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Chronic respiratory diseases are among the leading causes of death 
worldwide, but only symptomatic therapies are available for terminal 
illness. This in part reflects a lack of biomimetic in vitro models that 
can imitate the complex environment and physiology of the lung. 
Here, a copolymeric membrane consisting of poly(ε-)caprolactone and 
gelatin with tunable properties, resembling the main characteristics of 
the alveolar basement membrane is introduced. The thin bioinspired 
membrane (≤5 μm) is stretchable (up to 25% linear strain) with 
appropriate surface wettability and porosity for culturing lung epithelial 
cells under air–liquid interface conditions. The unique biphasic concept 
of this membrane provides optimum characteristics for initial cell growth 
(phase I) and then switch to biomimetic properties for cyclic cell-stretch 
experiments (phase II). It is showed that physiologic cyclic mechanical 
stretch improves formation of F-actin cytoskeleton filaments and tight 
junctions while non-physiologic over-stretch induces cell apoptosis, 
activates inflammatory response (IL-8), and impairs epithelial barrier 
integrity. It is also demonstrated that cyclic physiologic stretch can 
enhance the cellular uptake of nanoparticles. Since this membrane offers 
considerable advantages over currently used membranes, it may lead the 
way to more biomimetic in vitro models of the lung for translation of in 
vitro response studies into clinical outcome.
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1. Introduction

The lung is one of the vital organs in the 
body that is responsible for gas exchange 
between air and blood during breathing. 
Although the prevalence of lung diseases 
such as chronic obstructive pulmonary 
disease (COPD) is rising, few causal thera-
pies are available for respiratory diseases 
due to the complex internal structure and 
functions of the lung tissue, which cannot 
easily be recreated in the lab.[1] The availa-
bility of preclinical models of lung disease 
for reliable prediction of clinical outcome 
is recognized as an important bottleneck 
for the development of new drugs against 
lung diseases.[2] Consequently, significant 
efforts are undertaken to enhance the 
biomimetic level of currently available in 
vitro models of lung diseases.[3,4]

The main purpose of the lung is to 
allow for an efficient supply of oxygen to 
and removal of carbon dioxide from the 
red blood cells (erythrocyte). From the tra-
chea, the gas is directed through a com-
plex branching network of conducting 
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airways into the alveolar region, where gas exchange takes 
place (Figure  1A). For efficient gas exchange, a micro-scale 
alveolar-capillary tissue barrier (minimum thickness of ≈1 µm) 
is required, which essentially consists of an ultrathin base-
ment membrane (≈0.1  µm) covered with a confluent layer of 
alveolar type-I and type-II (ATI and ATII, respectively) epithelial  

cells on the apical (air-facing) side and a confluent layer of 
endothelial cells on the blood side (Figure 1B,C).[5,6] The main 
functions of this basement membrane include structural sup-
port for resident cells as well as transport of nutrients and 
biomolecules between blood and lung tissue.[6] Thus, the base-
ment membrane of the alveolar region needs to be stiff enough 

Figure 1. Manufacturing of the BETA membrane. A) A 3D reconstruction of the whole murine lung tissue obtained with light sheet fluorescence 
microscopy (LSFM) depicting trachea, bronchi, small (terminal) bronchioles (I), distal bronchial tree (II) and 3D honeycomb structure of the 
alveolar region as observed with confocal microscopy on precision cut lung slices (III). B) Transmission Electron Microscopy (TEM) image of 
alveolar-capillary region, depicting the alveolar epithelium, capillary endothelium, basement membrane as part of the air–blood barrier, and eryth-
rocyte. Panels of (A,B) reproduced with permission.[6] Copyright 2019, John Wiley and Sons. C) Schematic of lung alveolar region, showing the 
air-liquid (blood) interface (ALI) in vivo. An ultrathin basement membrane (≤1 µm), which separates epithelial and endothelial cell layers (liquid 
side). A thin layer of surfactant, which is secreted by type II alveolar epithelial cells, is sitting on the top of epithelial cells to reduce surface tension 
at ALI in the alveolar region. D) Schematic of in vitro ALI culture models under static and stretch conditions. Cells are seeded on a porous/flexible 
membrane and air-lifted after forming a confluent cell layer. E) Schematic of the membrane fabrication consisting of poly(ε-)caprolactone (PCL) 
and gelatin using spin-coating. F) Photograph of the fabricated membrane and a 1-euro coin, showing that it is transparent enough for cell imaging 
technologies such as live cell imaging and confocal microscopy. G) Depiction of the two phases of the membrane. Phase I: After the spin-coating 
of a PCL-gelatin mixture, a uniform, non-porous PCL-gelatin membrane is produced, which consists of PCL with embedded “islands” of gelatin 
serving as adhesion point for cells facilitating subsequent cell proliferation. Spin-coating of a gelatin-PCL mixture results in an initially non-porous 
PCL-gelatin membrane, where the “islands” of gelatin allow the epithelial cells to grow into a confluent cell monolayer. Phase II: Gradually gelatin 
is dissolved away by cell culture medium. This opens pores for the nourishment of the cells under ALI conditions, which enhances not only mem-
brane permeability but also elasticity. H) A cross-sectional view of the manufactured membrane. Scale bar is 5 µm. I) SEM image (top view) of the 
membrane during phase I and phase II. The scale bar is 100 µm.
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for supporting the delicate honeycomb structure of the alveolar 
sacs and yet provide sufficient elasticity to allow for a breathing-
induced cyclic stretch at low energy consumption.

Current membrane technologies employed in in vitro lung 
models focus on structural support for the cells, but are too 
thick and lack elasticity as compared to basement membranes 
of the lung.[5,6] Standard cell culture models are grown in multi-
well polycarbonate plates under submerged culture conditions, 
i.e., the cells are completely covered with cell culture media. 
More advanced, complex, multi-cell, physiologically structured 
cell cultures of the lung epithelium for studying normal home-
ostasis and regeneration or co-cultured with disease-specific 
effector cells (e.g., fibroblasts for pulmonary fibrosis) are com-
mercially available from both healthy donors and patients.[7] 
These advanced in vitro models are cultured in Transwell 
inserts under air-liquid interface (ALI) conditions and exposed 
to aerosolized drugs under dose-controlled conditions.[8–10] On 
the other hand, these inserts culture the cells on perforated, 
stiff polyethylene terephthalate (PET) membranes (more rarely 
polycarbonate or polytetrafluoroethylene (PTFE) membranes 
are used), which do not mimic the elastic ECM and cyclic 
stretch conditions in a “breathing” lung, which has been shown 
to play a key role in the development of chronic lung diseases 
such as pulmonary fibrosis.[11]

Several cell-stretch devices have been described in the litera-
ture, but only a few devices are commercially available and all 
of them utilize submerged cell cultures.[6] On the other hand, 
newly designed microfluidic systems for stretch-activated ALI 
culture conditions have been described 10 years ago but–in 
spite of significant efforts–are just reaching the marketplace 
and are not widely used, yet.[12] Most of these cell-stretch 
devices rely on membranes made out of poly(dimethylsiloxane) 
(PDMS) since they are considered chemically inert and pro-
vide suitable mechano-elastic properties.[12,13] However, they do 
have disadvantages, which hamper the progress of cell-stretch 
technologies. PDMS membranes are hydrophobic requiring 
pre-conditioning of the membrane (e.g., coating with ECM 
proteins) to enhance wettability and cell adhesion. Achieving 
a confluent monolayer of epithelial cells on a coated-PDMS 
membrane is a major challenge since the aggregation and/or 
dislodgment of cells from the PDMS surface due to protein 
dissociation often occurs especially for long-term culture condi-
tions and under stretch conditions.[14] Moreover, PDMS adsorbs 
some drugs and proteins/growth factors contained in the cell 
culture media and leaching of uncured PDMS oligomers into 
the culture media can influence cell physiology.[15] Thus, an 
appropriate membrane providing both optimum cell culture 
conditions and physicomechanical properties inspired by the 
microenvironment of alveolar epithelium is still missing, which 
presents a major obstacle for the development of biomimetic in 
vitro cell-stretch models of the lung.

Polymeric systems (natural and synthetic-based) are widely 
used to manufacture suitable scaffolds with biomimetic fea-
tures for soft tissue applications including lung due to their 
diversity in chemical groups, allowing for remarkable physical 
and mechanical properties.[6,16,17]

In this study, we introduce a biphasic copolymeric mem-
brane consisting of gelatin and poly(ε-)caprolactone (PCL) 
chosen for their cell-conducive and mechano-elastic properties 

to mimic the microenvironment of alveolar epithelial (AT) cells 
with respect to important functional features such as mechan-
ical, biophysical, and bioactive properties. This Biphasic Elastic 
Thin for Air-liquid culture conditions (BETA) membrane facili-
tates cell adhesion and proliferation without pre-treatment 
of the membrane and it provides sufficient porosity and bio-
mimetic elasticity as required for in vitro cell-stretch applica-
tions under ALI culture conditions. The hybrid membrane is 
integrated into a stretch-activated lung bioreactor, which allows 
us to investigate the effect of cyclic mechanical stretch on cell 
physiology and the transport of nanoparticles across an alveolar 
barrier model. We also present novel methods for real-time 
monitoring of cyclic stretch and measuring the elastic modulus 
of membrane during cell-stretch experiments.

2. Results and Discussion

2.1. The Biphasic Membrane Concept

Mimicking the lung in vitro models of the alveolar barrier often 
culture a confluent monolayer of epithelial cells under static 
ALI conditions, where air-exposed epithelial cells are growing 
on a rigid perforated membrane, which is in contact with cell 
culture medium on the basal side for the nourishment of the 
cells (Figure 1D). Only recently, static ALI culture models have 
been adapted to allow for cyclic stretch conditions, mimicking 
the mechano-elastic strain exerted during the breathing activity 
of the lung (Figure 1D).

