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Microphysiological Modeling of Gingival Tissues and
Host-Material Interactions Using Gingiva-on-Chip

Giridharan Muniraj, Rachel Hui Shuen Tan, Yichen Dai, Ruige Wu, Massimo Alberti,
and Gopu Sriram*

Gingiva plays a crucial barrier role at the interface of teeth, tooth-supporting
structures, microbiome, and external agents. To mimic this complex
microenvironment, an in vitro microphysiological platform and biofabricated
full-thickness gingival equivalents (gingiva-on-chip) within a vertically stacked
microfluidic device is developed. This design allowed long-term and air-liquid
interface culture, and host-material interactions under flow conditions.
Compared to static cultures, dynamic cultures on-chip enabled the
biofabrication of gingival equivalents with stable mucosal matrix, improved
epithelial morphogenesis, and barrier features. Additionally, a diseased state
with disrupted barrier function representative of gingival/oral mucosal ulcers
is modeled. The apical flow feature is utilized to emulate the mechanical
action of mouth rinse and integrate the assessment of host-material
interactions and transmucosal permeation of oral-care formulations in both
healthy and diseased states. Although the gingiva-on-chip cultures have
thicker and more mature epithelium, the flow of oral-care formulations
induced increased tissue disruption and cytotoxic features compared to static
conditions. The realistic emulation of mouth rinsing action facilitated a more
physiological assessment of mucosal irritation potential. Overall, this
microphysiological system enables biofabrication of human gingiva
equivalents in intact and ulcerated states, providing a miniaturized and
integrated platform for downstream host-material and host-microbiome
applications in gingival and oral mucosa research.

1. Introduction

Gingiva and oral mucosal lining is a distinct microenvironment
subject to a myriad of extrinsic factors such as salivary flow, mas-
ticatory forces, microbial colonization, habits (such as smoking
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and drinking), and exposure to dental
and oral-care products such as toothpastes,
whitening agents, mouthwashes, anesthet-
ics, and dental restorations.[1,2] In the
healthy state, the gingival epithelium along
with its keratinized superficial layer and un-
derlying connective tissue termed lamina
propria act as barriers against these external
factors.[3,4] The barrier function plays a cru-
cial role in the permeation of chemicals, mi-
crobes, and their toxins into the underlying
proliferating basal epithelial layer and con-
nective tissues.[2,4] Epithelial disruption in
diseased states such as periodontal disease,
erosion, and ulcer, can lead to direct expo-
sure of the underlying cells and tissues to
those external factors. Hence, biomimicry
of the complex microenvironment is essen-
tial for the spatiotemporal assessment of
host-microbiome and host-material interac-
tions and responses representative of the
health and diseased states.

Current methods for the evaluation of
dental biomaterials and oral-care prod-
ucts are based on standards published by
International Organization for Standard-
ization (ISO 10993), American National
Standards Institute/American Dental As-
sociation (ANSI/ADA 41–2020), American

Society for Testing Materials (ASTM F1027-86(2017)) and Orga-
nization for Economic Co-operation and Development test guide-
lines (OECD TG431, TG439).[1,5] Existing standards are com-
monly based on assays using monolayer cultures of a single
cell type. In recent years, there has been a significant impetus
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toward the development and application of in vitro three-
dimensional (3D) organotypic models that emulate the complex
microenvironment of the gingiva and oral mucosa such as recon-
structed epithelium,[6–8] connective tissue[9] and full-thickness
gingival[10–15] equivalents. These 3D models offer a physiolog-
ical alternative to understanding the host-material and host-
microbial interactions. However, 3D cultures under static condi-
tions still have significant limitations in replicating the dynamic
microenvironment of the gingiva, such as the effects of fluid flow,
shear stress, and long-term culture.

Microfluidic and microfabrication technologies have led to
miniaturized cell culture systems termed “organ-on-a-chip”
devices.[16] These organ-on-a-chip devices contain hollow mi-
crochannels and microchambers that support fluid control of
cell culture media and reagents at the micro- and even nano-
liter scale. Fluid control systems provide continuous nutrient
supply, controlled delivery, and mechanical stimulation through
active flow, resulting in a superior representation of the in vivo
microenvironment.[16–18] Further, miniaturization helps to mini-
mize sample size and reagent volumes needed for the assays.[19]

