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Abstract
The plausibility of human exposure to particulate matter (PM) has witnessed an increase within the last several years. PM of
different sizes has been discovered in the atmosphere given the role of dust transport in weather and climate composition. As
a regulator, the lung epithelium orchestrates the innate response to local damage. Herein, we developed a lung epithelium-on-
a-chip platform consisting of easily moldable polydimethylsiloxane layers along with a thin, flexible, and transparent ionic
liquid-based poly(hydroxyethyl) methacrylate gel membrane. The epithelium was formed through the culture of human lung
epithelial cells (Calu-3) on this membrane. The mechanical stress at the air–liquid interface during inhalation/exhalation was
recapitulated using an Arduino-based servo motor system, which applied a uniaxial tensile strength from the two sides of the
chip with 10% strain and a frequency of 0.2 Hz. Subsequently, the administration of silica nanoparticles (PM0.5) with an
average size of 463 nm to the on-chip platform under static, dynamic, and dynamic + mechanical stress (DMS) conditions
demonstrated the effect of environmental pollutants on lung epithelium. The viability and release of lactate dehydrogenase
were determined along with proinflammatory response through the quantification of tumor necrosis factor-α, which indicated
alterations in the epithelium.

B Ozlem Yesil-Celiktas
ozlem.yesil.celiktas@ege.edu.tr

1 Department of Bioengineering, Faculty of Engineering, Ege
University, Izmir 35100, Türkiye

2 Translational Pulmonary Research Center (EgeSAM), Ege
University, Izmir 35100, Türkiye

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s42242-024-00289-z&domain=pdf
http://orcid.org/0000-0003-4509-2212


Bio-Design and Manufacturing (2024) 7:624–636 625

Graphic abstract

Keywords Ionic liquid-based membrane · Lung · Epithelial barrier · Mechanostress · Organ-on-chip · Silica particles

Introduction

The accuracy and precision of preclinical phases of drug
development processes increase the effectiveness and success
rate of drug candidates. In vitro two-dimensional (2D)/three-
dimensional (3D) cell culture procedures [1, 2], ex vivo
[3] and in vivo animal models [4] have been used in the
screening of potential molecules, where successful can-
didates in preclinical settings continue to be investigated
in clinical studies on humans. However, these models fail
to yield physiologically relevant responses of the human
body against administered molecules. In this context, alter-
native systems must be developed to improve preclinical
processes. Organs-on-chips, which have gained a consider-
able interest, allow the investigation of human physiolog-
ical/immunological responses without ethical concerns [5]
and reduce the use of animals [6]. The human lung is a
vital respiratory organ that participates in metabolic activ-
ities, such as gas exchange, acid–base balance, and blood
pressure regulation. Global warming and climate change
have adverse effects on respiratory health [7], along with
the increased use of detergents/surfactants, processed foods,
nanoparticles, and microplastics [8]. Especially, particulate
matter (PM) less than 2.5 μm damages tight junction pro-
teins, particularly those in the lung epithelium,which leads to
exposure time- and dose-dependent acute/chronic respiratory
diseases [9]. Thus, intense research efforts have been aimed
at modeling these pathologies via epithelium-on-a-chip plat-
forms [10] to accelerate the clinical translation of promising
therapeutics. A recent study delved into the importance of
epithelial barrier in addressing other global health concerns.
This investigation utilized a lung-on-a-chip model to assess

