H&E images are adapted froml?%] Copyright 2013, PubMed.

is lined by a keratinized stratified squamous epithelium. In con-
trast, the mucosa lining lines other parts of the oral cavity (alve-
olar bone, palate, tongue, floor of the mouth, cheeks, and lips),
referred to as lining mucosa, is covered by nonkeratinized strati-
fied squamous epithelium that is devoid of the corneal layer.[?¢]

Owing to the high mechanical forces from chewing, the mas-
ticatory mucosa is characterized by its rigidity, resilience to abra-
sion, keratinized epithelium, and firm adherence to the under-
lying lamina propria. The basal layer of the epithelium, also
known as the stratum basale, consists of cuboidal cells adjacent
to the basement membrane.[?’] Positioned above the basal layer
are multiple rows of larger polygonal cells called the prickle cell
layer or stratum spinosum. This terminology is derived from their
appearance in histological preparations, where they appear to
separate from each other, maintaining contact only at specific
points known as intercellular bridges or desmosomes.[?!] The
basal and prickle cell layers contribute to approximately one-
half to two-thirds of the epithelium’s total thickness. Moving up-
wards, the subsequent layer comprises larger flattened cells con-
taining small granules that exhibit intense staining with acid dyes
such as hematoxylin. This layer is identified as granular or stra-
tum granulosum.?! Finally, the outermost layer comprises flat
(squamous) cells, known as squames, which exhibit vivid pink
staining with the histological dye eosin, appearing eosinophilic,
and do not contain any nuclei. This uppermost layer is referred
to as the keratinized layer or stratum corneum.!2°]

The junction between the oral epithelium and the connective
tissue of the lamina propria is a dynamic interface characterized
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by the undulating interlocking of the epithelial ridges and con-
nective tissue papillae. This unique configuration enhances the
surface area of the interface compared to a simple, flat junction,
facilitating a stronger attachment and allowing forces applied to
the epithelium’s surface to be distributed over a larger region of
connective tissue. The lamina propria serves as the supportive
connective tissue for the oral epithelium. This intricate structure
comprises various elements, including cells, blood vessels, neu-
ral elements, and extracellular matrix fibers embedded within
an unstructured ground substance rich in water, glycosamino-
glycans, proteoglycans, glycoproteins, and other molecules. The
cellular composition of lamina propria encompasses fibroblasts,
mesenchymal stem cells, macrophages, mast cells, and inflam-
matory cells, with the fibroblast being the most common cell type.
Fibroblasts play a crucial role in preserving the oral mucosa’s
lamina propria’s structural integrity by producing and renewing
the fibers and ground substance. In adult oral mucosa, fibrob-
lasts have a relatively low proliferation rate except when triggered
during wound healing.[2°-31]

Furthermore, the oral mucosa boasts a robust blood supply,
primarily sourced from arteries coursing alongside the mucosal
surface within the submucosal layer. In cases where the mucosa
tightly adheres to the underlying periosteum and the submucosal
layer is absent, these arteries can be found in the deeper portion
of the reticular layer. From these main arteries, smaller branches
emanate and connect with neighboring vessels within the retic-
ular layer, eventually forming an intricate capillary network just
beneath the basal epithelial cells in the papillary layer.3"!
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The gingival epithelium can be categorized into three types
based on the microanatomical location: oral, sulcular, and junc-
tional epithelium. Briefly, the oral gingival epithelium covers the
outer surface of the gingiva and extends from the free gingival
margin to the mucogingival junction. The sulcular epithelium
lines the gingival sulcus, extending from the gingival crest tip
to the most coronal part of the junctional epithelium.[?-3!l From
here, the junctional epithelium extends from the base of the gin-
gival sulcus to ~2 mm coronal to the alveolar bone crest. It is
closely adapted to the tooth surface and contributes towards seal-
ing and attachment functions.??] These subsets of the gingival
epithelium differ histologically,[**! where the oral gingival epithe-
lium exhibits features similar to keratinized epithelium.

In contrast, sulcular and junctional epithelium are similar to
lining mucosa (nonkeratinized). They also differ in the expres-
sion of key cytokeratins (CK), especially the absence of CK13 and
CK19 in the keratinized gingival epithelium and a high expres-
sion of CK19 across all layers of the junctional epithelium.33¢]
The three gingival epithelial linings play an integral role in tis-
sue protection, homeostasis, and bidirectional movement of sub-
stances between the gingival connective tissue and the oral cavity
and provide a gateway for the host immune defense to play an
instructive and collaborative role in keeping the oral microbiome
at bay. The egress of interstitial flow from the connective tissue
into the gingival crevice, commonly called the gingival crevicular
fluid, with its host protective function is well established.l*’] Ad-
ditionally, the metabolically active epithelial cells play an integral
role in host protection by producing and transporting cytokines,
antimicrobial peptides, and growth factors.!3-3]

3. Tissue Engineering and Biofabrication of
Gingival Constructs

Recapitulating the intricate functionalities of gingival tissues
in vitro presents a formidable challenge, necessitating a com-
plex 3D microenvironment that cannot be provided by con-
ventional monolayer cultures or acellular biomaterial-based ap-
proach. Progress in cell culture techniques, tissue engineering,
and biofabrication strategies, driven by clinical demand to re-
place lost gingival tissues, limited availability to autologous tis-
sues, and regulatory pressure to replace animal models with al-
ternative testing methods, has spurred the development of 3D
organotypic models of human gingiva. The demand for such
biofabricated gingival constructs is substantial and holds pro-
found implications in fundamental research and clinical thera-
peutic/regenerative applications.

Biofabrication, a rapidly evolving field in tissue engineering
and regenerative medicine, involves precisely fabricating living
constructs using advanced tissue engineering techniques. Sev-
eral critical factors are pivotal in the successful biofabrication of
functional tissues and organs.[*°! The advancement of biofabri-
cation technologies and understanding these vital factors are es-
sential for successfully fabricating functional tissues and organs,
paving the way for transformative applications in regenerative
medicine and personalized healthcare. Here, we discuss some
key biomaterial, cellular, and biological factors to be considered
for incorporation with the various enabling biofabrication tech-
nologies (Figure 3).

Adv. Healthcare Mater. 2024, 13, 2304537 2304537 (5 Of29)

www.advhealthmat.de

3.1. Biomaterial Considerations
3.1.1. Porosity

The porosity of the biomaterial plays a crucial role in the ef-
fective regeneration of the biofabricated tissue. Scaffolds or im-
plants with interconnected pores create a 3D structure closely
mimicking the natural extracellular matrix (ECM) environment.
This porous structure can offer several advantages for cell attach-
ment and integration.[*!] Porous materials have a larger surface
area than nonporous materials of the same volume, as shown in
Figure 4A. This expanded surface area provides more room for
cell adhesion and spreading, allowing for better cell attachment.
The interconnected pores facilitate the diffusion of oxygen, trans-
fer of nutrients, and removal of waste products throughout the
structure. This supports cell viability and functionality, especially
in thicker tissue constructs. In addition, the increased porosity
contributes to increased cellular metabolism and development by
promoting enhanced nutrition, gas diffusion, and efficient waste
disposal.[#~#]

The ECM is a dynamic and complex network of proteins, gly-
coproteins, proteoglycans, and other molecules that provide cells
with structural support and vital metabolic signals. Biofabrication
strategies with spatial organization capabilities enable the poten-
tial to create porous materials emulating the ECM structure and
composition. The interconnected pores in a porous material can
serve as pathways for cell migration and tissue ingrowth, facili-
tating the establishment of cell connections and promoting new
tissue formation and integration with the host tissue. Optimal
porosity enables early microvascular penetration, graft stabiliza-
tion, and integration with the host tissue.[***] More specifically,
macropores between 100 and 700 um promote blood vessel for-
mation at the implanted locations, while micropores <100 um
may hinder cell viability due to local ischemia.[*~#8]

It is important to note that the specific porosity requirements
may vary depending on the intended application, cell type, and
tissue being targeted. Optimization of porosity, pore size, and
pore interconnectivity is necessary to achieve the desired cell at-
tachment, integration, and overall tissue regeneration outcomes.
Many different approaches to fabrication have been employed to
develop various porous scaffold designs.*’! Gingival connective
tissue comprises two distinct regions: the papillary and reticular
regions, each with unique characteristics and functions.l! Each
zone has a hierarchical structure, which can impact the poros-
ity of the connective tissue. For instance, the papillary region,
being superficial connective tissue, has thinner collagen fibers
arranged irregularly. On the contrary, the reticular portion, the
deeper section of the gingival connective tissue, has thicker col-
lagen fibers arranged in a parallel orientation to the underlying
mucoperiosteum.>!! To assess the suitability of pores while engi-
neering soft tissues, in vivo models have been employed, mon-
itoring tissue response, inflammation, and immune reactions
longitudinally.>? In parallel fashion, in vitro models have scru-
tinized cell proliferation and microvascularization, underscoring
the critical role of porosity and specific pore sizes.

Advanced microscopy techniques, including scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM), and BET (Brunauer—
Emmett-Teller) analysis, offer enhanced insights to devise
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Figure 3. Schematic highlighting the key considerations and biofabrication strategies for fabricating next-generation gingival constructs.

optimal strategies for achieving requisite porosity. These multi-
faceted approaches enrich our understanding and pave the way
for more effective design strategies in biomaterial development.
The potential to precisely control pore size and distribution at
various scales using 3D printing allows for replicating the nat-
ural hierarchy in gingival tissues, ensuring that the fabricated
biomaterial or ECM closely mimics the native tissue’s structural
properties.[3

3.1.2. Mechanical Properties

Mechanical considerations are paramount in biofabrication gin-
gival tissue constructs, particularly given the substantial mechan-
ical stresses that gingival tissues experience under masticatory
load. Tensile strength, stiffness, and elasticity are crucial mechan-
ical qualities that demand thorough evaluation to mimic the na-
tive tissue environment effectively. These attributes are pivotal
to providing mechanical support for cell attachment, prolifera-
tion, and overall functionality. The essential mechanical prop-
erties requisite for bioengineering oral soft tissues, including
the gingiva,[**] are shown in Figure 4B. Moreover, the mechan-
ical properties ensure structural integrity during the handling
and implantation. The tissue construct or scaffold must possess
strong mechanical and structural properties that shield it from
damage caused by the substantial forces of tissue tension or
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occlusion. This resilience prevents unintended detachment and
wound dehiscence.[*!] Furthermore, the mechanical characteris-
tics of the tissue-engineered scaffolds are critical in protecting the
blood clot and promoting the healing process.

