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Abstract

Plastic pollution is a problem from the modern era, studies have found that plastics can be
broken down via bio and non-biodegradation into small sizes of plastics, called nanoplastics and
microplastics. These plastics can travel through air and end up in the human lungs. Possible
effects of presence of these plastics in the lungs are inflammation reactions, oxidative stress and
immune dysfunction. In this study we will focus on nanoplastics which have proven to be able
to be taken up through active and passive transport in alveolar epithelium. The aims of this
research are to build a lung-on-a-chip which mimics the alveolar structure and has Collagen
1 as a foundation. The other aim is to examine whether and how nanoplastics could transfer
through tubular alveolar epithelium in the established device. At last, we want to determine
if nanoplastics could disturb the tight junctions of alveolar epithelium, since this has not been
researched for a tubular alveolar epithelial structure.

The device that is used in this research was made from polydimethylsiloxaan which is a soft
elastomer after curing in a 3D printed mold. After, inlets and outlets were punched and the
chip was prepared for cell seeding of Calu-3 and A549 cells and incubation of green fluorescent
nanoplastics with the sizes 50 and 100 nm. The following concentrations of nanoplastics were
used 10, 100 and 1000 µg/mL. Staining the nuclei, cell membrane and ZO-1 proteins resulted
in determination of where the nanoplastics had traveled to in the device.
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Samenvatting

Plasticvervuiling is een probleem uit de moderne tijd, studies hebben uitgewezen dat plastic
via biologische- en niet-biologische afbraak kan worden afgebroken tot kleine stukjes plastic,
nanoplastics en microplastics genoemd. Deze plastics kunnen zich door de lucht verplaatsen en
in de longen van de mens terecht kunnen komen. Mogelijke effecten van de aanwezigheid van
deze plastics in de longen zijn ontstekingsreacties, oxidatieve stress en immuundisfunctie. In
dit onderzoek zullen we ons richten op nanoplastics waarvan is aangetoond dat ze door actief en
passief transport in alveolaire epitheelcellen kunnen worden opgenomen. De doelstellingen van
dit onderzoek zijn het bouwen van een long-op-een-chip apparaat dat de alveolaire structuur
nabootst en Collageen 1 als basis heeft. Het andere doel is na te gaan of en hoe nanoplastics
door tubulair alveolair epitheel kunnen worden getransporteerd in de gebouwde chip. Tenslotte
willen we bepalen of nanoplastics de tight junctions van het alveolair epithelium kunnen ver-
storen, aangezien dit nog niet is onderzocht voor een tubulaire alveolaire epitheliale structuur.

The chip dat in dit onderzoek is gebruikt, wordt gemaakt van polydimethylsiloxaan, een zacht
elastomeer dat na uitharding in een 3D-geprinte mal is geprint. Daarna werden ingangen en
uitgangen geponst en werd de chip voorbereid voor het zaaien van A549-cellen en incubatie
van groen fluorescerende nanoplastics met de afmetingen 50 en 100 nm. De volgende concen-
traties nanoplastics werden gebruikt 10, 100 en 1000 µg/mL. Door kleuring van de kernen, het
celmembraan en de ZO-1 eiwitten kon worden bepaald waar de nanoplastics naartoe waren
verplaatst.
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1 Introduction

