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Abstract
Obstructive sleep apnea (OSA) is a chronic disorder that involves a decrease or complete cessation
of airflow during sleep. It occurs when the muscles supporting the soft tissues in the throat relax
during sleep, causing narrowing or closure of the upper airway. Sleep apnea is a serious medical
condition with an increased risk of cardiovascular complications and impaired quality of life.
Continuous positive airway pressure (CPAP) is the most effective treatment for moderate to severe
cases of OSA and is effective in mild sleep apnea. However, CPAP therapy is associated with the
development of several nasal side effects and is inconvenient for the user, leading to low
compliance rates. The effects of CPAP treatment on the upper respiratory system, as well as the
pathogenesis of side effects, are incompletely understood and not adequately researched. To better
understand the effects of CPAP treatment on the upper respiratory system, we developed an
in vitro 3D-printed microfluidic platform. A nasal epithelial cell line, RPMI 2650, was then exposed
to certain conditions to mimic the in vivo environment. To create these conditions, the
microfluidic device was utilized to expose nasal epithelial cells grown and differentiated at the
air–liquid interface. The airflow was similar to what is experienced with CPAP, with pressure
ranging between 0 and 20 cm of H2O. Cells exposed to pressure showed decreased barrier integrity,
change in cellular shape, and increased cell death (lactate dehydrogenase release into media)
compared to unstressed cells. Stressed cells also showed increased secretions of inflammatory
markers IL-6 and IL-8 and had increased production of ATP. Our results suggest that stress induced
by airflow leads to structural, metabolic, and inflammatory changes in the nasal epithelium, which
may be responsible for developing nasal side-effects following CPAP treatment.

1. Introduction

Obstructive sleep apnea (OSA) is a common sleep
disorder characterized by simultaneous instances of
upper airway obstruction or collapse during sleep
[1]. These obstructions cause the cessation of reg-
ular breathing and apnea, which, when prolonged,
leads to oxygen desaturation in the blood and sleep
interruption resulting in non-restorative sleep [2].

The most effective treatment for OSA is positive air-
way pressure (PAP) devices, which function by keep-
ing the pharyngeal pressures above a critical level
and acts as a pneumatic splint to prevent airway col-
lapse [3]. PAP systems typically consist of a flow
generator delivering pressure to the respiratory tract
via a tube in a facemask configuration. Continuous
PAP (CPAP) is the most commonly used method of
PAP and delivers constant pressure throughout both
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inhalation and expiration to prevent upper airway
collapse.

Despite years of progress making CPAPmachines
smaller, more portable, quieter, and employing more
comfortable masks, adherence rates continue to be
unacceptably low, ranging between 30% and 60%
[4, 5]. The majority of users report that discon-
tinuation of use results from side effects most com-
monly related to the mask–skin interface, where skin
breakdown, air leak, and mouth dryness are fre-
quently reported. Nasal side effects, including epi-
staxis (nose-bleeds), dryness, and sinus congestion,
are prevalent and substantially contribute to the
high discontinuation rate [3]. During the applica-
tion of the CPAP, the nasal wall and the mucosa
are exposed to continuous mechanical compression,
which leads to pathological responses in the cells
[6–8]. Mechanical pressure may alter nasal mucocil-
iary function, reducing respiratory defense mechan-
isms and adherence to treatment [9, 10]. The devel-
opment of symptoms may be associated with the
existing subclinical nasal inflammation and altered
nasal pathology in patients with pre-existingmorbid-
ities as OSA [11–13]. Little is known about the patho-
genesis of these nasal side effects, though it is specu-
lated to be related to the induced nasal inflammation
that has been reported by several studies. How-
ever, the exact mechanism is yet to be identified
[10–12, 14].

To better understand the effect of pressure applied
by CPAP on epithelial cells in vitro, air–liquid inter-
face (ALI) cultures of the nasal epithelial cells can
be used to show the effects of the airflow generated
from CPAP on the cells similar to what occurs in
patients. Microfluidics and organ-on-a-chip devices
have recently become popular methods as they most
closely replicate in vivo conditions [15–17]. 3D-
printed prototypes ofmicrofluidic systems are simple,
cost-effective, and validated techniques with high
productivity and offer versatility and reproducibil-
ity in organ-on-a-chip models [18–21]. 3D-printers
allow direct printing of completemicrofluidic devices
and offer a wide range of printing materials [22].
Most organ-on-a-chip devices have small sample
volumes and operational complexity, often requir-
ing high-levels of training and personal skills [23]. In
this study, we describe a custom 3D-printed micro-
fluidic device based on a well-established conven-
tional cell culture model with a user-friendly design,
which is suitable for any user with minimal tech-
nical skills and microfluidic knowledge. The nasal
epithelial cells cultured at the ALI on the snapwells
are exposed to PAP. This resulting cellular response
with changes in inflammatory andmetabolic activity,
along with the barrier integrity of nasal airwaymono-
layers, was analyzed. Defining the cellular responses
may bring us closer to understanding the underly-
ing mechanisms of the effect of positive pressure on
epithelial cells and potentially to the development

of improved CPAP devices with reduced side effects,
thus increasing patient adherence.

