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Since the 1950s, plastics have been used extensively for all kinds of purposes, like food packaging and
clothing. This has resulted in a lot of plastic waste, of which 90% is not properly disposed. Therefore these
plastics end up in landfills and environments, resulting in the formation of micro- and nanoplastics
(MNPs) through degradation due to the environment. Humans come into contact with these MNPs by
consuming food and drinks contaminated with MNPs, or by inhaling air containing MNPs. There is little
known information about MNP exposure in the lungs as there are currently no models that accurately
represent the in vivo environment of the lungs. This research focuses on the influence of MNPs on lung
epithelial cells by using a novel lung-on-a-chip system in comparison with the Transwell system, the
standard model. This was done by firstly investigating the optimal cell seeding density within a well plate
and a static lung-on-a-chip (StatLoC) covered with Gelatin methacrylate and comparing the difference in
cell characteristics. This is done with the goal of optimizing cell culturing within the StatLoC, which will be
compared to the Transwell system. Finally, the influence of micro-and nanoplastics is studied by adding
MNPs to the Transwell and StatLoC systems and comparing the results. Results show that the optimal cell
seeding density within the StatLoC system is 5*10° cells/cm? and that MNPs with 0.2 um diameter have
the greatest potential of crossing cell membranes. However, these results have limited relevance as the
StatLoC chip needs more optimization, specifically regarding Gelatin Methacrylate fragmentation and
detachment, before it can reliably be used to replace the Transwell system for lung-on-chip research.

1. Introduction

Plastic, a synthetic material consisting of
polymers, was introduced in 1907. Since
then, the material has been used all over the
world in large numbers for applications like
food packaging and clothing. All plastics
consist of long carbon chains, which do not
compost naturally and thus need to be
disposed of properly. However, only 9% of
all plastics is properly disposed of, the rest
of this end up in landfills and the
environment [1]. Due to a variety of factors
like mechanical abrasion and UV exposure,
these plastics break down into micro- and
nanoplastics (MNPs) which are particles
ranging in size from 5 mm to under a
micrometer [2]. These plastics invade
marine and terrestrial environments and
the life within these regions, humans
included [3].

Micro- and nanoplastics can be assorted in
two categories, primary and secondary
MNPs. Primary MNPs end up in the
environment in micro- or nanoscale form,
while secondary MNPs are created by
fragmentation of plastics [3]. Primary MNPs
consist of pellets and beads and are found
very little (<5%), while secondary MNPs
consist of fragments, films and fibers which
are detected the most (90%) [4]. On
average, humans ingest 5 grams of MNPs
per person per week, which is about as
much as a creditcard [3].

These MNPs can then be internalized by
cells through passive and active targeting,
passive targeting being transport across
membranes without ATP consumption and
active with ATP consumption. When
internalized, MNPs can cause cell death by
promoting damage on membrane structures



[5]. They can also transport toxic substances
which can cause diseases of the endocrine
and reproductive system, cause
inflammation, oxidative stress and
neurotoxicity [6]

However, studying the effects that these
MNPs may have on the human body is
difficult, as existing models have limited
relevance due to insufficient simulation of
the in vivo situation. To be able to better
understand the interactions between MNPs
and the human body, a lung-on-a-chip
system is being developed, which will be
optimized and tested with MNPs to study
the effects.

The current gold standard for lung research
on a cellular level is the Transwell system. A
Transwell consists of inserts that can be
positioned in wells to create an apical and
basolateral compartment. A porous
membrane separates these compartments
and supports formation of a confluent cell
layer. In this way, transport across cellular
barriers can be measured [7]. For these
systems, the membrane choice is important
as it has to allow the transported particles to
pass through the membrane, otherwise they
will accumulate at the membrane.
Transwells also enable air-liquid interface
(ALI) culturing, which aim is to better
enable airway cell culturing by simulating
the in vivo conditions.

However, there are a few shortcomings in
the Transwell system which make
simulating the in vivo lung conditions more
difficult. The Transwell inserts are not
biomimetic, agglomeration occurs at the
membrane and the membrane in the inserts
is too stiff and not curved [7]. To be able to
improve upon these shortcomings a new
chip was developed, the static lung-on-a-
chip (StatLoC).

To study how MNPs influence lung epithelial
cells in a lung-on-a-chip device compared to
lung epithelial cells cultured in transwell
systems, the StatLoC must first be
optimized. The correct seeding density must
be found in a well plate with Gelatin

Methacrylate (GelMA) and in the StatLoC
system and differences in cell morphology
between the StatLoC and Transwell system
must be investigated. Lastly, the influence of
MNPs on lung epithelial cells needs to be
determined in the StatLoC and Transwell
system.