During the growth of these static or dynamic ALI cell cul-
ture models, two main phases can be distinguished; i) an initial 
phase of cell adhesion, proliferation, and growth of alveolar epi-
thelial cells into a 2D and confluent cell monolayer. Since this 
is done under submerged cell culture conditions (with cell cul-
ture medium in the apical compartment), the membrane does 
not have to be perforated, yet (phase I). ii) Once a confluent 
cell layer is formed the cell culture is air-lifted (i.e., cell culture 
medium is withdrawn from the apical compartment) and left 
for acclimatization allowing the cells to polarize and secrete 
protective lining fluid[18] prior to performing the actual cell cul-
ture experiments under physiologic ALI conditions (phase II), 
i.e., a perforated membrane is required for this phase.

Consequently, the “ideal” membrane is tailored toward 
sequentially meeting the two different sets of specifications 
corresponding to those two phases of cell culture conditions. 
For phase I (initial cell growth), the “ideal” membrane is bio-
active (i.e., conducive to cell adhesion and growth), wettable 
and non-porous (prevents cells to migrate into/through the 
membrane) to facilitate the formation of a planer, confluent 
epithelial (and endothelial) cell layer under submerged cul-
ture conditions. On the other hand, after air-lifting of the 
cells (phase II), the membrane should be porous/permeable 
enough to allow for sufficient exchange of nutrients, growth 
factors, and cell signaling molecules between cells and basal 
cell culture medium,[19] mimic elasticity/stiffness of the ECM 
of the lung[20,21] and be resilient to cyclic stretch while being 
in contact with cell culture medium (Figure  1D). Moreover, 
the membrane should be as thin as possible (≈0.1  µm in 
the lung) minimum interference of the membrane with cell 
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experiments and analytical tools such as microscopy requires 
the membrane to be as thin as possible (basement membrane 
of lung: 0.1  µm), optically transparent, chemically inert (no 
leaching of membrane materials into cell culture medium) 
and non-adsorptive toward drugs, proteins, and growth factors 
contained in the cell culture medium. The most widely used 
current membrane technology tries to accomplish this by 
using an elastic but hydrophobic material (e.g., PDMS), which 
requires pre-treatment prior to cell seeding such as chemical 
and physical modification or coating with ECM proteins (i.e., 
collagen (or gelatin), fibronectin, and laminin). Moreover, 
the membrane is always porous as required for phase II, but 
the pore size is limited to 1–3  µm to prevent epithelial (or 
endothelial) cells from migrating into or through the mem-
brane during phase I.

Here we pursue a different, biphasic membrane approach, 
which sequentially adapts the membrane properties to meet 
the different requirements of the two phases of cell culture 
conditions during cell-stretch experiments under ALI con-
ditions. We fabricated this biphasic stretchable membrane 
(BETA) by spin-coating of a copolymer emulsion consisting of 
PCL and gelatin into a thin (≤5 µm) membrane (Figure 1E–I). 
Since PCL and gelatin are immiscible in the solvent used 
here, the spin-coated membrane initially consists of poorly 
wettable PCL with “islands” of wettable gelatin due to phase 
separation (Figure  1I). The amide groups of gelatin form 
hydrogen bonds with water molecules in phase I, improving 
surface wettability of the initially smooth and nonpo-
rous membrane. Moreover, gelatin contains the tripeptide 
Arg-Gly-Asp (RGD) cell adhesion motif that ligates several 
integrins and mediates cell attachment.[22] As cells prolif-
erate, they secrete their own ECM allowing them to gradually 
migrate into the poorly wettable PCL regions and eventually 
forming a confluent cell layer. Moreover, water-soluble gelatin 
serves as a sacrificial polymer which is gradually dissolved in 
cell culture medium, inducing porosity in the originally non-
porous membrane as required for phase II (Figures  1I,2A,B 
and Figure  S1, Supporting Information). In addition, selec-
tive removal of the relatively stiff gelatin (as compared to 
the elastic PCL) increases the elasticity of the membrane to 
a value typically observed for lung tissue (see Section  2.2). 
Hence, the biphasic membrane concept introduced here lev-
erages the specific properties of a hybrid membrane for the 
controlled transformation of an initially relatively stiff, non-
porous, wettable membrane, which is ideal for the formation 
of a planar confluent epithelial barrier under submerged cul-
ture conditions (phase I), into a porous, elastic and stretch-
able membrane as required for the cell-stretch experiments 
under ALI culture conditions (phase II).

2.2. Selection and Characterization of Optimum Membrane

The ideal mixing ratio of the copolymer emulsion (PCL, gel-
atin) for spin-coating of the membrane was experimentally 
determined with a design of experiment (DoE) approach using 
the response surface methodology (RSM) which examines up 
to 2nd order effects of PCL and gelatin concentration on mul-
tiple biophysical and mechanical properties of the membrane. 

Based on our recently published review paper on physiologic 
properties of basement membranes of the lung[6] and the mem-
brane requirements listed above, we selected target values of 
elastic modulus (Young’s modulus; 5–10 MPa with ≤10% linear 
strain), surface wettability (water contact angle WCA ≤70°) and 
porosity/permeability (sufficient for nutrient exchange; good 
cell viability in phase II) as well as cytocompatibility (good cell 
proliferation) as most relevant parameters for optimization of 
the copolymer mixing ratio.

To this end, we fabricated nine spin-coated PCL/gelatin thin 
(≤5 µm) membranes in different PCL and gelatin mixing ratios 
(Table 1). All of them formed a uniformly distributed, com-
plex, 3D interconnected gelatin network within a PCL matrix 
as evidenced by the distribution of gelatin islands (disc-shaped 
structures) on SEM images of the membrane (Figure  2A and 
Figure S2A, Supporting Information) and the observed cell via-
bility under ALI conditions. However, PCL/gelatin mixing ratio 
affects pore size and pore-covered area fraction, which influ-
ences cell adhesion, growth, and viability.

The membranes have WCA and porosity in a range of 62.1 ± 
5.2 ≤ WCA ≤ 80.6 ± 2.9 [°] and 8.80 ± 1.03 ≤ P ≤ 28.71 ± 1.21 [% 
of area], respectively (Table 1 and Figure 2C,D). During ≈24 h of 
contact with cell culture medium, 20–45% of the gelatin is dis-
solved and the membranes have an elastic (Young’s) modulus 
in a range of 6.25 ± 0.41  ≤ E  ≤ 14.19 ± 0.30  [MPa] depending 
on PCL/gelatin mixing ratio (Figure  2E) where a membrane 
with higher PCL concentration is stiffer (lower Young’s mod-
ulus) and capable to absorb more energy without plastic defor-
mation (Ur ≤ 32 kPa for ≤7.5% PCL; 65–154 kPa for 10% PCL) 
(Figure 2F). For the assessment of cytocompatibility, we seeded 
an alveolar type II-like epithelial cell line (A549) on the mem-
brane. Real-time WST-1 metabolic activity showed that there 
is no general cytotoxicity for any of the membranes (meta-
bolic activity increases with time; Figure  2G). On the other 
hand, cells formed a confluent monolayer only on membranes 
with pores smaller than the size of an individual cell (≈8 µm), 
i.e., especially for low gelatin concentration (6%), but also for 
higher gelatin concentration, if the PCL concentration was low 
(5%) (Figure S3, Supporting Information).

WCA and porosity depend linearly on both PCL and gelatin 
concentrations (Figure 3A,B), while the elastic modulus of the 
membrane is affected by both one-way mixing ratio and two-
way interaction of PCL and gelatin concentrations (Figure 3C). 
Applying the DoE approach to the experimental data listed in 
Figure  2 (and Table  1) revealed that the polymer blend con-
sisting of 9.35% PCL and 6.34% gelatin [w/v solvent] provides 
the optimal membrane properties with respect to co-optimiza-
tion of elastic modulus, wettability, and porosity (Figure 3D,E).

To validate the fitted model, five membranes with an 
“optimum” PCL/gelatin mixing ratio (9.35% PCL and 6.34% gel-
atin) were fabricated and experimentally examined with respect 
to these parameters. The WCA was found to be 68.8 ± 5.3° which 
is in-between the limiting values of 119.2 ± 4.2° and 46.8 ± 8.1°  
measured for PCL and gelatin, respectively (Figure 4A).  
The 2D fractional porosity of the membrane area (in phase II) 
was determined as 9.4 ± 0.2% with an area-weighted diameter 
distribution of 4.5 ± 1.7 µm (mean ± SD) (Figure 4B). The elastic 
modulus of the membrane in phase I and II was 9.01 ± 1.95 and 
1.84 ± 0.66  MPa,  respectively with an extended reversible  
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deformation region up to 25% (linear) (Figure  4C). These 
results showed no statistically significant differences between 
model-predicted and experimentally determined parameters 
(WCAexp vs WCApred, p-value = 0.834; Porosityexp vs Porositypred, 
p-value = 0.171; Eexp vs Epred, p-value = 0.587).

