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Introduction

Periodontitis, characterized by persistent chronic inflam-
mation in response to the dysbiotic subgingival biofilm,
results in the destruction of the periodontal ligament (PDL)
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Developing physiologically relevant in vitro models for studying periodontitis is crucial for understanding
its pathogenesis and developing effective therapeutic strategies. In this study, we aimed to integrate the
spheroid culture of periodontal ligament stem cells (PDLSCs) within a spheroid-on-chip microfluidic per-
fusion platform and to investigate the influence of interstitial fluid flow on morphogenesis, cellular viabi-
lity, and osteogenic differentiation of PDLSC spheroids. PDLSC spheroids were seeded onto the spheroid-
on-chip microfluidic device and cultured under static and flow conditions. Computational analysis
demonstrated the translation of fluid flow rates of 1.2 ul min~* (low-flow) and 7.2 pl min* (high-flow) to
maximum fluid shear stress of 59 pPa and 360 pPa for low and high-flow conditions, respectively. The
spheroid-on-chip microfluidic perfusion platform allowed for modulation of flow conditions leading to
larger PDLSC spheroids with improved cellular viability under flow compared to static conditions.
Modulation of fluid flow enhanced the osteodifferentiation potential of PDLSC spheroids, demonstrated
by significantly enhanced alizarin red staining and alkaline phosphatase expression. Additionally, flow con-
ditions, especially high-flow conditions, exhibited extensive calcium staining across both peripheral and
central regions of the spheroids, in contrast to the predominantly peripheral staining observed under
static conditions. These findings highlight the importance of fluid flow in shaping the morphological and
functional properties of PDLSC spheroids. This work paves the way for future investigations exploring the
interactions between PDLSC spheroids, microbial pathogens, and biomaterials within a controlled fluidic
environment, offering insights for the development of innovative periodontal therapies, tissue engineering
strategies, and regenerative approaches.

and surrounding alveolar bone. With a worldwide prevalence
exceeding 50%, advanced forms of this disease rank as the
sixth most prevalent condition globally,' contributing to tooth
loss, impaired mastication, diminished quality of life, and
potential systemic complications.>® Moreover, it imposes a
substantial economic burden, with estimated annual costs of
USD 154 billion in the United States and €159 billion in
Europe.*

PDL is a specialized dense fibrous connective tissue that
anchors the tooth roots to the alveolar bone of the jaws.
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Beyond its anchorage role, PDL plays a crucial role in tooth
eruption, physiological mobility during mastication, proprio-
ception, and bone remodeling.> These dynamic and highly
ordered tissues are regulated by mechanosensitive mecha-
nisms, with mechanical forces such as those from mastication
playing a crucial in maintaining PDL and alveolar bone
homeostasis.>® Cells within the PDL, including periodontal
ligament stem cells (PDLSCs), respond to mechanical stimuli,
influencing tissue remodeling, regeneration, and repair.”®
Mechanical loading on teeth results in the compression of the
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interstitial fluid within the PDL space, generating fluid shear
stress on both cells and extracellular matrix (ECM).>"°
Similarly, mechanical stress on the alveolar bone leads to
interstitial fluid flow within the lacuna-canalicular network,
affecting bone remodeling responses of osteocytes within the
network.'™'? Both mechanical stimuli and dynamic interstitial
fluid flow actively contribute to the maintenance and turnover
of PDL and alveolar bone.’**® Additionally, interstitial fluid
flow plays a crucial role in maintaining tissue homeostasis by
facilitating nutrient and oxygen delivery, waste removal, and
the transport of signaling molecules.'® While the flow of inter-
stitial fluid is driven by hydrostatic and osmotic pressure
differences between blood, interstitial tissues, and lymphatics,
mechanical loading of the tooth provides an active driving
force. Unlike the osteocytes within the lacuna-canalicular
network, cells within soft tissues usually experience extremely
low fluid shear stress, ranging from 10> to 10~ dyne per cm?
(i.e., 10 to 1000 pPa), due to the relatively slow interstitial fluid
ﬂow.17,18

Although traditional static monolayer cultures have pro-
vided valuable insights into the biological responses of PDL
fibroblasts, PDLSCs, and osteoblasts to microbial challenge
and biomaterials, there is growing recognition of the impor-
tance of replicating native microenvironmental characteristics
in in vitro testing. Specifically, the inclusion of fluid flow, cell-
cell, and cell-matrix interactions within the experimental
setup is widely acknowledged to provide enhanced physiologi-
cal relevance."®*° Hence, applying fluid flow within in vitro
cultures, which in turn provides fluid shear stress-induced
mechanotransduction would enable partial emulation of
native physiology of the PDL compared to static cultures.
Studies on the incorporation of active fluid flow over mono-
layer-cultured PDL cells have demonstrated the impact of fluid
shear stress on the rearrangement of cytoskeletal proteins,>">>
modulation of tissue remodeling,>® and immunoregulatory
properties,>® and production of growth factors, messenger
molecules, and chemokines.'®*"?* Interstitial fluid flow also
enhances the osteogenic differentiation potential of mono-
layer-cultured PDL cells,*"*>?**>?¢ pre-osteoblasts,”*® and
mesenchymal stromal cells (MSCs).>*?' Although these
studies demonstrate the impact of mechanical stress and fluid
flow using monolayer cultures, the three-dimensional (3D)
microenvironment of the cell-cell and cell-matrix interactions
are not represented.