Recent advancements in oral and dental barrier tissue emulation
using microfluidic systems are gaining significant traction with
platforms such as oral mucosa-on-chip,[20–23] gingival crevice-
on-chip,[24] gingival epithelial-capillary interface-on-chip[25] and
tooth-on-chip.[15,26,27]

Integration of fluid dynamics and organotypic cultures using
perfusion bioreactors,[28,29] oral mucosa-on-chip,[20–23,30] gingival
crevice-on-chip,[24,30] and gingival epithelial-capillary interface-
on-chip[25] provided unprecedented opportunities to emulate mi-
croanatomical features of the gingiva and oral mucosa such
as interstitial fluid flow, and controlled exposure to dental ma-
terials and bacteria.[18] These features provided more insights
into the host-material and host-microbiome interactions under
microphysiological flow conditions. However, design features
such as horizontally stacked configuration of the microchan-
nels and collagen matrix contraction limited the long-term cul-
ture capabilities,[22,23] epithelial stratification, and the formation
of cornified barrier layers,[21,23–25,30] which can only be achieved
through an air-liquid interface culture.[17] Studies have demon-
strated that the incorporation of fluid flow enhances the pro-
liferation and metabolic activity of gingival fibroblasts[31] and
keratinocytes.[32] Besides improving the mass transport of nutri-
ents, active perfusion of culture media also allows the mimicry
of interstitial fluid flow, emulating the protective effects of gin-
gival crevicular fluid flow and associated host innate immune
responses.[24] Hence, an in vitro microphysiological platform
composed of stratified, keratinized gingival epithelium over a cel-
lular and mechanically stable lamina propria could provide an at-
tractive alternative to current models for a broad variety of oral
biology and toxicology studies. Further, microfluidic design fea-
tures that allow fluid dynamics, an air-liquid interface culture,
and ease of access of the cultured gingival tissues for mechan-
ical and fluidic manipulation would allow to emulate the native
tissue-like features and obtain responses predictive of human tis-
sues.

Hence, the aim of this study was to biofabricate a minia-
ture, full-thickness gingival equivalents under air-liquid interface
within a microfluidic device (gingiva-on-chip). Using this plat-
form, we aimed to understand the impact of flow on epithelial

morphogenesis and its downstream application for mucosal irri-
tation and transmucosal permeation studies in healthy and dis-
eased states.

2. Methods

2.1. Device Microfabrication

Gingiva-on-chip equivalents were fabricated on a modified
version of the microfluidic device described earlier.[17] The mi-
crofluidic device (5 cm× 7.5 cm) is composed of micro-structured
polymethyl methacrylate sheets of different thicknesses that are
thermally bonded together (Figure 1A). Each device has four
independent culture units for the dynamic culture of the gingival
equivalents: each unit includes vertically stacked upper, middle,
and lower chambers (Figure 1A). The upper and lower chambers
are connected to independent inlet and outlet channels. The up-
per chamber includes an access opening for seeding the cells and
hydrogels into the middle chamber during the culture phase, and
for application of test compounds on the cultured gingival equiv-
alents for downstream assays. The middle chamber used for the
culture of gingival equivalents, is separated from the lower cham-
ber by a polycarbonate track-etched porous support membrane.
The assembled and sterilized microfluidic organ-on-a-chip
device (kindly provided by REVIVO Biosystems, Singapore) was
designed to culture four miniature gingival equivalents with a
diameter of 7 mm each and an effective diffusion area of 0.4 cm2.

During the culture and downstream testing phases, continu-
ous perfusion of culture media and receptor solution was main-
tained in the lower chamber using a peristaltic pump (Ismatec,
Cole-Parmer GmbH) (Figure 1B). Similarly, the upper chamber
was perfused with culture media, air, or test substances depend-
ing on the culture or testing phase.

2.2. Cell Culture and Biofabrication of Gingival Equivalents under
Static and Flow Conditions

Primary human gingival fibroblasts and human oral ker-
atinocytes (OKF6/TERT2) were cultured in fibroblast and ker-
atinocyte medium respectively as described previously.[9,15,33] To
biofabricate gingiva-on-chip equivalents, 2 × 104 gingival fibrob-
lasts were encapsulated within 80 μL of human fibrin-based mu-
cosal matrix as previously described[9,15] and seeded in the mi-
crofluidic device. After 4 days of submerged culture under flow,
oral keratinocytes (3 × 105 cells cm−2) were seeded on top of
the mucosal matrix and cultured for 2 days under submerged
conditions, followed by 14 days of culture at air-liquid interface
(Figure 2A,B). Air-liquid interface culture was maintained by me-
dia perfusion through the microfluidic channels connected to the
lower channels (1.5 ± 0.1 μL min−1) and pumping moist air into
the upper compartment. Gingival equivalents under static condi-
tions (gingiva-insert) were fabricated as previously described[15]

(Figure 2A,C).