These five “optimum” membranes (9.35% PCL and 6.34% 
gelatin) were experimentally examined in more in-depth. A 
1D fatigue test was conducted to measure the behavior of the 

membrane under continued cyclic stretch with an amplitude of 
12% linear strain (sinusoidal cyclic stretch) and a frequency of 
0.33 Hz (20 cpm). No hysteresis or creep was observed for the 
maximum test period (4 h), indicating that the BETA membrane 
can endure cyclic mechanical stretch without any plastic defor-
mation or rupture (Figure 4D). Moreover, 3D Young’s modulus 
of the membrane was measured in the bioreactor during cell cul-
turing after day 1 (1.33 ± 0.14 MPa), day 3 (1.19 ± 0.21 MPa), and 

Figure 2. Structural, biophysical and mechanical characterization of the fabricated membranes following a co-optimization strategy. SEM analysis of 
the fabricated membranes in A) phase I and B) phase II by various combination of PCL (P) and gelatin (G) mixing ratio (Table 1), indicating that higher 
PCL and lower gelatin concentration result in a narrow-distributed porosity with smaller pore size, which is in favor of ALI culture application. Scale 
bar is 20 µm. C) Surface wettability of the membrane quantified by WCA. D) Generated porosity after removal of gelatin in phase II quantified by SEM 
images is a function of the mixing ratio of PCL (p-value ≤0.2) and gelatin (p-value ≤0.03). E) Elastic modulus of the membranes measured by the 1D 
tensile stress test (phase I). F) The modulus of resilience (Ur) calculated by the area underneath the stress–strain curve up to yield (elastic region). 
G) WST-1 metabolic activity at days 2, 4, 5, and 6 of cell culturing. Data were baseline-corrected by the OD value of the Corning Costar Transwell cell 
culture inserts (PET, 12-well, 1.1 cm2; 0.4 µm pore). Three replicate samples were used for each analysis (n = 3, mean ± SEM).
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day 6 (0.78 ± 0.24  MPa),  revealing that 3D Young’s modulus 
continues to moderately decrease by about a factor of 2 between 
day 1 and day 6. It is noteworthy that at day 6, 3D Young’s mod-
ulus (0.78 ± 0.24 MPa)  is more than 2-fold lower than the cor-
responding 1D value (1.84 ± 0.66 MPa), i.e. the BETA membrane 
is somewhat more elastic under actual cell culture conditions 
(with cells in place) than determined by standard 1D elastic 
modulus testing without cells (Figure  4E). The BETA mem-
brane at day 6, which will be used for cell-stretch experiments, 
remained elastic for 48 h of 3D cyclic stretch (under submerged 
conditions) with no deformation, rupture, and creep. Thus, this 
membrane is suitable for cell-stretch experiments for at least up 
to 48 h, which covers the typically used experimental periods for 
in vitro cell-stretch experiments.

FTIR analysis of the chemical composition of the BETA 
membrane in the transition between phase I and phase II 
showed clear evidence for the removal of gelatin from the 
membrane (Figure  4F). The characteristic peaks of PCL were 
approximately observed at 2917  cm−1 (asymmetric CH2), 
2850 cm−1 (symmetric CH2), 1722 cm−1 (CO), 1293 cm−1 (C–O 
and C–C), 1239 cm−1 (asymmetric C–O–C), and 1162  cm−1 
(symmetric C–O–C). The FTIR spectrum of the pure gelatin 
film shows absorption peaks at 3290 cm−1 (N–H stretching of 
amide A), 1629 cm−1 (amide  I), and 1539 cm−1 (amide II).[23,24] 
All of the characteristic bands of PCL and gelatin were detect-
able on the membrane before immersion in culture media. 
Some shifting of bands is observed due to interaction between 
the ester group of PCL and an amine group of gelatin.[23] After 
incubation in cell culture medium (phase II), the FT-IR spec-
trum of porous PCL/gelatin membrane shows only charac-
teristic bands of PCL, indicating that gelatin has been largely 
washed away (Figure  S2B, Supporting Information). The 
optimum membrane also performed well with respect to cell 
adherence and growth. A549 epithelial cells formed a confluent 
monolayer on the membrane (Figure 5A,B) with a transepi-
thelial electrical resistance (TEER) of 136 ± 23  Ω cm2 (under 
static culture). This relatively low barrier integrity is typical for 
A549 cells (Figure 4H). Hence, we also tested a bronchial epi-
thelial cell line (16HBE14o−) known to be capable of forming 

a tighter barrier. Similar to the A549 cells, 16HBE14o− cells 
also form a uniform confluent monolayer on the membrane 
(Figure 5C and Figure S4A, Supporting Information), reaching 
the full barrier integrity as evidenced by the (maximum) TEER 
value of 452 ± 55 Ω  cm2 after 6 days (Figure 4H), which is in 
agreement with data reported in the literature.[25] The observed 
gradual build-up of a confluent 16HBE14o− cell layer is also 
consistent with the proliferation assay reaching its maximum 
value on day  7 (Figure  4G). A summary of the characteristics 
of the optimum membrane is given in Figure  4I. All of these 
values are in agreement with the target values specified above.

2.3. Improvements over Conventional Membranes

The properties of the (optimum) BETA membrane reported 
above provide a significant advancement over currently used 
membranes for ALI cell culture models of the lung, namely 
PET and PDMS for static and stretch-activated ALI cell culture 
models, respectively. PET membranes are stiff (Young’s mod-
ulus of ≈2–3  GPa) but relatively conducive to cell adherence. 
On the other hand, PDMS is elastic and allows for cyclic cell-
stretch, but it is not conducive to cell growth due to its hydro-
phobic nature (WCA ≥ 105°). The BETA membrane presented 
here combines conduciveness to cell growth with biomimetic 
elasticity and resilience to cyclic stretch for at least 48 h (longest 
time period investigated here). The currently used PET and 
PDMS membranes are typically at least 10  µm thick and use 
fixed-sized 1–3 µm pores to provide sufficient permeability for 
nourishment of cells under ALI culture conditions and to pre-
vent inadvertent migration of epithelial cells from the apical to 
the basal side (or vice versa for endothelial cells) during phase 
I.[6] However, 1–3  µm pores are too small to allow for innate 
cell migration such as infiltration of neutrophils from the blood 
to the luminal side of the lung epithelium during inflamma-
tory events. The BETA membrane introduced here is not only 
thinner (<5 µm) but also allows for larger pores during the cell 
culture experiments (no pores initially; during phase II: 4.5  ± 
1.7  µm (mean ± SD) corresponds to a range of 1.1–7.9  µm), 

Table 1. Range of PCL/Gelatin mixing ratios and experimental responses entering the design of experiment (DoE) approach to obtain the most 
biomimetic membrane properties by response surface methodology (RSM) based on Central Composite Design (CCD) arrangement.

Parameters PCL [%w/v] GGG Gelatin [%w/v] WCA [°] Po Porosity [%] E [MPa]

Levels −1 0  1 −1  0  1

[65,66] 5 7.5 10 6  8 10

Run

1 5  6 80.6 ± 6.6 22.28 ± 1.82 13.02 ± 1.09

2 10  6 68.0 ± 10.3 8.80 ± 1.03 10.84 ± 1.03

3 5 10 71.5 ± 5.2 28.71 ± 1.21 14.20 ± 0.30

4 10 10 72.9 ± 12.6 15.14 ± 4.53 6.25 ± 0.41

5 5  8 69.9 ± 6.8 28.70 ± 0.53 13.85 ± 1.65

6 10  8 62.1 ± 11.6 22.34 ± 5.12 8.21 ± 1.94

7 7.5  6 74.8 ± 12.5 13.40 ± 4.77 10.85 ± 0.82

8 7.5 10 72.4 ± 8.4 22.29 ± 1.15 9.95 ± 1.94

9 7.5  8 73.8 ± 8.5 25.53 ± 7.57 9.22 ± 0.46
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which reduces inadvertent artifacts of the membrane itself and 
is likely to allow for trans-membrane migration of migratory 
cells such as neutrophils (was not investigated here). In addi-
tion to these micron-sized pores, the phase II membrane has 
also numerous much smaller secondary pores (<400  nm) as 
evidenced by focused ion beam-scanning electron microscopy  

(FIB-SEM) tomography (Figure  5E). It is also evident from 
Figure  5E, that the voids left by the sacrificial gelatin provide 
a connected 3D network of pores suitable for nutrient supply 
under ALI cell culture conditions. The primary pores are 
often occupied with cells since this is where the sacrificial gel-
atin provided the most suitable substrate for cell attachment 