The static lung-on-a-chip can be seen in
Figure 1 and consists of 2 parts, of which the
apical half has 2 inlets to allow for medium
to be added into the chip. The basolateral
part has 3 important structures, of which
the first is a circular channel in which the
medium is supplied. Inside this, there is a
circular row of pillars, which serve the
purpose of separating the medium and the
GelMA just enough so that they are still in
contact to allow diffusion. In this way,
medium can be supplied to the cells through
the GelMA, in which way ALI culture can be
realised when the medium on the apical side
is removed. Inside of this circular row of
pillars there is an area with grooved
hydrogel on which the cells will be cultured.
The grooved hydrogel is made with a stamp
and functions to improve the biomimetic
and as a way to simulate the smallest
brochioles, as the grooves have a diameter
of approximately 400 um [8].

Figure 1: StatLoC. The medium channel is filled with green
food colouring, while the culture chamber can be seen in the
middle. The pillars separating the culture chamber and
medium channel can be seen holding the green liquid in the
medium channel.

The cells that will be used are CaLu-3 cells,
an epithelial cell line derived from a
submucosal glands from a lung



adenocarcinoma. These cells are widely
used in airway epithelial barrier research
because CaLu-3 cells forms tight junctions
and good monolayers, which are essential
for the formation of an epithelial barrier [9].
The precise structure these cells form
depends on the culture method; when
cultured at a liquid-liquid interface, CaLu-3
cells form a simple cuboid epithelium, while
at an air-liquid interface a pseudostratified
columnar epithelium is formed which
resembles the native bronchiolar epithelium
[10].

This article describes the influence of micro-
and nanoplastics on lung epithelial cells,
which is researched with a static lung-on-a-
chip system in comparison to the Transwell
system. This was done to improve the
shortcomings of the Transwell system. It
introduces experimental methods for
studying the optimal seeding density within
the StatLoC system combined with GelMA,
methods for comparing the performance
between the StatLoC and Transwell system
and methods for studying the MNP uptake
by CaLu-3 cells. These methods enable the
study of the effect of GeIMA on CaLu-3 cell
growth, the difference in protein expression
in the StatLoC and Transwell systems and
protein expression, viability and
translocation of MNPs in both systems.

2. Materials and methods

2.1 Cell culturing

Cells used are CaLu-3 cells, from passage 22
until 35. Cells were cultured using Roswell
Park Memorial Institute medium (RPMI,
ThermoFisher) supplemented with 10%
fetal bovine serum (Sigma Aldrich), 1%
penicillin-streptomycin (Gibco), 1%
GlutaMAX (Gibco) and 1mM sodium
pyruvate (Gibco). The medium is refreshed
3 times per week and the cells are passaged
once every week.

2.2 Production of the StatLoCs and
stamps

Polydimethylsiloxane (PDMS) is an
elastomer widely used in chip fabrication

because of its biocompatibility and chemical
stability [11]. PDMS was made by mixing a
PDMS pre-polymer (Sylgard) with a PDMS
crosslinker (Sylgard) in a 10:1 weight ratio.
The PDMS was poured into the previously
printed 3D-printed molds and dessicated for
30 minutes at -0.08 MPa. When dessicated,
the molds were placed into an oven at 65 °C
for at least an hour, sometimes longer to a
maximum of overnight. The chip halves
were then removed from the molds and
bonded. After this, the chips were placed
inside an oven at 65 °C again overnight to
further stimulate bonding.

The PDMS stamps to create the topological
grooves are made from 10:1 PDMS following
the same methodology. The stamps were
then deposited into a 1% w/v bovine serum
albumin solution (Sigma Aldrich) for at least
30 minutes to prevent the GelMA from
sticking to them.

2.3 Production of the GelMA and
GelMA layer in wells and StatLoCs
Gelatin Methacrylate (GelMA) hydrogel
consisted of 0.5% w/v Irgacure 2959 (Sigma
Aldrich) and 7% w/v Gelatin Methacryloyl
(Sigma Aldrich) dissolved in PBS (Sigma
Aldrich). The StatLoCs are treated for
application of the GelMA by applying a
polydopamine (Sigma Aldrich) coating in
2mg/mL Tris-HCl buffer for 1 hour. This was
done to ensure bonding of the GelMA to the
chip.