2.3. Oral Mucosal Irritation Test

Commercially available alcohol-based (LISTERINE Cool Mint)
and alcohol-free (LISTERINE Gum Care Zero) mouthwashes
were used as representative oral-care products. One percent
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Figure 1. Schematic representation of microfluidic gingiva-on-chip device. A) Schematic view of the assembled device that shows the different features
such as microchannels, chambers, inlets, and outlets micromilled into polymethyl methacrylate sheets that are vertically stacked and thermally bonded.
B) Schematic representation of fluidic circuit used for perfusion of media, air, and test substances at different phases of the organotypic culture.

sodium lauryl sulfate (SLS, MatTek Corporation) and phosphate-
buffered solution (PBS, Vivantis Technologies) were used as pos-
itive and negative controls, respectively.

For on-chip cultures, the test substances were actively pumped
through the upper channel at 50 μL min−1 using a peristaltic
pump-driven forward and backward flow to mimic the rinsing ac-
tion. The exposure was repeated after a 10-h interval. After each
exposure, the test substances were flushed out using PBS and
incubated for 24 h after the second exposure.

For gingiva-insert cultures, the epithelial surface was exposed
to 130 μL of liquid test substance in triplicate for 30 s twice at 10-h
intervals. After each exposure, the test substances were washed
three times with PBS, transferred to a 12-well plate with fresh
culture media and incubated at 37 °C for 24 h after the second
exposure.

After incubation, media from on-chip and insert cultures were
collected for lactate dehydrogenase (LDH) release assay and tis-
sues were harvested for histology or viability assays.

Adv. Healthcare Mater. 2023, 12, 2301472 2301472 (3 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. Biofabrication of organotypic full-thickness gingival equivalents underflow and static conditions. A) Schematic representation of the organ-
otypic culture under flow within the microfluidic device (gingiva-on-chip) and under static conditions using porous culture inserts (gingiva-insert). The
culture under both conditions includes mucosal matrix fabrication, keratinocyte seeding, and air-liquid interface culture followed by their downstream
applications. Macroscopic views of the gingival tissues fabricated within the B) microfluidic device and C) in static insert culture systems. The gingiva-
on-chip equivalents within the microfluidic device B) are visible and easily accessible through the lid opening in the upper chamber (inset).

2.4. Dental Anesthetic Permeation Studies

Dental anesthetics, lidocaine hydrochloride (HCl) (Sigma-
Aldrich), and articaine HCl solution (Ubistesin Forte, 3M) were
reconstituted to working concentrations of 1.67 mg mL−1 and
3.33 mg mL−1 in PBS respectively. To investigate the permeation
kinetics of the dental anesthetics through tissue equivalents
on-chip, the tissues were equilibrated overnight with PBS, and
lidocaine HCl (1.25 mg cm−2) or articaine HCl (2.5 mg cm−2)
was applied to the tissue surface through the access openings.
Perfusate flowing out of the lower compartments was collected
directly into a 96-well plate at 30-min sampling intervals a 4.5-h
perfusion period as described previously.[17,19] The amount of
lidocaine HCl and articaine HCl in the perfusates collected from
the receptor compartments was quantified using spectroscopic
measurement of peak absorbance at 221 nm and 272 nm,
respectively.[19,34]

2.5. Statistical Analysis

Comparative evaluation of the parameters between two groups
was performed using unpaired two-tailed t-tests, and those be-
tween more than two groups using one-way ANOVA followed by
Bonferroni post hoc analysis.

3. Results

3.1. Microfluidic Device Enables the Reconstruction of Gingival
Equivalents under Flow Conditions

The fibrin-based gingival tissue equivalents biofabricated within
the microfluidic device was stable and maintained its initial pro-
portions, without macroscopic contraction or degradation over
the 3-week culture period (Figures 1, 2). Macroscopically, the sur-
face of the tissues looked flat, and dry reminiscent of keratinized
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epithelial surface (Figure 2B). The flat surface without wrinkles
further demonstrated the stable non-contractile nature of the ma-
trix.