the effect of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) at the organ level. Through the cultivation
of human alveolar epithelial cells and lung microvasculature
cells in adjacent channels separated by a porousmembrane in
an on-chip platform, the researchers successfully replicated
the virus’s interaction with the mentioned specific cell types
[11]. Another study focused on growing stratified epithelia
on a commercial E-transflow device comprised of a culture
well with a microfluidic channel via a porous membrane to
correlate the Stokes radius and molecular diffusion through
the epithelium [12]. However, an in vitro model represent-
ing the lung epithelium without mechanostress proved to be
insufficient for the accurate prediction of the effects of such
pollutants. Therefore, scholars have shifted their focus on the
development of biomimetic on-chip platforms that recapitu-
late the mechanical [13] and physiological properties which
epithelial cells are exposed to [10]. This raises another con-
cern regarding the synthesis of membranes to be integrated
into the organ-on-a-chip platforms for the formation of the
air–liquid interface. Various porous and stretchable mem-
branes have been integrated into on-chip platforms; such
membranes include polydimethylsiloxane (PDMS) [14, 15],
polyester [16], polyurethane [17], polycarbonate [18], bacte-
rial cellulose [19], and collagen–elastin [20]. Ionic liquids as
conductive hydrogels have drawn research attention lately
[21, 22] in the field of biomedical technology. However,
they have not been used in the recapitulation of barriers
in organ-on-a-chip platforms. Thus, to bridge this gap, we
synthesized and characterized a lung epithelium-on-a-chip
platform consisting of easily moldable PDMS layers along
with a thin, flexible, transparent, and ionic liquid-based
hydrophilic poly(hydroxyethyl) methacrylate (pHEMA) gel
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membrane (PH-GM). The epithelium was formed by cultur-
ing human lung epithelial cells (Calu-3) on the membrane
under mechanical stress, which occurred at the air–liq-
uid interface during the inhalation/exhalation mechanism
through recapitulation by anArduino-based servomotor sys-
tem (torque of 4.8V: 10 kgf·cm). The system applied uniaxial
tensile strength from two sites on the chip with 10% strain
and a frequency of 0.2 Hz. Subsequently, PM0.5 (i.e., silica
nanoparticles) was administered to the on-chip platform to
assess the effect of environmental pollutants on lung epithe-
lium under emulated inhalation/exhalation.

Materials andmethods

Materials

1-Butyl-3-methylimidazolium chloride (BmimCl) was pur-
chased from ACROS Organics (Geel, Belgium) and 2-
hydroxyethyl methacrylate (HEMA) from Aldrich Chem-
istry (St. Louis, Missouri, USA). Fibronectin, laminin, pro-
teoglycan, potassium persulfate (KPS), tetramethylethylene-
diamine (TEMED), and Dulbecco’s modified Eagle’s
medium/Ham’s F-12 (1:1) (DMEM/F-12) were bought from
Sigma-Aldrich Co., Ltd (St. Louis, Missouri, USA). Col-
lagen A, glutaraldehyde, sodium cacodylate and ethanol
(100%) were secured from Merck Co., Ltd (Rahway, New
Jersey, USA), and penicillin/streptomycin was purchased
from Biosera (Cholet, France). PDMS base solution and cur-
ing agent (SYLGARD 184) were used.

Synthesis of ionic liquid-based pHEMAmembrane

The preparation of pHEMA-based hydrogels involved the
replacement of BmimCl in the polymer network with water
after in situ free-radical polymerization of HEMAmonomers
inwater and ionic liquid (BmimCl)mixed solutions, in accor-
dance with the protocol optimized by Liu et al. [23]. Within
the scope of the protocol, a homogeneous precursor solution
was prepared containing BmimCl and water at the weight
ratio of 2:8. A total of 3.9 g HEMA (0.03 mol) was added
to the water/BmimCl mixture. The water/BmimCl/HEMA
mixture was kept in a nitrogen atmosphere for 5 min at
80 °C. A total of 0.5 g KPS solution (0.02 g/mL) and 8 μL
TEMEDwere added to the precursor and served as redox ini-
tiators. To accurately maintain the thickness of the resultant
membrane,we strategically interposed the preexistingPDMS
layers with a standardized thickness of 100 μm between the
curing slides at both ends of the mold. Subsequently, the pre-
cursor was molded and left at room temperature for 48 h to
enable free-radical polymerization. This procedural measure
was implemented to guarantee that the membrane, which
was formed upon the introduction of the uncured solution

between slides,maintained a 100μmthickness. The resultant
hydrogels (containing ionic liquid) were retained in distilled
water to remove BmimCl in the bonds. The gels with thick-
nesses of 100 μm were named as PH-GM.

Characterization

Tensile test

Uniaxial tensile test was applied to determine themechanical
properties of PH-GMs, which formed the surface on which
cells attached and acted as a membrane in the microchips.

Scanning electron microscopy (SEM) imaging

For SEM, the samples were fixed using three different
buffers. First, the samples were fixed using 2.5% glutaralde-
hyde in 0.1 mol/L cacodylate buffer for 30 min at 4 °C,
immersed in 1.4% (0.014 g/mL) sucrose solution in sodium
cacodylate buffer, and postfixed for 30 min in a 1% osmium
tetroxide solution in 0.1mol/L sodium cacodylate buffer. The
membranes were dehydrated at room temperature in 35%,
50%, 70%, 85%, 95%, and 100% ethanol for 5 min each.
Finally, the samples were immersed in hexamethyldisilane
for 5min and dried overnight at room temperature. After dry-
ing, the samples were placed on brass carriers, coated with
200 Å-thick (1 Å � 10−10 m) gold, and examined under a
scanning electron microscope.