After coating the culture chamber with a
polydopamine solution, the GelMA was
added and the stamps were placed on top.
The StatLoCs were then refrigerated for 5
minutes, cured under a 365 nm UV light for
2 minutes at an intensity of 6 mW/cm2 and
incubated at room temperature for 10
minutes. After this, the stamps were
removed.

2.4 Comparison cell seeding density
The optimal cell seeding density was
determined using a 48-well plate and
StatLoCs. The 48-well plate was used to
determine the seeding density on the



GelMA, while the StatLoC chips were used to
determine the cell seeding density on the
grooved GelMA. The 48-well plate contained
15 different culture conditions, with cell
seeding densities ranging from 4*103
cells/cm2 to 5*10¢ cells/cm?, water with
cells and medium without cells as negative
controls. All conditions were tested in triplo.

The seeding densities tested in the StatLoC
chips were based on the optimal seeding
density found in the 48-well plate
containing GelMA. These conditions are
2*105 cells/cm2, 4*105 cells/cm?2, 5*105
cells/cm2, 8*%105 cells/cm?, medium
without cells and cells in water as negative
controls. All conditions were tested in triplo.

To compare cell characteristics in the 48-
well plate, morphology assessments and
time to confluency were taken into account.
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2.5 Comparison cell characteristics
and morphology of the StatLoC and
Transwell

The proliferation rate and morphology of
Calu-3 cells cultured in StatLoCs was
compared to those cultured in Transwell
inserts. For this, the following seeding
densities were used: 2*¥105, 4*105, 5*105,
8*105 cells/cm2. After the cells were seeded
onto the inserts and the chips, they were
cultured for 7 days, changing the medium
every 3 times per week. After 7 days, an
airlift is performed and air-liquid interface
(ALI) culturing was started. After a week,
cells were fixed using 10% formalin (Qpath)
and a 4',6-diamidino-2-phenylindole (DAPI)
and zona occludens-1 (Z0-1) tight junction
staining were performed. The 1:100 DAPI in
PBS staining was incubated for 15 minutes
while the 1:200 anti-ZO-1 in 1% w/v BSA
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Figure 2: Results of the cell seeding density wellsplate experiment. A to C is 8*10* cells/cm?, D
to Fis 3*10% cells/cm?, G to I is 8*105 cells/cm? and ] to L is 1*10¢ cells/cm?.
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Figure 3: Results of the cell seeding density StatLoC experiment. A to C is 2*10° cells/cm?, D to F is 4*105
cells/cm?, G to 1 is 5*105 cells/cm? and ] to L is 8*10° cells/cm?.

was incubated overnight. The 1:200
secondary antibody in 1% w/v BSA was
incubated for an hour. These staining results
were analyzed using the Zeiss LSM880
confocal microscope and processed using
Fiji.

2.6 Uptake and translocation studies
To assess uptake and translocation of MNPs
by the CaLu-3 cells, the cells are cultured
with a cell seeding density of 5*105
cells/cm2. After the cells were seeded onto
the inserts and the chips, they were cultured
for 4 days, changing the medium 3 times per
week. After 4 days, an airlift is performed
and air-liquid interface (ALI) culturing was
started. After 4 days of ALI culturing, the
polystyrene MNPs (Bangs Laboratories) are
added to the apical side of the cells and
incubated for 24 hours in 4 different MNP
types, namely 0.2 pm diameter, 0.5 pum
diameter, 1 pm diameter and mixed MNPs.

The micro- and nanoplastics utilize dragon
green as a fluorophore and are shaped like
beads. The mixed MNPs consisted of an even
volume distribution of the 3 different sizes.
All types were done with the same
concentration of 100 pg/mL.

After this, 2/3 of the cells were fixated while
1/3 of the cells were stained with a live dead
staining. Once fixated, the DAPI, phalloidin
and ZO-1 tight-junction staining and
morphology assessment were carried out.
Uptake and translocation were assessed by
confocal imaging using the Zeiss LSM880
and processed using Fiji.



3. Results

3.1 Comparison cell seeding density
well plate

The cell seeding density experiment is
performed to optimize the CaLu-3 cell
seeding density on GelMA. To find the
optimal cell seeding density, there must first
be a definition for optimal in these
circumstances. In this case, the optimal
seeding density is when confluency is
reached within four days and as little
multiple layers as possible are formed.
Because there were not enough cells to
perform all conditions, only 4 were chosen.
These conditions are 8*104 cells/cm?, 3*105
cells/cm2, 8*%105 cells/cm? and 1*10¢
cells/cm2.

