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Abstract: Current in vitro models have significant limitations for new respiratory disease research
and rapid drug repurposing. Lung on a chip (LOAC) technology offers a potential solution to
these problems. However, these devices typically are fabricated from polydimethylsiloxane (PDMS),
which has small hydrophobic molecule absorption, which hinders the application of this technology
in drug repurposing for respiratory diseases. Off-stoichiometry thiol–ene (OSTE) is a promising
alternative material class to PDMS. Therefore, this study aimed to test OSTE as an alternative
material for LOAC prototype development and compare it to PDMS. We tested OSTE material
for light transmission, small molecule absorption, inhibition of enzymatic reactions, membrane
particle, and fluorescent dye absorption. Next, we microfabricated LOAC devices from PDMS and
OSTE, functionalized with human umbilical vein endothelial cell (HUVEC) and A549 cell lines, and
analyzed them with immunofluorescence. We demonstrated that compared to PDMS, OSTE has
similar absorption of membrane particles and effect on enzymatic reactions, significantly lower small
molecule absorption, and lower light transmission. Consequently, the immunofluorescence of OSTE
LOAC was significantly impaired by OSTE optical properties. In conclusion, OSTE is a promising
material for LOAC, but optical issues should be addressed in future LOAC prototypes to benefit
from the material properties.

Keywords: lung on a chip; organ on a chip; off-stoichiometry thiol–ene; PDMS

1. Introduction

There is currently evidence that the likelihood of pandemics will increase in the future
because of increased global travel and integration, urbanization, changes in land use,
and greater exploitation of the natural environment [1,2]. Respiratory diseases such as
influenza, coronavirus, enterovirus, and other contagious respiratory pathogens are the
main risks for potential pandemics [3]. In December 2019, pneumonia of an unknown
etiology was confirmed in Wuhan, in the Chinese province of Hubei. The causal agent
was soon identified as coronavirus, and the International Committee on Taxonomy of
Viruses named the virus severe acute respiratory syndrome coronavirus (SARS-CoV-2).
The World Health Organization (WHO) named the disease ‘2019-new coronavirus disease’
(COVID-19) and declared that COVID-19 was a fast-developing pandemic [1]. Globally,
as of 9:36 am Central European Time (CET), 21 March 2021, there have been 122,271,944
confirmed cases of COVID-19, including 2,700,669 deaths, reported to WHO [4]. Currently,
there are 5101 trials ongoing [5] for diagnostics, treatment, or prevention of COVID-19.

One of the most rapid ways to fight new pandemics is to repurpose existing drugs
in the market. At the same time, it is also equally essential to increase the speed of
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new treatment development for different infectious respiratory diseases, including other
coronaviruses, influenza, and enteroviruses. For this, in vitro models suitable for drug
testing and recapitulating the behavior of different respiratory pathogens in the lungs are
required. Currently, respiratory pathogens and drug efficacy in vitro are studied mainly
by established cell lines, primary tissue-derived human cells, ex vivo human lung tissue
cultures, and human lung organoids. However, all these in vitro models have significant
limitations. For example, established cell lines often lack endogenous proteases necessary
for viral propagation, and they lack highly differentiated tissue structures and functions
seen in lungs, such as mucin layer formation [6]. Ex vivo cultures do not lack these
characteristics; however, they have a limited cultivation time (usually just a few days), and
they have limited reproducibility since they come from operation material [7]. Human
lung organoids provide more differentiated tissue structures than cell cultures and longer
incubation times than ex vivo tissue cultures. However, they lack air–liquid interface (ALI)
and other physiologically relevant features of lungs, such as mucus layer formation and
cocultivation of epithelium and endothelium cells.

Simultaneously, all these in vitro models are carried out under static conditions that
poorly predict human responses to tested drugs’ pharmacokinetics [6,7]. Human lung on a
chip (LOAC) technology offers a potential solution to these problems in an improved lung
model system. The majority of LOAC devices consist of two microchannels separated by a
porous membrane that allows cultivating lung epithelial cells on one side of the membrane
and endothelial cells on the other, therefore mimicking epithelial–endothelial interface and
air–liquid interface (ALI) of the human lung. Currently, there are multiple examples of
LOAC devices that recapitulate human lung physiology and pathophysiology [8–11] better
than static culture plates. As such, LOAC is a subset of lab-on-chip technology that deals
with cell culturing on chips. Subsequently, it is no surprise that the majority of LOAC
models are produced by using PDMS owing to the relatively cheap and simple fabrication
process [12–14], gas permeability that simplifies device use in culture chambers [15,16],
high transparency of material [17,18], and now an extensive database of multiple organ
and organ system models published aiding with cell culture protocol development [19–23].
Furthermore, these LOAC devices’ membranes can also be made from PDMS, thus allowing
a simplified device bonding strategy [24].