3D cultures provide unique opportunities to emulate
physiologically relevant cell-cell and cell-matrix interactions,
establish native tissue-like nutrient and oxygen gradients, and
elicit heterogenous cellular responses, surpassing the limit-
ations of monolayer cultures.**** Numerous studies have
demonstrated wide differences between monolayer and 3D cul-
tures, wherein 3D spheroids of the dental pulp and PDL cells
exhibit enhanced osteogenic differentiation and periodontal
regeneration compared to their monolayer counterparts.®*™’
However, the static microenvironment of conventional micro-
well or hanging drop culture plates results in rapid depletion
of nutrients and oxygen, and the formation of a hypoxic
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core.*®*° Furthermore, the impact of mechanical stress and
fluid flow are not represented in static spheroid 3D cultures.
Bioreactors provide a platform for continuous movement of
culture medium either on top of cells attached to
microcarriers,*®*' or through a microporous biomaterial
loaded with cells.*>** Although perfusion bioreactors emulate
physiological features such as dynamic nutrient supply and
fluid shear stress, they demand the need for a large number of
cells and culture medium, and experienced operators. These
limitations could be overcome using microfluidic systems.

Microfluidics technology utilizes microchannels and micro-
chambers, enabling the manipulation of fluid composition,
precise control of micro-sized fluid volumes and shear stress.**
Using a microfluidic approach, cells can be cultured confined
within micro-sized channels and chambers. This microscale
confinement offers a physiologically relevant microenvi-
ronment compared to traditional macroscale cultures. The
convergence of microfluidic technology and 3D culture models
provides new possibilities to culture cellular aggregates or
tissue equivalents within a confined microchamber, precisely
control the fluid flow, shear stress, chemical and physical gra-
dients, enabling the potential to emulate the native 3D micro-
environment of the tissue.*®**"*® Only recently, the application
of microfluidics for dental, oral, and craniofacial research has
gained traction.*” For instance, the flow feature has been used
to mimic the interstitial fluid flow through gingival connective
tissue,”® apply mechanical stress on gingival tissues,"®”® simu-
late the protective effects of gingival crevicular fluid flow,*?
and emulate host-microbe interactions.*>*° Similarly, it has
been utilized to mimic the nutrient provision and metabolic
waste or toxic product removal role of the blood vessels.’*"7¢

The aim of this study was to integrate the culture of PDLSC
spheroids within a spheroid-on-chip microfluidic perfusion
platform and to investigate the impact of interstitial fluid flow
on morphogenesis, cellular viability, and osteogenic differen-
tiation of PDLSC spheroids.

Methods

Cell culture

PDLSCs were isolated from the root surfaces of de-identified,
healthy, non-carious, impacted third molars extracted from
systemically healthy donors (15-30 years old) with informed
consent. The study was approved by the National Healthcare
Group Doman Specific Review Board Singapore (Study
Reference Number: 2018/00256). The cells were isolated from
tissue fragments scraped from the middle one-third of the
roots. The tissue fragments were cultured under animal com-
ponent-free (ACF) conditions as explants in culture vessels
coated with MesenCult™-ACF cell attachment substrate
(StemCell Technologies) in Mesencult™-ACF complete
medium (StemCell Technologies), supplemented with 1% glu-
tamax (Gibco), 1% penicillin-streptomycin (Gibco) and 0.50 pg
mL~" amphotericin-B (Gibco). The PDLSCs isolated under ACF
conditions were expanded under the same media conditions
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without amphotericin-B, and characterized for the expression
of surface markers using flow cytometry as described
previously.*?

Spheroid generation and culture within the microfluidic
device

For the generation of spheroids, PDLSCs of passages 4-5 from
a single donor were used. PDLSCs were dissociated using ACF
dissociation reagents (MesenCult™ ACF Dissociation Kit;
StemCell Technologies), seeded at a density of 10 000 cells per
well in 96-well round bottom ultra-low attachment plates
(Corning), force aggregated using low-speed centrifugation
(20g, 1 min) and incubation at 37 °C for 24 hours.