Haematoxylin-esoin (H-E) stained sections showed the forma-
tion of a multi-layered, orthokeratinized, squamous epithelium
over a cellular lamina propria (Figure 3A), characterized by dis-
tinct basal, spinous, granular, and corneal layers (Figure 3A and
Figure S1, Supporting Information). The pattern of columnar to
cuboidal basal keratinocytes, and Ki-67 positive proliferating cells
restricted to the basal keratinocytes, indicated the viability and ep-
ithelial homeostasis of the tissue constructs.

The epithelium showed a strong expression of stratified
epithelial cytokeratins (CK5 and CK14) across the basal and
suprabasal layers, and early epithelial differentiation markers
(CK10 and involucrin) in the suprabasal cells (Figure 3B–D). The
epithelium was devoid of CK13 and CK19 expression, similar to
the native keratinized gingival or palatal epithelium.[4] The for-
mation of an epithelial barrier was indicated by the strong ex-
pression of late differentiation markers (filaggrin and loricrin) at
the junction of granular and corneal layers.

The lamina propria-like mucosal matrix expressed fibronectin
and collagen-I, and contained vimentin-positive gingival fibrob-
lasts with dendritic morphology (Figure 3A–D). The fibrous pat-
tern fibronectin and collagen-I expression demonstrated the au-
thentic de novo production of a lamina propria-like matrix. The
formation of a well-defined basement membrane that anchors
the epithelium to the lamina propria was indicated by the strong
expression of collagen-IV and laminin-V at the junction between
the epithelium and the underlying lamina propria-like matrix
(Figure 3D).

These results suggest that the gingival tissue equivalents re-
constructed under flow conditions within the microfluidic device
closely resemble native human gingival tissues.

3.2. Influence of Microfluidic Perfusion on Epithelial
Morphogenesis and Basement Membrane Maturation

To understand the impact of active perfusion of culture media,
the development of gingival equivalents fabricated on-chip was
compared to those cultured on culture inserts under static con-
ditions. Both conditions produced a well-differentiated stratified
squamous epithelium with an orthokeratinized corneal layer, but
distinct differences were evident in the gingiva-on-chip equiva-
lents (Figure 3A).

The basal cells in the gingiva-on-chip exhibited a polarized,
columnar morphology with their long axes aligned perpendicu-
lar to the basement membrane, compared to the cuboidal basal
cells in the gingiva-insert. The gingiva-on-chip exhibited signifi-
cantly thicker viable epithelium supported by more layers of CK5,
CK14, and CK10 positive keratinocytes (Figure 3A–C). Addition-
ally, a regular arrangement of columnar basal keratinocytes, a
thicker viable epithelium, and a higher Ki67 proliferation index
in the gingiva-on-chip indicated an increased stability of the ep-
ithelial architecture (Figures 3A,C and 4A,B). Increased viable ep-
ithelial thickness in the gingiva-on-chip was further supported
by larger area and higher intensity of stratification marker CK14
(Figure 4C). The gingiva-on-chip also exhibited a stronger and in-
creased area of expression of early differentiation marker CK10

(Figure 4D). The impact of flow conditions on epithelial matura-
tion was further evidenced by pronounced keratohyalin granules
at the junction of viable epithelium and corneal layer (Figure 3A,
inset) and higher expression of late differentiation markers fi-
laggrin and loricrin (Figures 3B,C and 4E). Furthermore, the
gingiva-on-chip also exhibited a continuous distribution of filag-
grin and loricrin at the junction of upper spinous and granular
layers of the epithelium (Figures 3A–D and 4E). These results
suggest an enhanced terminal differentiation of the keratinocytes
under flow conditions.

The junction between epithelium and lamina propria-like ma-
trix in the gingiva-on-chip was marked by a stronger expres-
sion of basement membrane proteins collagen-IV and laminin-
V (Figure 3D). Further, a continuous and a thicker collagen-IV
expression in gingiva-on-chip equivalents, compared to a patchy
expression in gingiva-insert cultures, suggest an improved mat-
uration of the basement membrane and a better anchorage of
the epithelium to the underlying lamina propria-like tissue un-
der flow conditions (Figure 4F).

Overall, the results suggest that the gingiva-on-chip provides
an in vitro system with improved epithelial morphogenesis and
maturation, which is ideally suited for downstream pharmaco-
toxicological testing.