As can be seen in Figure 2 ABC, the cell
seeding density of 8*104 cells/cm? gives rise
to many small clusters of cells, which do not
reach full confluency within 4 days. The cells
have a more stretched morphology when
compared to the other conditions.

When looking at the cells in figure 2 GHI and
JKL, it can be seen that 8*105 cells/cm? and
1*106 cells/cm? are too high, as confluency
is reached within 2 days after the start of the
experiment. It can also be seen that multiple
layers have started forming at day one and
the cell morphology is also more circular in
comparison to the conditions seen in Figure
2 ABC and DEF. Lastly, when looking at the
cells in Figure 2 DEF it can be seen that the
cell seeding density of 3*105 cells/cm2 does
not reach full confluency at day 5. The
condition also formed multiple layers. From
this, it can be concluded that 3*105
cells/cm? is the best cell seeding density
within a well plate covered with GelMA, but
it is not optimal.

3.2 Comparison cell seeding density
StatLoC

The cell seeding density experiment is
performed to optimize the CaLu-3 cell
seeding density on grooved GelMA in the
StatLoCs. For this experiment, the same
criteria for the optimal cell seeding density

B. 5*1075 cells/cm”2 in transwell insert.
5 days after start of experiment. 10x.

A. 5*10/5 cells/cmA2 in transwell insert.
1 day after start of experiment, 4x

s 150um’
C. 5*1075 cells/cm”2 in transwell insert,
9 days after start of experiment. 10x.

Figure 4: Results of the cell seeding in Transwell inserts. A, B and C show
a cell seeding density of 5*105 cells/cm?.

are used as in section 3.1. With these chips,
an airlift has been performed at day 5 to
facilitate air-liquid interface culturing.

When comparing the results of the cell
seeding densities in the StatLoCs, it can be
noted that the final confluency of the cell
seeding densities in the chip differ by a lot,
even in chips within the same condition.
Furthermore, an unusual cell morphology
can be seen in Figure 3 FIL, where the cells
in the StatLoCs are shaped like droplets.
From Figure 3 ABC, it can be seen that the
final confluency for this condition is
approximately 50% and the cell morphology
is rounded. Furthermore, in some areas cells
have formed multiple layers, despite not
reaching confluency. For the condition
shown in Figure 3 DEF, the confluency of the
chips is about 70%. Similar to the condition
containing 2*105 cells/cm?, the cells have
started to form multiple layers in some
regions while not reaching full confluency.
The same can be said for the condition in
Figure 3 GHI, as the confluency is about 70%
and multiple layers have started to form in
some areas. Lastly, the condition in Figure 3
JKL in general developed to be
overconfluent in some chips and nearing



100% confluency in the rest. The cell
morphology here was smaller in
comparison to the other conditions.

One thing to note when looking at Figure 3,
is that barely any cells grew on top of the
GelMA. This can be seen especially well in
Figure 3 L, where there are no cells on the
GelMA while there are plenty of cells at the
bottom of the culture chamber of the chip.
From this, we can conclude that 5*105
cells/cm? is the optimal cell seeding density
within StatLoCs with grooved GelMA.

Figure 5: Result of the Transwell staining. Red is ZO-1
protein, blue is DAPI. 20x.

A. 2*1075 cells/em”2, 20x. B. 4*10/75 cells/cm”2, 20x.

C. 5%1075 cells/cm”2, 20x. D. 8*10/5 cells/cm”2, 20x.

Figure 6: Results of the StatLoC staining. Red is ZO-1 protein, blue is DAPI. No red staining can be seen.
20x



3.3 Comparison of the cell
characteristics and morphology
between the StatLoC and Transwell
The comparison between the StatLoCs and
Transwells is done to determine any
differences in cell morphology and
characteristics. From this, the performance
of the StatLoCs can be seen compared to the
Transwells. To compare the two systems,
three criteria will be used to determine the
performance of both methods. These
criteria consist of confluency being reached
within four days, a monolayer being formed
with as little multiple layers as possible.
With these chips and inserts, an airlift has

Z0O-1, green is MNPs & phalloidin. 10x.

C. 1 um MNPs on StatLoC. Blue is DAPI, red is
ZO-1, green is MNPs & phalloidin. 10x.

A. 0,2um MNPs on StatLoC. Blue is DAPI, red is

D. Mixed MNPs on StaLoC. Blue is DAPI, red is
Z0-1, green is MNPs & phalloidin. 10x.

been performed at day 5 to facilitate air-
liquid interface culturing.