Following 24 hours of organization, the spheroids were
transferred to sterile p-Slide spheroid microfluidic perfusion
chips (ibidi GmbH). Each chip (25 mm x 75 mm; individually
sterile packed) contained 3 parallel, identical perfusion chan-
nels, each with an array of 7 identical microwells (volume:
3.5 pl per well) (Fig. 1). An exploded cross-sectional view of a
single microwell with dimensions of the perfusion channel,
microwell and coverslip covering the bottom and top is shown
in Fig. 1A. The width and height of the flow-in microchannels
connecting the 7 microwells were 1 mm and 0.2 mm, respect-
ively. The distance between the centres of 2 adjacent micro-
wells were 4.5 mm. Each microwell, had a niche area for the
spheroid culture, the dimensions of which were 800 um in dia-
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meter and 400 pm in height. Each fluidic channel had dedi-
cated inlet and outlet ports that connect to inlet and outlet
tubing for perfusion of culture media. Before connecting to
the chip, the tubing and connectors were disinfected with 70%
ethanol followed by perfusion of autoclaved distilled water and
sterile basal culture media to remove remnants of alcohol
from the tubing. The spheroids were individually placed onto
the bottom of each microwell. The channels and microwells
were sealed using a sterile, polymer-based adhesive film (ibidi
GmbH) as per manufacturer’s instructions. For culture under
flow conditions to generate continuous fluidic shear stress on
the spheroids within the microwells, the chip was connected
to inlet and outlet tubings, and media was actively perfused
using a digitally-controlled peristaltic pump (Ismatec, Cole-
Parmer), at a defined pulse rate of 0.88 pulses per minute. The
peristaltic pump fitted with tubings of internal diameters of
0.25 mm and 0.76 mm was used to deliver pulsatile low-flow
(1.2 pl min™") and high-flow (7.2 pl min™") conditions respect-
ively. For culture under static conditions, the inlet and outlet
ports were fitted with a 1 ml syringe as media reservoirs, filled
with equal media volumes, and the media was manually
changed every alternate day.

Numerical simulation and fluid shear stress modeling

Computational fluid dynamics of fluidic flow inside the micro-
fluidic chips (velocity profiles, flow streamline, and fluid shear

Direction of flow

-

Peristaltic pump

Seeding of spheroids
into the chip

Media reservoir

vy

Outflow collected

Fig. 1 Spheroid-on-chip microperfusion platform. (A) Schematic representation of the microfluidic perfusion device illustrating three parallel chan-
nels, each with seven microwells and ports at both ends of each channel to facilitate the media flow. The enlarged cross-sectional views show the
dimensions of the microwell (adapted from ibidi GmbH). (B) Photograph of the microfluidic device after seeding the spheroids and securing the con-
nections to enable the flow of media. (C) Schematic representation of the microfluidic perfusion set-up and application of the unidirectional flow

through the microfluidic device using a peristaltic pump.
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stress profiles) was performed using COMSOL Multiphysics®
simulation tool. 3D geometric models of the microfluidic
device based on the dimensions of the channels and micro-
wells provided in Fig. 1A were used for laminar flow simu-
lations. Briefly, the Navier-Strokes equation was used to deter-
mine the fluid velocity and shear stress.>?

puVu=V-[—pl+u(Vu+ (Vu))T)+F +pg

where u is the velocity vector of the fluid, p the fluid density, u
the dynamic viscosity, F the external force acting on the fluid
(F = 0 in the model), T the temperature, and g the acceleration
due to gravity. Cell culture media was assumed to be identical
to pure water with a density of 1000 kg m™ and viscosity of
0.001 kg m™" s7". Inlet velocity was set as the inflow velocity
calculated according to the flow conservation defined by the

pump.
Morphometric assessment of spheroids

The spheroids cultured under static and flow conditions were
imaged at different time points using a brightfield microscope
(Olympus IX83). Morphometric parameters (maximum dia-
meter and surface area of the spheroids) were computed using
measurement tool functions in CellSens imaging software
(Olympus). The 2D brightfield images of the spheroids were
used to create volumetric 3D reconstruction of the spheroids
using ReViSP (Reconstruction and Visualization using a Single
Projection), an open-source software.>*

Live/dead staining and apoptosis assessment

The spheroids within the microfluidic device were rinsed with
phosphate-buffered saline (PBS), stained on-chip for
20 minutes with a solution containing Hoechst (NucBlue Live
ready probes, Thermo-Fisher Scientific), calcein-AM (1 pg
ml™', Thermo-Fisher Scientific) and propidium iodide (PI,
1 ug ml™', Thermo-Fisher Scientific) for labelling the nuclei,
live and dead cells, respectively. Whole-mount imaging of the
spheroids on-chip was captured using laser scanning confocal
microscopy (FV1000, Olympus). Z-Stacks of the images were
reconstructed using Imaris software (Oxford instruments). The
numbers of dead cells at defined z-planes were quantified
using Image] software (NIH, USA). Further, cellular apoptosis
was quantified fluorometrically using caspase-3/7 activity
(SensoLyte Homogeneous AFC Caspase - 3/7 assay Kkit,
AnaSpec) as per manufacturer’s recommendations. Briefly, the
spheroids were incubated with 50 pl of assay working solution
at 37 °C for 1 hour. Caspase 3/7-mediated conversion of the
assay substrate was measured fluorometrically using a micro-
plate reader (Aex: 354 NM, Ayt 442 nm).