However, PDMS has several inherent issues limiting its application in LOAC develop-
ment for drug development or repurposing of drugs. Of particular concern is the small,
fat-soluble molecule absorption in PDMS [25,26]. One option to counter this is functional-
izing the PDMS inner channels. Parylene [27], sol–gel-based silica nanoparticles [28], and
Cellbinder [25] have been reported as promising coatings to reduce PDMS absorption of
small, fat-soluble molecules. An alternative route to PDMS coating is elaborate modeling of
the organ chip’s molecule diffusion, but this is especially computationally expensive when
more than one organ model is connected [29]. Furthermore, the PDMS gas permeability is
often seen as a negative feature of the material as it impedes the use of chips in normal cul-
ture chambers with altered gas contents, such as oxygen, to mimic hypoxia. Subsequently,
it can be complex to reach physiologically relevant conditions in chips [30].

Off-stoichiometry thiol–ene (OSTE) is a promising alternative material class to PDMS,
which was developed as an alternative to PDMS in the field of lab-on-chip. The use of
Ultraviolet (UV)-curable off-stoichiometry thiol–enes offers multiple essential features due
to the excess of thiol or epoxy groups during the curing stages. This article focuses on
the OSTE materials developed by KTH (KTH Royal Institute of Technology, Stockholm,
Sweden) and commercialized by Mercene Labs (Stockholm, Sweden), yet it is an active and
exciting material class [31,32]. The required dual curing of the material (UV followed by
thermal) allows retaining the ease of fabrication seen in PDMS devices without compromis-
ing resolution [33]. Excess of thiol groups on the surface allows for easy modification of the
OSTE surfaces either after UV polymerization or after thermal curing steps via the thiol and
hydroxy chemistries, respectively [34,35]. After thermal polymerization, OSTE becomes
hard and obtains its final material properties. Of importance is the significantly lower
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gas permeability of OSTE; in comparison to PDMS, it is <10% of the water vapor value
for the flexible OSTE material [36]. This can be especially useful in replicating hypoxic
conditions in various organ-on-a-chip (OOC) devices, as PDMS chips suffer from oxygen
ingress [15,30]. Finally, it previously has been shown that OSTE does not suffer from
small molecule diffusion in the bulk of the material as PDMS does [26,36,37]. However, no
LOAC devices from OSTE have been shown in the literature to the best of our knowledge.
Therefore, this study aimed to test OSTE as an alternative material for LOAC prototype
development, which could be applied in drug testing and repurposing for contagious
respiratory diseases in the future. We demonstrated that OSTE has significantly less small
molecule and fluorescent dye absorption than PDMS, as expected, while it has similar
properties of membrane particle absorption and inhibitory effect on enzymatic reactions
but lower light transmission than PDMS. We developed a simple LOAC microfluidic device
from both OSTE and PDMS and compared functionalization with cell cultures based on
immunofluorescence. Image analysis by confocal microscopy was significantly impaired
due to the lower light transmission of OSTE, which affected the further development of
LOAC from OSTE. In conclusion, LOAC from OSTE prototype optical properties should be
addressed to make it applicable in researching respiratory diseases and drug development
and repurposing in the future.

2. Materials and Methods
2.1. PDMS and OSTE Test Piece Fabrication for Optical and Biocompatibility Property Evaluation

To directly evaluate and compare PDMS and OSTE material properties in enzymatic
reactions, such as complementary DNA (cDNA) synthesis and Polymerase chain reaction
(PCR), we fabricated ~1 mm thick round test pieces with 14 mm diameter. These test pieces
were die-cut from large sheets of material using a manual die-cutter. PDMS sheet was
fabricated by casting PDMS (Sylgard 184, Dow Corning, 1:10 crosslinker/base ratio, w/w)
onto a glass plate with laser-cut cast acrylic sidewalls, degassing for 30 min in −800 mbar
pressure, and curing at 85 ◦C in a convection oven (Shanghai Yuanhuai Industrial CO
DZF-6020, Shanghai, China). After curing, the outer 2 mm of the material (i.e., closest to
the mold’s acrylic sidewalls) was discarded to eliminate any PDMS material that could
have been contaminated with acrylic leachates. OSTE sheets were fabricated by pouring
OSTE 322 (Mercene Labs, mixed as per instructions on the bottle, 1.09:1 Part A/Part B,
w/w) onto polystyrene Petri dishes with bottom surface roughness (Ra) of around 20 nm,
degassing for 30 min in –800 mbar pressure, and UV curing for 5 min with a UV intensity
(i-line) of 6.8 mW/cm2. Finally, OSTE samples were cured on a hot plate at 60 ◦C overnight
between two Polytetrafluoroethylene (PTFE) sheets to ensure OSTE did not stick to the hot
plate surface.