Water contact angle

Contact angle measurement qualitatively assesses the
hydrophobicity or hydrophilicity property of a surface. This
process is based on the observation of intermolecular interac-
tions between the surface and water droplet when they come
into contact. Contact angle measurement is mainly used to
evaluate surface wettability. This characterization technique
is used to analyze whether the hydrophilic surface required
for cell attachment is provided in the producedgelmembrane.
The samples were washed with deionized water, transferred
on a slide at room temperature, and placed in the contact
angle device while drying. Approximately 4 μL liquid was
dropped onto the membrane surface, and the angle between
the contact surface and the drop was photographed using the
camera system and thenmeasured using SCA20.2.0 software
(firmware version 2.05). Measurements were taken through
the analysis of different samples in at least three repetitions.
Analysis was also conducted on the PH-GMs to be used in
the microfluidic platform and PDMS membranes as a com-
parison group.
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Residual mass analysis for degradation assessment

In residualmass analysis, the synthesized PH-GMswere kept
in DMEM/F-12 nutrient medium for 7 d. Mass loss was cal-
culated by measuring the dry weights on Days 0, 1, 4, and
7.

Breathingmechanostress in lung
epithelium-on-a-chip

Simulation

SolidWorks was applied in the simulation of strain and
displacement changes under the mechanical stress that the
microplatform and PH-GMs were exposed to. To obtain
results close to the physiological conditions in the cell cul-
ture environment, we adjusted the ambient temperature to
37 °C. SolidWorks program was also applied in the mechan-
ical stress system created with servo motors to observe
stress/displacement simulations and the effects of the strain
to which the chip and membrane were exposed and analyze
the deformation of the produced membrane. In the simula-
tions, the chip and the membrane, which were subjected to
force to ensure 1 mm expansion of the 10-mm-wide PH-
GM, were analyzed. In the simulation performed through
the application of a fixed fixture to one side, the mesh was
created with a global dimension value of 0.28509647 mm
and a tolerance value of 0.01425482 mm based on standard
parameters. The temperature was set at 37 °C, and 10% strain
was obtained by applying a force of 0.39 N. The stress results
were expressed in terms of von Mises stress, which is cal-
culated to determine whether the structure has undergone
plastic deformation under any loading condition. Displace-
ment resultswere obtained inmillimeters, in accordancewith
the definition of URES (Resultant Displacement) in Solid-
Works simulation.

Design and fabrication

Molds were designed using SolidWorks 3D computer-aided
design program for the fabrication of the microchip platform
and mechanical stress system. Separate drawings were pre-
pared for the air/liquid layers and the polymethyl methacry-
late (PMMA) plates to be used in the adaption of the chip to
the mechanical stress system. The molds were produced by
cutting the PMMA plates into the required thickness using
a desktop laser cutting device (VLS2.30 System Universal
Laser). The microplatform consisted of top–bottom layers
of biocompatible PDMS and biocompatible PH-GM of the
working chip. To emulate the mechanical stress, we com-
pressed the microplatform using four PMMA plates, with
two plates on each side, and integrated it into the system to
adapt them to the traction system consisting of two servo

Scheme 1 Equation applied to create 10% strain of the axial tension
applied to ionic liquid-based PH-GMs. PH-GMs: poly(hydroxyethyl)
methacrylate gel membranes

motors (Tower ProMG995). The dimensions of the chamber
for cell culture in the working chip were designed to mimic
the circular alveolar structure with surface areas of 10 mm×
10 mm × 2 mm and 0.785 mm2. The mechanical stress plat-
form was based on the principle of pulling two servo motors
axially to the PDMS chip compressed with PMMAs to sim-
ulate mechanical stress. The gel revealed a stretch, which
was applied in a loop with a frequency of 0.2 Hz, imitating
the breathing mechanism of an adult human. The equation
in Scheme 1 can be applied to create 10% strain of the axial
tension applied to ionic liquid-based PH-GMs [24].

Formulation of the lung epithelium

Surface modification of the membrane to improve cell
adhesion

Cell adhesion was optimized by coating the surface of PH-
GMs with a protein cocktail prior to cell culture. Two
different procedures were applied for surface modification.
In the first application, a phosphate buffered saline (PBS)
solution of 5 μg/cm2 fibronectin was prepared and added to
the chamber for cell culture and aerated for 45 min at room
temperature. Then, the liquid was removed from the cham-
ber. In the other application, a solution was prepared with
PBS containing laminin, fibronectin, collagen A, and pro-
teoglycan at 5 μg/cm2 concentration and applied to the gel
surface. After 2 h at 37 °C, the liquid was removed, and the
chamber was washed with PBS.