2. Materials andmethods

2.1. Insert design and fabrication
The platform was designed to have a continuous
basal media flow and controlled apical air pressure.
The open-top is covered by a coverslip to ensure no
air leakage (figure 1). The device was set up inside
the bio-safety cabinet and sealed with parafilm to
minimize contamination. The 3D-printed platform
is simple and robust, containing a central cavity to
fit a 12 mm diameter snapwell polyester membrane
insert (1.13 cm2, 0.4 µm pore size, Corning Costar,
USA). The central cavity has four access ducts, two
for airflow, and two for media flow. The input air
duct is connected to an external turbine, which gen-
erates airflow and pressure. This air flows over the
surface of the cell monolayer on the top of the snap-
well insert and exits the device through the release
duct. The input media duct is connected to a syr-
inge pump (Fusion 200, Chemyx Inc.), which gen-
erates a continuous fresh media flow beneath the
snapwell membrane. This media flows out of the
discharge duct and into the collection reservoir for
analysis.

The required design was drawn in SolidWorks
2016, and then exported as an STL file format to
Miicraft printer software (Utility, Version 6.1.0.t4,
MiiCraft Inc.). A digital light processing 3D-printer
(MiiCraft Professional 120, MiiCraft, Hsinchu,
Taiwan) was used for 3D-printing the design using
BV-007A resin (Creative CADworks, Toronto,
Canada). After printing was complete, the printed
part was carefully removed and washed thoroughly
with water and Isopropyl alcohol multiple times.
The part was blow-dried between each wash using
a pressurized air gun to remove the resin residues
and debris. Ultraviolet (UV) curing on each side of
the printed part was carried out for 3 min. This was
followed by sterilization using 100% ethanol and UV
exposure inside the biosafety cabinet for 30 min.

2.2. Air andmedia flow simulation in the channels
In order to gain insights into the behavior of air and
media flow in the respective channels, thewhole setup
was simulated using a commercially available finite
element method-based software, Comsol multiphys-
ics 5.3a. The governing equations in this study were
Navier–Stokes and continuity equations and shown
in equations (1) and (2).

ρ(u ·∇)u=∇·
[
−pI+µ

(
∇u+(∇u)T

)]
(1)

ρ∇· u= 0 (2)

where u is the velocity vector, p is the pressure, and
ρ and µ are the fluid density and dynamic viscosity,
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Figure 1. Use of 3D-printed microfluidic models to study the effects of CPAP on nasal epithelium: (A) I. Normal open airway
during sleep where airflow is continuous. II. The blocked airway in an OSA patient where air does not move through. III.
Depiction of a patient receiving CPAP therapy with a steady stream of air to maintain an open airway. (B) 2D side and isometric
view of the 3D-printed model with a central cavity for a commercially available 12 mm diameter snapwell insert. Cells are
cultured on the snapwell and exposed to air from the top (apical) with media flowing from the bottom (basal). A continuous flow
of media is ensured in the lower channel via syringe pumps and is collected in a reservoir for analysis. (C) Cultured nasal
epithelial cells subjected to pressure ranging from 0 to 20 cm of H2O from the top undergo morphological, inflammatory, and
metabolic changes.

respectively. To model the air phase in the system, we
developed a two-phase flowmodel. To track the inter-
face of the air and liquid phases, the level-set method
has been used, as shown in equation (3) [24].

∂ϕ

∂t
+ u ·∇ϕ= γ∇·

(
εls∇ϕ−ϕ(1−ϕ)

∇ϕ

|∇ϕ|

)
.