3.3. Gingiva-on-Chip Enables Mucosal Irritation Tests under
Near-Physiological Conditions

With growing oral hygiene awareness, new oral-care formula-
tions target specific benefits like cavity protection, tartar reduc-
tion, gum health improvement, and teeth whitening. However,
these formulations may contain active ingredients and excipi-
ents that may potentially cause mucosal irritation. Traditional
assessment of mucosal irritation involves human subjects,[35]

but the advent of reconstructed oral mucosal epithelial models
has provided an alternative in vitro model.[1,14,36] Current meth-
ods for assessment of oral mucosal irritation on reconstructed
oral mucosal epithelial models are based on skin irritation tests
(OECD TG439), wherein the impact of the mechanical action of
the mouth rinse is poorly understood and not represented in the
current test methods.

Hence, we next aimed to evaluate the application of the
gingiva-on-chip system for in vitro assessment of oral-care prod-
ucts. The gingiva-on-chip and gingiva-insert cultures were ex-
posed to PBS, 1% SLS, and commercially available alcohol-based
and alcohol-free mouthwashes. To mimic the actual use case sce-
nario, the cultures were exposed to the test substances twice a
day at 10-h interval, washed with PBS after each exposure, and
cultured for 24 h prior to downstream analysis (Figure 5A,B). H-
E and terminal deoxynucleotidyl transferase dUTP nick end la-
beling (TUNEL) staining of cultures exposed to negative control
(PBS) showed no disruption in epithelial integrity. However, ex-
posure to 1% SLS (positive control) caused a dramatic disruption
of the epithelium, resulting in TUNEL-positive cells in the epithe-
lium and in the lamina propria. Interestingly, the gingiva-on-chip
cultures showed complete disruption of the epithelial cohesion
leading to separation of the epithelium from the underlying ma-
trix (Figure 5C). Low tissue viability levels (<20%) and high LDH
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Figure 3. Characterization of the full-thickness gingiva equivalents reconstructed underflow and static conditions. A) Hematoxylin-eosin H–E) stained
sections demonstrate the multi-layered, orthokeratinized gingival epithelium over fibroblast-populated lamina propria-like matrix. B–D) Immunostained
sections show the expression of cytokeratins (CK5, CK14, CK10, CK13, and CK19), stratified epithelial differentiation markers (involucrin, filaggrin,
loricrin), proliferation marker (Ki67), vimentin, matrix proteins (collagen-I and fibronectin) and basement membrane markers (collagen-IV, laminin-V)
(Scale bar: 50 μm).
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Figure 4. Morphometric analysis of the full-thickness gingiva equivalents reconstructed underflow and static conditions. The bar graphs show the
quantification and comparison of A) thickness of viable epithelium, B) Ki67 proliferation index, C–E) intensity and area of CK14, CK10, and loricrin
expression, and E,F) number of breaks in the expression of loricrin and collagen IV among the gingival equivalents cultured under flow and static
conditions. Area of CK14 expression corresponds to the area of viable epithelium (without the cornified layers), while the area of CK10 expression
corresponds to suprabasal layers including the cornified layers. The number of breaks in loricrin and collagen IV are normalized to unit length (400 μm)
of the epithelium. (n≥3; *p<0.05, **p<0.01, Student t-test).

release from these tissues confirmed the strong mucosal irritant
potential of 1% SLS (Figure 5D,E).

The gingiva-on-chip and gingiva-insert cultures exposed to
alcohol-free and alcohol-based mouthwashes showed minimal
disruption of the corneal layers of the epithelium, and absence
of TUNEL-positive cells (Figure 5C). High tissue viability lev-
els that are above the 50% threshold and low amounts of LDH
release compared to positive control confirmed their classifica-
tion as non-irritants (Figure 5D,E). However, the gingiva-on-chip
cultures exposed to alcohol-based mouthwash exhibited a thin-
ner epithelium with flattened keratinocytes and slightly higher
amounts (≈3-fold) of LDH release.

Overall, the flow-based exposure using gingiva-on-chip system
provided a near-physiological environment for in vitro testing of
oral-care products.

3.4. Application of Gingiva-on-Chip for Disease Modeling and
Drug Permeation Studies

Toward modeling diseased states, we simulated oral mucosal ul-
cers within the microfluidic device (ulcer-on-chip), by culturing
gingival fibroblast-populated mucosal matrix under submerged
conditions (without the addition of keratinocytes) under constant
flow conditions (Figure 6A).