While synthetic biomaterials have excellent mechanical
strength and tunability potential, their slow degradation is a
limiting factor. In contrast, natural biomaterials like collagen,
fibrin, and Fibro-Gide (bovine-collagen-based) have excellent
biocompatibility and biological activity but poor mechanical
properties.> Hence, hybrid biomaterials that combine synthetic
material with tunable mechanical properties and natural poly-
mers’ biological activity have been widely studied.>>-¢]

The three commonly used techniques for analyzing mechan-
ical properties—monotonic uniaxial unconfined compression,
small amplitude oscillatory shear (SAOS) rheology, and dynamic
mechanical analysis (DMA)—offer different advantages and lim-
itations. In gingival tissue analysis, DMA, particularly creep and
small amplitude dynamic strain-controlled tests, are suggested
for comprehensive mechanical characterization. SAOS rheology
may be more suitable for studying processing kinetics due to its
capacity to maintain volume integrity, which could be pertinent
in assessing gingival tissue responses.**] The mechanical prop-
erties of natural gingival tissue vary between individuals, influ-
enced by age and sex. Nevertheless, through studies and analyses
conducted on natural gingiva tissue under specific conditions—
such as preconditioning with tensile forces ranging from 0.5 to
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Figure 4. Characteristics and biodegradation profiles of electrospun gelatin-based fibers as scaffolds for oral soft tissue regeneration A) Scanning electron
microscopy (SEM) images illustrating the fabrication of porous structures with permeability in electrospun gelatin-based fibers and pure GelMA fibers,
as adapted from!*4] open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license. B) Depictions
of porcine oral soft tissues captured from the buccal and lingual perspectives of porcine lower jaws, stress-strain curves reflecting various regions of
porcine oral mucosal tissue under uniaxial tensile testing, and a normalized stress relaxation curve, as adapted from,[**] Copyright 2021, John Wiley and
Sons. C) Biodegradation profiles of different gelatin-based membranes over 14-day periods, adapted from,[*4] an open-access article distributed under
the terms and conditions of the Creative Commons Attribution (CC BY) license.

2.0 N over 20 cycles of stress/strain analysis at a rate of 20 mm
min~! and utilizing specimens from Thiel-embalmed cadavers
at 22 °C—the following mechanical characteristics were deter-
mined: natural gingival tissue exhibits a tensile strength of ~3.8
MPa and an elastic modulus of ~37.4 MPa.>”] Under conditions
of compressive creep at 0.36 kPa, conducted at 37 °C for 5 min
with a frequency of 1Hz, investigations were carried out on both
hydrated and dehydrated mucosa. The results indicated that the
elastic modulus of hydrated mucosa was ~2.7 Pa, while that of
dehydrated mucosa ranged from ~2 to 4.5 Pa.l>8

The current standard of care for managing gingival recession
commonly involves grafts from the hard palate, which exhibits
a tensile strength of 1.70 & 0.87 MPa and an elastic modulus
of 18.1+4.5 MPa.>’] The donor site selected is primarily the
palate, as it offers connective tissue grafts that are suitable in
thickness to match the needs of the recipient area. Nonethe-
less, aesthetic outcomes may be affected due to the color dis-
parity between the graft and the tissues at the recipient site. Ad-
ditionally, this approach presents the challenge of managing a
significant denuded area in the palate, which requires healing
through secondary intention.>-%l Meanwhile, buccal mucosa,
another candidate for autologous grafting to treat gingival reces-
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sion, displays notably lower tensile strength (1.54 + 0.52 MPa)
and elastic modulus (8.3 +5.8 MPa) than graft from hard palate
and gingiva (Figure 4B).”] When designing gingival tissue, it is
crucial to consider the mechanical stresses the engineered tissue
will encounter, such as those generated by chewing, orthodontic
movement, and wound healing dynamics, including blood flow
and suture placements.[°!] Researchers have emphasized assess-
ing alternatives for oral soft tissue transplantation to examine
cell-seeded biomaterials under physiological conditions. This ex-
ploration involves using bioreactors to simulate relevant condi-
tions, such as imposition and control of shear stress on the cell-
cultured biomaterial, allowing for an in-depth investigation into
how these biomaterials and gingival constructs respond to crit-
ical factors.[®!] Although this has promise as a screening tech-
nique for modified gingival tissue constructs, comprehensive in
vivo data on forces experienced by the gingival tissues remains
limited.[°!] Additionally, the suture pull-out is another crucial me-
chanical attribute to be considered to ensure the grafts can with-
stand the shear forces exerted during suturing. The benchmark
threshold for the pull-out test is at least 2N.[%?]

Upon grafting, despite the biomechanical considerations, the
findings demonstrated a significant decrease in keratinocytes
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on skin-derived substrates (DED and AlloDerm) within the first
week after implantation.[®3] Moreover, epithelial cells from the au-
tologous biopsy were also noted to diminish during this period.
Observations indicated a decline in epithelial cells and deterio-
ration of the graft. Intriguingly, when free gingival grafts were
placed directly onto the bone, epithelial coverage was only re-
stored after 14 days, primarily through growth from the wound
edges. On the contrary, Yoshizawa et al. showed that the grafted
ex vivo-produced oral mucosa equivalent (EVPOME) maintained
its layered epithelial structure for up to 5 days postgrafting.[®]
These results highlight the intricacies and variations in healing
outcomes linked with different substrates, even when they pos-
sess appropriate mechanical characteristics.!®! In another study,
engineered mucosal cell sheets resembling oral mucosa exhib-
ited high flexibility and ease of handling.[! In a rat model repli-
cating tongue cancer surgery, these sheets facilitated oral wound
healing by promoting re-epithelialization. They led to accelerated
wound healing with minimal fibrosis, improving hand dexter-
ity. The grafts also reduced inflammation and granulation for-
mation, fostering a more natural healing process with enhanced
hand functionality. These outcomes are possibly linked to im-
proved microvascular formation and reduced fibrosis within the
wounds.

3.1.3. Permeability

Lately linked to porosity, permeability is vital for efficiently trans-
porting oxygen, nutrients, and signaling molecules within scaf-
folds, directly impacting cell viability and function. It is a cru-
cial aspect of tissue engineering, requiring customization to
meet the unique requirements of each engineered tissue and
its operational environment. An optimal scaffold should fa-
cilitate the effective diffusion of essential nutrients and oxy-
gen, alongside waste removal, to promote cellular health and
proliferation. Furthermore, the scaffold’s permeability should
be designed to enable the infiltration of cells and the in-
tegration of the scaffold with the surrounding tissue with-
out compromising the mechanical stability of the engineered
construct.[?]

Achieving the ideal permeability level is a complex process in-
fluenced by the targeted biological objectives. For instance, stud-
ies have indicated that higher permeability can enhance bone for-
mation in vivo, while lower permeability may improve cell seed-
ing efficiency. Research conducted by Lien et al. found that chon-
drocytes exhibited increased proliferation and ECM production
when cultured in scaffolds with pore sizes ranging from 250 to
500 cm.[®”] This range preserved cell phenotype, whereas smaller
pores (50-200 pm) led to cell dedifferentiation.*”] Further stud-
ies on synthetic human elastin (SHE) scaffolds have shown that
those with a 34.4% porosity and an 11-um average pore size ef-
fectively promote dermal fibroblast infiltration.

In contrast, scaffolds featuring a 14.5% porosity and 8-um
average pore size were more conducive to surface-level cell
proliferation.[®®] Additionally, fibroblasts cultured in the scaffolds
with higher porosity and larger pore sizes were observed to pro-
duce substantial quantities of fibronectin and collagen type I
throughout the study, indicating a positive impact on extracellu-
lar matrix composition and scaffold integration.[%8]
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The ideal pore size for maximizing osteoblast activity within
tissue-engineered scaffolds for bone regeneration remains to be
determined, with studies presenting varying results. Scaffolds in
bone tissue engineering typically feature pore sizes ranging from
20 to 1500 um.[%72] Research by Akay et al. on osteoblast behav-
ior in PolyHIPE polymer (PHP), a highly porous polymeric foam,
revealed that osteoblasts tended to populate denser in areas with
smaller pores (around 40 um). In contrast, larger pores (=100
pm) were more conducive to cell migration.”3] However, other
findings disagree, showing that pore sizes larger than 300 um
are necessary to facilitate osteogenesis.’l Angiogenesis-wise, it
is noted that a minimum porosity of ~#30-40 pm is essential for
blood vessel regeneration, as it allows for the effective exchange
of metabolic components and facilitates the entry of endothelial
cells, ensuring a conducive environment for tissue development
and integration.[*175-76]

The physical attribute of mass transport represents the im-
pact of structural design features on fluid flow dynamics within
a construct. Porosity, pore structure, and permeability are three
interrelated architectural features that impact the scaffold’s dif-
fusion dynamics and mechanical characteristics.l””! For instance,
the porosity and permeability of fibrin and collagen hydrogels as-
sessed within a microfluidic device demonstrated lower porosity
and permeability than collagen hydrogels.l”] Further, the poros-
ity and permeability of fibrin hydrogels depend on the con-
centration of fibrinogen and thrombin used for the hydrogel
fabrication.[”!

Macromolecular permeation and interstitial flow within the
gingival connective tissue contribute to the gingival crevicular
fluid’s (GCF) flow dynamics and composition.[®) The GCF ex-
hibits transudate and inflammatory exudate features with the
flow rate and macromolecular composition dependent on the
health or inflamed status of the gingival crevicular wall.® To
understand the permeation characteristics of macromolecules
through gingival connective tissue constructs reconstructed
within a microfluidic gingival crevice-on-chip, Makkar et al.,[3!]
adopted simulation studies using computational fluid dynamics
followed by validation using fluorescence recovery after photo-
bleaching (FRAP)-based assay. The kinetics of diffusion (recovery
half-time) of fluorescein-conjugated dextran macromolecules of
10 and 70 kDa sizes through photobleached area of the tissue
constructs provided insights into the macromolecular perfusion
characteristics representative of transudate and exudate, respec-
tively.

3.1.4. Biodegradation

Ideally, the graft material’s degradation rate should match the
time required for gingival tissue regeneration. The degradation
rate of a prospective replacement graft should be rapid enough
to integrate the host and cultured cells successfully. However, it
is also imperative that the graft retains its structural integrity and
mechanical properties to ensure overall construct stability. Estab-
lishing a single, universally applicable design for gingival tissue
engineering that effectively manages biodegradation presents
significant challenges due to various influencing factors. The
complexity of selecting the appropriate materials is central to
these challenges, as this choice directly impacts the scaffold’s
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biodegradation rate, which must be carefully synchronized with
the formation of new tissue. While the ideal graft is designed to
both prevent the ingrowth of gingival epithelium into the defect
and promote the recruitment and adhesion of native undifferen-
tiated cells for new ligament tissue formation, achieving this bal-
ance is complicated by the need for a nuanced understanding of
the healing process, expected to span 4 to 6 weeks for periodon-
tal connective tissue. The scaffold’s degradation should proceed
at a pace that maintains its structural integrity throughout the re-
generation period, aiding in the recruitment, proliferation, and
differentiation of periodontal progenitor cells while simultane-
ously inhibiting the invasion of gingival epithelial cells into the
defect area. This intricate interplay of requirements underscores
the difficulty of developing a singular tissue engineering strategy
to accommodate periodontal tissue regeneration’s diverse and dy-
namic nature, influenced by patient-specific responses, material
properties, and the scaffold’s architectural features.