(3)

Here ϕ is the level set function and varies between 0
and 1. Below 0.5, elements are considered as phase 1,
and greater than 0.5 elements are considered phase 2.
ε and γ are stabilization parameters, where γ specifies
the value of re-initialization of the level-set function.
The maximum value of the velocity field is taken as
an appropriate value for γ. ϕ ranges from 0 to 1, and
the thickness of the interface is smoothly regulated
by ε. ε is selected; such it follows the same order as
theminimummesh size. The interfacial variables (n̂),

the unit normal to the interface and the curvature
(κ) was calculated by using equations (4) and (5),
respectively.

n̂=
∇ϕ

|∇ϕ|
(4)

κ=−∇.n̂|ϕ=0.5 (5)

The surface tension applied to the interface
of two-phase fluid flow was calculated using
equation (6).

−→
F sf = σκδn̂ (6)

σ shows the interfacial tension coefficient in (Nm−1).
δ is a Dirac delta function that focuses on the interface
of the two phases and is calculated using equation (7).
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δ = 6 |∇ϕ| |ϕ(1−ϕ)| (7)

Additionally,µ and ρ in equation (2) are smoothed by
ϕ across the interface and indicated in equations (8)
and (9), respectively.

µ= µ1+(µ2−µ1)ϕ (8)

ρ= ρ1+(ρ2− ρ1)ϕ. (9)

The two-dimensional Newtonian and incompress-
ible conditions are supposed to solve the governing
equations. The inertial terms are neglected owing to
the low velocity andmass of the flows. A wetted chan-
nel wall condition with a constant contact angle is
considered. γ takes the maximum value of −→u , which
is manually placed for each simulation and requires
a single iteration of modeling to evaluate its value.
For the media input, normal inflow velocity has been
applied, whereas pressure boundary conditions with
suppressed backflow has been used for the air inlet.
Initial values at the upper and lower sections were
considered as air andmedia, respectively. The bound-
ary conditions between these two sections were con-
sidered the initial interface. The solver for the phase
initialization step was set to multifrontal massively
parallel sparse direct solver (MUMPS), and for the
time-dependent step, a parallel sparse direct solver
(PARDISO) was used.

2.3. Cell culture
RPMI2650 cells (ATCC, IN, USA) were cultured at
2D in 75 cm2 cell culture flasks in minimum essen-
tial medium (MEM) supplemented with 10% fetal
bovine serum and 1% penicillin (Gibco, Life Techno-
logies, Australia). The cells were placed in an incub-
ator with a humidified atmosphere of 5%CO2 − 95%
O2 at 37 ◦C. Snapwell polyester membranes were
coated with a 200 µl solution of 1 µg ml−1 rat colla-
gen I in Phosphate-buffered solution (PBS) (BDBios-
ciences, Australia) for 24 h before cell seeding. The
cells were seeded at a density of 1.5 × 105 cells/well.
Themedium in the apical chamberwas aspirated after
24 h to grow and differentiate at ALI. The media in
the basolateral chamber was replaced every 48 h. On
day 11, snapwell membranes were fitted inside the
3D-printed platforms and connected to the OB1Mk3
Microfluidic flow controller (Elveflow, Paris, France)
and exposed to pressures of 5, 10, and 20 cm of H2O.
Tomaintain a dynamic state with fresh flow of media,
a syringe pump (Fusion 200, Chemyx Inc.) was con-
nected to the lower fluid channel at a flow rate of
200 µl h−1. The media was collected in a reservoir
and collected for analysis. See material sources and
product number in supplementary table S1 (available
online at stacks.iop.org/BF/13/035028/mmedia).

2.4. Transepithelial electrical resistance (TEER)
measurements
TEERwas recorded pre- and post-experimentation to
determine the integrity of the junctional connections,
using an EVOM2 epithelial volt ohmmeter (World
Precision Instruments, Sarasota, FL, USA). Briefly,
200 µl and 2 ml of pre-warmed PBS was added to the
apical and basolateral chambers and allowed to equi-
librate for 30 min in a cell culture incubator (humid-
ified air with 5% CO2 at 37◦ CO2). TEER values were
calculated after subtracting the blank filters to nor-
malize the resistance values with the snapwell inserts
area (1.13 cm2). Cells on snapwells with only media
flow served as a control.