The resulting ulcer-on-chip tissues were stable and exhib-
ited a wet and shiny appearance reminiscent of ulcerated tis-
sues (Figure 6A). H-E stained and immunostained sections
demonstrated the presence of spindle-shaped, vimentin-positive
fibroblasts embedded within the matrix (Figure 6B). The matrix
showed the presence of collagen-I and fibronectin fibers, demon-
strating the production of cell-derived extracellular matrix pro-

teins required for fibroblast adhesion, growth, and migration
(Figure 6B). These features of cellular connective tissue without
an overlying mucosal epithelium are reminiscent of an ulcerated
mucosal tissue.

We next aimed to evaluate the application of the ulcer-on-chip
platform for in vitro assessment of oral-care products under flow
conditions. H-E and TUNEL-stained sections of the ulcer-on-
chip equivalents postexposure to negative control (PBS), showed
no disruption of the mucosal matrix and the fibroblasts dis-
played a spindle-shaped morphology reminiscent of their healthy
state (Figure 6C). However, the cultures exposed to 1% SLS re-
sulted in fibroblasts with rounded morphology, a reduced num-
ber of viable fibroblasts, and the presence of TUNEL-positive cells
throughout the depth of the mucosal matrix (Figure 6C). MTT vi-
ability tests on the 1% SLS-exposed tissues showed viability lev-
els below the 50% threshold, and significantly high amounts of
LDH release (Figure 6D,E). The ulcer-on-chip cultures exposed
to alcohol-free and alcohol-based mouthwashes also showed mild
disruption, with the fibroblasts on the exposed surface exhibiting
a rounded morphology, TUNEL-positive staining, and release of
significant amounts of LDH (Figure 6C,E). Although the tissue
viability was more than the 50% threshold, the morphological al-
terations of the fibroblasts on the exposed surface and LDH re-
lease suggest the mild cytotoxicity potential of the mouthwashes
when used on oral ulcers.

Next, we used the gingiva-on-chip and ulcer-on-chip equiva-
lents for assessing the transmucosal permeation of lidocaine HCl
and articaine HCl across intact and ulcerated tissues (Figure 6F).
Mass balance calculations showed that the recovery of both
anesthetics was within the recommended guidelines (90–110%).
The ulcer-on-chip equivalents presented significantly higher cu-
mulative permeation over the 4.5 h period and ≈4-fold higher

Adv. Healthcare Mater. 2023, 12, 2301472 2301472 (7 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Figure 5. Application and comparison of gingival equivalents for in vitro assessment of oral-care products underflow and static conditions. Schematic
representation of exposure of the surface of gingival equivalents to oral-care formulations under A) flow and B) static conditions on the gingival-on-
chip and gingiva-insert respectively. C) Hematoxylin-eosin H–E) and TUNEL-stained sections of the gingival equivalents after exposure to oral-care
formulations and controls (Scale bar: 50 μm; * represent epithelial disruption). D) Relative cell viability and E) relative LDH release following exposure
to oral-care formulations. Dotted lines represent the respective thresholds. (n≥3; *p<0.05).
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steady-state flux for lidocaine HCl and articaine HCl when
compared to the intact gingiva-on-chip equivalents (p<0.01)
(Figure 6F, Table 2, Supporting Information).

Maintaining tissue integrity is crucial in avoiding artificial
spikes in permeation parameters, which often occur in manually
handled permeation studies using diffusion cells. Histological ex-
amination of the tissues after permeation experiments showed
no apparent disruption in the epithelial and matrix structure,
which could be attributed to the integrated culture and down-
stream permeation studies (Figure S2, Supporting Information).

4. Discussion

Emulating the microenvironment of the gingival tissues in vitro
requires the controlled interaction of the gingival epithelium
with the cellular and matrix components of the underlying
lamina propria and a myriad of extrinsic factors such as saliva,
microbes, mechanical forces, food, lifestyle habits, and oral-care
products. In this work, we leveraged on a microfluidic organ-
on-a-chip device with vertically stacked design to enable the
biofabrication and long-term culture of full-thickness gingiva-
on-chip tissue equivalents under air-liquid interface and flow
conditions. Compared to static conditions, the culture under
flow conditions enabled the biofabrication of gingival tissue
equivalents with improved epithelial morphogenesis, matura-
tion, and barrier features. Further, the flow feature was utilized
to emulate the mechanical action of mouth rinse and integrate
the assessment of host-material interactions and transmucosal
permeation of oral-care formulations.