In the cells in Figure 4, it can be seen that
full confluency has been reached at day five.
At day 9, the cells have grown multiple
layers and are thus overconfluent. The cell
morphology of these cells are rounded and
quite large in comparison to the cells of
Figures 2 and 3.

When comparing the cells from the StatLoCs
and Transwells in Figure 3 and 4, it can be
seen that both have formed multiple cell
layers in all chips/inserts. The difference
here is that in the StatLoCs confluency has

B. 0,5pm MNPs on StatLoC. Blue is DAPI, red is
Z0-1, green is MNPs & phalloidin. 10x.

Figure 7: Staining results of the application of MNPs to CaLu-3 cells in StatLoCs. The blue staining is DAPI,
the red staining is Z0-1 protein and the green signal are the MNPs and phalloidin. 20x.
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Figure 8: Staining results of the application of MNPs to CaLu-3 cells in Transwells. The blue
staining is DAPI, the red staining is ZO-1 protein and the green signal are the MNPs and phalloidin.

20x.

not been reached, while it has been reached
in the Transwell inserts. It can also be noted
that within the StatLoCs, some areas in the
chips are more densely populated with cells
than other areas, while this is uniform in the
Transwell inserts.

In Figure 5 and Figure 6 the results of the
DAPI and ZO-1 protein staining of the
Transwells and StatLoCs respectively can be
seen, with blue being the nucleus staining
DAPI and red being the Z0-1 tight junction
protein staining. In Figure 5 both stainings
can be seen, with the Z0O-1 protein being
concentrated in between the cells and the
DAPI staining indicating the nuclei. In Figure
6 of the StatLoCs, no ZO-1 protein can be

seen in any of the pictures, while the nuclei
are indicated in all of them.

In Figure 5 and 6 no notable difference in
size or shape of the nuclei can be
determined, other than the fact that the
Transwell inserts seem to have multiple
layers, while the StatLoCs have this in lesser
amounts. The StatLoC cells did not succeed
in forming a monolayer, while the Transwell
cells did. It can be concluded that the
Transwell cells contained more Z0O-1 protein
in comparison to the StatLoCs and in
general grew more cells.



A. Mixed MNPs, top layer, 20x. B. Mixed MNPs, middle layer, 20x.

Figure 9: Difference in MNP presence between the top and middle layer of the mixed MNPs in
StatLoCs, 20x.
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Figure 10: The top layer and x-axis cross section of the mixed MNPs in the StatLoC chips, 20x.
The blue staining is DAPI, red is ZO-1 protein and green are the MNPs and phalloidin.

3.4 Uptake studies between the StatLoC and Transwell inserts
The uptake studies are done in order to is that the Transwell insert cells have started
investigate the translocation and uptake of to form layers, while the StatLoC cells are
MNPs in CaLu-3 cells within the StatLoCs grouped together in small islands within the
and Transwells. Both methods are used to culture chamber. Another thing of note is
compare differences in uptake and that most of the GelMA that was situated in

translocation. Some general comparisons

10



the StatLoCs has disappeared, with only
some chips containing some of the GelMA.

One thing to note when looking at the cells
Figure 7 and 8, which show the confocal
microscopy results of the StatLoC and
Transwell cells respectively, is the difference
in nuclei indicated by DAPI. There is an
abundance of cells within the Transwells,
while there are less within the StatLoCs. The
difference in size of the nuclei is also
apparent, with the nuclei within the
StatLoCs being smaller in comparison to the
Transwells. The Transwell nuclei are also
more stretched than the StatLoC cells.

The staining of the phalloidin protein is
differentiated from the MNPs by its shape,
as the MNPs show up like dots and the
phalloidin shows up as strands.

From the confocal microscopy results of the
StatLoC and Transwell cells it can be noted
that there is less phalloidin protein in the
StatLoCs than within the Transwells. This
can be seen especially well when studying
Figure 7 ABD as there are green filaments
visible in between and around the cells,
which are not visible in the StatLoCs. It also
seems that within the StatLoCs, slightly
more MNPs are present around the cells.
Furthermore, there is less Z0-1 protein to be
found within the StatLoC chips in
comparison to the Transwell inserts. The
location of the ZO-1 protein is the same in
both systems, namely in between the cells
and in some over the nuclei, resulting in a
purple stain.

With regards to the MNPs, these seem to
clump to the cell membranes in 80% of the
chips. This in turn leads to the MNPs
forming larger aggregates. In figure 7 BD,
which show the confocal microscopy images
for the StatLoC cells, most MNPs are situated
around the nuclei. For Figure 8 AC, the cells
within the Transwells, this distribution
seems to be more disorganised and cell
contours are more difficult to distinguish. It
can also be observed from Figure 9 that
there are less MNPs present in the middle
layer in comparison to the top layer of cells.