1.1 Nanoplastics in the environment and their impact on the human health

Globally, plastics are extremely popular for their use in a lot of products like packaging material
and clothing, which are discarded after use. Governments try to persuade people to separate
plastic waste, but only 9% of plastics ever made has been recycled and 60% has been dumped
[1]. It is estimated that if we continue to use plastics until 2050, we will have discarded 12,000
million metric tons of plastic waste in land�lls or in the natural environment [2]. Plastic
waste that is not disposed correctly often ends up in the nature and gets broken down via
biodegradation and/or non-biodegradation into smaller particles. Examples for biodegradation
and/or non-biodegradation are UV light, wind and mechanical abrasion. If waited long enough
microplastics (MPs) and nanoplastics (NPs) occur which present respectively a diameter of
smaller than 5 mm and 0.1µm [3]. These plastics are very light, can easily travel by wind
and be inhaled in the human lungs. In fact, Parisian atmosphere research has shown that
plastics with sizes from 50 nm to 1400 nm were present in the form of �bers [4]. In other
cities, sizes varied from 2 nm to 5000 nm and shapes di�ered from �bers, fragments, �lms
and foams/granules. Most found materials were polyethylene terephthalate (PET), polyvinyl
chloride (PVC), polyethylene (PE), ethylvinyl acetate (EVA) copolymers and polystyrene (PS)
which originated from plastic items like bottles, bags and clothing. It has been shown that PS
can translocate through rat alveolar epithelial cells and cause damage to intracellular structures
[5] [6]. In general, particles smaller than 10µm can end up in the alveolar region [7]. MPs and
NPs can, depending on size and shape be taken up into circulation, see �gure 1. A lot of factors
can a�ect absorption of plastic particles into the human body, like their size, density, surface
charge and hydrophobicity and the smaller the particles the better they are distributed in the
body [4]. Particles which are larger than 10µm are mostly �ltered by the nasal and upper
respiratory tract, particles with a diameter of around 100 nm are deposited in the alveolar
region and particles of around 1 nm in the tracheobronchial region. Particles with a diameter
between 1 and 100 nm tend to behave like gas molecules, which makes it easy for them to end
up in the alveolar region and a�ect the gas exchange. If these particles end up in the lungs, they
can also damage them as was researched in animals [8]. For this reason we elaborate further
on the e�ect of NPs on alveolar epithelial cells.

Figure 1: Inhalation route that plastic particles take from the air to the blood, picture was taken from [3]. Airborne
MPs and NPs enter the lungs through the mouth, nose and trachea and are �ltered according to their size. Particles
larger than 10 µm are �ltered by nose, cilia and mucous membranes and due to their larger size they remain most of

the time in the upper repsiratory tract. Coughing and sneezing eliminates these particles, but particles smaller than 10
µm end up in the alveoli.

Observational studies state that dyspnea is one of the consequences of MPs [8]. Other e�ects of
exposure to MPs and NPs for the alveolar epithelium are asthma, wheezing and coughing [4].
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These consequences are due to dust overload, oxidative stress, cytotoxicity and translocation [8].
Research done by Dong et al. found that the e�ect of plastics on human cells were in
ammation
reactions. Tissue necrosis factor-a (TNF- a) and IL-8 expression had risen in A549 human
lung cells with addition of larger particles (202 nm and 535 nm) when compared to smaller
particles (64 nm). IL-6 and IL-8 expression also rose according to increasing concentration
for normal lung BEAS-2B cells [9]. Exposure to high concentrations of PS MPs has been
reported to increase the risk for chronic obstructive pulmonary disease (COPD), meanwhile
low concentrations can disrupt the pulmonary barrier by phosphorylating zonnula occludens
(ZO) proteins which decreases the functionality of the barrier tightness [9]. Another problem
is that plastics contain chemicals or additives which can leach into organs and tissues with
possibly even worse consequences, like endocrine disruption [3].