Figure 3. Multi-parameter optimization of PCL-gelatin mixing ratio of the BETA membrane (based on data presented in Figure 2). A) Surface plot of membrane 
wettability (WCA) for the technically feasible range of PCL and gelatin mixing ratios explored in Figure 2. Both gelatin (p-value ≤0.033) and PCL (p-value ≤0.017) 
concentrations affect WCA and thus cell attachment. Second-order polynomial regression analysis revealed WCA = 156.6 + 6.7P – 25.5G – 0.6P*P + 1.4G*G +  
0.1P*G; R2 = 0.96. B) Contour plot of porosity (P) versus PCL and gelatin mixing ratio, indicating a linear dependence of porosity on both PCL and gelatin 
concentration (Porosity = –42.6 – 5.8P + 21.6G + 0.1P*P – 1.3G*G + 0.2P*G; one-way PCL (p-value <0.05) and gelatin (p-value <0.05); R2 = 0.94)). C) Interac-
tion plot of PCL and gelatin mixing ratio on the elastic modulus (E = 14.5 – 1.3P + 1.5G + 0.2P*P + 0.02G*G – 0.3P*G; R2 = 0.99), showing that both one-way 
PCL (p-value ≤0.0001; gelatin p-value ≤0.001) and two-way interaction of PCL and gelatin concentration alter the membrane elasticity. D) The optimization plot, 
which was provided by the response optimizer demonstrating the composite desirability. E) Weights for WCA, porosity, and elastic modulus were considered 
as 1, representing equal importance. Overlaid contour plot of membrane response parameters namely elastic modulus (E), water contact angle (WCA), and 
porosity (P) to select an optimum region of mixing ratios by co-optimization of all relevant variables and responses, reaching the target values (see Section 2.2). 
The design of experiment (DoE) was applied using Minitab 18 software (Minitab Inc., State College, PA, US). The variables were optimized and the significance 
of the coefficients was evaluated through the coefficient of determination of the R-squared (R2) (ability to explain variance) by ANOVA at a 95% confidence level. 
The experiments were performed with three replicate membranes for each mixing ratio, which were analyzed in a randomized order, to avoid systematic bias.
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Figure 4. Characterization of the optimized membrane. A) Violin plot of WCA of the membrane compared to the pristine PCL and pristine gelatin 
films. B) Quantification of porosity of the membrane after day 6 of incubation in cell culture medium (phase II). The pores account for 9.4±0.2% of 
the membrane surface area and equivalent area diameter of 4.5 ±1.7 µm. Scale bar is 100 µm. C) 1D stress–strain curves of the membrane before 
(phase I) and after inducing porosity (phase II; 6d in cell culture medium) showing a 4.9-fold increase in elastic modulus after washing out gelatin.  
D) Segmented fatigue test using sinusoidal cyclic 1D stretch at 12% linear strain at 0.33 Hz for 4 h. E) Time-dependence of 3D Young’s modulus of the 
membrane incubated with cell culture medium in the bioreactor, showing that the elastic modulus of the membrane increases between day 1 and day 
6 by ≈30% (phase II). F) FT-IR spectra of pristine gelatin and PCL, PCL/gelatin blend (phase I), porous PCL/gelatin (phase II) and PCL/gelatin mem-
brane after cell culture (6 d incubation). The FT-IR spectrum of the membrane with cells (green curve) and without cells (black curve) in wavenumber 
of i) 1300–1700 cm−1 ii) and 2800–3000 cm−1. G) Time series of cell viability measured by WST-1 assay of A549 and 16HBE14o− cells on the membrane. 
H) Time series of TEER measurements (barrier tightness) of A549 and 16HBE14o− cells on the membrane. Maximum barrier tightness (confluency) 
is reached after 6 to 7 days of LLC. K) Schematic of the optimum membrane (9.35% PCL, 6.34% gelatine) showing its unique bio-physicomechanical 
properties. Data are reported as the mean ± SD. n ≥ 5; *P < 0.05, **P < 0.001 by one-way ANOVA with Tukey test.
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(Figure 5F). Considering that the innate basement membrane 
of the alveolar region is ultra-thin (≈0.05  µm), has a substan-
tial fraction of nanopores (<2.5 nm in diameter) and few larger 
pores (<400 nm), but is fibrous in nature allowing super-micron 
sized cells to “squeeze” through under certain conditions (e.g., 
neutrophil influx into the lung during inflammation).[26] The 
BETA membrane is more biomimetic than conventional engi-
neered membranes, but is still not perfectly representing the 
basement membrane of the alveolar tissue.

It is also noteworthy that both A549 and 16HBE14o− lung cells 
secrete their own ECM on the BETA membrane, which contrib-
utes to the biomimetic nature of the microenvironment of the 
cells (Figure 5D) and even more pronounced for 16HBE14o− cells 
(Figure S4B, Supporting Information). ECM secretion is further 

evidenced by FT-IR analysis of the decellularized membrane, 
which reveals new bonds and shifted FT-IR peaks at wavenum-
bers of 1469, 1461, 2848, 2915, and 2955 cm−1 when compared to 
pristine membranes (Figure 4F-i,ii). Since ECM is a mixture of 
proteins, lipids, and glycosaminoglycans (GAGs), it is difficult to 
unambiguously assign a specific functional group to each char-
acteristic peak. However, it has been shown that these peaks can 
correspond to nucleic acid, ECM proteins, and lipids.[27] We also 
found some fibrillar structures of ECM on A549 decellularized 
membranes (Figure  5D). These results, as well as the immu-
nohistochemical identification of ECM proteins such as type I 
collagen (Figure 6B), indicate that epithelial cells do not only 
proliferate well on the BETA membranes, they also shape their 
microenvironment by secreting their own ECM components.

Figure 5. Ultrastructural, morphological and tomographic analysis of cell-membrane interactions. A) SEM image of A549 cells adhering to the surface 
of the membrane during proliferation on the (optimum) membrane. Scale bar is 10 µm. B) CLSM orthogonal (XY) view and side views of YZ (right) 
and XZ (bottom), depicting a confluent monolayer of A549 cells (cell seeding density: 1.5 × 105 cells cm−2, 6 days LLC culture) and C) 16HBE14o− cells 
(cell seeding density: 2 × 105 cells cm−2; incubation: 6 days under LLC and 1 day under ALI conditions) on the membrane. 16HBE14o− cells form tight 
junctions between cells. Cell nucleus (blue, DAPI), cytoskeleton (green, F-actin), and ZO-1 tight junction (red). Scale bar is 10 µm. D) SEM analysis 
of the membrane after removal of A549 cells (0.1% SDS) reveals that cells deposit their own ECM (pseudocolored in green) on the BETA membrane. 
Scale bar is 10 µm. E) Schematic depiction of the focused ion beam (FIB)-SEM tomography for site-specific analysis. FIB-SEM image of the membrane 
in phase II (without cells). The green dotted lines show the cross-section of the membrane. Red and blue arrows illustrate the primary and secondary 
pores, respectively. Dashed red arrows show the interconnectivity of the pores in the structure. The scale bar is 1 µm. F) FIB-SEM z-stack image of 
the cross-section of the membrane populated with A549 cells, showing the cells (blue dotted line) located on the membrane (green dotted line) as a 
monolayer (left panel) and situated in the micron-sized primary pores (middle and right panel) occasionally even contacting adjacent cells via the 3D 
pore network. Scale bar is 1 µm.
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Figure 6. The effect of cyclic mechanical stretch on the cytoskeleton, deposited-ECM, tight junction formation, and barrier integrity. A) Schematic of the 
in vitro cyclic cell-stretch bioreactor system used in this study. A small positive pressure (maximal 4% above ambient pressure) is applied to the apical 
side of the membrane, resulting in membrane deformation, which is associated to the volume displacement of cell culture medium into the media 
reservoir can be monitored via the pressure sensor (P2) in the medium reservoir. B) Fluorescent CLSM images (obtained for optimum gain/pinhole 
settings of CLSM) of A549 cells grown on the (optimum) BETA membrane under static (6d LLC and 6d LLC plus 24 h ALI) and dynamic/ALI (21% and 
35% ∆SA for 24 h) culture conditions (n = 5). Cells under cyclic strain (21% ∆SA) formed more F-actin (green) and collagen I (red). Non-physiologic 
high levels of strain (35% ∆SA) disrupted the cytoskeleton (no increase in F-actin). On the other hand, deposited collagen I is polymerized under both 
static and dynamic ALI culture as compared to LLC conditions. Cell nuclei stained with DAPI (blue). Scale bar is 20 µm. These trends are confirmed 
by quantitative fluorescence analysis (total fluorescence intensity of z-stack–obtained for a given reference gain/pinhole CLSM setting–normalized to 
the number of cell nuclei) of C) F-actin and D) collagen I in panel B under dynamic ALI and static (LLC and ALI) culture conditions. E) Qualitative 
(optimum CLSM settings) and F) quantitative CLSM analysis of ZO-1 tight junction formation of A549 cells (reference CLSM settings normalized to the 
number of cells/nuclei) under physiologic and non-physiologic cyclic mechanical stretch (ALI) conditions (n = 4). For each experimental setting, five 
representative images (z-stacks) were recorded at independent fields of view (region of view: 212.55 µm x 212.55 µm) for each sample. Nuclei (DAPI, 
blue) and ZO-1 (red). G) The number of cells (nuclei) per area were quantified to investigate the dependence of cell viability under static and stretch 
conditions. H) Apparent permeability (Papp) of a confluent A549 cell monolayer under static (LLC and ALI) and cyclic cell-stretch (21% ∆SA and 35% 
∆SA) conditions with respect to FITC-Dextran (4 kDa). Pristine membranes (without cells; white bars) at day 0 and 4 under static and stretch conditions 
were used as control (n ≥ 4). I) IL-8 release of pIL8-Luc-A549 cells after stimulating with TNF-alpha (15 ng mL−1). LLC without TNF-alpha stimulation 
was used as a control (n ≥ 4). Data are reported as the mean ± SD; *P < 0.05, **P < 0.001 and ****P < 0.00001 by one-way ANOVA with Tukey test.
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This is important for cell culture studies since it is likely that 
the secretion of ECM modulates the interaction between the 
cell cytoskeleton and the membrane/ECM, which are linked by 
transmembrane receptors so-called integrins that regulate AT 
cell migration and proliferation.[28] Z-stack FIB-SEM analysis 
shows the spreading of A549 cells on the membrane, formation 
of ECM inside pores, and cell-cell interaction via interconnected 
pores (Figure 5F and Movie S1, Supporting Information). Trans-
mission electron microscopy (TEM) study of the human alveolar 
wall has shown that alveolar epithelial cells (both type I and II) 
and human alveolar fibroblasts make contact through gaps in 
the epithelial basement membrane. In addition, fibroblasts may 
directly connect the endothelium to the epithelium via apertures 
in the basement membrane.[29] Mimicry of these aspects may be 
possible with the BETA membrane presented here.