2.2. PDMS and OSTE Comparison of Light Transmission

PDMS and OSTE sample optical properties were measured using a spectrophotometer
(Cary7000, Agilent Technologies, Santa Clara, CA, USA) on previously described pieces.
The spectra were measured in transmission mode for three samples from each material
and averaged between 300 and 800 nm wavelengths with a 600 nm/min scan rate, an
interval of 2 nm, and no light polarization. Measurements were performed twice for each
sample. The sample transmission plots were obtained by integrating the total area under
the curve and normalizing it to a soda-lime glass (Kyocera, Osaka, Japan) sample. Statistical
significance was calculated by Mann–Whitney test.

2.3. PDMS and OSTE Comparison of Rhodamine Absorption

For evaluating the material absorption of small molecules, three pieces from each
material were immersed in 100 µM rhodamine B solution, made by dissolving rhodamine
B powder (Sigma-Aldrich, St. Louis, MO, USA) in de-ionized (DI) water for 24 h at a
temperature of 20 ◦C. After immersion, samples were thoroughly rinsed with DI water
before measuring transmission spectra. Measurements were performed twice. Sample
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absorption was evaluated as the integrated area of the trough between 450 and 600 nm.
Area integration was done via Origin 9.0 software with a baseline fit to the curve to
determine the trough. A soda-lime glass sample was used as a reference, which had no
change in transmission spectra post rhodamine B immersion. The area under the curve
results were normalized to the PDMS sample. Statistical significance was calculated by
Mann–Whitney test.

2.4. PDMS and OSTE Polymer Effect on RNA Isolation, cDNA Synthesis, and Quantitative
Reverse Transcription (qRT)-PCR Reaction

PDMS and OSTE round pieces were washed with 70% ethanol overnight, air dried,
and washed with sterile 1× PBS overnight. Washed pieces were cultivated with 1 mL
DMEM (41966-052, Thermo Fisher, Waltham, MA, USA) supplemented with 10% FBS
(F7524-500 ML, Sigma-Aldrich) and 50 µL/mL Primocin (ant-pm-2, InvivoGen, San Diego,
CA, USA) for 48 h in a humidified incubator at +37 ◦C, 5% CO2 to mimic cell culturing
environment. After 48 h, 700 µL Qiazol from miRNeasy Micro Kit (217084, Qiagen, Hilden,
Germany) was directly added in wells with polymers, representing cell lysing. Wells
without polymers were used as controls. Experiments were performed in duplicates. One
microliter (1 × 109 copies/µL) of synthetic spike-in UniSp6 from miRCURY LNA RT Kit
(339340, Qiagen) was added to the lysate to monitor polymer effect on RNA isolation,
cDNA synthesis, and PCR reaction since it should be similar to the control sample. cDNA
was synthesized by miRCURY LNA RT Kit, and qRT-PCR was performed by miRCURY
LNA SYBR Green PCR Kits (339346, Qiagen) and UniSp6 primer assay (339306, Qiagen)
by applying ViiA 7 Real-Time PCR System (Thermo Fisher). Reactions were performed
in technical duplicates on each biological duplicate. Ct values were compared between
samples, and the p-value was calculated by the Mann–Whitney test.

2.5. PDMS and OSTE Single-Channel Device Preparation

To test biological entities and in immunofluorescence applied dye absorption, PDMS
and OSTE single-channel devices were microfabricated. PDMS devices were fabricated by
casting PDMS (Sylgard 184, Dow Corning, Midland, MI, USA, 1:10 crosslinker/base ratio,
w/w) onto custom machined aluminum molds and degassing around 30 min in −800 mbar
pressure. The channel height was 180 µm, and channel width was 1 mm with surface
roughness (Ra) of around 30 nm parallel and orthogonal to the channels. After curing,
devices were peeled out from the molds, and inlets were punched using a biopsy puncher.
To bond the devices, PDMS and a clean soda-lime glass slide were placed in UV-Ozone
cleaner (Novascan PSDP-UV8T, Boone, IA, USA) for 5 min; after ozone exposure, PDMS
and glass were immediately brought into contact and cured overnight on a 65 ◦C hot plate
with pressure on the stack of around 2 kPa.