Evaluation of osteodifferentiation potential

Spheroids cultured on-chip were exposed to osteodifferentia-
tion (OD) media (MesenCult™ osteogenic differentiation kit,
StemCell Technologies) under continuous unidirectional per-
fusion. Osteodifferentiation potential was assessed after 10
and 14 days of differentiation. At each time point, the spher-
oids were harvested from the chip and lysed using passive lysis

This journal is © The Royal Society of Chemistry 2023
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buffer (Promega) based on manufacturer’s instructions, and
sonicated for 10 seconds. Intracellular alkaline phosphatase
(ALP) activity was measured using SensoLyte pNPP alkaline
phosphatase assay colorimetric kit (AnaSpec), which is a bio-
chemical assay based on the conversion of p-nitrophenyl phos-
phate into p-nitrophenol in the presence of ALP. ALP activity
was calculated by measuring the optical absorbance at 405 nm
using a microplate reader and correlating to a standard curve
of known concentrations of p-nitrophenol. The same cell lysate
was used to quantify intracellular osteocalcin (OCN) and DNA
quantity using a human osteocalcin ELISA kit (R&D Systems)
and a Quant-iT PicoGreen dsDNA assay kit (Invitrogen),
respectively, as per the manufacturer’s protocol. ALP activity
and OCN levels were normalized using DNA quantity from the
same cell lysate.

To further evaluate the mineralization potential, the spher-
oids cultured for 14 days in osteogenic conditions were fixed
with 4% neutral-buffered formalin (Sigma) for 20 min, fol-
lowed by PBS rinse twice. The fixed spheroids were stained
with 40 mM alizarin red (Sigma-Aldrich) for 20 min and
washed three times with PBS to remove the unbound stain.
The stained spheroids were imaged using a brightfield micro-
scope. The staining intensity (red colour) was quantified using
Image] software.

Spheroids cultured on-chip for 14 days in osteogenic con-
ditions were incubated overnight with calcium binding agent
IRDye® 800CW BoneTag™ (2 pmol ml™*, Li-COR Biosciences,
USA) at 4 °C.*® After incubation, spheroids were washed twice
with PBS, counterstained with DAPI and visualized using a
laser scanning microscope (Stellaris, Leica Microsystems).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 9.3, USA). The Shapiro-Wilk test was used to assess
normality (alpha = 0.05), followed by one-way analysis of var-
iance (ANOVA) and post-hoc Tukey tests to determine signifi-
cant differences between groups. The data were represented as
mean + SD, and differences were considered statically signifi-
cant when p < 0.05. The experiments were performed in repli-
cates represented by “n” in respective figure legends.

Results
Spheroid-on-chip design and numerical simulation

The microfluidic device used in this study comprised three
parallel, independent channels, each with seven microwells for
the spheroid culture, connected with individual inlet and
outlet ports (Fig. 1). The channels had the same height of
100 pm, and all the microwells had an identical bowl-like
shape with a cylindrical microchamber at the bottom to house
the spheroids. Each independent channel provided the oppor-
tunity to model different fluid shear stress parameters by
varying the input flow rates using the digitally-controlled peri-
staltic pump.

Biomater. Sci, 2023, 1, 7432-7444 | 7435
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To mimic interstitial fluid shear stress, two different per-
fusion flow rates of 1.2 pl min™" (low flow) and 7.2 pl min™"
(high flow) were used to generate different shear stresses in
the culture channels. These flow rates equated to an inlet vel-
ocity of 0.1 mm s~ and 0.6 mm s for the low and high-flow
conditions, respectively. Based on Stokes law, velocities and
shear rates are linearly proportional to flow rates. Hence, col-
orimetric maps of velocity and shear stress profiles of the high
flow only are presented in Fig. 2A and B. Assuming zero outlet
pressure, the maximum velocity within the channels connect-
ing the microwells was computed as 161.63 pm s ' and
969.57 pm s~ for low and high-flow conditions, respectively.
Numerical calculations presented in the velocity profiles
demonstrate the gradient in the fluid flow streamlines from
the top to the bottom of each well. As the spheroids are
expected to settle downwards and be housed within the cylind-
rical microchamber at the bottom of each microwell (niche
area), we calculated the fluid shear stress at different z-planes
of the microwell. Fig. 2B plots the fluid shear stress at z-planes
of 200, 500, and 1000 um from the top of the microwell, which
shows the generation fluid shear stress of different magnitudes