Furthermore, alveolar epithelial cells such as primary rat 
alveolar epithelial type II (rATIIs) and human alveolar epithelial 
type-II like cells (A549) are responsive to membrane stiffness 
and surface architecture, where softer membranes enhance 
actin cytoskeletal distribution and diminish tight junction for-
mation[20,21,30] and stiffer membranes increase the formation 
of F-actin cytoskeleton (Figure  S5, Supporting Information), 
which is consistent with other studies.[31,32] These studies sig-
nify the importance of the membrane mimicking the stiffness 
of the basement membrane of the lung. The membrane under 
wet conditions has Young’s modulus of 0.78 ± 0.24 MPa, which 
complies with the average of Young’s modulus of a single alve-
olar wall (≈0.30  MPa).[33] As the lungs are under continuous 
expansion and contraction, and the membrane stretch should 
remain reversible for at least a few hours, which has been 
shown to be required for adaptation of cells to cyclic stretch, to 
the entire lifetime of the cell culture model (here several days). 
We have shown that the biphasic membrane remains elastic 
under physiologic cyclic mechanical stretch up to 10% linear 
strain for 2 days (largest investigated time period).[6]

2.4. Cyclic Mechanical Stretch Regulates Pulmonary  
Cell Physiology

Cyclic mechanical stretch induces several biological endpoints 
and activates several pathways involved in the physiology of 
lung epithelial cells.[6] Here, we implement our (optimum) 
BETA membrane in the cyclic in vitro cell-stretch (CIVIC) bio-
reactor, which was designed for culturing of in vitro lung cell 
models under cyclic mechanical stretch with the possibility 
of delivering aerosolized substances to the cells, to investi-
gate cellular responses to cyclic stretch under ALI conditions 
(Figure 6A). It is noteworthy that during physiologic cell stretch 
experiments cells ALI conditions remain intact remain, i.e., 
cells do not detach from the membrane and no medium is 
seeping onto the apical surface. Its unique feature of moni-
toring the pressure in the apical chamber (P1) and the pressure 
in the medium reservoir (P2) allows for not only for real-time 
monitoring of amplitude and frequency of cyclic cell stretch 
during the entire cell-stretch experiment but also of Young’s 
modulus of the membrane. A549 epithelial cells were grown on 
the membrane to reach confluency and then cyclically stretched 
(tri-axial (3D), 20 cpm (0.33  Hz)) for 24 h under physiologic 

(21% ∆SA (surface area); 10% linear) and non-physiologic (35% 
∆SA; 16.5% linear) conditions using the CIVIC cell-stretch bio-
reactor system.

While quantitative confocal laser scanning microscopy 
(CLSM) analysis showed that the culture condition itself (ALI 
versus submerged) does not affect F-actin expression, cell-
stretch stimulated actin accumulation under physiologic stretch 
conditions (21% ∆SA strain), but not under overdistension con-
ditions (35% ∆SA strain) (Figure  6B,C). In contrast, secretion 
of the ECM protein collagen I was stimulated for ALI condi-
tions, but not affected by cyclic mechanical stretch regardless of 
amplitude (Figure 6B,D). We also found that physiologic stretch 
induces ZO-1 tight junction formation, while non-physiologic 
stretch (35% ∆SA) causes a loss of cells (Figure 6G) and a dis-
ruption of the integrity of the cell monolayer (Figure 6E,F and 
Figure S6, Supporting Information). ZO-1 tight junctions were 
intensified especially at cell–cell junctions, revealing that cyclic 
physiologic stretch enhances tight junction formation/arrange-
ment (Figure 6E). Moreover, pathologic stretch (35% ∆SA) dam-
aged the cell layer as evidenced by the reduced number of cells 
possibly due to apoptosis (Figure 6G).

We then studied the paracellular transport of small mole-
cules to evaluate the role of mechanical stretch on barrier 
integrity. Figure  6H shows the apparent permeability (Papp) 
of FITC-dextran (4  kDa) under stretch conditions compared 
to static conditions. The permeability of FITC-dextran under 
submerged (static), ALI (static), ALI 21% ∆SA (dynamic) 
and ALI 35% ∆SA (dynamic) conditions was measured as 
8.48 ± 3.69 × 10−6, 8.18 ± 2.54 × 10−6,  16.03 ± 0.92 × 10−6  and 
18.44 ± 1.74 × 10−6  cm  s−1, respectively. Apparent permeability 
analysis indicated that the translocation of (4  kDa) molecules 
across the cell barrier under ALI conditions is significantly 
increased under stretch for 24 h compared to static conditions 
(21% ∆SA vs ALI, p  < 0.03;  35% ∆SA vs ALI, p  < 0.01).  It is 
also important to note that the membrane itself has larger per-
meability under physiologic stretch (16.01 ± 0.65 × 10−6 cm s−1) 
than under static conditions (8.18 ± 2.54 × 10−6 cm s−1), which 
is likely due to expanding pores (≈1.10-fold larger for 21% ∆SA) 
and convective dextran transport during the cyclic stretch. 
Assuming that the transport resistance (≈1/Papp) of the mem-
brane and the cell barrier are additive, the membrane-corrected 
permeability of the stretched layer of A549 cells can be deter-
mined as 59.5 × 10−6 and 109.9 × 10− 6 cm s−1 for 21% ∆SA and 
35% ∆SA stretch, respectively (Equation (1))

( )/app app total app membrane app total app membranecellP P P P P( )= × −  (1)

This indicates that for non-physiologic stretch (35% ∆SA), the 
A549 barrier integrity is impaired. It is also instructive to con-
sider Papp values (for 4 kDa dextran) for A549 cells cultured on 
standard Transwell inserts under static conditions. Typical litera-
ture values range between 2.5 × 10−6 and 10 × 10−6 cm s−1,[34,35] 
but only very few studies also report Papp of the membrane 
without cells. From Frost et al 2019 (Figure 5 of[34]), one can 
calculate Papp for the membrane (1.70 × 10−5 cm s−1 for 12-well 
Transwell insert; pore size 0.4 µm) and the membrane with cells 
(7.58 × 10−6 cm s−1) yielding Papp = 1.36 × 10−5 cm s−1 for A549 
cells. This is about 6-fold lower than the value we found for A549 
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on BETA membrane under physiologic stretch. Thus, cyclic 
stretch apparently enhances the permeability of A549 cells, but 
we cannot rule out that the large difference in membrane elastic 
modulus (≈1000-fold higher as compared to PET) also has an 
effect on A549 permeability. This effect cannot be assessed from 
our data since there is no significant difference between Papp of 
the membrane with and without cells (Figure 6H). However, for 
a PDMS membrane under static conditions in a lung-on-a-chip 
device, Papp of A549 cells was found to be 5.6 × 10−6 cm s−1 (as 
derived from Papp of the membrane with (2.5 × 10−6 cm s−1) and 
without A549 cells (4.5 × 10−6 cm s−1).[34]

We conclude that our results are in general agreement with 
previously reported results, which validates our BETA mem-
brane for cell-stretch experiments. Formation of actin as one 
of the main components of the anchored cytoskeleton that is 
necessary for the maintenance of epithelial barriers can be 
stimulated by stretch due to an increase in intracellular cal-
cium ion levels that influences epithelial permeability.[36–38] 
Tight junctions are cell-cell adhesion complexes in epithelial 
cells that carry out important functions, including control-
ling paracellular and transcellular transport, maintaining 
cellular polarity, and regulating a variety of intracellular sig-
nals.[39,40] Crucial tight junction proteins in the alveolar epi-
thelium are occludin, ZO-1, and claudin-4.[38] Among them, 
ZO-1 influences the structure and function of the alveolar 
epithelial barrier and acts as a connection between transmem-
brane tight junction proteins and the actin cytoskeleton.[38] It 
has been shown that a physiological stretch of 8% linear did 
not affect the integrity of a cell monolayer and ZO-1 forma-
tion.[12] On the other hand, a cyclic non-physiologic stretch 
during mechanical ventilation is playing a pivotal role in dis-
ease development (e.g., acute respiratory distress syndrome 
(ARDS)) via increasing protein permeability, inhibiting tight 
junction proteins, and disarrangement of actin filaments.[38,41] 
Cavanaugh et al. showed that the overall expression of ZO-1 is 
negatively affected by a high level of stretch (37% ∆SA) in rat 
AT-type II cells.[41] Song  et  al. also showed that the mechan-
ical overdistension (37% ∆SA strain) causes a disconnection 
of claudin 4 and 7 from ZO-1 in precision-cut lung slices 
(PCLS).[42]

Changes in the arrangement of actin cytoskeleton and 
interaction between F-actin and the tight junction complexes 
modulate the paracellular permeability.[38–40] Similar to our 
finding for 4  kDa dextran, it has been reported that cyclic 
mechanical stretch increases the transport of FITC-sodium 
(0.4 kDa) in the 16HBE14o− cell line and primary AT cells.[12,43] 
The apparent permeability for RITC-dextran (70  kDa) is also 
increased under a physiological stretch of 8% linear strain.[12] 
High amplitude strain increases the translocation of micro-
molecules across the alveolar epithelium, which can partly 
happen through calcium- and actin-dependent mechanisms[37] 
or by paracellular signaling pathways such as stretch-associ-
ated superoxide release.[44]

Albeit stretch-induced enhanced barrier permeability is 
an important factor for in vitro pharmacokinetic studies, the 
majority of the research in this field has been carried out under 
non-physiologic submerged or static ALI conditions.[2,45] There 
is very little data on the effect of cyclic stretch on the perme-
ability of in vitro barrier models of the lung.

2.5. Inflammatory Response Can Be Activated by Stretch

Interleukin-8 (IL-8) plays a key role in the pathogenesis of 
inflammatory lung diseases such as ARDS.[46] It has been 
shown that cyclic stretch promotes IL-8 gene expression 
and protein release in A549 cells.[47] We used IL-8 release as 
a marker of deformation-induced inflammatory signaling 
induced by cyclic stretch. Here, we seeded the IL8-Luc-A549 
reporter cell line on the membrane[48] and IL-8 promoter 
activity was measured using the luciferase assay. IL-8 release 
of the cells cultured under cyclic stretch of 35% ∆SA for 24 h 
was significantly higher than under physiologic stretch (21% 
∆SA; p-value <0.04), static conditions under both ALI (p-value 
<0.003)  and liquid-liquid culture (LLC) conditions (p-value 
<0.01),  indicating that non-physiologically high stretch (35% 
∆SA) activates inflammatory responses (Figure  6I). Again 
these results agree with previous studies that reported no sig-
nificant increase in IL-8 secretion by A549 and primary human 
alveolar epithelial cells under physiologic mechanical strain 
(10–15% ∆SA strain)[43,49] and intense mechanical stretch (30% 
∆SA strain) induced inflammatory mediators such as IL-8 in 
A549 cells.[47]

2.6. Cellular Uptake of Nano- and Microparticles under Stretch

The effect of cell-stretch on the mechanisms of cellular uptake 
and paracellular transport of nanoparticles (NPs) is very diffi-
cult to study under in vivo conditions. While in vitro studies 
under static ALI conditions have been performed, to the best 
of our knowledge, this has not been investigated for cell-stretch 
conditions, yet. The effect of cyclic stretch on particle uptake 
was only performed under physiologic conditions (21%  ∆SA) 
since non-physiologically high deformation of the cell layer 
(35% ∆SA) not only disrupts the tight junctions but also 
reduces cell viability and loss of cells. While the loss of cells 
and disruption of tight junctions is expected to substantially 
enhance transepithelial translocation of particles (Figure 6E,F), 
reduced cell viability (Figure 6G) inhibits all cellular processes 
including cellular uptake. Since such a severely injured alveolar 
cell barrier does not exist in patients, cellular uptake and tran-
sepithelial transport of particles were not measured for 35% 
∆SA stretch conditions.