1.2 Translocation mechanisms of nanoplastics

Translocation of NPs through the alveolar epithelium may occur in three ways. The �rst one
is via phagocytosis, since macrophages are the �rst line of defence against for example NPs.
Macrophages generally clear surfactants and cell debris from lung surface. So, NPs could be
phagocytized; however NPs which are not removed by macrophages remain in the alveoli and
could be taken up by the alveolar epithelium. So, the second way of uptake is endocytosis
and via di�usion [10]. The third way of translocation is via paracellular transport through
disrupted tight junctions [10]. However, there has been no research done on this topic with
alveolar epithelial cells, but it was done on intestinal cells where was seen that tight junctions
were disturbed which led to a higher permeability. Research done by Zhang et al. in mouse
models with 50 and 500 nm NPs in intestinal cells resulted in an increase of reactive oxygen
species (ROS) and apoptosis for 50 nm NPs compared to 500 nm NPs [11]. This caused a
higher cell membrane permeability and more translocation of 50 nm than 500 nm NPs through
the intestinal barrier. Mahler et al. did transepithelial electrical resistance (TEER) measure-
ments in which they found that respectively low (2Ö109 and 1.25Ö108 nm particles/mL) and
medium (2Ö1011 and 1.25Ö1010 nm particles/mL) concentrations of 50 and 200 nm PS NPs
would not decrease TEER values, but high concentrations (2Ö1013 and 1.25Ö1012 nm parti-
cles/mL) would [12]. This means that the permeability of the intestinal barrier was higher
for high concentrations of NPs. Paracellular translocation of NPs was investigated for alve-
olar type 1 cells, but tight junctions were not disrupted and NPs did not reach further than
the apical side regarding 50 and 100 nm NPs which had no functionalization or carboxyl- and
amine-groups at the NPs [10]. Overall, literature stated that 60 nm PS NPs were cytotoxic
in BEAS-2B cells from a concentration higher than 10µg/mL [13]. Also, 44 and 100 nm PS
NPs with a 10 µg/mL concentration in gastric cells were observed to have respectively lower
viability and higher viability. A minor cytotoxicity was observed for 50 and 100 nm PS NPs at
a concentration of 100µg/mL. Mixtures of NPs sizes made a di�erence in translocation rates,
because a higher amount of ROS was generated when 50 and 500 nm PS NPs were introduced
to the intestinal barrier of mouse. This resulted in apoptosis and severely damaged and dys-
functional intestine which in turn increased absorption rates of NPs of 50 and 500 nm in size [11].

Surface modi�cation of polystyrene
PS with surface modi�cation has been used widely for research on uptake of NPs by macrophages
or epithelial cells. There are a few surface modi�cations for PS possible, like amino groups
(cationic) or carboxyl groups (anionic) to the NPs [10]. Uptake by alveolar type 1 cells of
amine-modi�ed polystyrene NPs (amine PS) was the highest and unmodi�ed polystyrene NPs
(unmodi�ed PS) had the lowest uptake, see �gure 2. However, the disadvantage of amine PS
is that it was able to create holes in the cell membrane of alveolar type 1 cells [14]. Since we
are interested if translocation of NPs could happen through tight junctions, carboxyl-modi�ed
polystyrene (carboxyl PS) NPs are a good compromise between the unmodi�ed PS and amine
PS NPs, because its greater uptake tends to give a higher chance to be monitored as compared
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to unmodi�ed PS. Also, there seems to be no negative in
uence from carboxyl PS known in lit-
erature. As for amine PS, it can create holes in cells which would interfere with our experiment
to discover whether NPs could disturb tight junctions.

Figure 2: Image was reprinted from [10]. Amine PS NPs are internalized to a greater degree and faster than carboxyl
or unmodi�ed PS NPs for the sizes 50 nm 100 nm. Also, 50 nm NPs are more internalized than 100 nm NPs. It is

hypothesised that 50 nm PS NPs are able to translocate via passive di�usion and endocytosis, whereas 100 nm PS NPs
largely translocate via endocytosis [10].

1.3 Lung-on-a-chip models

Not long ago cell culture experiments were only done using 2D models, but with modern inno-
vations models have evolved to be more realistic and to support for instance mechanical stress
and/or 
uid 
ows [15]. Fluidical shear stresses for instance provide a more realistic model of for
example uptake through cells, because lack of 
ow can cause NPs to sediment on the epithelial
layer which could increase NP uptake and is less realistic in that way [16]. Some chips have
proven its advantage over 2D models, for instance drugs responsiveness was more realistic and
signalling pathways could be captured better. Lung-on-a-chip models are small devices that
operate using micro
uidics to mimic the physiological environment and cellular architecture of
the lung. These devices are relatively new and are constantly being tailored to the desired form
and function to mimic speci�c disease condition [17]. These chips used to be made from glass
and silicon, but silicon is optically opaque and expensive and glass can be di�cult to form a
chip with, since it has to be molten before it can be put in a mold. Nowadays, soft lithography
using poly-dimethylsiloxane (PDMS) is used to form chips. It is optically transparant, has a
low toxicity, is a soft elastomer and has a high permeability for O2 and CO2.