View Article Online
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within the microwells on-chip (Fig. 2C). The maximum fluid
shear stress experienced at the bottom of the microwells (z =
—1000 pm), was computed as 59 pPa and 360 pPa for low and
high-flow conditions, respectively (Fig. 2D). These extremely
low fluid shear stress levels correlate with the physiological
limits of interstitial fluid flow in soft tissues (10 to
1000 pPa)."”*®

Effect of fluid flow on the morphology of PDLSC spheroids

PDLSCs isolated under ACF conditions were characterized for
the expression of mesenchymal (CD73, CD90, CD105), major
histocompatibility complex (HLA-ABC and HLA-DR) and hema-
topoietic (CD31, CD34, CD45) markers. The PDLSCs showed
>98% of the cells positive for the expression of classical
surface proteins CD73, CD90 and CD105, >87% of the cells
positive for HLA-ABC with no significant expression of
HLA-DR, CD31, CD34, CD45 and STRO-1 (ESI Fig. S11).
Brightfield microscopic images of spheroids cultured under
static and flow conditions within the microfluidic chips were
used to understand the changes in spheroid morphology over
time (Fig. 3A and B). The round spheroid morphology was gen-
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Fig. 2 COMSOL simulations of flow on the microfluidic chip. (A) Colorimetric map of velocity profiles at a uniform inlet velocity (0.6 mm s™) and
outlet pressure (0 Pa) representative of high-flow conditions (HF). (B) Colorimetric map of fluid shear stress profile at different z-planes of the micro-
well for HF conditions. (C) Fluid shear stress profile along a cross-sectional plane perpendicular to fluid flow for low-flow (LF) and HF conditions. (D)
Graph depicting the variation in maximum fluid shear stress across different z-planes inside the microwell under different flow conditions (S: static,

LF: low-flow, HF: high-flow).
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Fig. 3 Morphological characterization of PDLSC spheroids cultured on-

Days of culture

chip under different flow conditions. (A) Representative brightfield images

of the PDLSC spheroids cultured from day 0—7 under different flow conditions (scale bar: 200 um) and (B) their volumetric reconstruction. Graphs
illustrating the flow-induced change in the (C) diameter and (D) reconstructed volume of the spheroids over culture duration. (mean + SD, *p < 0.05,
** 5 < 0.01, n > 6), (dO vs. d3 of respective culture condition, *p < 0.01). (E) Graph showing DNA quantification from the spheroids at day 7 under
different flow conditions (mean + SD, *p < 0.05, n = 5) (S: static, LF: low-flow, HF: high-flow).

erally maintained under static and flow conditions. Analysis of
spheroid diameter revealed
dynamic changes over the culture period in all three flow con-
ditions (Fig. 3C and D). Initially, at day 0, spheroids exhibited
a relatively uniform diameter and volume across all the three
conditions. On day 3, a substantial decrease in spheroid dia-
meter and volume was observed in all the three conditions.
Notably, the diameter of the spheroids cultured under high
and low-flow conditions was significantly larger than those

and reconstructed volume

under static conditions on day 3. On day 7, the changes in
spheroid dimensions were minimal. After 7 days of culture,
the spheroids cultured under high-flow conditions showed the
highest diameter and reconstructed volume, followed by those
under low-flow and static conditions (Fig. 3C and D). However,
there were no significant difference in the spheroid dimen-
sions between low and high-flow conditions. These findings
were further corroborated by higher DNA content among the
spheroids cultured under low and high-flow conditions (on
day 7), reflecting the finding of larger spheroids observed
under flow conditions (Fig. 3E).

This journal is © The Royal Society of Chemistry 2023

Impact of fluid flow on cellular viability of PDLSC spheroids

Confocal microscopic imaging of the spheroids stained with
calcein-AM and PI demonstrated the presence of viable and
dead cells, respectively. Z-Projections of the confocal images of
the spheroids after 7 days of culture showed a reduced number
of dead cells under flow conditions compared to no flow
(Fig. 4A and B). To understand the effect of flow on the necro-
tic core, we quantified the number of dead cells at different
z-planes from the periphery towards the spheroid core at
depths of 10, 35, and 55 pm from the periphery. Spheroids cul-
tured for 24 h under flow conditions showed lower amounts of
dead cells compared to those cultured under static conditions.
This effect was more pronounced in deeper z-planes (Fig. 4C).
Though the total number of dead cells increased among all
the conditions on day 7, the trend was more pronounced with
significantly lower amounts of dead cells in the spheroid core
under flow conditions compared to static conditions (Fig. 4C).
These findings were corroborated with significantly lower
amounts of caspase 3/7 activity in the spheroids (on day 7) cul-
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Fig. 4 Cellular viability of PDLSC spheroids under flow conditions. Representative confocal z-projection of PDLSC spheroids (blue: nuclei stained
with Hoechst, green: live cells stained with calcein AM and red: dead cells stained with propidium iodide) at: (A) day 1 (24 hours after flow initiation)
and (B) day 7 of the culture (scale bar: 100 pm). (C) Quantification of number of dead cells at different z-planes (from periphery to core of spheroid)
after 1 and 7 days of initiation of flow (mean + SD, *p < 0.05, ** p < 0.01, n > 4). (D) Quantification of caspase 3/7 activity (normalized with DNA) at
day 7 of the culture on-chip (mean + SD, *p < 0.05, ** p < 0.01, n > 5). (S: static, LF: low-flow, HF: high-flow).