Figure 11: The top layer and x-axis cross section of the 0.2 um MNPs in
a Transwell, 20x. The blue staining is DAPI, red is ZO-1 protein and
green are the MNPs and phalloidin.
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This is confirmed by cross sections of the
cells within the StatLoC and Transwell that
can be seen in Figure 10 and 11. The green
staining is mostly localized on the apical
side of the cells, but MNPs are also situated
lower in the cross-section.

The viability of the cells after treatment
with the MNPs has been studied with a
live/dead staining, of which the results can
be found in Figure 13 for cells in the
StatLoCs and Figure 12 for cells in the
Transwells. A notable difference that can be
seen between the StatLoCs and Transwells
is the fact that the StatLoC cells show a lot
more read staining than the Transwell cells
do. However, there is also less staining
present within the Transwell cells. In the
StatLoC cells, it seems like there is a rising



A. 0.2 pm MNPs in Transwell insert. 10x.

C. 1 pum MNPs in Transwell insert. 10x.

B. 0.5 um MNPs in Transwell insert. 10x.

D. Mixed MNPs in Transwell insert. 10x.

Figure 12: Live/dead staining results performed on Transwells treated with
differently size MNPs. Green are the live cells, red are the dead cells, 10x.

C. 1 pm MNPs in StatLoC. 10x.

D. Mixed MNPs in StatLoC. 10x.

Figure 13: Live/dead staining results performed on StatLoCs treated with
differently size MNPs. Green are the live cells, red are the dead cells, 10x.

amount of green staining throughout Figure
12 ABC, which dwindles with the mixed
MNPs. For the Transwells this correlation
can also be seen, except the cells treated
with the mixed MNPs seem to produce more
green staining than the StatLoC cells did.

4. Discussion

The experiments described in this paper
were performed in a non-optimized system.
Therefore, several factors could have
influenced the results of this study.
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Starting with chip related aspects, when
curing the chips in the oven, the protocol
indicated to let the chips cure for at least
one hour to a maximum of overnight. This
means that most chips were cultured for
about an hour. During the comparison
experiment it was however found out that it
is better to let the chip halves cure
overnight, as shorter cured PDMS releases
more monomers than overnight cured PDMS
does. The difference between curing for two
hours and curing for overnight is that



A. Stamp coated with 1% BSA solution. 4x.

B. Stamp coated with trichloro silane. 4x.

Figure 14: Difference in the stamp pattern between a stamp coated in 1% BSA
solution and a stamp coated with trichloro silane. 4x.

almost twice as much monomers are
released when cued two hours in
comparison to overnight [12]. One thing to
note is that after bonding, most chips were
put into the oven again to promote bonding
of the halves. This means that the PDMS
continued to cure during this, which was
often overnight. It is stated that the PDMS
monomer have little to no effect on cell
proliferation, the little effect being an
increase in proliferation dependent on the
type of PDMS [12]. However, it is difficult to
note what the specific effect has been on the
CaLu-3 cells.

Furthermore, during the manufacturing of
the static lung-on-chips the bonding was
tested on all chips. If not properly bonded,
the halves were taken apart and bonded
again if the halves were intact. This way, the
chips did not leak. However, when
conducting the experiments most chips
were leaking fluid from the medium channel
into the cell culturing well. This made air-
liquid interface culturing impossible. In all
experiments that use chips, all but one or
two chips leaked, which means that ALI
culturing did not occur. This has influenced
the development of the CaLu-3 cells
significantly, as CaLu-3 cells grown at an air-
liquid interface are organized in a columnar
fashion, develop microvilli and cilia-like
structures and are in general more
morphologically representative of the lung
epithelium in comparison to liquid interface
culturing [13]. In future research, a way to
prevent this leaking should be researched.

One of the aspects regarding the GeIMA that
was encountered happened during addition
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of the GelMA to the StatLoCs. When the BSA
coated stamps were placed on top of the
uncured gel, air bubbles appeared which
created holes in the GelMA. The cells would
sink in these holes and thus the cells would
not populate the grooves. A solution for this
might be to produce the stamp to be more
narrow by removing the PDMS margin of the
stamp or to make the stamp deeper. Another
solution might be to fill the culture chamber
with more GelMA so that there is less room
for air to remain in the culture chamber.