Two types of models for a lung-on-a-chip
There are di�erent lung-on-a-chip models, an example is the model that has been developped
by the Wyss Institute which has lung cells on one side of the membrane and capillary cells on
the other side. These cells are grown on a porous elastomere membrane. Stretching of cells
like in human alveoli is mimicked with stretching of this membrane, which is realised by the
cyclic pumping vacuum channels at the sides of the membrane, see �gure 3 [17]. This stretch-
ing movement is important, since stretching of human alveolar epithelial cells led to a greater
uptake of 12 nm silica nanoparticles compared to a static experiment [18]. Marcinkiewicz et al.
determined that surfactant proteins in air-liquid interface culture systems remained at the same
level, meanwhile these proteins dissipated over time for submerged culture systems [19]. The
presence of surfactants on the cells plays an important role in NP uptake as will be discussed in
the paragraphTypes of alveolar epithelial cell types. At the AMBER group at the University of
Twente a chip with 5 channels is used for research on tubular alveolar epithelium, see �gure 4b
in the Materials and Methods. In research, most often non biological materials are used to grow
cells on, like growing cells on a plastic petridish, but behaviour of cells can change signi�cantly
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when Collagen 1 is used as a basis for the cells to grow on. Collagen is a representative mate-
rial to let the cells grown on, since it is a very important and frequent protein in extracellular
matrices [20]. Collagen 1 and the viscous �nger patterning technique (discussed in paragraph
Lumen formation: viscous �nger patterning technique (VFPT)are used to create the curvature
and natural environment which is present in alveoli. At the AMBER group the choice is made
to only look at translocation of NPs through epithelial cells. If indeed a whole lung model needs
to be made, the model from the Wyss Institute could be representative because its support for
natural stretching of cells. However, since an arti�cial membrane is being used for that model,
cells are not growing on the same surface which they are used to grow on. This is however
the case for the model from the AMBER group, next to that cells are submerged in culture
medium.

Figure 3: Image was reprinted from [15]. Lung-on-a-chip model created by the Wyss Institute; this chip contains
alveolar cells on one side of the membrane and endothelial cells on the other side. Cyclic stretching is provided through

vacuum chambers on both sides to create a more realistic lung-on-a-chip model [15].

1.4 Types of alveolar epithelial cell types

As mentioned by Foster et al. a healthy alveolar epithelium is made up of multiple cell types
and contains pore sizes ranging from 2.6 to 87�A. Other studies even suggested the presence
of pores larger than 80�A that are used for the di�usion of large molecules. This means that
human alveolar epithelium is very complex to recreate. Taking this information, we looked at
cell types that can mimic the alveolar epithelial barrier and narrowed it down to a few cell
types that are often used in vitro to create a representative model including uptake of NPss of
the alveolar epithelium, like A549, 16HBE and Calu-3 cells [21]. Calu-3 cells tend to form a
stronger monolayer than 16HBE and A549 cells as was proven with TEER experiments, they
were also seeded in a static channel [22] [23] [24]. However, the A549 cells have a faster growth
rate than Calu-3 cells [25]. If we look at the uptake of NPs a di�erence can be seen between
alveolar cell types I and II, since the �rst cell type had proven to take up signi�cant amounts of
NPs, while uptake in the second cell type was nearly undetectable [10] [23]. However, alveolar
type I cells cover around 96% of the surface area of the alveolar epithelium, meanwhile type
II cells are present in a larger number and have functions, like producing surfactants [26] [27].
Bonding of opsonizing SP-A and SP-D surfactant to nanoparticles has shown to be important
for the uptake of nanoparticles, since magnetite nanoparticles that were treated with surfactant
SP-A gave an increase in uptake by alveolar macrophages [28]. In a study that has been done by
Radiom et al. was found that due to pulmonary surfactants uptake of positively charged silica
nanoparticles in A549 cells was reduced by an order of two [29]. One could suggest that in a
more realistic setting A549 cells are cocultured with alveolar macrophages. This has been done
by Rothen-Rutishauser et al.; they discovered that the uptake of 1µm nanoparticles was greater
for alveolar macrophages than A549 cells [30]. They saw that particles which were not removed
by alveolar macrophages were taken up by A549 cells; 24 hours later more nanoparticles were
found in alveolar macrophages and A549 cells.
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1.5 Research goals