tured under flow conditions compared to static conditions
(Fig. 4D). Though, there were no significant differences in the
number of dead cells between low and high-flow conditions,
caspase 3/7 activity levels were significantly lower in high-flow
conditions compared to low-flow conditions. Overall, these
findings suggest the improved viability of spheroids cultured
under flow conditions potentially due to flow-induced active
perfusion of culture media into the spheroids.

Effect of fluid flow modulation on osteodifferentiation
potential of PDLSC spheroids

Next, to assess the impact of flow on the osteodifferentiation
potential of PDLSC spheroids, we cultured the spheroids in
osteoinductive culture media under static and flow conditions.
After 14 days, alizarin red staining revealed markedly higher
staining intensity under flow conditions compared to static
conditions (Fig. 5A and B). Further, spheroids under high-flow

7438 | Biomater. Sci,, 2023, 11, 7432-7444

conditions exhibited significantly stronger staining than low-
flow conditions. To validate these findings, we used fluo-
rescent labeling with a calcium binding agent BoneTag to visu-
alize calcium deposits within the spheroids. This enabled the
visualization and qualitative comparison of the calcium depos-
its under different z-planes within the spheroids (Fig. 5C). In
superficial planes (z = 20 pm from the outer surface), we
observed a nearly uniform distribution of calcium staining
across the periphery and central regions of the spheroids
among all the conditions. However, the calcium deposits
appeared to be more in high-flow conditions compared to low-
flow and static conditions. In contrast, in the deeper planes
(z = 50 pm from the outer surface), the staining patterns were
distinct among the conditions. Spheroids cultured under static
conditions displayed calcium staining primarily restricted to
peripheral zone. Conversely, spheroids cultured under flow
conditions exhibited uniform calcium staining across the per-

This journal is © The Royal Society of Chemistry 2023
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flow).

iphery and central zones. Additionally, the staining pattern
was more pronounced under high-flow conditions compared
to low-flow conditions. These findings were further corrobo-
rated by the significantly higher amounts of intracellular alka-
line phosphatase under flow conditions compared to static
conditions on both day 10 and day 14 (Fig. 5D). Further, the
alkaline phosphatase levels on day 14, were significantly
higher under high-flow conditions compared to low-flow con-
ditions. However, the low-flow conditions displayed signifi-
cantly high levels of intracellular osteocalcin on day 10 com-
pared to static and high-flow conditions, while on day 14, low-
flow conditions resulted in the lowest levels, followed by static
and high-flow conditions (Fig. 5E). Overall, these findings

suggest the enhanced osteodifferentiation under flow
conditions.
Discussion

Mimicking the microenvironment and regeneration of the PDL
and surrounding alveolar bone requires the recapitulation of

This journal is © The Royal Society of Chemistry 2023

cell-cell interactions in a 3D microenvironment and under the
influence of mechanical stress induced by interstitial fluid
flow. In recent years, the integration of microfluidic technology
as a versatile tool to simulate the microenvironment of dental
and periodontal tissues in both healthy and diseased states,
combining fluid flow, cells, biomaterials, and microbes, has
gained significant traction.”” In this study, we leveraged on a
microfluidic perfusion array to culture PDLSC spheroids and
investigate the impact of interstitial fluid flow on morphogen-
esis, cellular viability, and osteogenic differentiation of PDLSC
spheroids. Computational analysis demonstrated the trans-
lation of fluid flow rates of 1.2 pl min™" (low-flow) and 7.2 pl
min~" (high-flow) to maximum fluid shear stress of 59 pPa
and 360 pPa for low and high-flow conditions, respectively.
Despite the extremely low fluid shear rates in both low and
high-flow conditions, they resulted in the formation of larger
spheroids with enhanced cellular viability and osteodifferen-
tiation potential compared to static conditions. Further, high-
flow conditions exhibited a trend towards higher viability,
osteodifferentiation and maturation of PDLSC spheroids when
compared to low-flow conditions.