2.5. Permeation of sodium fluorescein (Flu-Na)
Barrier integrity and permeability of the RPMI2650
layer after applying positive pressure were evaluated
using Flu-Na, a paracellular marker (MW 367 Da,
May & Baker Ltd, Dagenham, England). After CPAP
application, the snapwell was transferred to a six well
culture plate. The apical compartment was washed
with warm PBS before adding 200 µl of 2.5 mg ml−1

Flu-Na solution. The lower compartment was filled
with 600 µl of pre-warmed PBS. Culture plates were
placed in the incubator, and 200 µl samples were
taken from the basal compartment at pre-determined
time-points up to 3 h, replacing with fresh buffer each
time to maintain sink conditions. The fluorescence
readings of the Flu-Na present in the samples and
standards were measured in Corning full black clear
bottomed 96-well plates using a fluorescence plate
reader (Infinite 200 PRO; TECAN), with excitation/e-
mission wavelengths of 485/520 nm. Cells with no
pressure applied (0 cm of H2O pressure) were used as
controls. The apparent permeability coefficient (Papp)
was calculated from the linear plot of Flu-Na accumu-
lated in the basal compartment using the following
equation:

Papp =
dQ

dt ·C0 ·A

where, dQ/dt is the flux of Flu-Na across the mem-
brane (µg s−1), C0 is the initial Flu-Na concentration
(µg ml−1), and A is the area of the insert membrane
(cm2).

2.6. Immunofluorescence staining
RPMI2650 cells in the inserts were washed three
times with PBS and then fixed with 4% paraform-
aldehyde (Sigma-Aldrich, Australia) in PBS. The cell
membranes were then exposed to 0.1% (v/v) Tri-
ton X-100 (Sigma-Aldrich, Australia) with 1% (w/v)
bovine serum albumin (Sigma-Aldrich, Australia)
in PBS for 60 min. Then the cells were incub-
ated with 50 mM ammonium acetate in PBS for
10 min. The cells were then incubated with CD324
(E-cadherin) monoclonal antibody (10 µg ml−1 in
PBS) (Invitrogen) for 1 h at 37 ◦C. After further
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washing with PBS, AlexaFlour 594 goat anti-mouse
IgG1 (10 µg ml−1 in PBS) (Invitrogen, Australia) was
added with incubation for 1 h at room temperat-
ure. Another washing with PBS was performed, and
the cells were counterstained with 1 µg ml−1 4′,6-
diamidino-2-phenylindole in water for 10 min. The
cells on the snapwell membrane were sliced from
the insert and mounted on a glass slide. The slides
were coverslipped and stored at 4 ◦C for imaging.
Cells were imaged using Nikon A1 Confocal Laser
Microscope.

2.7. Effects of positive pressure on inflammatory
response
The secretion of the inflammatory markers, IL-6, and
IL-8, when exposed to positive pressure, was evalu-
ated. The media collected from the reservoir of the
microfluidic platform was stored at −80 ◦C until
required. Once thawed, the levels of secreted IL-6
and IL-8 in media were analyzed using IL-6 and
IL-8 enzyme-linked immunosorbent assay (ELISA)

kits (BD Pharmingen, USA) according to the man-
ufacturer’s instructions [25]. An Infinite 200 PRO
plate reader was used to read the absorbance at
450 nm/570 nm.

2.8. Lactate dehydrogenase (LDH) cytotoxicity
Cellular cytotoxicity was measured through a quant-
itative analysis of LDH released in the medium,
using a Pierce LDH Cytotoxicity Assay Kit (Ther-
moScientific, USA) [26]. Then, 50 µl of the reac-
tion mixture was prepared according to the manu-
facturer’s protocol, and it was mixed with 50 µl of
the medium collected from the microfluidic reser-
voir in a 96-well flat-bottom plate in triplicate
wells. This was followed by incubation for 30 min
in the dark. 50 µl of stop solution was added to
each well, and absorbance was read at 490 nm and
680 nm using a plate reader (Infinite 200 PRO;
TECAN). The percentage of cytotoxicity was cal-
culated from the observed values. The assay is based
on the chemiluminescent reaction [27], caused by
the interaction of ATP with luciferase and d-luciferin;

ATP + d - Luciferin + O2
LUCIFERASE−−−−−−−→

Mg2+
Oxyluciferin + AMP + PPi + CO2 + Light.

2.9. Adenosine triphosphate luminescence assay
Samples of the culture medium collected from the
microfluidic reservoir were stored at −80 ◦C until
the ATP assay was performed. After thawing samples,
100 µl was added to a white opaque 96-well micro-
plate (Perkin Elmer, USA). Then 100 µl of ATPlite
1 step reagent (Perkin Elmer, USA) was prepared
following the manufacturer’s instructions and was
added to the well. This was followed by shaking the
microplates for 2 min to ensure the solution was
thoroughly mixed. Luminescence was then measured
using the plate reader.

2.10. Statistical analysis
Statistical testing was performed using IBM SPSS
Statistics 25 software (USA). Significancewas determ-
ined by one-way ANOVA, with ∗ = P < 0.05 and
∗∗ = P < 0.01 considered significant. All results are
expressed as mean± standard deviation (SD), and all
experiments were performed at least three times.