Modern technologies give us the opportunity to create a lung-on-a-chip that has a foundation
which cells are used to grow on, namely collagen. Moreover, the chip has a channel in which
the cells can grow. With the natural foundation and curvature of the channel, cells are given
the opportunity to grow and behave in a realistic and natural way. The research question is:
How do NPss translocate through alveolar epithelium in a lung-on-a-chip device?

To produce the base of the chip soft lithography with PDMS has to be used. Next, poly-
dopamine and Collagen 1 will be added to the channel using the viscous �nger patterning
technique. Cells have to create a tubular structure in the channels which has to be optimised,
so di�erent concentrations per cell type will be used. After a con
uent tubular structure is
achieved translocation of NPs will have to be analysed, for which we will have to dilute NPs in
culture medium with two sizes and three concentrations. The analysis will be done using the
Zeiss 880 confocal laser microscope.
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2 Materials and methods

The experimental part of this report will be highlighted in this chapter. The way in which the
chip is fabricated and how polydopamine and Collagen 1 work together to create a foundation
for the cells to bond to will be elaborated. Next optimisation of a tubular structure will be
discussed and it will be determined how long A549 cells take to attach to a collagen layer.
Finally, the incubation of NPs solution in channels and wells and staining the cells will be
discussed.

2.1 Fabrication of the PDMS device

First, a mold with 5 channels with a channel length of 1 cm and a width of 0.6 mm was made
using a 3D printer, see �gure 4a. Next a mixture of polydimethylsiloxane (PDMS, Sylgard—184
Silicone Elastomer base) and hardener (Sylgard—184 Silicone Elastomer Curing Agent) was
prepared in a volume ratio of 10:1. Air bubbles were removed in the desiccator after thoroughly
mixing. Thereafter, PDMS was poured onto the 3D printed mold and put under the desiccator
to ensure all air bubbles were removed from the PDMS after which it was put in the oven
to cure overnight at 67°C. The next day inlets and outlets were punched with punchers of,
respectively, 1 and 1.5 mm. Finally the PDMS chip and a glass slide were bonded together
using air plasma at 500 mTorr, 50 W for 70 s with the Femto Science Cute plasma system. A
�nished device is shown in �gure 4b.

(a) (b)

Figure 4: The pictures in �gure 4a and 4b were taken from the used 3D printed mold and the PDMS chip bonded on
a glass slide. Figure 4a provides the 3D printed mold on which the PDMS is poured and �gure 4b shows the PDMS
chip on a glass slide after plasma bonding containing inlets, outlets and channels. These images were edited using

Biorender.com.

2.2 Lumen formation: viscous �nger patterning technique (VFPT)

Since cells had to adhere to a collagen structure which did not bond to the PDMS, channels
had to be coated with polydopamine. Next, collagen was added to the channels after which the
VFPT was used to create a channel through the collagen. VFPT works following the passive
pumping method where the surface energy of a PBS droplet creates a pumping e�ect which
creates a round channel through the added collagen [31]. An overview of the VFPT can be
seen in �gure 5.

To start, a hydrophilic polydopamine solution was prepared consisting of 2 mg/mL poly-
dopamine (Sigma) mixed in Tris-HCl bu�er pH: 8.5 (Sigma). 10µL of the solution was added to
the channels to ensure droplets were present at the outlets. The channels were then incubated
for 30 minutes at room temperature under the 
ow hood. Demiwater and 70% ethanol were
used to wash the channels after which the chip was put in the oven for 1 hour at 67°C. After,
the channels were washed again with ethanol and let air dry. The next step was to form the
lumen using a Collagen 1 (Corning) mixture of which the substituents Vf, VPBS,10X , V i,collagen ,
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VNaOH , VPBS were calculated using respectively the following formulas 5, 6, 7, 8, 9, where Vf