Ayoub and colleagues developed biodegradable azithromycin
(AZ)-loaded gelatin methacryloyl (GelMA) electrospun
fibers with controllable drug release for infection ablations
(Figure 4C).**] Previous work in a canine model assessed
the therapeutic use and efficacy of ePTFE (Gore) and PLA
(Guidor) membranes.!®?] Generally, the nonresorbable ePTFE
material is removed between 4 and 6 weeks after implantation.
Therefore, nonbiodegradable materials are not designed for
cellular infiltration, which is necessary for forming functional
gingival tissue during gingival regeneration. There is plenty of
evidence in the literature to show that the underlying connective
tissue supports and controls epithelial development and cellular
differentiation.[®3] For example, if an implanted material were to
deteriorate too fast (in less than 16 weeks), volume loss and in-
adequate or nonexistent tissue growth would result. There is no
evidence of tissue infiltration or functional tissue regeneration,
such as cellular interactions with the vascular network of the
basement membrane when long-lasting grafts like Artelon or
PTFE-polyvinylidene fluoride-polypropylene (PP) tetrapolymer
are used.®* Degradation studies of the Geistlich Fibro-Gide
product show that tissue remodeling and healing continue 3
months after implantation, with blood vessels forming in the
graft®>] Degraded Fibro-Gide graft usually loses its physical
structure rapidly, adversely influencing graft efficiency.®®!

3.2. Cellular and Biological Considerations

Fabricating gum tissues in vitro requires the incorporation of cel-
lular and biomechanical cues, which promote the spatial orga-
nization of the gingival keratinocytes to form a stratified, mul-
tilayered epithelium with cornification. A significant factor in
achieving keratinocyte’s desired stratification and differentiation
involves exposing the biofabricated construct to an air-liquid
interface (ALI). This positioning allows the construct’s apical
end (keratinocyte seeded side) to be exposed to air while the
basal side experiences the diffusion of culture media.[#-%! Cul-
ture at ALI and under high calcium levels induces polariza-
tion of the basal keratinocyte shift in the cell division axis, lead-
ing to stratification and differentiation. Another crucial cue is
provided by the gingival fibroblasts, which engage in crosstalk
with overlying keratinocytes and secrete soluble factors, such
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as growth factors and cytokines. These molecular signals play
a crucial role in orchestrating the spatiotemporal aspects of ep-
ithelial morphogenesis.[3%-2] These biological principles have in-
spired the development of organotypic gingival tissue models,
ranging from reconstructed gingival epithelium-only models to
full-thickness gingival equivalents.l'>*}] Reconstructed gingival
epithelium-only models are relatively simplistic and fabricated
by seeding oral or gingival keratinocytes over an acellular porous
membrane or collagen scaffold within a Transwell, followed by
ALI culture to induce stratification and differentiation.’" In
contrast, full-thickness models involve seeding the keratinocytes
over a fibroblast-laden matrix, typically collagen and fibrin-based
hydrogels, followed by ALI culture.[16:87-88.95-97]

3.2.1. Cellular Considerations

In regenerative medicine, many cells are employed to repair, re-
place, regenerate, and improve the function of tissues or organs.
These cells include embryonic stem cells (ESCs), which have the
potential to differentiate into any cell type; adult stem cells, such
as mesenchymal stem cells (MSCs) found in bone marrow, adi-
pose tissue, and dental pulp, known for their ability to differen-
tiate into a variety of tissue types including bone, cartilage, and
fat; and induced pluripotent stem cells (iPSCs), which are adult
cells reprogrammed to an embryonic stem cell-like state, capable
of differentiating into many different cell types. Within the intri-
cate structure of gingival tissues, a diverse array of cell types col-
lectively contributes to their multifaceted nature. The cell types
most commonly utilized include periodontal ligament stem cells
(PDLSCs), gingival mesenchymal stem cells (GMSCs), and bone
marrow-derived mesenchymal stem cells (BMSCs). These cells
are particularly valued for their capacity to promote the regen-
eration of periodontal tissues, including the gingiva, periodontal
ligament, and alveolar bone. PDLSCs are especially crucial for
their role in regenerating the periodontal ligament and support-
ing structures of the teeth. GMSCs, harvested from the gingiva,
are advantageous due to their accessibility, proliferative capacity,
and potential to differentiate into multiple cell types, contribut-
ing significantly to the repair and regeneration of gingival tis-
sue. These cells facilitate the structural repair of damaged tis-
sues and secrete bioactive factors that modulate the immune re-
sponse and enhance healing, making them pivotal in develop-
ing effective strategies for gingival regeneration in regenerative
dentistry.[%8-100]

In the gingival epithelium, keratinocytes are the predominant
cell type.['%1] The gingival keratinocytes form a keratinized strati-
fied squamous epithelium consisting of basal, spinous, granular,
and corneal layers.['!] The gingival epithelium contains other
cell types, such as Langerhans, Merkel, and melanocytes.['!]
Complementing the complexity, the gingival connective tissue
(also termed lamina propria) presents two distinct layers: the
reticular layer proximal to the tooth-root surface or the alveolar
bone and the papillary layer that is intertwined with the rete pegs
of the gingival epithelium.'t] The lamina propria comprises
cells, ECM, blood vessels, lymphatic vessels, and nerves.!'%! This
environment is further enriched by additional cell types that in-
clude neutrophils, resident macrophages, mast cells, and those
involved in inflammation and innate immune response.[1°) This
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intricate cellular interplay orchestrates the complex architecture
and functional dynamics of gingival tissues.

In this way, one of the crucial considerations for the biofab-
rication of gingival tissues is the selection of relevant cells and
their sources.'"?) This is significant when recapitulating native
tissue’s barrier and host defense properties, which are crucial.l'%!
The various cell types used to biofabricate gingival tissue con-
structs range from primary, immortalized, and tumor-derived
cell lines.['] Among these options, primary cells hold a signifi-
cant advantage due to their close phenotypic resemblance to cells
found in vivo.['%] However, a considerable challenge in primary
cell use includes post-mitotic alterations and senescence under
in vitro culture and expansion.'®! This limits their use in lab-
oratory settings, especially when large quantities of cells are re-
quired for tissue engineering and regenerative applications. Fur-
thermore, factors such as donor age, tissue origin, health/disease
status, and the distinction between single versus pooled donors
can collectively influence the variability in outcomes concerning
cell performance and bioactivity of the cells for gingival tissue
engineering.

Cancer cells and immortalized cell lines have an immense
potential to be alternatives to primary cells in the early phases
of developing gingival tissue models. They have been used ex-
tensively to reconstruct gingival tissue equivalents for inves-
tigating mucosal barrier properties, host-microbe, and host-
material interactions.'*! Human oral cancer cell lines TR146
and HO-1-u-1 have commonly been used for permeation-based
studies.[191%8] They are derived from metastatic buccal carci-
noma and squamous cell carcinoma of the floor of the mouth,
respectively.”’] However, these cells have questionable physio-
logical relevance and are shown to form loose epithelium with-
out tight junction proteins.[1%1% Alternatively, immortalized
gingival keratinocytes and fibroblasts have gained popularity in
developing full-thickness gum tissues. Immortalization of oral
cells can be performed by various methods, which include si-
lencing of tumor suppressor gene p53, using viral oncogenes
like HPV E6/7, or by telomerase reverse transcriptase expres-
sion (TERT).['*] Unlike other immortalized keratinocytes, TERT-
immortalized keratinocytes can combine the physiological at-
tributes of primary cells and the long in vitro culture span.[8-11]
These cells exhibit stable karyotypes and can be induced to be-
come differentiated cells showing tissue-specific features and ex-
pressing differentiation-specific proteins.l"12-113] Past attempts to
use TERT immortalized keratinocytes from the gingiva and floor
of the mouth, as well as gingival fibroblasts, led to the develop-
ment of organotypic culture of oral mucosa and gingiva for host
material and microbe interaction studies.1%%5-% 1111 Histological
and immunohistochemistry data from these studies has shown
the advantages of these cells to generate oral mucosa/gingiva
equivalents in vitro with well-organized multilayered epithelium,
culture time-dependent expression of key epithelial differentia-
tion markers, cytokeratins, and antimicrobial peptides similar to
the native tissue.[>>!14]

Incorporating a cellular subepithelial layer in the full-thickness
model facilitates epithelial-mesenchymal crosstalk, which aids
in enhanced differentiation of epithelium that closely mimics the
native gingival tissue. Another essential biological consideration
should be given to the type of fibroblasts used in the biofabri-
cation process. Fibroblasts maintain positional and topograph-
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ical identity, determining their function.[#>92115-116] [ the con-
text of gingival tissues, high heterogeneity among the gingival fi-
broblast population has been observed using single-cell sequenc-
ing techniques.!''”] The fibroblasts in the superficial connective
tissue (one just below the epithelium) are distinct from those
present in the deeper gingival connective tissue, and past stud-
ies using 3D cultures have shown this dictating differences in
epithelial morphogenesis and innate immune response.[*0-21

3.2.2. Extracellular Matrix Components

Collagens, elastin, laminin, and fibronectin are the main compo-
nents of the connective tissue matrix of healthy gingiva.[118-120]
Notably, collagen types I and III constitute the majority of colla-
gen within the human gingival tissue.['*®] Collagen type IV and
V collagen constitute a mere 1%, predominantly present dur-
ing the early recovery phases of wound healing. Collagen type
V is suggested to direct endothelial cells (ECs), enhancing vas-
cularization and angiogenesis.['®®] In this intricate milieu of the
lamina propria, human gingival fibroblasts (HGFs) play a piv-
otal role in ECM synthesis and maintenance.['?!] Within every cu-
bic millimeter of the lamina propria, a staggering population of
~200 million fibroblasts exists.['??] This dynamic fibroblast net-
work generates an assortment of constituents, including collagen
fibers, that are organized to meet the mechanical demands of the
gingival tissue. The collagen fibrils produced by HGFs typically
range between 50 and 100 nm.!1?2]

In addition to incorporating different cell types, the interac-
tion between biomaterials and cell types is crucial for de novo
collagen, elastin, laminin, and fibronectin production and or-
ganization. Noninvasive imaging techniques, such as confocal
reflectance microscopy and second harmonic generation mi-
croscopy, have provided valuable insights into the behavior of
HGFs and periodontal ligament-derived fibroblasts when em-
bedded within collagen-free human fibrin-based matrices. 84821
These studies reveal the remarkable capacity of these cells to
generate a de novo reticular network of ECM fibers charac-
terized by a substantial presence of collagen and fibronectin.
These cell-derived reticular ECM fibers are interspersed between
the amorphous native fibrin matrix and organized around the
vasculature.['?3