OSTE devices were fabricated using OSTE 322 (Mercene Labs, Stockholm, Sweden),
which was mixed according to the instructions (Part A to Part B 1.09:1 (w/w)) and degassed
for 30 min at 800 mbar pressure shortly before casting onto the aluminum molds also
used for PDMS device fabrication. OSTE was cured for 4 min with a UV intensity (i-line)
of 6.8 mW/cm2. After curing, devices were peeled out from the molds, and inlets were
punched using a revolving hole punch. Finally, the OSTE slabs were brought into contact
with a clean soda-lime glass slide, and the whole assembly was cured on a 100 ◦C hot plate
overnight with a pressure of around 8 kPa on the whole stack.

2.6. Membrane Particle Absorption of PDMS and OSTE

Extracellular vesicles (EVs) isolated from cell cultures were used to evaluate material
properties on membrane particle absorption and mimic virus particles. EVs were isolated
and characterized from ASC52-telo (SCRC-4000, ATCC, Manassas, VA, USA) cell culture
similarly to previously described protocols [38,39]. Single-channel devices were washed
with 70% ethanol overnight, dried, and washed with sterile 1× PBS overnight. Then,
20 µL of 1.02 × 108 EVs/mL in 0.02 µm filtered 1× PBS were injected into channels and
incubated for 1 h at +37 ◦C. After incubation, EV solutions from channels were collected and
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measured by nanoparticle tracking analysis (NTA) with an NS 300 instrument (Malvern,
Philadelphia, PA, USA) equipped with green (532 nm) laser and scientific Complementary
metal–oxide–semiconductor (sCMOS) camera and compared with input sample. Here,
0.02 µm filtered 1× PBS was used as a negative control. Measurements were performed
on five 30 s videos that were recorded using camera level 12. The data were analyzed
using NTA software v3.0 with the detection threshold 8 and screen gain at 5. Experiments
were performed in biological duplicates and measured in technical duplicates. p-value was
calculated by the Mann–Whitney test.

2.7. CellVue Absorption of PDMS and OSTE Materials

CellVue (MINCLARET-1KT, Sigma-Aldrich) was selected for dye absorption tests
since it is a small fluorescent molecule often used in cell culture experiments to label cell
membranes. Channels were washed with 20 µL Diluent C and incubated with 2 × 10−6 M
CellVue dye in Diluent C according to the manufacturer’s protocol applied for cell mem-
brane labeling and incubated for 1 h at +37 ◦C. Sterile 1× PBS was used as a control. Next,
channels were washed 3 times with sterile 1× PBS and analyzed using a confocal laser
scanning microscope (TCS SP8, Leica, Germany) with 633 nm excitation laser (helium-neon,
Thorlabs Inc, Newton, NJ, USA). Image processing was done by ImageJ bundled with 64-bit
Java 1.8.0_172 and used to quantify CellVue absorption. Normalized total fluorescence
of CellVue was calculated by integrated density – (selected area × mean fluorescence of
background), where integrated density summarizes all pixels in a selected area. Experi-
ments were performed in biological duplicates, and all measurements were performed in
technical duplicates. Statistical significance was calculated by Mann–Whitney test.

2.8. LOAC Device Microfabrication from PDMS and OSTE Polymers

PDMS devices were fabricated by casting PDMS (Sylgard 184, Dow Corning, 1:10
crosslinker/base ratio, w/w) onto custom machined aluminum molds and degassing of
around 30 min in −800 mbar pressure. The top and bottom channels had a channel height
of 200 µm; the top channel width was 1.2 mm, whereas the bottom channel width was
1.0 mm to account for alignment tolerances. Aluminum molds had a surface roughness
(Ra) of around 50 nm parallel and orthogonal to the channels. PDMS was cured for 2 h at
85 ◦C in a convection oven. Fluid outlets were then cut using a 1.25 mm biopsy puncher.