Design features of an organ-on-a-chip system greatly influ-
ences its capabilities, potential applications, and limitations. The
potential to customize the design features enabled the emula-
tion of the microphysiological environment of tissues and their
interface with the internal and external milieu. Dedicated mi-
crochannels beneath (in this study, and others[17,25]) or placed
adjacent[21,23] to the culture chamber enable continuous replen-
ishment of culture media, removal of metabolic wastes, and col-
lection of biomarkers, mimicking the blood flow. Similarly, mi-
crochannels placed on top (in this study, and others[17,25]), or
adjacent[21,23,24,27] to the culture chamber could be utilized to
mimic salivary flow, temporally controlled delivery of cells, bac-
teria, and test substances. This opens avenues to study the im-
pact of blood, tissue fluid, and salivary flow on transmucosal per-
meation, host-microbiome, and host-material interactions.[17,24]

In this study, we utilized the upper channel of the microflu-
idic device to enable air-liquid interface culture during the tis-
sue maturation phase, and to simulate the swishing motion of a
mouth rinse, where the test substances were flown over the sur-
face of gingiva-on-chip equivalents using forward and backward
flow. Despite the thicker and more mature epithelium in gingiva-
on-chip cultures, exposure to 1% SLS resulted in a marked ep-
ithelial disruption and higher amounts of LDH release. SLS

is a synthetic detergent widely used in dentifrices and mouth-
washes and often implicated in oral mucosal irritation caused by
oral-care formulations.[35] Similarly, alcohol-based mouthwash
caused slightly higher LDH release in the gingiva-on-chip cul-
tures. These detrimental effects were also evident on ulcer-on-
chip equivalents, with cell death predominantly on the exposed
surface. These findings underscore the importance of consid-
ering the mechanical action of oral-care formulations when as-
sessing their potential for mucosal irritation. The combination
of organotypic cultures with microfluidic devices offers a more
realistic representation of the swishing motion, enabling a more
physiologically relevant assessment of the mucosal irritation po-
tential of oral-care formulations.

Microfluidic systems designed for the biofabrication of oral
mucosa and gingival barrier tissues[21–25] typically feature a con-
figuration where a culture chamber is sandwiched between two
channels. These channels can be arranged in either a horizon-
tal or vertical stacking, and each configuration presents unique
opportunities and limitations. Horizontally stacked channels in
previous studies[21,23,24] enabled compartmentalization and real-
time visualization of the cells, matrix, and bacteria and their re-
sponse to dental materials and microorganisms. However, such
a configuration limits the ability to achieve the necessary air-
liquid interface culture required for the stratification and differ-
entiation of keratinocytes, and the attainment of epithelial barrier
function.[18] In contrast, the vertically stacked design combined
with open access feature presented in this study, helps mimic
the lumen of the oral cavity, and achieve the required air-liquid
interface for efficient differentiation of keratinocytes, and the for-
mation of protective barrier.

Gingiva-on-chip equivalents biofabricated under the perfused
air-liquid interface conditions demonstrated the presence of pro-
nounced keratohyalin granules, strong expression of filaggrin
and loricrin, and absence of CK13 and CK19 expression. These
features are reminiscent of masticatory mucosa that includes
gingival and palatal epithelium. Unlike the non-keratinized oral
mucosa (referred to as lining mucosa), the masticatory mucosa
expresses terminal differentiation markers and barrier proteins
such as filaggrin and loricrin at the interface between granular
and cornified layers.[4,37] The strong expression of keratinocyte
differentiation markers (CK10 and involucrin), barrier proteins
(filaggrin and loricrin), and basement membrane markers
(collagen IV) in the gingiva-on-chip cultures compared to static
conditions highlight the potential role of air-liquid interface and
flow-induced mechanical stimulation. Besides supporting a con-
tinuous nutrient supply and waste removal, dynamic perfusion
potentially generates shear stresses and mechano-transduction
mediated induction of fibroblast function,[38,39] keratinocyte
maturation and modulation of epithelial barrier function.[40–42]

Owing to the static nature of gingiva-insert cultures, the nutrient
transport to the cells within the 3D matrix is purely diffusive.
In contrast, the perfusion of media and moist air through the

Figure 6. Application of gingiva-on-chip for disease modeling and drug permeation studies. A) Schematic representation of the fabrication of ulcer-
on-chip equivalents under flow conditions, and macroscopic view of its shiny, wet surface. B) Hematoxylin-eosin and immunostained sections show
the expression of vimentin and matrix proteins (collagen-I and fibronectin). C) Hematoxylin-eosin and TUNEL-stained sections, D) relative cell viability,
and E) relative LDH release from the ulcer-on-chip equivalents after exposure to oral-care formulations and controls (Scale bar: 50 μm). Dotted lines
represent the respective thresholds. F,G) Line and bar graphs show the permeation profiles of lidocaine HCl and articaine HCl permeation through
gingiva-on-chip and ulcer-on-chip equivalents. (n≥3; *p<0.05).