Furthermore, the fibroblasts exhibit age-associated qualitative
alterations in the ECM fiber organization.?*] Young fibroblasts
exhibit a robust ECM production, featuring a dense accumula-
tion of collagen and fibronectin intricately woven into a complex
reticular pattern. Conversely, aged fibroblasts generate a thinner
ECM structure with a more linear alignment of its constituent
fibers.!'?*] Further, it has been recently reported that the implan-
tation of engineered gelatin-based nanofibers supported angio-
genesis, the integration with host tissue, based on the presence of
mature, thick, and well-aligned collagen fibers intertwining with
the scaffold while promoting mild inflammatory response.[*]

3.2.3. Vascularization
Incorporating vasculature within gingival tissue constructs

provides vital functionality with the prospects of enabling
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rapid inosculation and integration with host vasculature, oxy-
genation, nutrient transport, removal of metabolic waste,
and host innate and adaptive defense.l!?! Tissue constructs
with microvascular networks have been fabricated using
3D culture and self-assembly of endothelial and mural
cells,[123126-127] 3D bioprinting, |23 and microfluidic organ-on-
chip systems.[1317132] Some key considerations for incorporating
vasculature within the gingival constructs include the source
of endothelial cells, ranging from microvascular origin or large
vessels.[123:127:130.132-133] - Additionally, incorporating mesenchy-
mal stromal or mural cells is essential for vascular maturation
and function.['?’] The source of stromal cells and their ratio to
endothelial cells can play a crucial role in angiogenic events,
vascular maturation, and barrier function.[!27:13+-13¢]

Integrating blood vessels into tissue equivalents remains an
ongoing challenge, demanding optimization of cell culture con-
ditions, biomaterial selection, fabrication methodologies, and
comprehensive clinical investigations.'38] Makkar et al.,l'?}] re-
cently demonstrated the fabrication of vascularized gingival con-
nective tissue equivalents using primary gingival fibroblasts and
endothelial cells of microvascular origin embedded within a
fibrin-based matrix (Figure 6A—C).

Further, they demonstrated the application of the model for
understanding periodontal host-microbe interactions using co-
culture with an array of early, intermediate, and late biofilm
colonizers (Figure 6D). Interestingly, the secretome from these
vascularized tissue equivalents exposed to various bacterial col-
onizers exhibited differential polarization of macrophages to-
wards pro-inflammatory and anti-inflammatory phenotypes./*23]
Similarly, Gard et al. designed a high-throughput microflu-
idic model to investigate gingival tissue’s inflammation and
subsequent healing.'¥”] Through the visualization of human
microvascular endothelial cells (hMVECs), they observed that
a robust and well-preserved endothelial layer could be main-
tained throughout extended culture until day 32, as shown in
Figure 5A-C.

Similarly, Nishiyama et al. employed a layer-by-layer cell
coating technique to fabricate vascularized oral mucosa equiv-
alents exhibiting keratinized and nonkeratinized phenotypes
(Figure 6E).*°] However, control over microvessel diameter
and distribution remained challenging. Similarly, Heller et al.
demonstrated the fabrication of prevascularized buccal mucosa
equivalents using a triculture of keratinocytes, endothelial cells,
and fibroblasts on a collagen matrix (Bio-Gide).'*! Transplan-
tation of these constructs into nude mice resulted in acceler-
ated blood supply through functional anastomosis with host vas-
culature. Despite these advancements, capillary-like structures
within the collagen matrix appeared nonuniform, primarily con-
centrated near the surface. The authors postulated that lim-
ited endothelial cell infiltration might arise from insufficient an-
giogenic factor signaling and/or matrix-related structural con-
straints.

Looking ahead, the integration of 3D bioprinting technology
holds promise for developing gingival grafts featuring intricate
hierarchical vasculature encompassing major and minor vessels.
Achieving gingival tissues with complex vascular architecture ne-
cessitates a comprehensive understanding of the native tissue’s
vasculature and acquiring a vascular blueprint. However, inher-
ent structural variations in gingival vasculature are apparent.[**!]
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The extent of the anastomosis of prevascularized constructs de-
pends on the type and degree of blood flow directed toward the
lamina propria.[**?! Prior studies have shown heterogeneity in the
vascular organization with more horizontal or vertical blood flow
following selective occlusion of particular parts of the papilla.'*]
This could be attributed to the dense network of blood vessels
within the gingival'*!] Arteriole-to-arteriole linkages may have a
role in the observed discrepancies.['*1*] In the papillary compo-
nent, terminal capillary loops intricately interconnect with post-
capillary venules within the gingival plexus, creating a dense vas-
cular network.['?2l About 50-60 loops mm~2 are in the papillary
layer.l1?2] Remarkably, the natural gingival tissue hosts up to 10
microvessels mm~2, with the size of each vessel distinctly tailored
to its specific anatomical location and hierarchical level.[}#4]

Furthermore, gender distinctions exist, with men exhibiting
greater recovery of blood flow and rapid anastomosis of coronally
advanced flaps compared to women.['*] This divergence might
offer critical insights that could be harnessed to foster graft anas-
tomosis. To effectively extend the application of prevasculariza-
tion strategies to gingival tissue regeneration, it becomes impera-
tive to characterize the nuances inherent in gingival vasculature.
Considering gingival tissue’s physiological and anatomical fea-
tures, regulating blood vessel growth is vital for successful graft
integration and effective healing.[1*?]

4. Biofabrication Strategies

Gingival tissue engineering aims to restore the original design
and function of the gingival structure, involving soft-to-hard
tissue integration. Scaffold-based and scaffold-free biofabrica-
tion approaches have considerably evolved with the advance-
ments in dental biomaterials and regenerative tissue engineering
strategies.l*6] Using cells, growth factors, bioactive agents, and
biodegradable and mechanically durable polymeric scaffolds,
scaffold-based strategies can retain cells and increase their sur-
vival rates in response to unique therapeutic demands.!1*¢! Varia-
tions in architecture and geometry (porosity, pore structure, etc.)
and chemical composition characterize a multiphasic (e.g., vary-
ing materials, chemical/morphological structures, and mechan-
ical properties) scaffold, which often resembles normal gingi-
val tissue in terms of its structural arrangement or cellular and
molecular makeup.['*”] Multiphasic scaffolds, which may provide
tissue-engineered bone and soft tissue grafts with biomimetic ac-
tivity, have recently been used in dental tissue engineering. Soft-
hard tissue interface control is often required during gingival tis-
sue restoration.!148]

Furthermore, similar to gingiva regeneration, the failure to ac-
complish functional integration of heterogeneous soft and hard
tissue, either with one another or with the host environment,
represents a substantial therapeutic gap. Sometimes, the original
soft and hard tissue architecture may be restored by adopting
a sophisticated scaffold design, allowing for effective tissue
integration in vivo.['*) Biofabrication technologies, including
fused deposition modeling, electrospinning, 3D printing, and
bioprinting, have regenerated a multiphase structure.'*?] Al-
ternatively, prefabricated multicellular building blocks such as
spheroids, cell sheets, exosomes, and tissue strands are studied
through scaffold-free tissue engineering.[1*15%] The modular
bottom-up approach replicates the microenvironment of the
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Figure 5. Culturing gingival constructs under flow using organ-on-chip system and its impact on cellular morphology and function. A) Confocal or-
thogonal view of the engineered tissue. B) Observation of a layer of human microvascular ECs on day 32. C) Specific staining of the vascular-related
marker von Willebrand factor (in red) indicates blood vessels on the lower side of the membrane. Reprinted from.!"3’] Distributed under the terms of the
Creative Commons Attribution License (CC BY). D) Schematic representation illustrating the gingival compartment exposed to unidirectional interstitial
flow. E) Evaluation of cell viability in gingival fibroblasts after a 9-day culture on a microfluidic chip, influenced by interstitial flow. F) Visualization of
vimentin-positive fibroblasts within the fibrin matrix, displaying a spindle-shaped morphology with numerous slender and elongated dendritic exten-
sions. G) Examination of the secretome in media collected from the outlet ports, highlighting the impact of interstitial flow on the increased constitutive

secretion of IL-6 and IL-8, which play a role in maintaining periodontal homeostasis. D-G) Adapted from,[81] Copyright 2021, John Wiley and Sons.

tissue by allowing monodispersed cells to self-assemble into 3D
tissue with cell-cell and cell-matrix interactions.

4.1. Electrospinning

Electrospinning is a potentially valuable bioengineering technol-
ogy for gingival tissue regeneration. This technique allows for
the generation of fibers and fibril characteristics similar to those
of the host extracellular matrix (ECM). For example, electrospin-
ning enables the creation of diverse pore sizes through precise
control of fiber diameter.[**] Electrospinning can form fibers with
diameters similar to collagen and other necessary supporting
fibers like elastin. Fibrillar collagen types I and II have a diam-
eter between 25 and 400 nm.!">1-152] Fibrillar elastin has a diam-
eter of 0.2 um, whereas a single elastin fiber is around 1 pm in
diameter.['>%] These ultimately fall within the range of fiber diam-
eters achievable using electrospinning.['>*] The underlying rele-
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vance and importance of having fiber diameters recapitulating
those found in natural tissue are complicated and likely depen-
dent on whether the graft is meant to be preseeded with cells or be
employed as an acellular graft. Human umbilical vein endothelial
cells (HUVECs) had considerably higher scaffold infiltration, vi-
tality, and CD31 expression when the fiber diameter was 4.83 pm
compared to fiber diameters ranging from 1.64 to 3.37 um.['>]
Similarly, Ramezani et al. investigated the function of hu-
man umbilical vein endothelial cells (HUVEC) seeded on dif-
ferent electrospun scaffolds over 24 h, followed by implantation
on mouse skin for 4 weeks. Histological analysis revealed dis-
tinct layers, including the epidermis, dermis, scaffold, and mi-
crovessels, as shown in Figure 7A,B.I*] In another work, re-
searchers cultured vascular smooth muscle cells (VSMC) onto
PCL fibers with different fiber diameters. They found that fiber
diameter scaffolds of 7 and 10 ym permitted higher VSMC and
macrophage infiltration than lower fiber diameter scaffolds.[*”]
Despite the availability of various porosities and fiber diameters
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Figure 6. Vascularized gingival constructs. Confocal z-projection micrographs of whole-mount immunostained vascularized gingival connective tissue
equivalents (CTEs) showing A) CD31, vimentin-positive, and B) Collagen IV positive microvessels that exhibit tortuous morphology, extensive branching,
and anastomosis across the fibrin matrix. C) Label-free confocal reflectance microscopic of vascularized gingival CTEs showing microvascular architec-
ture with polarized endothelial cells that encircle the patent vessel lumen. D) Confocal images of tissue sections hybridized with pan-bacteria FISH probe
EUB 338 showing well-defined biofilm formation by early S. oralis and microvascular invasion (yellow arrowheads) by F. nucleatum and Aggregatibacter
actinomycetemcomitans. A-D) Adapted from reference,!] Copyright, IOP Publishing. E) Immunostained (CK13 and CD31) images of vascularized oral
mucosal equivalents fabricated using varying densities of endothelial cells demonstrate the presence of CD3 1-positive microvessels. E) Adapted from
reference,['*°] Copyright 2019, Mary Ann Liebert, Inc.
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Figure 7. Nanostructures and nanofibrous scaffolds for oral soft tissue engineering applications. A) Scanning electron micrographs display the cell
morphology of human umbilical vein endothelial cells (HUVEC) when cultured on different electrospun scaffolds for 24 hours. B) An image from histology
shows a four-week integration of an electrospun scaffold into mouse skin, illustrating distinct layers. Adapted from,[1*¢] Copyright 2021, Elsevier Inc.;
C) Shown here are representative scanning electron microscopy (SEM) images of PCL scaffolds fabricated using Melt ElectroWriting (MEW) technology
featuring various strand spacing. Additionally, confocal microscopy images capture human periodontal ligament stem cells (hPDLSCs) cultivated on
these scaffolds for 7 days (fluorescent staining using DAPI (in blue) and phalloidin (in red)). The scale bar is set at 100 um. D) The proliferation of
hPDLSCs and SEM images depicting their growth on MEW PCL scaffolds over 28 days are quantified. These findings are adapted from,['%8] Copyright