PDMS channels were bonded to a track-etched polycarbonate (PC) membrane (it4ip
S.A., Louvain-La-Neuve, Belgium) with a nominal pore size of 3 µm and density of
1.6 × 106/cm2. Track-etched membranes were chosen due to their uniform pore distribu-
tion and highly controlled porosity. PC was the material of choice due to better bonding
performance with OSTE materials, where generally polyethylene terephthalate (PET) is
used as a release liner material. The bonding protocol consisted of a modified amine-epoxy
protocol based on the previously described method [40]. PDMS surfaces were modified by
immersion in 1% aqueous GLYMO (2530-83-8, Sigma-Aldrich) solution for 20 min after a
5 min oxygen plasma treatment step in a plasma asher (PVA TePla AG GIGAbatch 360M,
Wettenberg, Germany); similarly, PC membranes were modified with 1% aqueous APTES
(919-30-2, Sigma-Aldrich) solution for 20 min after a 1 min oxygen plasma treatment step.
After surface modification, all three parts were blow-dried with nitrogen and immediately
brought into contact using a custom jig. Further, the PDMS-PC-PDMS stack was cured
overnight on a 65 ◦C hot plate with pressure on the stack of around 2 kPa as visualized
in Figure 1a.

OSTE devices were fabricated using OSTE 322 (Mercene Labs), which was mixed
according to the instructions (Part A to Part B 1.09:1 (w/w)) and degassed for 30 min at
−800 mbar pressure shortly before casting onto the aluminum molds with a similar surface
finish to PDMS devices. Top and bottom channels were made from the same aluminum
molds with a channel height of around 180 µm and a width of 1.0 mm. The differences
from PDMS molds stem from the tolerances in the computer numerical control (CNC)
milling process. OSTE was filled into the mold cavity using a custom setup and cured for
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4 min with a UV intensity (i-line) of 6.8 mW/cm2. After the UV curing step, the bottom
pieces were pressed together with the same PC membrane and cured at 60 ◦C for 1 h on a
hot plate with around 8 kPa pressure on the stack. The top piece was fabricated with the
same parameters. After the UV curing step, inlets were punched using a revolving hole
punch. The top piece was then brought into contact with the PC membrane, and the whole
assembly was cured on a 60 ◦C hot plate overnight with a pressure of around 8 kPa on the
whole stack, as visualized in Figure 1b. After bonding, devices were placed in a plasma
asher (PVA TePla AG GIGAbatch 360M, Wettenberg, Germany) for 5 min to activate the PC
membrane and OSTE surfaces.
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2.9. LOAC Device Preparation and Cell Cultivation

Before cell seeding, both PDMS and OSTE LOAC devices were washed in 70%
ethanol overnight, dried, and washed in sterile 1× PBS overnight. Upper and lower
channels were coated by 0.5 mg/mL collagen IV from human placenta (C5533-5MG, Sigma-
Aldrich), diluted in sterile 1× PBS, and incubated overnight in cell incubator at +37 ◦C
and 5% CO2. On the following day, 2E7 HUVEC-2 cells/mL (354151, Corning, NY, USA)
were seeded in the bottom channel, and the device was inverted and left overnight in
DMEM/F12 (31330095, Thermo Fisher) supplied with 1× LVES (A1460801, Thermo Fisher)
and 50 µg/mL Primocin (ant-pm-2, InvivoGen) at +37 ◦C and 5% CO2 in static conditions
for cell attachment. The next day, the LOAC device was inverted back, and A549 (CCL-185,
ATCC, Manassas, VA, USA) cells were plated at a concentration of 3.5 × 106 cells/mL
in DMEM/F12 (31330095, Thermo Fisher) with 10% FBS (F7524-500ML, Sigma-Aldrich)
and 50 µg/mL Primocin (ant-pm-2, InvivoGen) and left overnight for cells to attach at
+37 ◦C and 5% CO2 in static conditions. Next, LOAC devices were connected to a syringe
pump (ISPLab02, Baoding Shenchen Precision Pump Co. Ltd., Baoding, China), and top
and bottom channels were perfused with their respective media at 2 µL/min per channel
in the withdraw (vacuum) setting. Channel-specific media were preconditioned in the
incubator for 1 h at +37 ◦C and 5% CO2 and stored inside the incubator during LOAC
incubation. Media was changed every 48 h. After seven days, LOAC was analyzed by
immunofluorescence and confocal microscopy to compare cell co-culture growing on both
LOAC devices.