Ultrafine ambient NPs (less than 100–300  nm in diam-
eter) are often implicated as particularly hazardous due to 
their enhanced surface area per mass which has been associ-
ated with both acute and chronic lung disease.[50,51] Moreover, 
NPs smaller than ≈100 nm have a relatively high probability of 
translocation from the lung to blood circulation (transbarrier 
transport)[52] which may induce adverse health effects in the 
secondary target organ (e.g., liver, heart),[53] but it also makes 
inhaled nanosized particles attractive as drug carriers for both 
pulmonary and systemic drug delivery.[54]

We chose two sizes (NP: 100  nm diameter; microparticle 
(MP): 1000 nm) of amine-modified polystyrene (PS-NH2) par-
ticles to investigate the size-dependent effect of physiologic 
cyclic stretch on cellular uptake dynamics of particles under 
ALI culture conditions (Figure 7A). An aqueous suspension 
of monodisperse particles (PS-NH2; 100 and 1000  nm) was 
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nebulized within a few minutes onto the cells under static/ALI 
and physiologic cell-stretch/ALI conditions. The exposure 
process itself does not substantially change the nominal 
particle diameter. Albeit nebulization increased the nominal 

particle diameter by about 20% likely due to agglomeration 
(see Figure S7, Supporting Information), this does not signifi-
cantly affect our comparison of cellular uptake of nano- versus 
micron-sized particles. Moreover, the cell-delivered particle 

Figure 7. Cell uptake of nano- and microparticles under static and stretch conditions. A) Workflow for particle study. A549 cells (cell density: 
2 × 105 cells cm−2) were seeded on the membrane. The cells were cultured under LLC for 4 days and after obtaining a confluent cell monolayer, cells were 
air-lifted and maintained as ALI culture for 1 day. Amine-modified polystyrene (PS-NH2) nano- and microparticles (100 and 1000 nm diameter, respec-
tively) are then nebulized onto the cells (within a few minutes) either with the nebulizer of the bioreactor (for cell-stretch conditions) and the VITROCELL 
CLOUD 6 system (static conditions). After 2 h, the cells were fixed and prepared for CLSM analysis. B) (top) SEM analysis of microparticle (MP) distri-
bution (Red arrow, 1000 nm) on A549 lung cells. Scale bar is 20 µm. (bottom) Detection of MPs (by carbon) using SEM/EDS analysis. Scale bar is 10 µm.  
C) Schematic depiction of internalization nanoparticles into a cell under static and stretched conditions based on results from panel D. D) 3D recon-
struction CLSM images of nano- and microparticles after 2 h under static and physiologic stretch (21% ∆SA) conditions. (left) The perspective (by 
IMARIS) and XZ (by Fiji) view of CLSM images based on the results of the z-stack and cross-section. (middle) XZ view of CLSM image shows only the 
NPs (red) and cell nucleus (blue). (right) Surface rendering of CLSM images by IMARIS. These images reveal retention of the MPs near the apical (top) 
side of the cells for both static and dynamic conditions. Nanoparticles also reside near the apical side of the cell layer under static conditions, but get 
internalized deeply across the cell membrane and reside in close proximity with actin filaments. Nuclei (DAPI, blue), PS-NH2 (red), and F-actin (green).
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dose of 2.1 µg cm−² was chosen to avoid multi-layered stacking 
of the particles (agglomeration) by low fractional area coverage 
of the cells (here: 30% and 3% for 100 and 1000 nm particles, 
respectively). After 2 h of particle exposure (deposited dose: 
2.1 µg cm−²), no cytotoxicity (WST-1 assay) was detected (data 
not shown) under these conditions. SEM analysis also pre-
sented no cell detachment after the nebulization of particles 
(Figure  7B). Hence, cells were viable enough for reliable cel-
lular uptake measurements.

Localization of particles on the A549 cell layer showed that 
after 2 h under static conditions, the particles of both sizes 
(100 and 1000  nm) are located on top of the cell layer often 
attached to F-actin (Figure  7D and Movies S2–S3, Supporting 
Information), which is in line with previous studies.[55,56] Under 
physiological cell-stretch conditions (21% ∆SA strain), the same 
situation was observed for 1000 nm particles. However, 100 nm 
NPs were found to efficiently penetrate the cell layer reaching 
the subcellular compartments in the vicinity of the nucleus and 
again attaching to the actin filament structure (Figure  7D and 
Movie S4, Supporting Information).

The knowledge of the effect of stretch on NP internalization 
in the lung is controversial. In support of our results, Hu et al. 
showed that physiological mechanical stretch (10% linear 
strain) enhanced cellular uptake (A549) and internalization of 
100  nm PS-NH2 NPs under ALI conditions.[13] On the other 
hand, Schmitz  et  al. reported that physiologic cyclic stretch 
(15% ∆SA strain) did not increase cellular uptake (A549) of 
25 nm SiO2 NPs under LLC conditions.[49]

For pulmonary epithelial cells, particle uptake primarily 
occurs via endocytosis, which is limited to particle sizes 
smaller than ≈500 nm.[57,58] This explains the lack of uptake of 
1000  nm particles under both static and cyclic stretch condi-
tions (Figure  7D). Passive para– or transcellular diffusion into 
and across the cell barrier was ruled out as relevant uptake 
mechanism by demonstrating that transcellular transport of 
100  nm particles was inhibited almost completely at low tem-
perature (4 °C) conditions (data not shown), which implies that 
an energy-consuming, active cellular mechanism like endocy-
tosis governs cellular uptake. In contrast to previous studies, 
100 nm NPs were also found to be attached to the cell surface 
without penetrating deeper into the cells.[58] Only after cyclic 
stretch, NPs were abundantly taken up and internalized by 
A549 cells (Figure 7C). As all previous studies were performed 
on extremely stiff plastic multi-well plates, this surprising 
lack of NP uptake under static conditions may be evidence for 
the impact of membrane elasticity on cellular function and 
response.

2.7. Advantages of BETA Membrane

Most in vitro cell culture experiments with alveolar epithe-
lial cells cultured under physiologic ALI conditions are per-
formed either on standard PET Transwell inserts (no stretch) 
or on stretchable PDMS membranes. Alternatively, natural 
polymers such as collagen and decellularized ECM (derived 
from pig lung) in combination with synthetic polymers such 
as poly-l-lactic acid[17] showed an improvement in the physical 
characteristics of hybrid scaffolds used for lung applications.

Here we presented a biphasic copolymeric membrane con-
cept (PCL/gelatin) which provides optimized conditions for 
the two different phases of toxicological or pharmacological 
studies with alveolar barrier models, namely the cell growth 
(phase I) and cyclic stretch (phase II). The spin-coated PCL/
gelatin membrane (9.35% PCL and 6.34% gelatin [w/v solvent]) 
demonstrated various improved biomimetic features as com-
pared to conventional porous membranes (stiff: PET; elastic: 
PDMS) such as low interference with transbarrier transport 
processes, biomimetic elasticity, while maintaining the struc-
tural integrity of the membrane even under cyclic stretch, and 
ease-of-handling.

The bio-inspired membrane manufactured here is ultrathin 
(thickness ≤ 5  µm), mimicking the total alveolar-capillary bar-
rier thickness (1.1 µm ± 0.1, harmonic mean). The prerequi-
site for low interference with transbarrier transport processes 
is i) low membrane thickness (≤5  µm is similar to 1.1  µm of 
alveolar-capillary tissue (harmonic mean) while PET and PDMS 
membranes are typically >10  µm),  ii) large pore size of up to 
8 µm (4.5 ± 1.7 µm (mean± SD) as compared to < 3 µm), and 
iii) large porosity (9.4  ± 0.2%, instead of 3.5  % or 0.5% for 
PET membranes with 3 and 0.4  µm pores, respectively (e.g., 
Corning specification sheet). This results in an apparent per-
meability (for 4  kDa FITC-dextran) of 8.18 ± 2.54 × 10−6 and 
16.03 ± 0.92 × 10−6  cm  s−1 under static and dynamic (stretch) 
conditions, respectively, as compared to 4.0 ± 5.5 × 10−6 cm s−1 
typically reported for PET and PDMS membranes.[34] In addi-
tion to the reduced interference of our membrane with trans-
barrier molecule/particle transport, it is conceivable that up to 
8 µm pores (instead of typically 3 µm pores for epithelial cells 
on PET or PDMS membranes) will facilitate the important fea-
tures of migration of neutrophils from the basal/blood into the 
luminal compartment (airside), which is a hallmark of pulmo-
nary inflammation.