2021, John Wiley and Sons.

that alter cellular phenotype in the literature, there seems to be
no established standard for gingival tissue engineering.
Electrospun scaffolds may be engineered to be highly similar
to the native ECM. However, a single-layer electrospun mem-
brane does not allow for the fabrication of tissues with signifi-
cant thicknesses and heterogeneous cellular densities.[*** There-
fore, there has been a rise in the use of multilayer electrospun
scaffolds.[1%1 Gingival tissue has transverse and longitudinal lay-
ers. The free gingiva has vertically stacked layers of squamous
epithelial tissue supported by a dense connective tissue matrix,
whereas the connected gingiva has a honeycomb structure./1%!
Abedi et al. demonstrated multilayer electrospun scaffolds re-
sembling gingival tissue structurally replicating the natural gin-
giva. There are three major layers of horizontally oriented gin-
gival tissue: the epithelium, which is composed of many lay-
ers of keratinocytes with various and intricate functionalities,*"]
lamina propria (a papillary and reticular layer containing gin-
gival fibroblasts, vasculature, and collagen-rich ECM) and the
basement membrane.[**!] After just one week, blood cells were
found in the middle of a three-layer structure, demonstrating that
stacking electrospun scaffolds (polycaprolactone and polycapro-

Adv. Healthcare Mater. 2024, 13, 2304537 2304537 (14 0f29)

lactone/collagen) cultured with either endothelial cells or fibrob-
lasts accelerated the development of capillaries in an in vivo rat
model.['2] Vasculature development was shown to rely on the
presence of endothelial cells and the thickness of the electro-
spun scaffold. This provides evidence that multilayer electrospun
scaffolds may promote vasculature development in a manner ex-
pected to allow the transport of waste products, oxygen, and nu-
trients, hence promoting tissue regeneration. One week after im-
plantation in vivo, a three-layered construct harboring red blood
cells was observed. Electrospun multilayered structures cultured
with fibroblasts and endothelial cells offer a sufficient environ-
ment for vessel development.l'%2] Given the presence of vascula-
ture in natural gingiva (10 lumens mm~2), multilayer electrospun
scaffolds promote the creation of vasculature.l'%3] However, more
clinically relevant animal models are required to analyze these
multilayered scaffolds regarding their potential for gingival tis-
sue regeneration.

Larger pores were hypothesized to assist in the fusion of the
gingiva with the new alveolar bone. The membrane used to
build the structure has macroscopic pores; high flexibility and
resilience are needed to support the cell sheet. In an ectopic
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periodontal regeneration model in athymic rats, the biphasic
architecture combined with the cell sheet approach enabled the
development of osteoblasts in the bone compartment before
subcutaneous implantation. In the presence of the cell sheets,
aligament-like tissue developed, which enhanced the attachment
onto dentin and was well integrated into the generated bone.[***]
Scaffolds made by 3D melt electrospinning have the permeabil-
ity and “sponge-like” consistency needed to better conform to
gingival defects’ irregular shapes and sizes. In this regard, 3D
electrospun polycaprolactone (PCL) scaffolds cocultured with
osteoblasts have been found to stimulate the formation of bone
in an ectopic rat model.[1%]

In addition to porosity, micron-sized laser-cut ablations have
been previously developed using layers of an electrospun poly
(lactic acid) scaffold, further enhancing the functionality of
the multilayered electrospun platforms. Human adipose-derived
stem cells (ASCs) were presented to proliferate and survive
better in the laser-cut pores, around 300 um in diameter,!'>’]
compared with nonablated structures. Furthermore, the abla-
tions prevented the scaffold layers’ separation and kept the mul-
tilayered structure intact.['®] Before layering, collagen type I
was pipetted onto the fibers to strengthen the bond between the
scaffold layers and to incorporate biological motifs to enhance bi-
ological activity. Laser-cut ablations may provide a strategy to re-
duce electrospun scaffold layer separation and promote cell sur-
vival and proliferation.[1%]

4.2. 3D Biomaterial Printing

3D printing is a technology that creates three-dimensional ob-
jects using computer-aided design (CAD) software and specific
materials. The field of dentistry, and periodontics, in partic-
ular, has significantly benefited from 3D printing technology.
The regeneration of periodontal tissues, including alveolar bone,
periodontal ligaments (PDL), and cementum, has been stud-
ied using 3D printing techniques.’*!%’] This includes gingi-
val lesions (treatment of gingival recessions, gingivectomies, or
restoration of the smile design). Recently, Daghrery et al. utilized
Melt ElectroWriting (MEW) to engineer highly ordered scaffolds
(Figure 7C-D).I"*8] They studied the adhesion, proliferation, and
osteogenic differentiation of cultured human periodontal liga-
ment stem cells (1PDLSCs) and the impact of strand distance and
the addition of nanostructured fluorinated calcium phosphate
(F/CaP) on tissue regeneration. Excellent periodontal regenera-
tion was observed both in vitro and in vivo, suggesting the pos-
sibility of antimicrobial protection and simultaneous, synchro-
nized restoration of both soft and hard periodontal tissues.['>®]

To repair calvarial abnormalities in rabbits, Wang et al. created
a bilayered scaffold model composed of collagen and strontium-
doped calcium silicate containing gingival fibroblast cells.['®®] Bi-
layered scaffolds were reported to enhance osteogenesis.!1%] Us-
ing co-axial electrospinning and 3D printing, Dos Santos et al.
developed zein-based bilayers that might be used as a dual-drug
delivery platform.'%) Human oral keratinocytes (Nok-si) cell sur-
vival was over 80%, and antibacterial activity against bacterial
strains (Treponema denticola and Porphyromonas gingivalis) was
shown in vitro for the two-layer constructions that allowed the
controlled delivery of various drugs over 8 days.['®!
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Controlling fiber orientation and aiding the formation of the
periodontal tissue complex was the focus of another multiphased
method.['”% This method relied on computational scaffold design
and fabrication by 3D wax printing to implement a multicom-
partmental construct architecture. Cells transduced with a re-
combinant adenovirus expressing murine bone morphogenetic
protein 7 (AdBMP-7) were cultured on PCL-polyglycolic acid
scaffolds. Newly manufactured tissues in an in vivo study in
nude mice showed the interfacial development of parallel and
obliquely aligned fibers, which generated human tooth dentin-
ligament-bone tissue.'”!l Bone and cementum were formed
on dentin surfaces only in AdBMP-7-treated gingival cells but
not in nontreated cells. Since adenovirus-transduced cells may
be regulated, this technique may have translational limitations.
The perpendicularly oriented microchannels created by the 3D
wax/solvent casting process were then examined in an athymic
rat model with a periodontal defect to see whether they could
guide periodontal fiber orientation at the interface of root
and ligament.['”%! Cells transduced with AJBMP-7 were com-
pared to nontransduced cells, and it was shown that the fiber-
guiding structures successfully stimulated cell attachment and
proliferation.['”] This methodology may be a starting point for
the translational implementation of multiphasic scaffold tech-
niques in gingival tissue engineering.

The triphasic model was tested by Lee et al. using a
conventional tissue engineering technique, including integrat-
ing scaffolds, bioactive compounds, and progenitor cells.['73]
Porous patterns were altered to 3D print triphasic scaffolds of
nanohydroxyapatite-PCL. Microchannels of 100, 300, and 600 um
were created to address the cementum/dentin contact, the alve-
olar bone, and the periodontal ligament, respectively.'”3] Stem
cells from tooth pulp were placed onto the scaffold and im-
planted subcutaneously into immunocompromised mice. Hu-
man amelogenin, bone morphogenetic protein-2, and connec-
tive tissue growth factor were used to modify the matrix lay-
ers for the cementum-—dentin interaction, alveolar bone, and pe-
riodontal ligament, respectively.'’3] Tissue formation was ob-
served to be phase-specific, with the cementum/dentin phase dis-
playing dense and polarized minerals, the periodontal ligament
phase showing the formation of aligned fibrous matrix forma-
tion, and the bone phase revealing the generation of scattered
minerals.['”3] This evidence implies that multiphasic and multi-
layered structures may efficiently guide tissue-specific formation
through their optimized microstructure and spatiotemporal de-
livery of bioactive compounds.

One type of 3D printing is fused deposition modeling (FDM),
whose application in engineering gingival soft tissues is yet to
be reported. However, steps towards a more natural skin con-
struct were achieved using FDM. This process involves melting
a thermoplastic polymer and then depositing the molten poly-
mer onto a surface or object using a heated extrusion nozzle.
Benefits of this technology include high porosity without using
hazardous solvents, excellent mechanical properties, and adapt-
ability in operations and handling of materials.'’ Zein et al.
showed that FDM could create scaffolds with tunable mechanical
properties by controlling porosity and pore size. A bioresorbable
poly (e-caprolactone) (PCL) was used as a priming material to
make a porous structure with interconnected honeycomb-like
channels.'””! The primary constraint of FDM is its reliance on
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premade filaments that must conform to the size and material
specifications supplied to the nozzle. Further, FDM Is limited to
a select range of biodegradable polymers, such as PCL and poly-
lactic acid (PLA).['76]

Chen et al. developed nanocomposite scaffolds using
polyurethane (TPU)/polylactic acid (PLA)/graphene oxide
(GO) as a result of the poor adhesion between layers in FDM;
the printing orientation results in varied mechanical behavior.
The 3D-printed scaffolds exhibit exceptional thermomechanical
characteristics in addition to cell proliferation, allowing them to
be widely employed in tissue engineering.['’”] It is also shown
that the porous PCL/HA scaffolds, in combination with 2 wt%
carbon nanotubes (CNTs) developed by the FDM technique, have
pore diameters between 450 and 750 pm, increasing protein
adsorption and cell adhesion.['”8] Dong et al. developed a star-like
PLA-heparin construct in another study. The construct’s surface
exhibited reduced platelet adhesion and protein adsorption while
promoting increased fibroblast cell spreading compared to the
construct without heparin. These observations highlight the
potential of the scaffold for applications in tissue engineering of
vascularized gingival constructs.['7]

Nonwoven membranes created by conventional electrospin-
ning are formed of tightly packed nanofibers. This results in inap-
propriate cells spreading and growing into the core section of the
scaffolds. Importantly, when it comes to artificial soft tissue like
skin, conventional FDM can manufacture rigid materials. The
high temperature of the FDM process also increases the risk of
thermal degradation of materials. To address these limitations,
combining electrospinning with FDM to create nano and mi-
crostructures was introduced in 2008, namely solvent exchange
deposition modeling (SEDM).!'8-181] Gao et al. used solvent ex-
change deposition modeling (SEDM) with electrospinning tech-
nology to develop a flexible bilayered nano-/microstructure to in-
vestigate its potential as a skin-like soft tissue replacement. The
identical nozzle was utilized in both the SEDM and FDM pro-
cesses; however, the shrinkage occurred during the FDM tech-
nique due to the immediate change from the melt to the solid
phase.l'82] Since the SEDM sample was tougher and had supe-
rior tensile strength than the fragile FDM sample, we may at-
tribute these properties to the high temperature that may trigger
the thermal breakdown of PLGA in the syringe. Cell proliferation
and growth were also facilitated by the microsized pore between
the strut fabricated by SEDM, indicating the scaffold potential
for wound healing. Modifying the scaffolds with DOPA and EGF
growth factors efficiently improved the healing procedure of full-
thickness excisional skin wounds.[18?]