2.10. Immunofluorescence

Before immunofluorescence, primary antibodies were conjugated with either FITC
Conjugation Kit (Fast) Lightning-Link (ab188285, Abcam, Cambridge, UK) or with
Lightning-Link APC Antibody Labeling Kit (705-0030, Novus Biologicals, Littleton, CO,
USA). Cells cultured in LOAC devices were washed by perfusing 1 mL of sterile 1× PBS;
the membrane was labeled with CellVue Claret Far Red Fluorescent Cell Linker Mini
Kit (MINCLARET, Sigma-Aldrich) by washing once with Diluent C, incubating with
2 × 10−6 M CellVue dye in Diluent C for 5 min, blocking the staining with 1% BSA (A7906,
Sigma-Aldrich), and washing with 1 mL sterile 1× PBS. Cells were fixed with filtered
4% paraformaldehyde (P6148-500G, Sigma-Aldrich) solution in sterile 1× PBS for 30 min,
washed with 1 mL sterile 1× PBS, and permeabilized with 0.5% Triton X-100 (93443, Sigma-
Aldrich) for 5 min. Then, cells were blocked with 5% BSA (A7906, Sigma-Aldrich) for 2 h
and washed with 1 mL sterile 1× PBS. Cells were then stained overnight at +4 C with
FITC conjugated Anti-ZO1 tight junction protein antibody (ab216880, Abcam) diluted
1:100, FITC conjugated Anti-Mucin 5AC antibody (ab3649, Abcam) diluted 1:100, and
APC conjugated Anti-CD31 antibody (ab9498, Abcam) diluted 1:500. After Ab incubation,
channels were washed with 1 mL sterile 1× PBS, counterstained for 5 min with DAPI
(D9542, Sigma-Aldrich), and washed with 1 mL PBS.

DAPI-stained channels of PDMS and OSTE chips were captured with EVOS M5000
imaging system (AMF5000, Invitrogen, Carlsbad, CA, USA). Channels were captured with
transmitted light and EVOS Light Cube, DAPI 2.0 (AMEP4950, Invitrogen) using EVOS
10× Objective (AMEP4981, Invitrogen). Transmitted light and DAPI images were combined
using EVOS M5000 built-in software to reflect cell distribution on the chip membrane.

2.11. Confocal Microscopy and Image Processing

Chips were imaged using a confocal laser scanning microscope (TCS SP8, Leica, Ger-
many). Confocal Z-stacks were scanned using 10×/NA 0.30 objective (Leica, Germany).
DAPI was imaged using a 405 nm excitation laser (diode), and FITC was imaged using a
488 nm excitation laser (argon). Cell Vue and APC were imaged using a 633 nm excitation
laser (helium–neon). PDMS LOAC Z-stacks were scanned over a 150 µm range at 3 µm
intervals to cover both HUVEC and A549 cell layers. OSTE LOAC images were captured
at a single position on Z-axis. Images and Z-stack maximum projections were then pro-
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cessed using Leica Application Suite X software (Version 3.7.4.23463, Leica Microsystems,
Germany). Three-dimensional Z-stack reconstruction was performed using LAS X 3-D
Viewer (Leica Microsystems, Germany).

3. Results
3.1. Comparison of OSTE and PDMS Characteristics Crucial for LOAC Development

Crucial aspects of the LOAC and OOC overall in drug repurposing and development
are cell monitoring by fluorescent or confocal microscopy, florescent dye, absorption of
small molecules and larger entities, and effect on enzymatic reactions, which are usually
applied in downstream analysis. PDMS and OSTE pieces were compared in terms of their
relative light transmission across the 300–800 nm range, covering excitation and emission
peaks for commonly used fluorescent dyes [41]. From Figure 2a, it can be seen that PDMS
has almost the same light transmission as glass in the selected range. Normalized light
transmission of glass is 100% standard error of the mean (SEM) ± 1.21% (the glass was used
as reference), while PDMS has 96.62% SEM ± 1.01%, which has been long seen as one of
the advantages of PDMS in optically sensitive applications [17,18]. In comparison to PDMS,
OSTE has lower normalized light transmission—78.67% SEM ±1.65%. It has already been
reported that OSTE 322 material seems to suffer from strong light scattering [32]. This
likely explains the reduced transmission of the material across the whole investigated
wavelength (300–800 nm) range seen in Figure 2b.

Small drug absorption by materials, which is crucial for drug studies, has [42] been
characterized by rhodamine B absorption of PDMS and OSTE polymer pieces. Figure 2c
shows normalized rhodamine B absorption that demonstrates that OSTE has significantly
reduced small molecule absorption compared to PDMS, while glass has 0 absorptions
compared to PDMS, which was used as reference (normalized rhodamine B absorption of
glass 0%, SEM ±0%; PDMS 100%, SEM ±1%; OSTE 13.31%, SEM ±0.13%). These results
confirm previously published results and suggest that OSTE is much better suited for
LOAC microfabrication for drug testing purposes [43].