3. Results and discussion

3.1. Insert fabrication
Conventional 2D cell culture models have been used
as in vitro models to study cell behaviors and their
responses to various stimuli [28, 29]. The simpli-
city, efficiency, andwell-established protocols of these
models result in their wide use. However, these

models are static and lack fluid flow, a significant
physiological condition [30]. On the other hand,
microfluidic systems accommodate flow conditions
required for stimulating fluid mechanical forces in
cells, maintaining cell–cell communication, and gen-
erating gradients of growth factors, oxygen, and other
biochemical metabolites [30, 31]. The 3D-printing
technique has recently gained popularity as an altern-
ative approach to fabricate microfluidic devices [19,
32, 33]. 3D-printing allows the rapid manufacture
of intricate designs with unique channels and geo-
metries, which are unable to be matched by tra-
ditional lithography and mold techniques [34, 35].
Moreover, to simulate the effects of CPAP on the cells,
an air-tight model is required, which is not obtained
with gas-permeable polydimethylsiloxane. Thus, the
integration of microfluidics and 3D-printing with
well-established 2D culture models creates a dynamic
in vitro experimental model, which is more physiolo-
gically relevant. A dynamic cellular environment has
significant roles in regulating cellular processes, such
as mucus secretion from goblet cells [36, 37]. Here
we designed an air-tight multi-channel microfluidic
platform suitable for a snapwell insert using a 3D
printer. Snapwell inserts are well established in vitro
culturemodelswidely used for drug screening,migra-
tion assays, and transport studies [38]. They are easy
to operate, low cost allows cell visualization through-
out the experiment, and have high throughput [39].
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Figure 2. Experimental setup and the device. (A), (B) The Elveflow OB1 MK3 pressure controller is connected to a pressure
source. The pressure controller can be adjusted to range from 0 to 20 cm of H2O pressure. Then it is connected to the microfluidic
model with a snapwell insert. The media is injected through the lower channel using syringe pumps. After 30 min, the media
collected in the reservoir is aspirated and preserved for further analysis. (C) The boundary conditions of channels in the device
for simulation. (D) Velocity profile along a line at 400 µm above the membrane. (E) Airflow with small vortices along the channel
at different time points. ((D) and (E) represent 5 cm of H2O pressure).

The developed 3D-printed system permits the
use of well-established conventional culture techno-
logy to culture cells separately on a permeable sup-
port to produce a confluent 3D layer of nasal epi-
thelium that is later transferred to the microfluidic
culture system. This allows cell culture at ALI and
regular monitoring of the cells for differentiation,
confluency and contamination. Microfluidic organ-
on-a-chip models are usually designed to study spe-
cific aspects of the organ and are co-cultured with
one or more cell types. In this study, a single nasal
epithelial cell type was used. However, the system’s
design based around commercially available andwell-
tested snapwells, makes it easy to translate to other
epithelial models like lungs, gut, liver or kidney and
even expand to co-culture systems with endothelial
or mesenchymal cells with few modifications [40].
The system’s dynamic condition ensures a continu-
ous supply of nutrients through media flow and the
removal of metabolites, mimicking in vivo circulation

of fluids. This system further allows the cells at ALI to
be exposed to toxic compounds through air exposure
route, whichmimics the in vivo inhalation route [41].
The potential of similar systems have already been
demonstrated with the study of the effects of environ-
mental agents such as pollen extracts, diesel exhaust
particles, and other nanoparticles [40, 41].

The upper half of the printed device has a circular
cavitymeasuring 12mm in diameter with an inlet and
pneumatic flow outlet. The inlet is connected to an air
pressure source. The experimental setup is illustrated
in figures 2(A) and (B). The top had an engraved
square measuring for fitting a glass slip to ensure air-
tightness. The lower half had a smaller circle formedia
to flow through, contacting, and passing nutrients to
the cells growing on snapwell above. The lower circle
had an inlet and outlet for media flow and an addi-
tional in-built reservoir, ensuring that the whole sys-
tem was air-tight. The behavior of air flow and media
movement over time was simulated (supplementary
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video 1). Based on boundary conditions applied and
the atmospheric pressure set to the outlet to simulate
experimental conditions (figure 2(C)), air preserved
its steady motion and passed through the channel.
The velocity profile distribution along a line 400 µm
above the air’s membrane and surface velocity pro-
file was demonstrated (figures 2(D) and (E)) (check
figure S2 for the shear rate distribution in the chan-
nel). The amount of pressure applied and the total
duration of the stress on the cells are related to mor-
phological changes, cell detachment from the mem-
brane, and death.