Seeding epithelial cells

Calu-3 cells used to establish the epithelial barrier were uti-
lized on the platform by thawing cells with passage number
9 from the stocks. In the thawing process, cell-containing
cryotubes were removed from the liquid nitrogen tank and
placed in a water bath, which was previously set at 37 °C to
thaw up to 75%. Afterward, 1 mL freezing medium contain-
ing 90% fetal bovine serum and 10% dimethyl sulfoxide was
added to the tubes placed in a laminar air-flow cabinet with
biosafety level 2. The mixture of cells and freezing medium
was pipetted completely and transferred to a centrifuge tube,
which was then centrifuged at 4 °C and 1000 r/min for 5 min.
Without damaging the collapsed cell pellet, the supernatant
was removed, and the nutrient medium added to the cell
pellet was thoroughly homogenized and transferred to T25
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flasks. The flasks were incubated in 37 °C incubators con-
taining 5% CO2. The nutrient media were changed every
other day, and cells were examined daily under a micro-
scope. Cell counting and subsequent seedingwere performed
at 80% cell density of the attachment surface of the flasks.
Cell cultivation involved removal of the nutrient medium and
several times of gentle cell washing using the PBS solution.
After the removal of the PBS solution, 0.25 mL and 0.75 mL
trypsin-ethylenediaminetetraacetic acid solutions were sep-
arately added to the T25 and T75 flasks, respectively, to lift
cells from the surface. After microscopic observation, the
cells were scraped from the flask to ensure complete cell sus-
pension. Then, for the neutralization and subsequent removal
of the trypsin solution, the cell-containing liquid was col-
lected from theflask, transferred to a separate centrifuge tube,
and added with 4 mL nutrient medium. The tube was cen-
trifuged at 4 °C and 1000 r/min for 5 min, the supernatant
was removed, and the cells were counted. Calu-3 cells were
cultured on the upper surface of the PH-GM embedded in the
epithelium-on-a-chip platform at a concentration of 2 × 105

cells/mL. The chips were placed on the rocker and shaken at
1 r/min to obtain dynamic ambient conditions.

Viability of epithelial cells

A quantitative analysis method WST-1 was used to analyze
the viability of cells cultured on the platform. The nutrient
mediumwas removed from the PH-GMswith cell attachment
andwashedwith PBS.The nutrientmedium solution contain-
ing 10:1 WST-1 was prepared in a total volume of 65 μL for
each chamber. The solution was added to the chambers con-
taining the cells, and incubation was performed at 37 °C and
5% CO2 for 3 h away from the light. After incubation, the
supernatants were collected from the chambers and trans-
ferred to wells in a 96-well plate. The plate was placed on
a microplate reader in the absence of light and spectropho-
tometrically analyzed at a wavelength of 450 nm. Viability
calculations were performed using GraphPad Prism 8.0.

Administration of PM0.5 to lung
epithelium-on-a-chip

Characterization and administration of PM

Silica particles purchased from Dost Kimya, Türkiye, were
ground and filtered by filters of 1 μm pore size. The particle
size distribution and zeta potential were measured (Zetasizer
NanoZS,MalvernPanalytical,UK) through the selection of a
refractive index of 1.50 and absorption value of 0.001, which
are specific to silica. The particles suspended inDMEM/F-12
were centrifuged (10,000 r/min and 15 min), and the pellet
was dispersed in distilled water and sonicated (Ultrasonic
Cleaners, Everest Ultrasonic, CleanEx-812) for 20 min to

prevent aggregation. Subsequently, 1 mL sample was loaded
into a micro cuvette to measure the particle size distribution,
and another sample was loaded into a folded capillary zeta
cell (DTS1070, Malvern Panalytical) using a syringe to mea-
sure the zeta potential. PM0.5 silica particles (800 μg/mL)
were applied to lung epithelium-on-a-chip to assess the sensi-
tivity of the model. Experiments were conducted under three
conditions. In static conditions, the cell culture medium was
not circulated, and the on-chip system was not exposed to
mechanical stress. In dynamic conditions, mechanical stress
was not applied, and the cell culture medium was circu-
lated via a rocker. In DMS conditions, mechanical stress was
applied, and the cell culture medium was circulated.

Immunofluorescence imaging

4′,6-Diamidino-2-phenylindole immunofluorescence stain-
ing was performed on lung epithelial cells for the qualitative
analysis of the effect of mechanical stress on cells.