Another issue with the stamps is that they
would stick to the cured GelMA, ripping the
created pattern. To try to combat this, two
different coatings (1% BSA solution and
trichloro silane (Sigma Aldrich)) were used
in a separate experiment to determine
which would be better to use. As can be seen
in Figure 14, the topological grooves made
by the stamp with the trichloro silane
coating are more visible than the grooves
created by the stamps with the BSA coating.
The stamp with the trichloro silane coating
also had less issues when detaching the
stamp from the GelMA. These results
suggest that trichloro silane as a coating for
the stamps should be explored more in
future research, as it shows good potential.

Lastly, during experiments it was noticed
that the attachment of the GeIMA to the
StatLoC-chips deteriorated over the course
of the experiments. This meant that the
GelMA was not attached to the sides of the
cell culturing chamber anymore and would,
in the worst case, slide around within the
well when the chip was moved. This
phenomenon might have been caused by



shrinkage of the GelMA due to liquid being
evaporated out of the GelMA. This moving
around of the GelMA would not affect the
cells if they grew on top of the GelMA. Since
the cells mostly preferred to grow on the
bottom of the culture chamber, the cells
have experienced unnecessary stress. A way
to prevent or reduce shrinkage of the GelMA
should be researched in order to improve
the reliability of the results.

Some factors that were noticed in all
performed experiments consist of stress
caused by medium removal and monolayers
not being present. During medium
refreshes, it was noticed that when the
medium channels were drained of fluids it
would drain the cell culture well too. This
caused the cells to experience more
mechanical stress than when the medium
was drained directly from the well. The
effect this stress had on the development on
the CaLu-3 cells is difficult to determine.
However, it is noted that CaLu-3 monolayers
are sensitive to hyperoxia and positive
pressure but not to mechanical stress [14].
There are also suggestions that mechanical
stresses are necessary for maintaining
airway health, which leads to the
assumption that the mechanical stress
experienced by the cells did not have a
significant effect [15].

The last factor that was noted was the
absence of monolayers within StatLoCs in all
experiments. In the StatLoCs cells were
spread very unevenly, with multiple layers
being present in some areas while others
were empty. A possible cause for this was
the GelMA that was added to the bottom of
the culture chamber of the StatLoCs, as
described above.

From the cell seeding density experiments
in section 3.1 and 3.2, it was noted that it is
difficult to determine the optimal seeding
density. For the well plate there is no truly
optimal cell seeding density, as the cells
were either overconfluent or not entirely
confluent. Hence, it was determined that
3*105 cells/cm? is the optimal seeding
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density in well plates with GelMA at the
bottom of the well. To narrow the optimal
seeding density down to the correct density,
a smaller range was used for the StatLoCs.
From this, 4*105 cells/cm2 and 5*105
cells/cm2 showed almost identical results in
morphology and confluency. To be able to
better compare the results of the Transwell
inserts and the StatLoCs, the cell seeding
density of 5*105 cells/cm2 was used in
further experiments.

Another aspect that might have influenced
the results of the seeding density
experiment within the well plate is the fact
that the GelMA was produced incorrectly.
The amount of Irgacure 2959 and gelatin
methacryloyl were off by a factor 10,
signifying that the GelMA had a lower
structural integrity than intended. No
notable difference in development of the
cells was observed in comparison to
development on correctly produced GelMA,
thus it is concluded that the cells did not
experience detrimental effects due to this
error.

When comparing the difference between the
Transwells and StatLoCs, it was noted that
there was an absence of cell monolayers
within the StatLoCs, as described before.
The GelMA loosening, fragmenting and
moving around in the culture chamber
caused the cells to not be able to form a
confluent monolayer due to unnecessary
mechanical stress.

In the Transwells the GelMA was not
present, which is why these cells had a
better ability to develop and grow confluent
as they did not experience the effects of
fragmentation and movement of the GelMA.
This can also be seen using Figures 5 and 6,
as the nuclei of the StatLoCs are smaller and
there is no Z0-1 protein present, thus no
tight monolayer has formed. In the
Transwells, this protein is present and thus
confirms the growth of a tightly bound,
confluent monolayer.

The morphology of the cells in the
Transwells was as expected and is the same



as the other experiments. The morphology
of the cells in the StatLoCs shows a peculiar
morphology, as can be seen in Figure 3 FIL.
It is unknown how this morphology came to
be, but it did not seem to influence other
results. Apart from this, the cells in the
StatLoCs formed less monolayers and
remained smaller than the Transwell cells
did.