4.3. 3D Bioprinting

Bioprinting is a promising field in tissue engineering that uses
3D printing technology to provide precise and controlled de-
position of bioinks containing cells, growth factors, hormones,
etc.[183-184] Bioprinting offers three main classes: extrusion-based
bioprinting, laser-assisted bioprinting, and droplet-based bio-
printing; in extrusion bioprinting, pressure is applied on a
bioink to deposit filaments following a defined pattern.!'®] Laser-
assisted bioprinting (LAB) employs a laser as its energy source to
precisely deposit biomaterials onto a substrate, and the droplet-
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based method involves the deposition of bioink droplets through
the printhead. (18]

Single-phasic scaffolds are simple and have applications, but
they often fall short of replicating the complexity and functional-
ity of native tissue. In contrast, biphasic or multiphasic scaffolds
offer several advantages in mimicking native tissue and its struc-
tural characteristics. In tissue engineering, the terms “mono-
phasic” and “bi/multiphasic” refer to the design and composi-
tion of engineered tissues or scaffolds. The engineered tissue or
scaffold comprises a single homogeneous material or phase in a
mono-phasic design. This means that the entire structure is com-
posed of one type of material with uniform properties through-
out. In contrast, a bi/multiphasic design incorporates two or
more phases or materials within the tissue or scaffold structure.
These layers can have varying properties, such as mechanical
strength, porosity, or biochemical characteristics. Bi/multiphasic
designs are often used to mimic the complexity of natural tissues,
where different cell types or tissue components interact and con-
tribute to overall function.

Extrusion-based bioprinting was used by Mangano et al. to
create a mono-phasic scaffold consisting of HA, g-TCP, and a-
TCP.'¥] Tts distinguishing feature is a mesh-like structure, with
an average of 300 um filament diameters and 60% microporosity
with an average 370 um pore size. After 45 days of implantation
in sheep sinus, the authors found that the immune system toler-
ated the scaffold, and full tissue integration and bone remodel-
ing were achieved. A central area of highly vascularized fibrous
tissue included fibroblasts and a well-organized system of capil-
laries and larger blood vessels. However, the scaffold biodegrada-
tion rate did not compromise new bone tissue formation since
the scaffold slowly degraded after 90 days.['¥”] Kim et al. con-
structed a scaffold composed of PCL and HA with a combination
of SDF1 (stromal cell-derived factor 1) and BMP-7.1188] The scaf-
fold showed interconnected microchannels with 200 um diame-
ter filled with SFD1, BMP7, and a collagen type 1 solution. After
nine weeks, the results showed the regeneration of periodontal
soft tissue and the formation of new bone at the interface. SDF1
and BMP?7 are crucial in attracting endogenous cells, including
mesenchymal stem cells and endothelial cells, promoting vascu-
larization. BMP7 showed a significant role in the differentiation
of osteoblasts and mineralization. This work underscores the vi-
tal role of cell recruitment and homing in achieving successful
regeneration.[188]

The structural organization or cellular and biochemical com-
position of native tissue is often replicated, to some extent,
in a multilayered scaffold, which can be defined by the vari-
ation within the design, including porosity, pore shape and
size, and chemical/cellular composition.l'®?] Lee et al. conducted
proof-of-concept research to demonstrate the feasibility of us-
ing extrusion-based bioprinting for soft (e.g., human skin) tis-
sue applications. The dermis and epidermis of human skin vary
in composition. This was mimicked in their work by depositing
collagen, keratinocytes, and fibroblasts sequentially to develop a
layer-by-layer scaffold."" In another study, Michael et al. devel-
oped full-thickness skin tissue by bioprinting fibroblasts in 20
layers, followed by keratinocytes in 20 layers onto a Matriderm
platform. After 11 days of implantation in mice, full-thickness
skin was formed that was firmly linked to the surrounding
tissue.[1?1]
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In addition to chemical and cellular composition variations,
changing the physical and mechanical properties of the scaffold
may provide a native tissue gradient structure. According to Ge
and colleagues, the rate of fibroblast cell migration may be in-
fluenced by varying both the wavelength and amplitude of wavy
patterns.[12] In contrast, Cheng et al. hypothesized that the si-
nusoidal wavy pattern slows endothelial cell migration rate. A
square wave design provides the most significant cell migra-
tion speed, followed by a triangle wave structure. The migration
rate for sinusoidal structures reduces even more when the wave-
length increases.'®! Continuous gradient constructs are more
effective than discrete multiphasic structures when regenerating
soft to hard tissues. A substance that has a stiffening gradi-
ent enables stress to be distributed at the interface and promotes
cell migration.['®] Hu et al. observed that an increase in sub-
strate stiffness led to a decrease in autophagy levels of vascular
endothelial cells and a decrease in the expression of genes nec-
essary for endothelial autophagy function. In another study, the
autophagy levels of smooth muscle cells were found to increase
under the influence of substrate stiffness.['*°! Stiffness is a cru-
cial factor in regulating cellular activities; however, the response
to stiffness varies among cell types. MSCs are attracted to rigid
surfaces. Fibroblasts and endothelial cells tend to migrate and
proliferate in response to increased stiffness in their microenvi-
ronment. The ability of cells to undergo differentiation depends
on their cell type and the stiffness of their environment. For in-
stance, MSCs exhibit enhanced differentiation when exposed to
rigid surfaces.['”] Research has demonstrated that a rigid scaf-
fold promotes myogenic and osteogenic differentiation./*®]

5. Microfluidic Organ-on-Chip Systems

Alongside biofabrication methodologies, the advent of microflu-
idic organ-on-chip systems introduces enhanced conditions
mimicking oral tissue, thereby offering advanced 3D models.
These models facilitate a deeper comprehension of tissue func-
tionality, drug responses, and pharmaceutical development. Fab-
ricating gingival tissue constructs is a multistep process in-
volving the 3D culture of keratinocytes and its culture at an
air-liquid interface to promote epithelium stratification and
differentiation.[¥”%51%] Commercially available Transwell sys-
tems are conducive to performing cultures at the air-liquid in-
terface and fabricating 3D organotypic gingival constructs under
static culture conditions. Applying next-generation tools like mi-
crofluidic organ-on-a-chip systems provides unprecedented op-
portunities to emulate various microanatomical features of the
gingiva and study the host-material and host-microbiome inter-
actions under microphysiological flow conditions. These devices
consist of microchannels or chambers that allow control of fluid
flow, nutrient supply, and metabolic waste elimination, mimick-
ing the role of vascular and interstitial tissue fluid flow in na-
tive tissues. The presence of media flow, environmental controls,
integration of sensors, and downstream readout capabilities en-
ables the emulation of the tissue-specific microenvironments. It
allows cells to grow in a microarchitecture closely resembling in
vivo conditions. 2]

The application of microfluidic technologies in emulat-
ing oral and dental barrier tissues is gaining significant
traction.['7201] The integration of organotypic cultures and fluid
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dynamics using platforms such as perfusion bioreactors, oral
mucosa-on-chip, gingival crevice-on-chip, gingiva-on-chip, gin-
gival epithelial-capillary interface-on-chip, and tooth-on-chip has
provided unprecedented opportunities to emulate microanatom-
ical features of the gingiva, oral mucosa, and dental barrier
tissues.[16:81:96.202-208] Degion features of organ-on-a-chip systems
play a pivotal role in shaping their capabilities, applications, and
limitations. Customization of the design features facilitates the
emulation of tissue microenvironments and their interface with
internal and external factors. The microfluidic platforms for the
biofabrication of oral mucosa and gingival barrier tissues typ-
ically have a configuration of a culture chamber sandwiched
between two channels that are either horizontally or vertically
Stacked.[81'202'207_210]

Fluid flow has been shown to enhance the proliferation and
metabolic activity of gingival fibroblasts and keratinocytes while
also simulating the protective effects of gingival crevicular fluid
flow and associated host innate immune responses.[#:211-212] The
interstitial fluid within the gingival connective tissue contributes
to the formation of gingival crevicular fluid (GCF), a protective
factor against bacteria and by-products in the gingival crevice.
To replicate this fluid flow, Makkar et al. developed a microflu-
idic device known as the gingival crevice-on-chip (Figure 8A).(8!]
This device features a microchamber flanked by tissue fluid (me-
dia) and crevicular (microbial) channels. Gingival connective tis-
sue equivalents, composed of primary gingival fibroblasts in a
3D fibrin-based matrix, were cultured in the microchamber, and
live oral bacteria were seeded into the crevicular (microbial) chan-
nel. The investigators simulated interstitial flow through the
gingival connective tissue equivalents and GCF flow into the
crevicular channel by establishing a hydrostatic pressure gra-
dient between the channels. This design facilitated long-term
host-microbe coexistence, microbial clearance emulation, and in-
nate immune response modulation. Raub and colleagues em-
ployed a similar horizontally stacked three-channel design to cul-
ture oral mucosa constructs on-chip, shedding light on host-
material and host-microbe interactions.[2%21] Though this de-
sign allowed real-time visualization of cells, collagen matrix con-
traction constrained prolonged culture and keratinocyte infiltra-
tion. Secondly, the lack of air-liquid interface culture limited the
epithelial maturation, leading to an immature epithelial barrier.