Viability of epithelial cells

WST-1 assaywas performed as described previously to deter-
mine the viabilities of epithelial cells exposed to PM0.5 at a
concentration of 800μg/mL under static, dynamic, andDMS
conditions.

Proinflammatory response

The level of human tumor necrosis factor alpha (TNF-
α), which represents the proinflammatory response after
silica application, was determined using double-antibody
sandwich enzyme-linked immunosorbent assay (ELISA).
Supernatants obtained from the cells were diluted at the
ratio of 5:1 with a sample dilution solution and placed in
96-well plates that were previously coated with TNF-αmon-
oclonal antibody. The plates were incubated at 37 °C for
90 min. After incubation, 100 μL biotin-labeled antibody
solution was added to the wells that were washed twice and
incubated at 37 °C for 60 min. Then, 100 μL horseradish
peroxidase–streptavidin conjugate solution was added to the
wells removed from incubation,washed thrice, and incubated
at 37 °C for 30 min. Afterward, washing was performed
five times for 2 min each time with a washing solution to
remove unbound enzymes. After the addition of 90μL TMB
substrate to each well, the mixture was mixed gently and
incubated at 37 °C for 10–20 min protected from light. After
incubation, 50 μL stop solution was added to each well. The
color turned yellow quickly, and the absorbances of the sam-
ples were immediately read on the microplate reader at the
wavelength of 450 nm.
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Results and discussion

Synthesis of ionic liquid-based pHEMAmembrane
and characterization

The breathing mechanism of the lung and the resultant
mechanical stress acting on cells are vital in the investiga-
tion of organ-on-a-chip platforms, where flexible materials
such as PDMS are used [25]. In a recent study, the fabrica-
tion of thin PDMS films involved the spinning and coating of
polymers on a wafer. The thickness and plasticity of PDMS
films obtained at different spinning speeds were determined,
and the obtained results demonstrated that the 100-μm-thick
PDMS films were highly elastic and thus can withstand sus-
tained cycles of expansion and contraction in lung-on-a-chip
platforms [26]. In another study, 81.4% elongation of PDMS
membranewas observed on the lung-on-a-chip at break point
[27]. Although the body of our platform ismade up of PDMS,
the synthesized PH-GM (Fig. 1a) had a thickness of 100 μm
and was sandwiched in between two PDMS layers. Thus,
not only PDMS but also the membrane must be elongated
to withstand cyclic mechanical stress. The PH-GMs were
elongated by 265% until the breaking point (Fig. 1b), indi-
cating the potential of ionic liquid-based membranes for

mechanical stress applications. Moreover, a high porosity
is required for the membranes used in organ-on-chips for
the controlled transport of various nutrients and increased
cell adhesion [28]. The membranes produced using differ-
ent materials, such as polyethylene terephthalate, polyester,
polycarbonate, and PDMS, can have varying pore diameters;
the desired sizes can be obtained through fabrication meth-
ods such as soft lithography [29, 30]. In a recent study, the
polycarbonate membranes used for lung-on-a-chip had pore
sizes of 0.4–0.8 μm [18].

As displayed in the SEM image, PH-GMs showed a high
porosity with pore diameters in the range of 0.15–0.17 μm
(Fig. 1c). Water contact angle can also be used to evaluate
the degree of hydrophilicity, which is a critical parameter for
the adhesion and proliferation of cells that grow via attach-
ment in in vitro cell culture systems [14, 15]. During the
examination of surface hydrophilicity, PH-GMs exhibited
a high hydrophilicity with an average contact angle mea-
surement of approximately 43.02°, whereas PDMS exerted
hydrophobic properties with an average contact angle mea-
surement of around 101.68° (Figs. 1d and 1e). As the surface
properties of biomaterials influence cell behavior, including
cell adhesion, orientation, and migration [31], PH-GM is an
ideal candidate due to its hydrophilic nature. Degradation

Fig. 1 a Schematic of ionic liquid-based membrane fabrication; b ten-
sile strength; c scanning electron micrograph of the pores; d, e water
contact angle of ionic liquid-based PH-GM compared with that of

PDMS; f residualmass analysis of PH-GMs for degradation assessment.
PH-GM:poly(hydroxyethyl)methacrylate gelmembrane; PDMS:poly-
dimethylsiloxane
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analysis revealed that PH-GMs degraded to a small extent
(2%) when kept in DMEM/F-12 nutrient medium at 37 °C
for 7 d (Fig. 1f). Biodegradability is an important crite-
rion in tissue engineering applications, and a low percentage
of degradation is more effective for the establishment of
long-lived cell cultures in organ-on-chips. Overall, the trans-
parency, high porosity, hydrophilicity, slow degradation, and
high elongation of PH-GMs favor their utilization as a barrier
mimicking membrane.