Biomater. Sci, 2023, 1, 7432-7444 | 7439
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Understanding the role of interstitial fluid flow on PDL and
alveolar bone tissue homeostasis and regeneration is of signifi-
cant interest in the field of periodontal biology and tissue
engineering.'® Interstitial fluid flow plays a crucial role in
maintaining tissue homeostasis by facilitating nutrient and
oxygen delivery, waste removal, and the transport of signaling
molecules. In the context of the periodontium, which includes
the PDL and alveolar bone, interstitial fluid flow is influenced
by physiological forces such as masticatory loading, tooth
movement, and mechanical loading on the tooth-supporting
structures.'’® PDL and bone cells are sensitive to flow-induced
shear stress influencing cytoskeletal and ECM remodeling,
immunoregulation and differentiation through mechanotrans-
duction effects.>*** Intermittent flow of interstitial fluid fol-
lowing mechanical loading and pulsatile vascular pressure
play a crucial role in flow-induced mechanotransduction and
its downstream effects on homeostasis and remodeling of PDL
and bone.”” In the current study, to mimic the intermittent
activation of the spheroids within the microfluidic perfusion
chip, a defined low pulse rate (0.88 per minute) was used to
deliver pulsatile flow conditions. Intermittent flow with rest
periods, as opposed to continuous flow, was found to enhance
matrix deposition and promote stronger osteodifferentiation of
mesenchymal progenitor cells cultured over a patterned
polymer scaffold encapsulated within a microfluidic chip.*®
Further, intermittent flow profiles enable a resetting of signal-
ing pathways, preventing them from becoming saturated and
facilitating their reactivation upon resumption of flow.>®>°

Towards emulating the 3D microenvironment, cells cul-
tured as spheroids, over microcarriers or within porous
scaffolds are increasingly being used in research. However, 3D
cultures are commonly limited by poor nutrient perfusion and
a hypoxic core.*®*® To address these limitations, studies have
employed various bioreactor,’®*' flow perfusion®®** and
microfluidic**”%®° systems to enable dynamic culture con-
ditions, improve nutrient perfusion, enhance osteogenesis,
and better mimic the native microenvironment. While per-
fusion studies on 3D cultures have focussed on osteoblasts
and bone marrow-derived MSCs, there is paucity of knowledge
using PDL-derived cell types including PDLSCs. In the current
work, the PDLSC spheroids cultured under static and flow con-
ditions progressively reduced in size over the first 3 days. This
could be attributed to cellular compaction within the spher-
0ids.®! Despite frequent changes of culture media, the PDLSC
spheroids under static conditions progressively decreased in
size, demonstrated higher cell death in the deeper z-planes
and higher caspase 3/7 activity. In contrast, the PDLSC spher-
oids cultured under flow conditions (both low and high) were
observed to be larger with higher DNA content, decreased cell
death, and lower caspase 3/7 activity compared to static con-
ditions. In static culture conditions, constraints on diffusion
limits and mass transport of nutrients to the inner regions of
the spheroids result in a necrotic core depending on the spher-
oid size.**’® In contrast, active media perfusion in flow con-
ditions potentially aided enhanced influx of nutrients includ-
ing oxygen, and efflux of metabolic wastes within the spher-
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Studies have demonstrated that the fluid shear stress
induced by dynamic culture conditions enhance the osteo-
genic differentiation of various MSCs and osteoblastic cell
lines cultured on monolayer®” "% and on/within 3D
substrates.**$%%:%%:%7 Flyid shear stress has been proposed to
promote the osteogenic differentiation of MSCs by initiating a
cascade of events, that include stimulation and mechanosen-
sing through ion channels and integrins, transduction of
mechanical signals into intracellular biochemical signals
through matrix metalloproteinases, and activation of transcrip-
tion factors to regulate osteogenic gene expression.’® However,
the mechanoresponsive behaviour of MSCs in response to
extremely low fluid shear stress representative of physiological
levels within the soft tissues is still elusive. Previous studies
within microfluidic®”®® and rotary shakers,®® have demon-
strated that continuous low-magnitude shear stresses
(<63 pPa) on monolayer cultured osteoblastic cells promote
proliferation and osteogenic differentiation.®>®*% Utilizing a
hydraulic resistance-based microfluidic chip, a previous study
revealed that MSCs cultured as monolayers displayed notable
osteogenic differentiation in response to physiologically rele-
vant low fluid shear stress spanning from 1000 to 10 pPa, with
behaviour similar to static cultures at levels in the range of
1 pPa.'® Fluid shear stress within the range of 1.5-52.6 pPa
applied continuously for 24 hours on pre-osteoblast cells
(MC3T3-E1) monolayers within a microfluidic chip, increased
cell proliferation and differentiation,®> while stress levels
higher than 412 pPa inhibited osteoblastic differentiation.®>®°
In contrast to continuous flow, intermittent flow with rest
periods was found to promote stronger osteodifferentiation of
mesenchymal progenitor cells cultured over a patterned
polymer scaffold encapsulated within a microfluidic chip that
generated shear stress levels of 0.8-1.4 Pa.”® Overall, in the lit-
erature, a wide range of magnitude of fluid shear stresses have
been documented to affect proliferation and differentiation of
osteoblastic cell lineages. However, it is difficult to directly
compare the results of the current study owing to a number of
factors that include different cell types, shear stress magni-
tude, exposure times, flow type (continuous or pulsatile),
culture media and cellular microenvironment (monolayer or
3D).