Next, given that there is a significant emphasis on cell analysis with PCR and se-
quencing in the OOC field, it is of high importance to evaluate if the materials utilized in
LOAC devices would not affect any downstream enzymatic analysis methods. To evaluate
this, PDMS and OSTE pieces were cultivated in cell culture media in the incubator to
mimic cell culturing conditions and directly lysed with Qiazol to evaluate any leakage of
material in the buffer during lysing that could hamper typical downstream cell analysis
processes such as PCR. An equal amount of spike-in in PDMS, OSTE, and control lysates
was added to quantify inhibition on qRT-PCR. Figure 2d shows qRT-PCR cycle threshold
values for sample materials. Significant differences in cycle threshold values would show
any leachates inhibiting the RNA isolation, cDNA synthesis, or qRT-PCR. However, there
was no significant difference in spike-in amplification between control and PDMS samples,
which is in line with previously published results [44]. At the same time, there were no
significant differences between OSTE, PDMS, and control sample also, which suggests that
OSTE is at least as good as PDMS for cell downstream analysis purposes.

To test PDMS and OSTE absorption of larger biological entities, we used single-
channel PDMS and OSTE devices. Absorption of larger entities such as virus particles is
crucial for research of respiratory disease by LOAC. We used extracellular vesicles (EVs) to
mimic virus particles since they share some similarities with retroviruses, such as size and
composition, and EVs often play significant roles in virus infection [45].

Figure 2e represents a number of particles in the input sample representing control
and output sample from PDMS and OSTE channels measured by NTA. There was a slight
increase in particle amount in both PDMS and OSTE samples compared to the control
sample, 1.2 × 108, standard deviation (SD) ± 8 × 106; 1.15 × 108, SD ± 1 × 107; and
1 × 108, SD ± 2 × 106 particles per mL, respectively. However, these differences were not
statistically significant, suggesting that both materials are suitable for research on larger
biological entities such as EVs and viruses.
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As a final test, we performed a fluorescent dye CellVue absorption test in single-
channel devices by confocal microscopy (see Figure 2f,g). CellVue is often used in cell
membrane staining for cell, EV, and virus interaction research critical in LOC for respiratory
disease research. Figure 2h demonstrates that OSTE absorbs 6.63 times less CellVue dye
than PDMS (normalized total CellVue fluorescence of PMDS is 2358.63 SEM ± 7.94, while
OSTE had 355.33 SEM ± 4.45), suggesting that OSTE likely has less background noise for
membrane labeling than PDMS or that this is an artifact from differences in light scattering
since laser settings were the same.
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(h) Quantitative comparison of CellVue absorption between PDMS and OSTE single channel devices. White scale bars
represent 300 µm. Bars represent mean value, and whiskers represent standard error in (a,b,c,h) and standard deviation
in (d,e). * represents p value below 0.05. A.u. stands for arbitrary numbers. Data analysis and preparation of graphs were
performed with GraphPad Prism 8.4.3.

3.2. Engineering and Cell Culturing on OSTE vs. PDMS LOAC Devices

The LOAC devices presented herein consist of two microfluidic chambers separated
by a porous membrane. Before biology experiments, device fabrication and bonding
parameters were thoroughly optimized. It was found that devices cured with a high-
intensity UV light (such as mask aligner, with the intensity of 20–50 mW/cm2) tend to yield
poorer bonding performance in the form of unbonded areas despite slight under-curing
of OSTE. This likely can be attributed to triggering OSTE thermal curing step; therefore,
all devices were fabricated utilizing a non-collimated UV-LED light source [35]. After the
bonding process, devices were placed in a plasma asher to activate the surface before ECM
coating steps and reduce the contact angle of OSTE and PC [46].
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To evaluate the devices’ bonding performance, top and bottom channels were con-
nected to a pressure system, and DI water was passed through the device at 1 mL/min in
each of the channels. During the pressure testing, the device was carefully examined for
leaking. The flow rate was chosen to be around two orders of magnitude higher than the
operating flow rate serving as a safety factor.