Breathingmechanostress in lung
epithelium-on-a-chip

Cells are not exposed to physiological mechanical sig-
nals, including shear stress, strain/compression, and specific
dimensional and geometric nanostructures, during the appli-
cation of conventional cell culture methods. However, these
signals are involved in physiological processes from tissue
morphogenesis [32] to organdevelopment,which aremissing
in 2D models, in addition to cell proliferation [33]. For this
reason, in vitro cultures must also include the mechanical
conditions that cells are exposed to in the microenviron-
ment. Thus, we selected appropriate components for the

design of the lung epithelium-on-a-chip platform to reca-
pitulate physiological mechanical cues. These mechanical
signals, including displacement and strain, were simulated
using SolidWorks. The displacement simulations showed the
same elongationmechanismof the PDMSchambers (Fig. 2a)
and PH-GM (Fig. 2b) under an axially applied force.

The elongation reached 1 mm on average in the middle
part, where the top and bottom chambers separated by the
PH-GM (diameter: 10 mm) represented the air–liquid inter-
face, and the strain rate of the PH-GM was 10%, according
to the strain equation [34]. In the strain simulation carried
out to observe material deformation under an applied force,
the PDMS chambers (Fig. 2c) and PH-GM (Fig. 2d) did
not stretch up to the yield strength level of 7 × 105 N/m2

and returned to their former form when the applied force
was removed [35]; thus, the combination of PDMS and
ionic liquid-based PH-GM can ideally emulate the inhala-
tion/exhalation mechanism. Following simulation studies,
fabrication of the designed PDMS-based microplatform was
accomplished bymolding (Fig. 2e), and themechanical stress
(pull) system developed (Fig. 2f) based on Arduino-based
servo motors was integrated into the microplatform to emu-
late the inhalation/exhalation mechanism (Fig. 2g) in the
lungs. Different from that of other studies currently available,

Fig. 2 aSimulationofmicrochip for displacement inmillimeters;b sim-
ulation of ionic liquid-based PH-GM for displacement in millimeters;
c simulation of microchip for strain depicted by vonMises plot (N/m2);
d simulation of PH-GM for strain depicted by von Mises plot (N/m2);
e fabrication of the PDMS-based microchip, f mechanical stress sys-
tem, g working principle of the servo motor system used to stretch the

10-mm-long PH-GM by 1 mm to provide 10% strain to exert the
appropriate torque (4.8 V: 10 kgf·cm); h illustrational graph of inhala-
tion/exhalation in human lungs. PH-GM:poly(hydroxyethyl)methacry-
late gel membrane; PDMS: polydimethylsiloxane; URES: Resultant
Displacement (in SolidWorks simulation)
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the design is based on the principle of pulling the chip axially
as a whole (Fig. 2h) and not by vacuum application to the
membranes [14, 20]. The assembled microplatform enabled
for the adjustment of the desired strain value by changing the
rotation angle and cycle duration of the servo motors, which
provided a convenient system for the investigation of various
mechanical stress applications.

Formulation of the lung epithelium

After microplatform assembly, the lung epithelium was for-
mulated, where Calu-3 epithelial cells derived from human
bronchial submucosal glands [36] were utilized as the sub-
mucosal glands, which are a major source of airway surface
liquid,mucins, and other immunologically active substances;
Calu-3 cells reflect these properties [37, 38]. However, dif-
ferent cell culture media were used for the cultivation of
Calu-3 cells [39, 40]. Thus, we tested the efficacies of
three different cell culture media, including DMEM/F-12,
DMEM high glucose, and Roswell Park Memorial Institute
(RPMI) 1640 nutrient medium, and observed them for 8 d
(Fig. S1 in Supplementary Information). Calu-3 cells exhib-
ited better epithelial morphologies and proliferation rates in
DMEM/F-12 nutrient medium. Apart from elicitation of the
medium, the surface properties of membranes are pivotal for
cell attachment and confluency. Routinely, special surface
coatings, such as fibronectin and collagen, are used in main-
tenance of a physiologically relevant surface for cells [41].