While both flow conditions in the current study promoted
osteogenic differentiation compared to static cultures, particu-
larly within the physiological range of low fluid shear stress,
high-flow conditions (360 pPa) exhibited a noticeable trend
towards higher viability, osteodifferentiation and maturation
of PDLSC spheroids compared to low-flow conditions (59 pPa).
Importantly, the fluorescent-based imaging using BoneTag
revealed homogenous areas of mineralization in both peri-
pheral and core regions under flow conditions, in contrast to
only a peripheral zone of mineralization observed under static
conditions. These differences could be attributed to the
enhanced diffusion of the nutrients and osteogenic factors
into the spheroid core facilitated by flow conditions. However,

This journal is © The Royal Society of Chemistry 2023
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the flow conditions exhibited heterogeneous temporal effects
on intracellular osteocalcin expression levels. While osteocal-
cin levels gradually increased from day 10 to day 14 under
high-flow conditions, spheroids under low-flow exhibited sig-
nificantly elevated osteocalcin levels, followed by sharp decline
at a later time point. This phenomenon may be attributed to
differences in nutrient diffusion between the low-flow and
high-flow conditions, and the potential compromise of nutri-
ent diffusion into spheroids after initial mineralization. While
most studies report enhanced osteodifferentiation under flow
conditions,”® some have yielded contradictory findings, indi-
cating reduced or no change in osteocalcin expression levels
despite an increase in alkaline phosphatase expression.”"”>
One of limitation of this study is the inclusion of osteogenic
factors in the culture medium. When spheroids were cultured
without osteogenic factors under static and flow conditions,
no discernible differences in alkaline phosphatase levels were
observed (ESI Fig. 21), and osteocalcin levels remained below
the detection limits (data not shown). The lack of discernible
osteodifferentiation under culture media without osteogenic
factors in this study could be due to extremely low fluid shear
stress levels used in this study. Secondly, owing to the chip
design, relatively high flow rates were used to generate the low
fluid shear rates experienced by the spheroids in the niche
area of the microwells. Although continuous perfusion
enhances nutrient transport and waste removal, sustained per-
fusion under unidirectional high flow rates might deplete auto-
crine and paracrine factors, potentially leading to reduced osteo-
blastic differentiation.®®”* Prior studies investigating the influ-
ence of flow on osteodifferentiation in both monolayer and 3D
cultures, without the inclusion of osteogenic factors, have typi-
cally employed perfusion systems with high fluid shear stress
and circuit designs with recirculation. However, previous
studies involving MSCs, whether cultured as monolayers and
seeded on electrospun scaffolds utilizing rocker platforms’*”>
or cultured within 3D polymer scaffolds within microfluidic
devices,”® have demonstrated that while fluid shear stress may
enhance osteogenic differentiation, but alone is not sufficient
under in vitro conditions. Future studies could employ modified
microfluidic designs that allow for direct perfusion of media
into PDLSC spheroids or PDLSCs embedded within hydrogels
or scaffolds. Additionally, circuit designs with recirculation of
the culture media or the utilization of gravity-driven pumpless
microfluidic design on rocker platforms may help mitigate the
limitations and provide valuable insights into the effects of low
interstitial fluid flow-induced shear stress on PDLSCs.

Conclusions

In this study, we employed a microfluidic spheroid culture
platform to investigate the effects of modulation of fluid flow
on PDLSC spheroids. The microfluidic platform provided a
physiologically relevant microenvironment with controlled
flow conditions. Fluid flow influenced the morphology of the
spheroids, promoting larger spheroids with enhanced cellular

This journal is © The Royal Society of Chemistry 2023
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viability. Moreover, the spheroids cultured under flow con-
ditions (both low and high) exhibited increased osteodifferen-
tiation potential compared to static conditions, with low-flow
conditions showing early induction of osteodifferentiation.
Overall, this study highlights the significance of fluid flow
modulation on PDLSC spheroids and represents a significant
step towards the establishment of more complex and physio-
logically relevant in vitro periodontal models. Future investi-
gations focusing on the interplay between flow-mediated inter-
actions of PDLSC spheroids with the microbiome and bioma-
terials hold great potential for advancing our understanding of
periodontal pathophysiology and facilitating the screening and
development of innovative periodontal therapeutics, tissue
engineering approaches, and regenerative applications.
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