Another important aspect of cell functionality is the elastic 
modulus of the membrane. The BETA membrane has Young’s 
modulus of 0.78  ± 0.24  MPa, which is very similar to alve-
olar tissue of the lung (0.30  MPa) and much smaller than 
typical Young’s modulus of PDMS membranes (2.61 ± 0.02–
3.59±0.11  MPa  for 10:1–5:1 base: agent mass ratio).[59] In addi-
tion to the high elasticity, the membrane is resilient to fatigue 
under cyclic stretch for at least up to 48 h, which covers the typ-
ically used experimental periods for in vitro cell-stretch experi-
ments and maintains structural integrity not only for small 
microfluidic lung chips (<mm2), but also for millifluidic (>cm2) 
membranes similar to 6- well, 12-well, and 24-well Transwell 
inserts. The translucent nature of the manufactured membrane 
makes it suitable for all optical imaging modalities. Its condu-
civeness to cell growth does not require physical or chemical 
functionalization or protein coating of the membrane to stimu-
late cell adherence and growth.

3. Outlook

The development of even more biomimetic in vitro models of 
biological organs and barriers is essential for their prediction 
capacity for human/clinical outcomes with respect to protection 
and restoration of health. The biphasic copolymer membrane 
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designed here is capable of closely mimicking several key fea-
tures of the alveolar-capillary barrier of the human lung.

In this proof-of-concept study with an alveolar type-II like 
(A549) and bronchial (16HBE14o−) epithelial cell line, we were 
able to confirm stretch-induced functional changes of these 
cells reported in the literature. These features include remod-
eling of the actin cytoskeleton and enhanced barrier function 
associated with higher levels of tight junction proteins (ZO-1) 
and permeability (Papp) under physiologic stretch conditions 
(21% ∆SA strain, 0.33 Hz), while non-physiologic stretch (35% 
∆SA strain, 0.33 Hz) induced apoptosis, provoked inflammatory 
responses (IL-8) and disrupted actin cytoskeleton, and barrier 
integrity. Application of this cell stretch model to aerosolized 
particles showed that 2 h of physiologic cyclic stretch enhances 
cellular uptake of NPs (100 nm), but not of MPs (1000 nm). The 
latter indicates that cyclic stretch does not extend the size limit 
of 500 nm for endocytic uptake by epithelial cells to 1000 nm.

The BETA membrane introduced here should be tested with 
advanced cell culture models such as immortalized primary 
alveolar epithelial cells (hAELVi) and it could be integrated with 
microfluidic lung-on-a-chip devices to extend their biomimetic 
features with respect to membrane elasticity, ease of cell growth 
and reduced membrane thickness. All of these features com-
bined could pave the way for significantly improved in vitro tox-
icity, drug and pharmacokinetics testing of inhaled substances.

4. Experimental Section
Membrane Fabrication: Poly(ε-caprolactone) (PCL: Sigma-Aldrich, 

Mn 80  000), and gelatin (Type A from porcine skin, Sigma) were 
dissolved in TFE ((2,2,2-trifluoroethanol) with ≥99% purity, Roth) and 
stirred until the emulsion was homogenous. The copolymer emulsion 
of PCL/gelatin was then added to a homemade spin-coater (2000 rpm) 
to produce a dense skin layer (Figure  1E–G). The fabricated film was 
subsequently dried under vacuum (300 mbar) to obtain a uniform layer. 
The film was then fixed between two polycarbonate holders to create 
apical and basal chambers. Membranes were sterilized before cell 
culture experiments with phosphate buffered saline (PBS), ethanol 80% 
and UV exposure. The film thickness depends on spinning speed, initial 
viscosity, and evaporation rate.[60] The manufacturing process was 
optimized to obtain an ultrathin membrane ≤5 µm) (Figure 1H). Design 
of experiment (DoE) approach using the response surface methodology 
(RSM)–the central composite design (CCD)–was applied (Minitab 18 
software, Minitab Inc., State College, PA, US) to find the optimal mixing 
ratio of PCL and gelatin (Table  1). The significance and the effect size 
of variables (concentration of PCL and gelatin) and the corresponding 
linear and quadratic interactions on the response variables (WCA, 
porosity, and elastic modulus) were evaluated based on the coefficient 
of determination (R-squared). Analysis of variance (ANOVA) was 
used to evaluate whether the model is statistically significant at 95% 
confidence level.

Membrane Characterization: The morphology of the membranes was 
observed by scanning electron microscopy (SEM, Zeiss Crossbeam 
340, Carl Zeiss AG, Oberkochen, Germany) at an operating voltage of 
2  kV. To evaluate cell attachment, the samples were fixed in 6% v/v 
glutaraldehyde (Sigma-Aldrich) and subsequently post-fixed with 1% 
OsO4 ((Plano, Wetzlar, Germany)) and 1.5% K4Fe(CN)6 (Sigma) in 0.1 m 
CAC buffer for 1 h (4 °C). The samples were then dehydrated in gradient 
ethanol solutions followed by HDMS (hexamethyldisilazane, Sigma-
Aldrich) for 15  min and subsequently mounted onto aluminum stubs, 
sputter-coated with platinum, and imaged by SEM. ECM materials were 
pseudocolored in SEM images using the GNU Image Manipulation 
Program (GIMP 2.10.8) (http://www.gimp.org/).

Focused ion beam (FIB)-SEM tomography (Zeiss Crossbeam 340, 
Carl Zeiss AG, Oberkochen, Germany) in sectional series (24.5  nm 
interval) was used to study the internal structures of samples at high 
resolution (30 kV;  100 and 300 pA). The images were aligned using 
NIH Fiji (Registration tool) and then reconstructed by IMARIS software 
(version 9.0; Bitplane, Zurich, Switzerland) and NIH Fiji.

Energy dispersive X-ray spectroscopy (EDS, X-maxN, Oxford 
instruments) analysis with acceleration voltage of 8 kV was also used to 
provide qualitative elemental and chemical microanalysis.

To calculate the porosity and the pore diameter size of the 
membranes, 12 independent fields per sample of SEM images quantified 
by NIH Fiji macro (Threshold, make binary, watershed and analyze 
particles).

The water contact angle (WCA) of the membranes was determined 
with the sessile drop method using an automated contact angle system 
OCA20 with an image processing system. Deionized water droplets of 
1 µL were deposited via a syringe at a velocity of 1 µL s−1. The drop shape 
was recorded with a high-speed framing camera and measurements 
were performed 5 s after droplet addition. Five measurements per 
sample type were performed.

Fourier transform infrared spectroscopy (FT-IR; Nicolet iS 10 FTIR 
Spectrometer (Thermo Fisher Scientific, Waltham/Massachusetts, USA) 
was used to analyze the structural properties and chemical changes of 
the membranes. All spectra were recorded with 32 scans per sample in 
the attenuated total reflection (ATR) mode in the wavelength range of 
400−4000 cm−1.

The mechanical properties of the membranes were characterized 
using a dynamical mechanical testing instrument (BOSE 5500 system, 
ElectroForce, Eden Prairie, MN, USA) with a load capacity of 22 N. Film 
strips membrane (10×10  mm) were stretched at a rate of 0.01  mm  s−1 
until rupture. Sample thickness was measured using the cross-section 
area of the membranes using SEM. Tensile strength and maximum 
elongation at the elastic region were calculated. Young’s modulus was 
calculated as the slope of the most linear region of the stress–strain 
curves in the elastic region. The modulus of resilience (Ur, kPa) which is 
the area under the strain-stress curve in the elastic region was calculated 
using the Area Below Curves macro, Sigma Plot 12.0.

Static Cell Culture: Immortalized human alveolar epithelial type-II 
like A549 cell line was cultured and maintained in Dulbecco’s Modified 
Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, 1:1 v/v, Gibco) 
supplemented with 10% FCS (Gibco), 1% v/v Pen/Strep (100 U mL−1, 
Gibco), 1% L-glutamine (2 × 10−3 m, Gibco), and 2-phospho-L-ascorbic 
acid (0.1 × 10−3 m, Sigma). For cell proliferation study, cell suspension 
with a cell density of 1×105 cells cm−2 was seeded on a pre-wetted and 
sterilized membrane (effective growth area: 1.3 cm2). Cells first were 
cultured under liquid–liquid conditions (LLC, 6 days) and then were air-
lifted for ALI conditions (24 h).

Bronchial epithelial 16HBE14o− cells were also used for cell model 
barrier studies such as cell monolayer integrity and TEER measurements. 
16HBE14o− cells (cell seeding density: 2 × 105 cells cm−2) were cultured 
on the membranes (6 days under LLC and 1 day under ALI conditions) 
in MEM medium (Gibco) supplemented with 10% FCS (Gibco), 1% v/v 
Pen/Strep (100 U mL−1, Gibco).

Cell viability was measured by WST1-assay. Each membrane was 
incubated with 1 mL diluted WST1 reagent (Roche, Mannheim, Germany) 
(1:15) at 37 °C. After 15  min, 150  µL supernatant was transferred to 
96-well plate (4 times for each membrane) and was measured in a plate 
reader (Magellan Tecan) at 450 nm. All the results were normalized to 
the mean value of blank.