is the total volume of collagen mixture, nchannels is the amount of channels that need to be
prepared, Cf is the �nal concentration of Collagen 1 in the mixture for which we used 5 mg/mL
and Ci is the initial concentration of the collagen stock which is 10.57 mg/mL. Depending on
the amount of channels that needed to be prepared, the �nal volume and the substituents could
be altered to suit the needs. After slowly mixing (Collagen 1 is very viscous) 10µL of the colla-
gen mixture was then added to the channels and 20µL of 1X Phosphate Bu�ered Saline (PBS,
Gibco) was added to the outlet and 20µL of the smallest possible droplets were added drop by
drop with a 10 µL micropipet (Eppendorf) to the inlet following the viscous �nger patterning
technique. It is important to note that above standing steps need to be �nished per channel,
since solidi�cation of collagen might occur which would mean that a lumen cannot be created.

Figure 5: The viscous �nger patterning technique is displayed in this scheme. First, we started at step 1 2 where an
empty channel was �lled with a prepared Collagen 1 mixture. After this, the mixture came out of the outlet at step 3,
a PBS droplet was added to the outlet at step 4. Next, small PBS droplets were added to the inlet to create a channel

through the collagen using the VFPT. This image was designed by R.P.F.Maia. using Biorender.com.

2.3 Cell culture in culture 
asks

Calu-3 cells
Calu-3 cells (gift from RIVM) were cultured and maintained in a T75 cell culture 
ask (Greiner)
with 12 mL Eagle's Minimal Essential Medium (EMEM, Gibco) enriched with 10% FBS
(Gibco), 100 units/mL penicillin (Gibco), 100 µg/mL streptomycin (Gibco) and 200 mM Glu-
taMAX (Gibco) and medium was refreshed after 3 to 4 days. Incubation happened at 37°C
and with 5% CO2. After the cells had reached 85% con
uence medium was removed and cells
were washed with 8 mL PBS which was then removed to be substituted with 2 mL 0.25%
trypsin (Gibco). The trypsin was incubated less than 5 minutes until cells had come loose and
fresh medium was added to neutralise the trypsin. The suspension was centrifuged (eppendorf
Centrifuge 5810 R) at room temperature and 300g for 4 minutes and medium was removed
after which enough medium was added to create the desired concentrations. The volume of
cell suspension that was not used was put back into culture for future experiments. The total
amount of cells in 1 mL of medium was calculated using formula 1, where cells were counted
in 4 quadrants of 1 mm2 using the B•urker-T•urk counting chamber.

ncells=mL cellsuspension =
ncells=4mm 2

4
� 10000 (1)
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A549 cells
Culture of A549 cells (ECACC, lot: 14b005) was nearly the same as for the Calu-3 cells, the
di�erence was that A549 cells were cultured in a T175 cell culture 
ask (Greiner) and they
used Dulbecco's Modi�ed Eagle's Medium (DMEM, Gibco) enriched with 10% FBS (Gibco),
100 units/mL penicillin (Gibco), 100 µg/mL streptomycin (Gibco) and 200 mM GlutaMAX
(Gibco) as a culture medium. Since A549 cells grew to con
uence within 5 days instead of
more than a week for Calu-3 cells these were let to grow to 100% con
uence instead of 85%
from the Calu-3 cells.

2.4 Seeding cells in the chip

Seeding of the chip began with 
ushing the channels of the chip with the corresponding culture
medium after which cell suspension was prepared with the correct concentration (see below)
following the method in paragraphCell culture in culture 
asks. Subsequently, 5µL of cell
suspension was added to �ll the channels. 20µL drops of medium onto the inlets and outlets
prevented the cells from drying. The chip was incubated at 37°C with 5% CO2 for 24 hours to
make sure that the cells were fully adhered to the collagen structure after which the channels
were 
ushed gently with culture medium to ensure adhered cells would not become loose due
to too high 
uid pressure. Next, cell suspension at the same concentration was added, but now
the chip was 
ipped with the top-side facing downwards to ensure cells would also adhere to
the top-side of the channels. The chip was incubated again for 24 hours. The chips with Calu-3
and A549 cells were maintained for respectively three days and six days by changing medium
once a day.