3.2. Biocompatibility of 3D-printed insert
With continuous research and recent advances in 3D-
printing, its application has widely expanded. Rapid
prototyping, low cost, and robustness make 3D-
printing a favored method to fabricate microfluidic
and biomedical devices [42]. However, the biocom-
patibility of photopolymers used in 3D-printing is
a major issue that can negatively affect the result-
ant device for biological or biomedical applications
[42–44]. 3D-printed parts may be toxic to cells or
cause inflammatory responses [43]. Moreover, the
3D-printing technique and the parts may not be
sterile, which increases the likelihood of media con-
tamination. To test our 3D-printer resin’s biocom-
patibility, BV007, a part measuring 4 cm × 2 cm,
was printed and thoroughly washed with IPA and
100% ethanol. The part was then exposed to UV-
light for 30 min before dipping in six well plates
filled with culture media and incubated for 48 h.
RPMI2650 cells were then cultured in different six
well plates with the collected media. The viability of
the cells was checked using live dead staining over 5 d
(figures 3(A) and (B)). The cells remained alive and
grew well, demonstrating the resin used in our 3D-
printed inserts was suitable for cell culture.Moreover,
we compared the growth progress of the cells inmedia
with and without the 3D-printed resin sample. Cells
were seeded in different 6 well plates with a seed-
ing density of 300 000 cells per well. In one plate,
the media dipped with the 3D-printed resin part was
used, whereas conventional media was used in the
other. The 3D-printed resin part was washedmultiple
times with 100% ethanol, followed by UV treatment
for 30min, to sterilize it andminimize contamination
and toxicity [42]. The morphology and growth of the
cells were observed under an Olympus IX73 Inver-
ted Microscope. After trypsinization, the cells were
counted with a trypan blue staining procedure using
a haemocytometer [45]. The average cell number of
three wells were calculated and plotted. Figure 3(C)
shows the cell growth curve of the RPMI2650 cells
over time. Cells grown in media with and without
the 3D-printed part demonstrated comparable cell-
growth.

ELISA was performed to test for any effects of
the cured resin on the secretion of the inflammatory

markers from the cultured cells. There was no
significant difference in the secretion of IL-6 and
IL-8 from RPMI 2650 cells cultured in media with
and without 3D-printed resin (figure 3(D)). Since
the pressure application duration was only 30 min,
the cells were exposed to the 3D-printed microfluidic
device resin for only a short duration. Thus, the resin
BV007 was used for printing the inserts and in all
of our subsequent experiments. The cells were only
exposed to air pressure for 30 min in this study. The
long-term culture of the cell monolayer in the device
was not evaluated in the system as long term exposure
of cells grown at ALI leads to the drying of the epi-
thelial surface, which leads to cellular stress and cell
death. However, during the optimization, cells were
cultured in the device for 48 h to test for any cracks,
culture media leakage, and media collection in the
reservoir. No visible cracks on the device or leakage
of media were observed and the waste media was col-
lected in the reservoir. However, long-term exposure
to media can lead to leaching of the resin with biolo-
gical consequences. The curing protocols will require
optimization and the effects evaluated accordingly,
even changing the type of the resin used for long-term
exposures.

3.3. Barrier integrity
Epithelial cells are connected to each other via inter-
cellular junctions that are required for cell function
[46]. Tight junctions serve as a barrier and regulate
cellular diffusion and transport processes [47]. Bar-
rier integrity, which is a function of tight junctions, is
vital for maintaining homeostasis and the physiology
of the tissue. TEER is the measurement of electrical
resistance across an epithelial or endothelial mono-
layer [46]. It is a non-invasive, highly sensitive, and
reliable quantitative technique to verify the permeab-
ility of the epithelium layer and its barrier integrity.
The ability to be employed in real-time with no dam-
age to cells makes TEER a widely used method for
monitoring cells in different stages of growth and
differentiation [46]. TEER measurements were per-
formed before and after experimentation to determ-
ine the effects of a range of pressures on barrier integ-
rity of RPMI2650monolayers. Before the experiment,
TEER values ranged between 90 and 130 Ω cm2,
which is similar to those reported for that same cell
line [48, 49]. However, the barrier integrity of the cell
monolayer decreased with increasing pressure, indic-
ated by decreases in TEER values (figure 4(A)). The
application of pressure had dose-dependent effects
and was maximal at 20 compared to 5 and 10 cm of
H2O. These results are different from studies using
the same cell-lines, most probably due to the duration
of pressure application, where pressure was applied
for over 8 h [50]. To further evaluate the effects of
pressure on cell connections, staining of a tight junc-
tion protein, E-cadherin, was performed. E-cadherin
levels were inversely proportional to pressure, with
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Figure 3. Biocompatibility of the 3D-printed part: (A) I and II. Microscopic images of RPMI2650 cells cultured in six well plates
for 48 h using culture medium with and without immersed 3D-printed part (scale: 50 µm) (B) I and II. Live and dead imaging of
the cells (scale: 100 µm). (C) Comparison of the growth curves of cells cultured in well plates using culture medium with and
without exposure to the 3D-printed part. (D) Comparison of the secretion of the pro-inflammatory markers IL-6 and IL-8
concentrations from cultured cells in media with or without exposure to 3D-printed resin. Data are presented as mean± SD,
n= 3.