Subsequent studies successfully mitigated collagen ma-
trix contraction issues by optimizing fibroblast and collagen
concentrations and ruthenium-catalyzed photocrosslinking to
strengthen the collagen gel.l27:2191 The optimized design was
used to model the induction and recovery of chemotherapy and
radiation-induced oral mucositis on-chip.[?”} Similarly, the oral
epithelial-capillary interface (Figure 8B) was recapitulated us-
ing a two-chambered PDMS microfluidic device.??! Oral ker-
atinocytes from explant cultures were cultured in monolayer in
the top chamber and endothelial cells below. Inflammation was
induced by exposure to LPS and TNF-a. Expression of cell adhe-
sion molecules and beta-defensins were analyzed with and with-
out the presence of NF-KB blocker, showcasing the use of a mi-
crofluidic model for testing anti-inflammatory therapeutics.

A nonleaky epithelial barrier is essential for the clinical
translation of biofabricated gingival tissues, and the underlying
extracellular matrix stiffness influences this property in the
keratinocytes. Lee and colleagues utilized the organ-on-chip
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Figure 8. Emulating gingival tissues using microfluidic organ-on-chip systems. A) Design features of a gingival crevice-on-chip microfluidic device
comprising a central culture chamber (gingival compartment) lined by microfluidic channels on either side representing the tissue fluid and crevicular
channels. B) Design features of epithelium—capillary interface-on-a-chip comprising an upper (epithelial) and lower (endothelial) chamber separated by
a porous membrane. C) Schematic depicting a cross-sectional area of the epi-mucosa-on-a-chip platform where oral keratinocytes are seeded in a 3D
extracellular matrix within a microfabricated PDMS gasket and confocal immunofluorescence image capturing the formed epithelial cells stained for
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technology to develop a model for studying the mechanical
cues on the epithelial barrier properties (Figure 8C).[*"* Using
collagen as a representative ECM and modulation of its stiffness
with the addition of fibronectin, they observed that intermediate
matrix stiffness retained barrier properties. In contrast, soft
and stiff matrices made the barrier leakier. Using a microflu-
idic organ chip platform, Muniraj et al. recently reported the
biofabrication of full-thickness gingival equivalents under flow
conditions. They integrated its downstream applications in
toxicological and drug permeation studies (Figure 8D).[®! This
microfluidic gingiva-on-chip platform was designed to emulate
the intricate microenvironment of the gingiva and its application
for the evaluation of host-material interactions and transmucosal
permeation of oral-care products. Utilizing a vertically stacked
microfluidic device that allows ALI culture, the gingiva-on-chip
platform supports the biofabrication of full-thickness gingival
equivalents with improved epithelial morphogenesis, matura-
tion and barrier functionality under dynamic flow conditions
compared to static cultures.

Interestingly, the microfluidic design and flow control features
were used to replicate the mechanical action of mouth rinse. De-
spite the thicker and more mature epithelium in gingiva-on-chip
cultures, the flow-induced exposure and mechanical rinsing of
oral-care formulations lead to increased tissue disruption and
cytotoxic effects compared to exposure under static conditions
(Figure 8E). The results from these studies can influence the use
of biomaterial and fabrication strategies for gingival tissue bio-
printing, where incorporating these cues can affect the function-
ality of the epithelial barrier. Overall, the convergence of 3D bio-
material printing, bioprinting, and microfluidic technologies of-
fers a promising avenue for precise control over the spatial and
temporal arrangement of cells and extracellular matrix (ECM)
components and the perfusion of larger tissue constructs. This
can further pave the way towards designing and biofabrication
of personalized gingival tissue constructs. Furthermore, incor-
porating larger bioprinted tissue constructs into perfusion-based
bioreactors or microfluidic culture systems could address chal-
lenges related to tissue diffusion and enable long-term dynamic
culture at the air-liquid interface, facilitating tissue maturation
before their suitability for transplantation.[61:206214-215]

6. Insights From Biofabrication of Skin Tissue
Constructs

Skin is a complex and highly specialized multifaceted barrier
tissue that protects against physical, chemical, and microbial
agents, ensuring functions such as water retention, resistance
to mechanical trauma, and protection against temperature, light,
toxins, and microorganisms.3%216 Beyond its protective role, the
skin contributes to sensory perception, thermoregulation, excre-
tion, absorption, pigmentation, and innate immunity.[21¢]

www.advhealthmat.de

Barrier tissues at the interface with the external environment,
skin, and gingiva share several similarities (Table 2). Briefly, the
skin and gingiva are covered by keratinized stratified squamous
epithelium termed epidermis and gingival epithelium. While the
epidermis of the skin is supported by vascular dermal and hy-
podermal layers beneath, the gingival epithelium is supported
by vascularized lamina propria.8#22%1 A robust vasculature net-
work in both tissues plays a crucial role in oxygen and nutrient
supply, removal of metabolic wastes, immune response, and sur-
vival of the stratified squamous epithelial covering. In both tis-
sues, the keratinized outer layer called stratum corneum forms
a crucial barrier against physical, mechanical, chemical, and mi-
crobial agents.[216220] In addition to its barrier role, the stratified
epithelial and corneal layers form a semipermeable membrane
that controls the permeability of water, electrolytes, and chemi-
cals. The skin and gingival tissues are home to many commensal
bacteria and encounter pathogenic bacteria. The barrier proper-
ties of the corneal layer, combined with the innate immune de-
fense mechanisms of the skin and gingival tissues, form a barrier
against the infiltration of commensal and pathogenic bacterial
species.

Further, human skin produces antimicrobial peptides, such
as cathelicidins and defensins, two prominent families of mam-
malian antimicrobial proteins.[?2!] These peptides play a vital role
in the innate antimicrobial defense of the host by disrupting
the integrity of bacterial cell membranes. Similarly, keratinized
gingiva stabilizes the periodontium, shields the teeth and im-
plants from external damage, and acts as a barrier against bacte-
rial invasion. Despite these similarities, there are distinct differ-
ences between the two tissues, including microanatomical vari-
ations such as the presence of skin appendages like hair folli-
cles, sweat glands, and sebaceous glands and distinct differences
in wound healing responses. While wounds in the skin and oral
mucosa (including gingiva) follow similar stages of healing, in-
cluding hemostasis, inflammation, proliferation, and remodel-
ing, oral mucosal injuries generally recover more quickly with-
out a scar.!®) Despite oral and dermal fibroblast sub-populations
being part of the broader adult fibroblast population, they exhibit
marked phenotypic and functional variations that account for the
distinct healing outcomes observed in these regions.[8%222-22]

The advances in tissue engineering and biofabrication tech-
niques for skin tissues, encompassing the replication of mul-
ticellular architecture, vasculature, air-liquid interface culture,
and crucial barrier features like keratinization and antibacterial
properties, offer insights that can be leveraged for the biofabri-
cation of gingival tissues. Ma et al. addressed the challenges of
inadequate vascularization and poor angiogenesis in skin tissue
engineering.[??’l To do so, strontium silicate microstructures
were incorporated into the bioink, promoting vascular network
formation and angiogenesis in vitro and in vivo.[?2%! Similarly,
3D bioprinting through the incorporation of human dermal

F-actin. D) The image of the gingiva-on-chip microfluidic device and schematic show steps in the culture of full-thickness gingival equivalents under
flow conditions. Brightfield and immunostained images of gingival equivalents show enhanced epithelial morphogenesis and expression of gingival
maturation markers under flow conditions. E) Application of the gingiva-on-chip and fluidic control feature to emulate the rinsing effect of mouthwash
and the potentially damaging impact of the mechanical action of mouthrinse on the gingival epithelium. (A), (B), (C), (D, E) Adapted from references, 3]
Copyright 2022, John Wiley and Sons; open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY)
license;[2921 Copyright 2023, MDPI;[2'3] Copyright 2023, John Wiley and Sons, respectively.!'6]
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Table 2. Similarity of skin and gingival tissue.[217-21°]

www.advhealthmat.de

Features

Skin Tissue

Gingival Tissue

Histological Layers

Keratinization

Epithelial Thickness

Pigmentation

Innervation
Vascularization
Collagen Composition

Fibroblast Population

Immune Cells

Attachment

Epidermis (keratinized stratified squamous
epithelium), Dermis and Hypodermis

Present in the outermost layer of epidermis

(stratum corneum)
Varies in different body regions

Presence of melanocytes determines coloration

Richly innervated by sensory nerve fibers
Highly vascularized with a dense capillary network
Collagen types | and Ill predominate

Abundant fibroblasts involved in ECM production,
remodeling, and wound healing

Langerhans cells, neutrophils, lymphocytes

Epidermis is firmly anchored to underlying dermis

Epithelium (keratinized stratified squamous
epithelium), Lamina propria covering the tooth
surface/alveolar or palatal bone

Present in the outermost layer of the epithelium
(stratum corneum)

Relatively thin (~0.2-0.4 mm)

Pink or coral pink due to transparent epithelium
transmitting the rich blood supply. Presence of
melanocytes can alter the color.

Innervated by sensory nerve fibers
Rich blood supply through subepithelial plexus
Collagen types | and Ill predominate

Abundant fibroblasts involved in ECM production,
remodeling and scarless wound healing

Langerhans cells, neutrophils, lymphocytes

Epithelium is firmly anchored to underlying lamina

through basement membrane
Regenerative Capacity Moderate regenerative capacity

Healing Response

Function Protection, temperature regulation, sensation

Scar formation upon injury or surgery

propria through basement membrane
Excellent regenerative capacity

Scarless healing. However, the interface with the
tooth can heal with the formation of long
junctional epithelium.