2.5 Optimisation of the tubular structure from Calu-3 and A549 cells

Since Calu-3 and A549 cells di�er from each other regarding phenotype and growth rate various
cell concentrations for both cell lines were tested to see which would give the best achievable
tubular structure following the above standing seeding method. For Calu-3 cells concentrations
ranging from 1 to 1.5, 4 and 6 million cells/mL were incubated for three days in the channels .
For A549 cells concentrations of 1 to 3, 5, 7, 9, 10, 12 and 15 million cells/mL were used and
were incubated for six days.

2.6 Determining adherence time of A549 cells

To prevent cells from coming loose as a result of premature rinsing with culture medium it
should be determined how long seeded channels need to be incubated per side for the A549
cells to bond to a collagen layer. An experiment was set up where a density of 0.6 million
cells/mL was added to a collagen layer in a 96 well cell culture plate F-bottom (Greiner), as a
control A549 cells were added to three wells without a layer of collagen. Every hour attachment
of the cells was recorded to see after how much time cells would adhere.

2.7 Nanoplastic exposure to A549 cells

2.7.1 Preparation of nanoplastics

Carboxyl-modi�ed Dragon green NPs were ordered from Bangs Laboratories in the sizes 50±
10 nm and 100± 10 nm, these bottles were placed in an ultrasonic bath for 1 minute before
being diluted with culture medium for the A549 cells such that we ended up with the following
concentrations CNP : 10, 100 and 1000µg/mL. The density of polystyrene averages at 1.005
g/cm3 and following formulas were used to determine the quantity of NPs per mL.

VNP =
4
3

� � � r 3
NP (2)

mNP = � polystyrene � VNP (3)
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particles=mL =
CNP

mNP
(4)

2.7.2 Cell seeding, addition of nanoplastics and staining of cells

Chip
A549 cells were cultured in duplo in the channels with a concentration of 10 million cells/mL for
six days till 'islands' of cells appeared. Subsequently, the 30 channels were washed and the NPs
solutions were placed in a glass tube in an ultrasonic bath for 1 minute and were added to �ll
the channels to be incubated for 24 hours at 37°C with 5% CO2. Table 1 presents the layout and
stains that were used for the chips and well plate. Two types of control were used, the positive
control contained cells with 20 ng/mL TNF-a, (Thermo Fisher scienti�c) in culture medium
and was incubated for 30 minutes at 37°C with 5% CO2. The negative control contained cul-
ture medium only. After incubation of NPs channels were washed three times with PBS. Next,
to determine the viability of the cells after coming in contact with the NPs half of the chips
were stained with the live/dead assay: ethidium homodimer-1 and calcein-AM (Thermo Fisher
scienti�c) which were incubated at 37°C with 5% CO2 for 30 minutes. Subsequently, since
cells were not �xed nuclei were stained using Hoechst solution (Thermo Fisher scienti�c) for
20 minutes at room temperature. These three stains gave us an indication of the number of
cells that were still alive which was expressed in the viability of the cells per condition. The
other half of the chips were stained with DID (Thermo Fisher scienti�c) 1:200 in PBS to stain
the cell membranes for 20 minutes. After, cells were �xed with 4% Paraformaldehyde (PFA,
Sigma) and incubated for 45 minutes under the 
ow hood. Cells were washed afterwards with
PBS containing 0.25% Triton X-100 (Sigma) and incubated for 10 minutes. Furthermore cells
were washed three times with PBS and blocking solution (BSA, Sigma) was incubated in the
channels for 20 minutes at room temperature. Afterwards, the ZO-1 proteins were incubated
with mouse anti-ZO-1 (Thermo Fisher scienti�c) which was added in a 1:200 ratio with BSA
and incubated overnight at 4°C. Cells were washed three times using PBS and Goat-anti-mouse-
Alexa549 (Thermo Fisher scienti�c) was added in the same 1:200 ratio in BSA and incubated
for one hour at room temperature under protected from any light source. Next, cells were
washed three times with PBS and since the cells were �xed this time, nuclei were stained using
4',6-diamidino-2-fenylindool (DAPI, Thermo Fisher scienti�c) in a ratio of 1:100 in BSA and
incubated at room temperature for 5 minutes still protected from any light source. Channels
and wells were analysed using confocal laser microscopy (Zeis 880) with excitation lasers of 405
(DAPI), 488 (NPs), 561 (ZO-1) and 633 (DID) nm. Detector ranges were respectively 410-520,
493-587, 585-650, 654-710 nm. The natural excitation and emission spectra of each stain can
be seen in �gure 25. The outline of the nanoplastic experiment is shown in �gure 6.