minimal levels occurring at 20 cm of H2O pressure
and gradually increasing with a decrease in pressure
(figure 4(B)).

To support the findings of TEER measurements
and expression of E-cadherin with different pressure
application, permeation studies of Flu-Na were per-
formed. The transport of Flu-Na across the cell layers
was performed after applying 5, 10, and 20 cmofH2O
pressure for 30 min and compared to controls with
no pressure applied. In agreement with the morpho-
logical and electrophysiological results, Flu-Na trans-
port across the cell layer was significantly increased
showing apparent permeability after applying pres-
sure (figure 4(C)). The cell layer was more permeable
to the paracellular marker with decreased Papp values
after 30min of pressure application compared to con-
trols. This indicates that higher pressures result in the
disruption of cellular tight junctions, thus reducing
epithelial monolayer barrier integrity in 3D cultures.

3.4. Changes in the nasal inflammation
Despite the advantages of the CPAP, it is usually
associated with a high occurrence of developing side
effects and, ultimately, non-compliance [51]. The
development of nasal symptoms is often linked to
the induction of local inflammation, with numerous
studies reporting the local and systemic inflammatory
changes with CPAP [12, 52–54]. It is likely the mech-
anical stimulus caused by compression of the nasal
walls from CPAP that triggers inflammation [55].

However, the effects of CPAP on local and systemic
inflammation remain controversial, and several stud-
ies have reported the suppression of inflammation
and oxidative stress levels inOSApatients [14, 55, 56].
In this study, the cytokine concentration released by
the cultured RPMI2650 cells on exposure to CPAP
pressure was measured. CPAP was associated with
the pressure-dependent release of both IL-6 and IL-
8 (figures 5(A) and (B)). The release of IL-6, a crit-
ical pro-inflammatory cytokine, and IL-8, a neutro-
phil chemotactic factor to inflammation site, were
induced by 20 cm of H2O pressure. Most patients
with OSA have increased levels of pro-inflammatory
cytokines and systemic inflammatory markers. Most
studies focusing on inflammatory responses induced
by CPAP have been limited to OSA patients and show
associationswith inflammation and severalmetabolic
aberrations. Thus, the study of the effects of CPAP on
normal nasal airway epithelium provides insight into
the normal physiology and inflammatory response
to the range of pressure applied during CPAP
treatment.

3.5. Changes in metabolic activities
All cells experience and respond to a variety of
mechanical stimuli, both intracellular and extra-
cellular [57, 58]. Cells respond by altering their
division rate, differentiation, secretions, ion trans-
port, gene expression, exocytosis, and endocyt-
osis [58–60]. Moreover, exposure to mechanical
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Figure 4. Barrier integrity of the RPMI2650 cell monolayer: (A) TEER values (Ω cm2) of RPMI2650 on snapwells before and after
the application of stress at 0, 5, 10, and 20 cm of H2O pressure. (B) I–IV. Confocal microscope images of the tight junction
protein, E-cadherin (green), nuclei (blue), after applying stress at 0, 5, 10, and 20 cm of H2O pressure, respectively. Scale: 100 µm.
(C) Apparent permeability coefficient (Papp) of cell layers at control (0 cm H2O), 5, 10, and 20 cm H2O. Data are presented as
mean± SD, n= 3. ∗: p < 0.05.