Protection, masticatory support, sensation

fibroblast cells, pericytes, and endothelial cells encapsulated in
collagen type I bioink for dermis and human keratinocytes en-
capsulated in collagen type I bioink for epidermis demonstrated
remarkable in vitro microvessel formation in the dermis and
enhanced epidermal development (Figure 9A).27’] In addition,
an in vivo study using mouse skin wounds showed early graft
integration and perfusion due to anastomosis with the mouse
vasculature (Figure 9B).2?] Another study utilized extrusion-
based and inkjet bioprinting methods to fabricate a prevascular-
ized skin construct, in which decellularized porcine skin-based
bioink was incorporated with human epidermal keratinocytes,
dermal fibroblasts, endothelial progenitor cells, and human
adipose tissue-derived mesenchymal stem cells (Figure 9C).[228
The decellularized skin-based bioink accelerated and improved
upon vascularization compared to the collagen-based bioink.
The resulting skin construct is effectively re-epithelialized,
vascularized, and anastomosed with the host vascular network,
resulting in wound closure, proving the critical role of bioink
and encapsulated cells in vascular tissue bioprinting.[22]

The effectiveness of biomaterials and scaffolds for skin tis-
sue engineering in preventing the growth and dissemination of
pathogens is critical for averting infections and related diseases.
This feature is equally important from the perspective of gingi-
val tissue regeneration owing to the constant influx of bacterial
load. Afghah et al. developed biocompatible and biodegradable
polycaprolactone and propylene succinate-based scaffolds incor-
porating silver particles, providing antibacterial properties./?3!]
The scaffolds’ potential for hydrolysis and enzymatic degrada-
tion was improved. Silver particles inhibited the spread of bac-
teria infecting the scaffold. Authors noted that using 3D bio-
printing provided the feasibility of controlling degradation be-

Adv. Healthcare Mater. 2024, 13, 2304537 2304537 (20 of 29)

havior and antibacterial activity, paving the way for tissue engi-
neering and wound healing.*! In addition to its notable an-
tibacterial attributes, the skin’s intrinsic permeability and bar-
rier characteristics are crucial elements in its multifaceted role
as a protective interface between the body and the external envi-
ronment. While the skin’s antimicrobial defenses are instrumen-
tal in averting pathogenic threats, the stratum corneum plays a
pivotal role as the primary barrier against microbes and func-
tions as a semipermeable barrier membrane for the penetra-
tion, absorption, and transport of chemical substances. The stra-
tum corneum, comprising densely packed corneocytes embed-
ded within a lipid matrix, creates a formidable barrier against
the ingress of exogenous agents, mitigating trans-epidermal wa-
ter loss, safeguarding against external stressors, and preserving
physiological homeostasis.!?*2-234] Innovative approaches using
microfluidic organ-on-chip systems and 3D bioprinting have rev-
olutionized the biofabrication of skin constructs, focusing on en-
hancing the vital role of the stratum corneum and barrier func-
tion. Utilizing microfluidic skin-on-chip with controlled media
and air flow-induced mechanotransduction signals, Sriram et al.
demonstrated the fabrication of skin constructs with improved
epidermal morphogenesis, enhanced differentiation, and supe-
rior barrier function compared to conventional static cultures.[232]
The stratum corneum’s enhanced epidermal differentiation and
maturation were evidenced by the lower water content and higher
keratin content in the stratum corneum, which translated to en-
hanced transepidermal electrical resistance and lower perme-
ation of compounds.

Further, differences in air-lift phase duration and culture
medium supplementation significantly impact stratum corneum
thickness and composition.[?*}] In gingival tissues, the stratum

© 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 9. 3D bioprinting-based biofabrication of multicellular vascularized and pigmented skin constructs. A,B) 3D bioprinting of full-thickness vascu-
larized skin equivalent and its engraftment onto immunodeficient mice. C) Biofabrication of vascularized skin equivalents using a porcine skin-derived
decellularized extracellular matrix bioink and its impact on enhanced wound healing. D) Proof of concept 3D bioprinting of pigmented human skin
equivalents using keratinocytes, melanocytes, and fibroblasts, and immunofluorescence images showing the expression of basement membrane (Col
VIII), melanocyte (HMB45) and epithelial (keratin 1) markers. (A, B), (C), (D) Adapted from references, Copyright 2020, Mary Ann Liebert, Inc.;1227]
Copyright 2018, Elsevier;228] Copyright 2018, IOP Publishing, respectively.[230]
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corneum plays a significant role as a primary barrier against
microbes and chemical substances, and insights from in vitro
skin platforms have been recently cross-applied. Similar to the
findings on microfluidic skin-on-chip, reconstruction of gingi-
val equivalents under flow conditions (gingiva-on-chip) showed
a flow-induced enhancement in the morphogenesis, maturation,
and barrier properties of the gingival epithelium.!’! In addition,
the transepithelial transport of tissue fluid (gingival crevicular
fluid) from the gingival connective tissue into the gingival sulcus
further contributes to microbial defense.®1?33] These protective
effects of the gingival tissue against the oral microbiome were
recently demonstrated using a microfluidic gingival crevice-on-
chip, wherein the mechanical flushing action of gingival crevicu-
lar fluid flow and its modulation of the innate immune response
against periodontopathogens was shown.!81]

Derr et al. bioprinted a skin tissue that mimics the shape and
barrier function. Neonatal human dermal fibroblasts were en-
capsulated in gelatin-fibrinogen-collagen type I-elastin bioink to
engineer the dermis. A thin layer of entactin and laminin was
bioprinted for the basal membrane, and human keratinocytes
were bioprinted as a cellular coating on top. The barrier func-
tion was demonstrated by electrical impedance and permeability
testing.[2%*] Tlhan and her colleagues studied permeable porous
wound dressing using 3D bioprinting to address challenges re-
lated to acute wounds.®”] In this research, diabetic foot ulcers
were successfully treated using a plant extract from the Satureja
cuneifolia plant. The extract was combined with sodium alginate
and polyethylene glycol bioinks. The adequate extract permeation
resulted in an antimicrobial effect when scaffolds were tested
with some topical bacteria strains. The findings were identical
to those of the ampicillin antibiotic administered as a control in
the wound healing procedure. This indicated the potential of the
design for soft tissue engineering, such as gingiva.[?*]

It is demonstrated that 3D bioprinting makes creating dermis
and epidermis structures with a cellular architecture feasible.
Pourchet et al. studied a gelatin-alginate-fibrinogen bioink.[238!
The skin tissue with 5mm thickness was bioprinted. Ker-
atinocytes were added using desmosomes that contain intra-
cellular keratin filaments and compartments. Desmosomes-
connected keratinocytes are essential for epidermal regeneration.
These hemidesmosomes were associated with the keratin fila-
ments laden in basal keratinocytes. It should be noted that the
only known method capable of producing a 5 mm thick dermis
is seeding cells onto a collagen-based sponge. Using bioprinting
allows the fabrication of complicated structures, which can be
translated into gingival tissue biofabrication.2%®!

A two-step droplet-based bioprinting method developed hi-
erarchical porous skin scaffolds containing melanocytes and
keratinocytes (Figure 9D). The cells were placed in designated
positions, mimicking the native human pigmentation.?*?l A
heterogeneous epidermal model may be created using a pat-
terned bioprinting technique. Thanks to a semicircle architec-
ture, two distinct keratinocyte populations can be found in a sin-
gle insertion.[?3%) In one study, cross-linkable collagen bioink was
initially used to inkjet bioprint human dermal fibroblasts, then
bioprint human melanocytes and keratinocytes. Air-liquid expo-
sure induced stratification of keratinocytes, generating freckle-
shaped pigmented structures.[**”) In a similar strategy, the 3D
bioprinted skin structure exhibited a more developed stratifi-
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cation of epidermal and a continuous basement membrane
layer than the conventionally molded skin structure.?") The
fibrinogen-collagen bioink containing human fibroblasts inkjet
bioprinted dermis-like structure that was promptly crosslinked
with subsequent thrombin deposition. Keratinocytes were then
bioprinted on top of the scaffold. In vivo results showed a full-
thickness wound repair.[2*!]

Lastly, it is imperative to consider the modalities to visualize
the cellular and extracellular components of the biofabricated
gingival constructs during the culture and maturation phase to
monitor the cellular viability, proliferation, maturation, and func-
tionalities. While conventional histological methods are the gold
standard for visualizing and analyzing cellular and matrix organi-
zation, they are time-consuming, resource-intensive, and provide
only cross-sectional information in time and spatial architecture.
To that end, various 3D imaging and noninvasive modalities like
confocal laser scanning, confocal reflectance, two/multiphoton
and second harmonic generation, confocal Raman spectroscopy,
and light sheet microscopy have been utilized in clinical and
experimental dermatology (Figure 10A-E).[88232-233.242-249] Thege
imaging tools have provided an opportunity for label-free and
noninvasive imaging of cellular and matrix components in 3D
space that could be referred to as optical biopsy, in contrast to 2D
histological images. These imaging technologies have been ap-
plied in oral mucosal biology, such as the use of two/multiphoton
microscopy to visualize the keratinocytes, fibroblasts and col-
lagen fibers (Figure 10A,B);!8124250] confocal reflectance mi-
croscopy to visualize fibroblasts, vasculature and extracellular
matrix components within the gingival connective tissue equiva-
lents (Figure 10C);°>123] and light sheet microscopy to visualize
vascular networks within the human gingiva (Figure 10E).[2!]

7. Future Directions and Conclusions

The present review explores the challenges surrounding gingi-
val recession, a prevalent oral health concern. We initiate by de-
scribing the limitations of prevalent surgical approaches, em-
phasizing the pressing need for alternative biofabrication strate-
gies to advance traditional treatments and push the field of gin-
gival tissue engineering forward. Despite its vast promise, tis-
sue engineering in periodontal regenerative therapies is in its
early stages. Researchers and clinicians focus on achieving op-
timal structural materials, mimicking intricate microenviron-
ments, and ensuring vascularization and integration to unlock
their full potential. In the subsequent section of the review, we
explored some of the critical biomaterial, cellular, and biologi-
cal factors to be considered, such as porosity, mechanical proper-
ties, permeability, biodegradability, different cell lines employed,
and biomimetic extracellular matrix components—all integral
for achieving optimal tissue integration and facilitating effective
regeneration. In the third part of the review, we thoroughly detail
electrospinning, 3D biomaterial printing, and 3D bioprinting—
biofabrication technologies that have shown remarkable poten-
tial in promoting vasculature development and tissue regenera-
tion in preclinical models. The combination of models aligned
with advancements in precision, material science, and the inte-
gration of biological cues can revolutionize periodontal regener-
ative therapies by providing personalized, structurally accurate
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Figure 10. Noninvasive imaging tools to visualize the cellular and extracellular components. A) Label-free multiphoton microscopy of biofabricated
full-thickness skin equivalents reveals the proliferating and differentiated layers of the epidermis represented by 2-photon excited fluorescence (2PEF)
from nicotinamide adenine dinucleotides (NADH) within keratinocytes (cyan) and second harmonic generation (SGF) imaging of collagen fibers (yellow)
within the dermal layer. B) Label-free SHG imaging demonstrates the differences in the organization of collagen secreted by young and aged oral mucosal
fibroblasts. C) Label-free confocal reflectance microscopy of biofabricated vascularized gingival connective tissue equivalent showing a trifurcated vessel
with lumen. D) Light-sheet microscopic Imaging of human skin following optical clearing compared to H&E image. E) Light-sheet microscopy of human
gingiva embedded in agarose with CD31-positive blood vessels (red). (A), (B), (C), (D), (E) Adapted from references Copyright 2019, Springer;[#]
Copyright 2020, John Wiley and Sons;l'24l Copyright 2023, I0P Publishing;!'?*] Copyright 2018, John Wiley and Sons;[2#8] Copyright 2018, Springer

Nature, respectively.[?>1]

constructs that could substantially reduce recovery periods and
surgical interventions.

To conclude, we establish parallels between skin and gingiva,
highlighting their shared characteristics as barrier tissues with
similar cellular structures. Thus, learning from the advance-
ments in skin tissue engineering can significantly influence the
biofabrication of gingival tissues, specifically by replicating skin’s
antimicrobial defenses, stratum corneum properties, and barrier
function through bioprinting and microfluidic platforms, offer-
ing an outline for enhancing the functionality of biofabricated
gingival tissues.[>?257] The advancements covered herein pave
the way for better tissue regeneration and hold tremendous po-
tential for personalized medicine and disease modeling in regen-
erative dentistry.
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