96 Well plate
As a 2D control cells were also seeded in a 96 well plate for three days to ensure a monolayer
was created. Afterwards, the same protocol was used here as explained in paragraph Chip.
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Table 1: Layout of the nanoplastic densities 10, 100 and 1000µg/mL in the sizes of 50 and 100 nm. This duplo
experiment was stained with a live/dead assay of ethidium homodimer-1 and calcein-AM, nucleus staining with

Hoechst (only for non �xed cells) and DAPI (only for �xed cells). Staining of the cell membrane was done with DID
and ZO-1 proteins were stained for the tight junction staining.

Figure 6: Overview of the nanoplastic experiment. First polydopamine was added to the channels following with
Collagen 1 suspension to prepare the lumens using VFPT. Subsequently, channels were washed with culture medium

(not shown) and cell suspension with 10 million A549 cells/mL was added inside the channels and in the well plate (see
colour coding from table 1). After six days of incubation nanoplastics were added and incubated for 24 hours which

was followed with the live/dead assay and following stains: Hoechst, DID, ZO-1 and DAPI. At last, cells were imaged
using confocal microscopy. This image was made using Biorender.com.

13



3 Results

This section provides the obtained data from the seeding densities of Calu-3 and A549 cells
in channels which were used to try to acquire a tubular cell structure. Also, the time period
in which A549 cells attach to the collagen will be analysed. At last, the nanoplastic exposure
experiments will be fully analysed to understand what happened with the viability of the cells
and the translocation the nanoplastics. All data were acquired using the EVOS transmission
microscope (Thermo Fisher scienti�c) and confocal laser microscopy (Zeiss 880).

3.1 Optimisation of the tubular cell structure

To determine which cell type would give the best results in becoming an alveolar epithelial
tubular structure in the channels, we seeded both cell types in the channels on the top- and
bottom-sides of the channels and let the Calu-3 cells grow for three days and the A549 cells for
six days. The idea was that the cells would grow from the top- and bottom-side to the sides
to create a tubular structure. Calu-3 cells at a concentration of 6 million cells/mL (�gure 7)
created twice as fast a structure on the bottom-side compared to every used concentration of
A549 cells. Furthermore, Calu-3 cells grew slowly in the culture 
ask and in the channels, since
they took about 10 days to grow con
uent in the 
ask. Cells grew slowly in the channels and
in particular cells with the concentration of 1.5 million cells/mL, see �gure 20 and 21 took 14
days to form a structure on the bottom of the channel at transmission microscopic images. If
the structure contained cells which had formed a tight junctioned barrier has not been veri�ed
using stains under the confocal laser microscope. Overall, it seemed that Calu-3 cells liked to
grow with more cells together instead of alone, since we only saw patches of cells in the culture

ask and no lonely cells. If we look back at the channels, the Calu-3 cells created patches that
eventually formed islands in three days. However, the cells on the top-side of the channels did
not seemed to realise a layer, as few cells seemed to attach to the top-side of the channels, see
�gure 8a for the bottom-side of the channel and �gure 8b for the top-side of the channel.

Figure 7: Top view of a channel with 6 million cells/mL Calu-3 cells after 3 days of culture which creates a structure
at the bottom-side of the channel after three days of incubation. This structure is non continuous since islands of cells

spread through the channels. This picture was made with the EVOS transmission microscope (Thermo Fisher
scienti�c).
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