Dynamic Cell Culturing: The CIVIC system was used to apply cyclic 
stretch to cells grown on the BETA membrane under ALI culture 
conditions. The CIVIC system is a modified version of the previously 
described MALI system,[61,62] which has been improved for technical 
performance mainly related to material stability, membrane fixation, 
and pressure sealing. While the geometry of the bioreactor system was 
not changed over the previously described version, some parts were 
modified to improve the airtightness of the bioreactor chamber and ease 
of handling. All of the elements, which are in contact with the culture 
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medium, were manufactured with polycarbonate (PDMS-free materials) 
to prevent leaching of PDMS to the culture medium. The upgraded 
polycarbonate holder enables to prevent the membrane sliding and 
leakage of the culture medium during the cell-stretching experiment. 
Briefly, the main chamber of the bioreactor consists of an apical (air) 
and a basal (cell culture media) compartment separated by a membrane 
for cell growth (Figure 6A). Cell culture medium circulates through the 
basolateral surface of the membrane using a peristaltic pump to mimic 
the blood flow (400  µL min−1) while cyclic pressure pulses induced 
by oscillating airflow in and out of the apical chamber subjects the 
membrane (and the cells) to a uniform cyclic triaxial strain in surface 
area (∆SA). The CIVIC is equipped with a clinically relevant vibrating 
mesh nebulizer (Aeroneb Pro/Lab, Aerogen Inc, Galway Ireland) for 
aerosolized substance delivery to the cells. Typically, 10  µL of liquid is 
nebulized and deposited with a deposition efficiency of 52% onto the ALI 
cultured cells within ≈1 min. This patented ALICE Cloud technology has 
become commercially available as VITROCELL Cloud MAX (VITROCELL 
Systems, Waldkirch, Germany).[61,62]

The elastic modulus of the membrane was measured using 
the bioreactor system during cell culturing. Two pressure sensors 
(MPX5050, Freescale Semiconductor, Munich, Germany) were devised 
in the apical compartment of the bioreactor (P1) and the headspace 
of the reservoir chamber (P2) as depicted in Figure  6A. During cell-
stretch, the membrane expands and pushes the culture medium of the 
basal chamber into the medium reservoir. This compresses the air in 
the reservoir chamber (∆V, mL), which can be measured by increased 
pressure in the reservoir (∆P  = P2  − P0), where P0 is the pressure in 
both air volumes (ambient air pressure, typically P0 = 98 kPa) when the 
membrane is relaxed and V0 is the corresponding volume of air in the 
medium reservoir (30  mL). Assuming the membrane motion can be 
approximated by a spherical cap geometry, the corresponding membrane 
displacement (∆V, mL) is associated with the radius (a: 12.6 mm) and 
axial deflection of the membrane (∆h, cm) (Equations (2) and (3)). The 
elastic modulus (E, kPa) of the membrane (Young’s modulus) can then 
be calculated from Equation (4).[63]

To study the role of mechanical stretch on cell physiology, A549 cells 
were seeded on the membrane under dynamic/LLC culture conditions. 
After 80% of cell confluence, the cells were air-lifted (ALI conditions) 
and a cyclic mechanical stretch of 21% ∆SA (or 10% radius) and 35% 
∆SA (16.5% linear) strain at the 0.33  Hz was subsequently applied to 
cells to mimic physiologic and non-physiologic conditions, respectively 
(Equation (5))
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For physiologic stretch (21% ∆SA); P1 = 100.5 kPa and P2 = 99.5 kPa
For non-physiologic stretch (35% ∆SA); P1 = 102 kPa and P2 = 100.5 kPa
Immunofluorescence: Cells were fixed in 4% paraformaldehyde 

(Sigma-Aldrich) for 20  min at room temperature (RT). After washing 
two times with PBS, cells were permeabilized by 0.3% Triton X-100 
(Sigma-Aldrich) in PBS, 10 min at RT. To prevent any unspecific antibody 
binding, a blocking buffer (5% BSA and 0.1% TritonX-100) was added for 
10 min. The cells were then incubated overnight at 4 °C with anti–ZO-1 
monoclonal (mouse, 1:100; Invitrogen), anti-collagen type 1 polyclonal 
(rabbit, 1:100; Rockland) antibodies. After washing with PBS, cells 

incubated for 1 h in RT with secondary antibody Alexa Fluor 555 goat 
anti-mouse IgG (1:500; Invitrogen) and Alexa Fluor 488 donkey anti-
rabbit IgG (1:500; Invitrogen). The F-actin cytoskeleton and cell nuclei 
were stained with Phalloidin 594 (1:40) and 4′,6- diamidin-2-phenylindol 
(DAPI) at 1 µg mL−1 in 5% BSA, 0.1% TritonX-100 in PBS, respectively. 
After rinsing three times with blocking solution, the membranes were 
embedded in Glycergel (DAKO Schweiz AG, Baar, Switzerland). All cell 
images were acquired using the confocal laser scanning microscope 
(LSM710, Carl Zeiss; Oberkochen, Germany), coupled to the Zen2009 
software. Images were further processed using the 3D reconstruction 
IMARIS software (version 9.0; Bitplane, Zurich, Switzerland). For 
qualitative image analysis (all CLSM figures shown in the manuscript), 
CLSM images recorded under optimum CLSM settings were presented 
as selected by the CLSM system (pinhole and gain setting). For 
quantification, representative 40x images (z-stacks) were recorded 
under reference gain and pinhole settings of the CLSM (not under 
sample-specific optimum settings to account for setting-specific CLSM 
sensitivity) at 5 independent fields of view for each sample (biological 
replicate). The rectangular tool in Fiji was used to measure the total 
fluorescence intensity for F-actin, collagen type I, and ZO-1 for each view. 
Subsequently, the total fluorescence intensity was normalized to the 
number of cells in each view as determined from the number of nuclei 
(DAPI staining), which accounts for artefacts due to differences in cell 
packing.

In Vitro Functional Analysis: Trans-epithelial electrical resistance (TEER) 
measurements of epithelial cells grown on the optimized membrane 
were measured periodically using the Millicell-ERS system (Millicell 
ERS-2, Millipore, USA). The cell-specific resistance can be obtained by 
subtracting the total resistance across the cell culture membrane with 
cells from the resistance reading across the acellular membrane. TEER 
is calculated by multiplying the cell-specific resistance (Ohm, Ω) and 
the effective surface area of the membrane (cm2). The experiments were 
repeated three times and a mean value was determined. For ALI culture, 
200 µL of cell culture media was added to the apical part and resistance 
measured.

To measure the permeability in the apical-to-basolateral direction, 
first, the culture medium was removed from the basolateral 
compartment and the cells were washed with PBS. Then, 1  mL of 
culture media (phenol red-free) and 0.5 mL FITC-Dextran (4 kDa, Sigma-
Aldrich) were added to the basolateral and the apical compartment of 
the epithelial barrier, respectively. Cells were then incubated at 37 °C to 
equilibrate. Samples from the basolateral were taken at 0, 30, 60, 90, 
and 120 min (culture media replaced with an equal volume) in a black 
96-well plate and were analyzed by the plate reader (Safire 2, Tecan) with 
excitation and emission wavelengths of 490 and 525  nm, respectively. 
The apparent permeability coefficient (Papp, cm s−1) is calculated using 
the Equation  6, where dQ/dt is the steady-state flux or the transport 
rate, A is the surface area of the membrane (cm2) and C0 is the initial 
concentration of FITC-Dextran added to the apical compartment 
(mg mL−1).[64] Before and after the experiment, TEER was measured to 
monitor the integrity of the cell monolayer.
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IL-8 Release: The pro-inflammatory IL-8 protein released by the 
interleukin-8 promoter (pIL8)-reporter A549 cell line was quantified using 
the luciferase reporter assay ONE-GloTM (Promega, Cat.No. E6120, 
Mannheim, Germany) according to the manufacturer’s instruction. After 
stimulating cells for 24 h by adding TNF-alpha (15 ng mL−1) to the cell 
culture medium[8,48] and subsequent stretching (24 h), a mixture of cell 
lysate and reagent (1:1) measured by the luminometer (96-well format, 
GLOMAX, Promega, Germany). IL-8 challenge did not impair cell 
viability (WST-1) or barrier integrity (TEER) (data not shown).

Cell Uptake of Nanoparticle: A549 cells were grown on the BETA 
membrane (growth area: 4.9 cm2) until cells reached confluence. Culture 
media (Phenol red-free DMEM (Gibco) supplemented with 10% FCS 
(Gibco) and 1% v/v Pen/Strep (100 U mL−1, Gibco)) was aspirated from 
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the apical part and allowed cells to culture under ALI conditions for 1 day. 
Afterward, two scenarios were followed I) unstretched and II) stretched 
conditions (Figure  7A). For static conditions, the membranes were 
placed in the VITROCELL CLOUD 6 (Vitrocell, Waldkirch, Germany) for 
nebulization of 100 and 1000 nm amine-modified polystyrene (PS-NH2) 
particles (Sigma-Aldrich, St. Louis, USA), diluted by a factor of 10 in 
0.3% NaCl. The light intensity-weighted hydrodynamic size distribution 
(z-diameter) of the PS particles in suspension was measured by 
dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS Plus 
(Model Nr. ZEN3600, Malvern Instruments, UK) both prior and after 
nebulization (nebulized droplets were collected in a 50 mL Falcon tube). 
This revealed a ≈20% increase of the (z-average) diameters from 100.4 to 
118.8 nm and from 1026 to 1193 nm due to nebulization (see Figure S7, 
Supporting Information). For the cell-stretch model, particles were 
nebulized directly onto the cells via the integrated nebulizer in the apical 
chamber (Figure 7A). The cell-deposited particle dose of 2.1 µg cm−2 was 
determined from the previously determined aerosol deposition efficiency 
of 52% of the CIVIC system.[61] For this dose, the fractional area coverage 
was determined to be 30% and 3% for NPs and MPs, respectively 
(density of PS-NH2: 1.05  g cm−3). After the nebulization of particles, a 
cyclic physiologic mechanical stretch (21% ∆SA strain) was applied to 
the cells. The output rate of the nebulizer and the sedimentation time 
for both scenarios were 0.5 mL min−1 and 3 min, respectively. After 2 h, 
the cells (under static and stretched conditions) were fixed and prepared 
for the CLSM analysis.

Statistical Analysis: All data except those designed by Minitab were 
analyzed using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, 
USA). Outliers were identified using the Grubbs’ method. Student’s 
t-test (unpaired, two-tailed) and one-way ANOVA followed by post hoc 
Tukey’s multiple comparison test were used to compare the means of 
two groups and the means of multiple groups, respectively. Results with 
a p  <  0.05 or smaller were considered as a significant level. DoE were 
designed and the variables were optimized using Minitab 18 software 
(Minitab Inc., State College, PA, US). ANOVA was applied to evaluate 
whether the model is statistically significant at a 95% confidence level.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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