pressure stimulates the secretion of extracellular mat-
rix proteins, growth factors, enzymes, hormones,
adenosine triphosphate (ATP), nitric oxide, and other
signaling molecules [58]. ATP is the main intracel-
lular energy currency synthesized in mitochondria
[61]. Also, it is present in all metabolically active
cells and links catabolic and anabolic processes [27].
Conditions of acute stress, such as cell injury, early
stages of apoptosis activation, or oxidative stress, have
shown to induce mitochondrial elongation, result-
ing in increased ATP synthesis [62–64]. To measure
the effects of CPAP pressure on ATP, an ATP-based
luminescence kit, the ATPlite 1step assay system was
used. Cells stimulated with 20 cm of H2O pressure
had increased levels of intracellular ATP, which was
significantly higher compared to cells exposed to 5,
10 cm of H2O pressure and controls (figure 5(C)).
Increased ATP production can be associated with
increased activity of mitochondria. Mitochondria
are important cell stress sensors that communicate
with the rest of the cell to stimulate cellular processes

[65, 66]. When cells are stimulated by pressure, they
raise their metabolic activity with increased mito-
chondrial activity and greater ATP production.

An LDH cytotoxicity assay was performed to ana-
lyze the effects of pressure on cellmembrane integrity.
Cytotoxicity testing is a commonly measured biolo-
gical parameter conducted after experimental manip-
ulation to assess the health of cells [67]. When inter-
acting with mechanical stimuli, toxins, or stressors,
mammalian cells undergo structural and morpholo-
gical changes resulting in changes to plasma mem-
brane tension and loss of membrane integrity [68].
This promotes the leakage of cell contents into the
culture medium [58, 69]. Thus, cytotoxicity assays
to measure cell membrane integrity can be quanti-
fied bymeasuring the intracellular enzymemarkers in
the extracellular environment [67]. LDH is a cytosolic
enzyme present in cells that are released into cul-
ture media if the plasma membrane has been dam-
aged [70]. The LDH activity of cells under 20 cm
of H2O pressure was significantly higher compared
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Figure 5. Pressure-induced changes in inflammatory and metabolic responses in RPMI2650 cell monolayers: (A), (B)
pro-inflammatory marker IL-6 and IL-8 concentrations at baseline (0 cm of H2O) and with exposure to continuous positive
pressures of 5, 10, and 20 cm of H2O for 30 min. (C) Bioluminescence assay showing ATP production at baseline and with
continuous positive pressure of 5, 10, and 20 cm of H2O for 30 min. (D) Lactate dehydrogenase (LDH) release assay. There were
significant increases in the release of LDH from cells with pressure increases that were maximal at 20 cm of H2O. Data are
presented as mean± SD, n= 3. ∗: p < 0.05, ∗∗: p < 0.01.

to 5, 10 cm of H2O pressure, and controls in a
dose-dependent fashion (figure 5(D)). The viabil-
ity of the cells in the inserts after application of the
pressures 5, 10, and 20 cm of H2O was also assessed
by using Trypan blue staining (results are shown in
the supplementary information, figure S1).

In summary, 20 cm of H2O pressure has signific-
ant effects onmetabolic activity andmembrane integ-
rity of cells, as increased pressure is associated with
ATP production and LDH release.

4. Conclusion

Here, we present a robust and easily operatablemodel
developed with the synergism of progressive tech-
nologies in 3D-printing and microfluidics, with a
well-established in vitro culture model to study the
physiological changes occurring in nasal epithelial
cells subjected to airflow induced pressure/stress to
mimic the effects of CPAP. Cells cultured at ALI were
exposed to airflow-induced stress ranging from 0 to
20 cm of H2O for 30 min. The barrier integrity of
the epithelial monolayer decreased when subjected

to pressure in a dose-dependent fashion that was
maximal at 20 cm of H2O compared to unstressed
cells. Immunostaining of a tight junction protein,
E-cadherin, showed reduced levels in stressed cells.
Media was analyzed for the inflammatory mark-
ers IL-6 and IL-8, both of which were significantly
increased in stressed cells.Moreover, increased release
of LDH and ATP into the media from the cells was
observed in the stressed cells. Our system does not
completely reproduce the exact physiological and
structural changes occurring in the human nasal air-
way during CPAP therapy, but it provides powerful
insights into the effect that dynamic pressure has on
epithelial cells. Our results suggest that stress-induced
by airflow during CPAP leads to structural, meta-
bolic, and inflammatory changes on the nasal epithe-
lium. This may be responsible for the development
of nasal side-effects following CPAP, leading to poor
patient compliance. With further progress through
the addition of features relevant to specific studies,
co-culture of different cell types, or the use of primary
cells, advanced in vitro models have the potential to
positively impact a wide array of research fields.
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