The PH-GMs exhibited highly hydrophilic properties, and
thus, we coated their surface with fibronectin and a pro-
tein cocktail composed of laminin, fibronectin, collagen A,
and proteoglycan (Fig. 3a) to enhance their adhesive proper-
ties. An identical number of Calu-3 cells were seeded, and
the results showed that proliferation was improved on pro-
tein cocktail-coated PH-GMs compared with those coated by
fibronectin and non-coated cells (Fig. 3b). Finally, the viabil-
ity ofCalu-3 cells seeded onprotein cocktail-coatedPH-GMs
was tested under static, dynamic, and DMS conditions. No
statistically significant differencewas observed in cell viabil-
ities under static and dynamic conditions. However, viability
was significantly improved under DMS conditions (Fig. 3c),
where the only difference was observed in the mechanical
stress applied axially at a frequency of 0.2 Hz, that is, the
emulation of the breathing mechanism of an adult human.
Cells activate different signaling pathways due to exposure
to mechanical forces, which may occasionally cause apop-
tosis or induce cell growth [42]. The physical integrity of
the epithelial cell monolayer is regulated by the force bal-
ance at the cell–cell and cell–matrix attachments [43]. Under
physiological conditions, epithelial cells bear a state of inter-
nal tension, which is counterbalanced by outward adhesive
forces that tether cells to one another and the extracellular
matrix [44]. However, this is not a static balance of forces.

Lung cells continuously experience cyclic stretching. Thus,
the proliferation of Calu-3 cells under DMS conditionsmight
have been improved due to the cellular responses that can
withstand the increased elastic recoil induced by stretching.

Administration of PM0.5 to lung
epithelium-on-a-chip

Finally, we tested the effect of PM0.5 on the lung epithelium-
on-a-chip (Fig. S2 in Supplementary Information) by admin-
istering silica particles with an average diameter of 463 nm
and zeta potential value of − 28.2 mV at a concentration of
800 μg/mL (Fig. 4a) under static, dynamic, and DMS condi-
tions. We transferred 65 μL silica solution to each chamber
to expose the cells to approximately 52 μg silica. Accord-
ing to epidemiological and clinicopathological studies, silica
dust-associated pathological changes are characterized by
inflammation and progressive fibrosis [45]. The international
recommended exposure limit is 50 μg/m3, which is a time-
weighted average for up to 10 h per day during a 40-h week
[46]. A silica concentration above 2000 μg/m3, which was
accidentally observed in a Scottish colliery in the 1970s, is
three times more effective in silicosis production than con-
centrations below such level [47]. Thus, short-termexposures
to high concentrations of silica, which results in such patho-
logical conditions, may be attributed to the high proportion
of silica particles in respirable dust. During the evaluation
of immunofluorescent stained images, the effect of PM0.5
was more prominent under dynamic conditions compared
with that under static conditions (Fig. 4b), which was proven
by cell deformation and the disruption of nuclear struc-
tures. The cellular uptake of polystyrene nanoparticles was
investigated on a lung-on-a-chip platform under mechani-
cal stress. The results showed that when 10% tension was
applied, the cellular uptake of polystyrene nanoparticles was
considerably increased compared with that under static con-
ditions [15]. In our study, the cell viabilities under static
conditions showed no significant variation with (96.13%) or
without (100%) silica application, whereas a slight decrease
occurred under dynamic conditions after PM0.5 exposure
(from 92.90% to 84.52%). However, an approximately 1.5-
fold decrease was noted in cell viability (from 193.87% to
131.94%) under DMS conditions, which suggested a simi-
lar trend subsequent to PM0.5 exposure. Thus, mechanical
stress increased the penetration of silica particles and enabled
them to cause further damage on the cell structure. Light
microscopy images (Fig. 4c) and the viabilities of Calu-3
cells (Fig. 4d) revealed that the higher effect of PM0.5 expo-
sure was observed on cells cultured under DMS conditions
compared with those under dynamic and static conditions. A
study focused on the interactions between silica particles and
model phospholipid monolayers, and the results showed that
PM with diameters less than 10 μm exerted a negative effect
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Fig. 3 a Surface modification on
PH-GM with protein cocktail.
b Comparison of surface
modification with fibronectin and
protein cocktail with 20×
magnification; scale bar: 100 μm.
c Viability assessment of Calu-3
cells under static, dynamic, and
DMS conditions (n � 3 for
independent replicates; one-way
ANOVA Tukey’s multiple
comparisons test; ***p < 0.001).
PH-GM: poly(hydroxyethyl)
methacrylate gel membrane;
ANOVA: analysis of variance