Adv. Healthcare Mater. 2023, 12, 2301472 2301472 (10 of 12) © 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

upper and lower channels respectively, provides a pressure
gradient across the gingiva-on-chip equivalents, that potentially
drives active interstitial media flow through the 3D matrix and
keratinocytes in the epithelial layer. Further, the active perfusion
of moist air through the upper channel potentially provides
shear stresses on the keratinocytes and the external layers of the
gingival epithelium. We believe that the shear stress and inter-
stitial fluid flow induced mechano-transduction cues could have
mediated the improved epithelial morphogenesis, maturation,
and barrier features in the gingiva-on-chip equivalents.

Microfluidic design also enables miniaturization, reducing the
sample requirements, lower limits of detection, and higher sensi-
tivity owing to reduced dilution of the permeated compounds.[19]

Human gingival tissues are typically scarce and small, leading
to the common use of fresh or frozen porcine tissues for drug
permeation studies. Gingiva-on-chip serves as an effective alter-
native to conventional Franz diffusion cells (that demand large
tissue size) and provides a physiologically relevant alternative
to human and animal-derived tissues. The in situ reconstruc-
tion of gingival tissues within the microfluidic device and in-
tegrated downstream mucosal irritation and permeation assays
avoid the need for manual handling of fragile tissues, which
could potentially impact tissue interaction and drug permeation
studies.[43] As demonstrated in this study and by others on skin
tissues,[17,25,44] the vertical-stacked configuration also allows the
integration of drug permeation studies through the barrier tis-
sues. Most permeation studies focus on the epithelium alone
and typically employ heat or chemical-based methods to separate
the oral epithelium from the underlying lamina propria.[45–47]

However, this in turn can have detrimental effects on the cells
and affect the barrier properties of the test tissue.[46] Further,
as the methods and conditions of tissue storage affect the per-
meation characteristics,[48,49] the integration of culture and drug
permeation studies within the microfluidic device offers the po-
tential advantage of performing experiments on fresh tissues.
Furthermore, the potential to fabricate lamina propria alone or
ulcer-on-chip equivalents avoids the need for physical or chem-
ical separation methods and associated tissue damage. Though
the epithelial tissue forms the primary permeability barrier,[50]

the connective tissue component also has significant barrier
properties depending on the physico-chemical characteristics of
the test compound.[47] Therefore, information on the perme-
ation through lamina propria or ulcerated tissue is crucial, espe-
cially for topical formulations and/or actives with anesthetic and
wound healing properties.

In conclusion, the gingiva-on-chip presented in this study
models the microphysiological features of the gingival tissue in
healthy and diseased states, and their interface with the external
milieu. The potential to model healthy and diseased states
provides a valuable opportunity to investigate gingival and oral
mucosal biology, aid reduction and/or replacement of animal
models for toxicity and biocompatibility evaluation of dental ma-
terials and oral-care products under near-physiologic conditions.
Moving forward, the gingiva-on-chip could be incorporated with
salivary flow and microbial colonization to understand gingival
and periodontal disease, development, and assessment of novel
periodontal therapeutics. Further, inclusion of endothelial cells
would enable the recapitulation of microvasculature and incor-
poration of immune cells.[51] Similarly, for the ulcer-on-chip,

inclusion of keratinocytes and a wound can enable closer reca-
pitulation of oral ulcers and its application for wound healing
studies. These improvisations could then pave way to study the
impact of the microbiome and external agents on the innate
immune response of the gingival tissues and its modulation
using oral-care products, as well as of effective transmucosal
drug and nutraceutical delivery. Furthermore, integrating with
other organ-on-a-chip models such as the skin, gut, liver, and/or
cardiac tissues could enable the potential to study mucocu-
taneous drug interactions, metabolic and systemic impact of
periodontal disease on diabetes and cardiovascular diseases.
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