In the final experiment, it is once again
noted that cells cultured in Transwells have
a better capability of forming confluent
monolayers in comparison to cells cultured
in the StatLoCs. However, The Transwells
have not formed entirely confluent layers
during this experiment either. This occurred
because the airlift was performed before the
cells formed a confluent layer, which had an
impact on the capability to form a
monolayer.

Another aspect that might have influenced
cell development here is that not only did
the GelMA fragment and move, but it shrunk
and even broke down in some of the chips.
When shrank, the GelMA turned into a sixth
of its original size. This was caused by a
combination of the water pan of the
incubator being empty and the fact that
GelMA has enzyme sensitive regions, which
may have accelerated the degradation of the
GelMA [16].

In the final experiment it was noted that the
StatLoC cells were spread further apart in
smaller island while the Transwells cells
formed sheets, as was observed with the
comparison of StatLoCs and Transwell
inserts. Despite this, some StatLoC cells still
managed to produce some Z0-1 protein,
suggesting that these islands were at least
tightly clumped together. However, the little
Z0-1 protein that was produced within the
StatLoCs is trumped by the production
within the Transwells, where the Z0-1
protein is present in most inserts in
between the cells. This suggests that CaLu-3
cells have a better capability to form tightly
interconnected monolayers within
Transwell inserts than in StatLoCs, but it is

15

possible for the cells to produce Z0-1
protein within StatLoCs. The difference in
this staining can be attributed to the
difference in the formation of a monolayer
between the different systems.

As for the MNPs, they tend to form larger
aggregates which might hinder uptake of the
plastics. Particles tend to not be taken up
into the cells the larger the particle is, which
indicates that the formation of aggregates is
lowering the potential of cell damage from
taking up MNPs [17]. The plastics also seem
to have a limited ability to penetrate into
multilayers of cells, as evidenced by figure 9
where there are less MNPs in the middle
layers in comparison to the top layer. It is
difficult to say which MNP size has
penetrated deeper into the layers and if they
have been taken up into the cells. In Figure 8
some MNPs can be seen near the nucleus
within the membrane, but this can also
mean that the MNPs are positioned on top of
the cells instead of inside. When comparing
this to the results seen in Figure 10 and 11,
itis indeed confirmed that most MNPs are
stationary on the top layer, but some MNPs
also managed to migrate to lower areas. It is
however still difficult to say whether they
are inside the cells or in between the cells.
Lastly, the cells seem to stick to the cell
membrane instead of translocating into the
cells. This seems to differ within the MNP
sizes, as in Figure 12 and 13 there is more
red staining in the devices with 0.2 um
MNPs than the 1 pm MNPs.

There are two general improvements that
could be made to the MNPs to better
represent the in vivo situation. While there
are MNPs that are shaped like spheres, there
are also other shapes like fibers, films and
fragments [4]. Utilization of the different
types of MNPs will yield more reliable
results. The application of the MNPs should
also be improved upon, as it is not realistic
for the MNPs to come into contact with the
lung epithelial through inhaled fluids. To
better stimulate airborne particles, a system
that can deposit airborne particles
suspended in air is recommended for use.



One example of such system is the
Electrostatic Aerosol in Vitro Exposure
System [18].

What is interesting within the viability tests
is that more cells seem to be alive around
the edges of the culture chambers in
comparison to the middle of the culture
chambers. Another interesting observation
is that the viability of the cells seems to
decline the smaller the MNPs get. This
suggests that smaller MNPs have a higher
cell damaging potential in comparison to the
larger MNPs, which can be explained by the
uptake methods of foreign particles by
CaLu-3 cells. This is supported by the fact
that nanoplastics are small enough to cross
membranes by just passive diffusion and
endocytic pathways [17].

5. Conclusion

It has been shown that the optimal cell
seeding density within the StatLoCs is equal
to the optimal cell seeding density within
the Transwell system, it being 5*105
cells/cm2. It has also been proven that

MNPs cling to the cell membranes but have a

low potential for penetration into the cells.
This potential differs within size, with the
greatest potential being 0.2 um diameter
MNPs and the lowest being the 1 pm
diameter MNPs. However, the results of this
research show that there is still some
optimalization to be done before the StatLoC
system can provide good and trustworthy
results. In comparison to the Transwell
system, the StatLoCs failed to create
monolayers in the same manner as the
Transwell system did, which caused the
barrier integrity for the StatLoCs to be low,
causing the results of the experiments to be
untrustworthy. The most probable cause for
this occurrence is the detachment and
fragmentation of the GelMA within the
StatLoCs.
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