on the lipid membrane morphology [48]. The effects of var-
ious micro/nanoparticles present in the biosphere were also
examined using lung epithelial cells seeded withMucilAir™
inserts. Despite the varied levels of cytotoxic effects based
on the type of micro/nanoparticles, 5%–10% cytotoxicities
were observed, most probably owing to static culture condi-
tions [49], which justified the necessity of advanced in vitro
models. A study evaluating the effects of mechanical strain
utilizedA549 cells as amodel for alveolar epithelial cells and
exposed them to 25 nm amorphous colloidal silica nanoparti-
cles under dynamic and static culture conditions. Gene array
data, quantitative polymerase chain reaction, and ELISA
results revealed the amplified effect of nanoparticles during
mechanical stretching of cells for modeling physiological
mechanical deformation during breathing [50].

Exposure to PM also initiates proinflammatory cell acti-
vation, with TNF-α as one of the proinflammatory cytokines
[51] with signaling pathways that simultaneously regulate
cell apoptosis and proliferation [52]. Considering the lung
epithelium, bronchial epithelial cells are among the first

cells exposed to inhaled irritants, and they can initiate innate
immune responses to these exposures through the release of
proinflammatory cytokines, including TNF-α [53]. Further-
more, TNF-α initiates proinflammatory signaling in patholo-
gies induced by silica [54]. Although large crystalline silica
particles influence biological responses through proinflam-
matorymediators, small silica nanoparticlesmay traverse the
airway barrier, enter the systemic circulation, and directly
affect secondary organs [55]. Therefore, changes in TNF-
α expression under dynamic and DMS conditions with and
without PM0.5 administration were investigated (Fig. 4d).
The presence of silica induced TNF-α release in both condi-
tions. Interestingly, the release of TNF-α from Calu-3 cells
under DMS conditions with cyclic stretching was 50% less
compared with that under dynamic conditions. One study
analyzed the production of proinflammatory cytokines in the
lungs during high mechanical stretching in vivo. The high
mechanical ventilation did not cause the release of proin-
flammatory cytokines (TNF-α and interleukin-1β) into the
air spaces of isolated rat lungs. As such, TNF-α release
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Fig. 4 a Size distribution and zeta potential of PM0.5. b Immunostain-
ing images of Calu-3 cells under DMS, dynamic, and static conditions
with (+) and without (−) PM0.5 administration at 10× (upper panel)
and 20× (lower panel) magnifications; scale bar: 100 μm. c Light
microscopy images of cells at 10× (left) and 20× (right) magnifica-
tions; scale bar: 100 μm. d Viabilities (%) of Calu-3 cells with (+)
and without (−) PM0.5 exposure under static, dynamic, and DMS

conditions and proinflammatory analysis of TNF-α (n � 3 for indepen-
dent replicates; one-way ANOVA Tukey’s multiple comparisons test;
**p < 0.01, ***p < 0.001, and ****p < 0.0001; the image was gener-
ated using Servier Medical Art, which was provided by Servier, and
licensed under a Creative Commons Attribution 3.0 unported license).
DMS: dynamic + mechanical stress; S: static; D: dynamic; TNF-α:
tumor necrosis factor alpha; ANOVA: analysis of variance
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did not occur in the air spaces of the lungs or in the
systemic circulation of animals, even in the case of pul-
monary edema formation under high ventilation conditions
[56]. Although the administration of PM0.5 resulted in con-
siderably increased concentrations of TNF-α under DMS
conditions, the presence of mechanical stress decreased its
expression, thus providing a desirable biomimetic model.

Conclusions

Studies are devoting considerable efforts to the exploration
of the effects of fine PM, especially PM2.5 and PM10, on
human respiratory system due to the increased air pollu-
tion, which is closely linked to climate change. Therefore,
the assessment of the toxic effects caused by these PMs
should include the assistance provided by physiologically
relevant in vitro models. In this study, we developed a lung
epithelium-on-a-chip consisting of PDMS layers and a thin,
flexible ionic liquid-based PH-GM seeded with human lung
epithelial cells. The susceptibility of the lung epithelium
to static, dynamic, and DMS conditions was evaluated by
administering the PM0.5 to the on-chip platform. The via-
bility of Calu-3 cells was improved, and the cytotoxicity of
PM0.5 was more prominent under DMS conditions. In addi-
tion, the mechanical forces at the air–liquid interface during
the inhalation/exhalation mechanism revealed in vivo-like
properties, as observed in the TNF-α response, indicating the
importance of biomimicry. Consequently, the developed lung
epithelium-on-a-chip can be utilized for the toxicity assess-
ment of various micro/nanoparticles.
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