Next, we compared LOACs microfabricated from OSTE and PDMS (see Figure 3a,b)
for HUVEC (human umbilical vascular endothelial cells) and A549 (human lung carci-
noma) cell coculturing on each side of the membrane by using the simple LOAC culturing
protocol described in methods. PDMS, OSTE, and PC materials are already proven in
numerous articles to be compatible with different cells growing on them [8,9,11,32,47–52];
therefore, we aimed to compare standard LOAC functionalization and application in im-
munofluorescence since there is a difference in light transmission and fluorescent dye
absorption between polymers. HUVEC cells were used to represent endothelial cells on
the bottom channel, while A549 cells were used as representative of lung epithelium on
the top channel. Cells were cultured seven days on both devices without any leakage
or bubble problem thanks to an in-house developed LOAC cultivation jig with shut-off
valves for each channel at both entry and exit of the fluid paths (see Figure 3c). While
the cell monolayer was monitored in the PDMS device, it was impossible to evaluate cell
confluence of cells in the OSTE device with the EVOS M5000 Imaging System, probably
due to decreased light transmission (see Figure 3d,e).
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Figure 3. (a) Images of the PDMS LOAC device; white scale bar represents 25 mm. (b) Image of the OSTE LOAC device;
white scale bar represents 25 mm. (c) Schematic diagram of the device cultivation system. (d) A549 cell monolayer on PDMS
LOAC membrane after fixation labeled with DAPI on EVOS M5000 Imaging System (a combined image of transmitted
and DAPI channels). (e) A549 cell monolayer on OSTE LOAC membrane after fixation labeled with DAPI on EVOS M5000
Imaging System (a combined image of transmitted and DAPI channels). Blue color represents DAPI-stained cell nucleus;
white scale bar represents 300 µm.

Further, we compared HUVEC and A549 cells between PDMS and OSTE LOACs by
confocal microscopy (Figure 4). Cell nuclei were stained by DAPI, while CD31 (platelet
endothelial cell adhesion molecule) antibody stained with APC was used as an endothelial
cell-specific marker and antibody against tight junction marker ZO1 (Zonula occludens-1)
stained with FITC was used as functional HUVEC monolayer marker. Results confirmed
that HUVEC cells were growing in a monolayer on PDMS LOAC as expected based on
CD31 and ZO1 markers. FITC-stained MUC5A antibody was used as a marker for lung
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epithelial cells since A549 cells produce this protein [53] that is human airway specific [54].
Based on Figure 4, results confirm that A549 also produces a monolayer on PC membrane in
PDMS LOAC. CellVue was used as membrane dye for A549 cells and compared the CellVue
background between PDMS and OSTE LOACs since there was a significant difference in
absorption tests. While CellVue had some background noise that could be subtracted by
image processing in PDMS LOAC, we could not obtain any good-quality pictures from
OSTE LOAC with confocal microscopy. When imaging PDMS LOAC, DAPI signal was
initiated with 1% of diode laser power, yet in OSTE LOAC, some barely specific fluorescence
was detected only with 90–100% laser power. These results suggest that CellVue absorption
differences are due to the poor light transmission and clearly demonstrate that OSTE
polymer light transmission characteristics or LOAC production from OSTE need to be
improved since LOAC microscopy is a crucial aspect of cell monitoring and evaluation of
response to respiratory diseases and treatments.
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Figure 4. Comparison of confocal microscopy pictures of human umbilical vascular endothelial cells (HUVEC) and A549
cells between PDMS and OSTE LOACs. Blue color represents DAPI-stained cell nucleus. CD31 antibody stained with APC
and CellVue are represented as red color. ZO1 and MUC5A stained with FITC are represented in green color. White scale
bar represents 100 µm.

In Figure 5, we demonstrate functional monolayer formation on both sides of PC
membrane in PDMS LOAC, where ZO1 (green) and CD31 (red) positive HUVEC cells
are on the bottom channel and A549 cells are on the top channel. Due to the poor light
transmission, it was impossible to acquire the same image set with confocal microscopy on
OSTE LOAC. Therefore, we have not confirmed functional monolayer formation on both
sides of the PC membrane within OSTE LOAC. However, based on previous literature
of PC membrane [51,52,55] and OSTE polymer biocompatibility [32,47,48] and that some
signal was detectable from DAPI and CellVue, this suggests that cells grow inside OSTE
LOAC, but the quality of cell monolayer cannot be evaluated. These results confirm that
there were no problems with the current cell growing protocol on PDMS and probably
on OSTE LOAC and that the final conclusion about OSTE LOAC cell cocultivation on the
membrane cannot be drawn due to the light transmission problems.
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4. Discussion

One of the key reasons to look into alternative materials for LOAC and OOC fabri-
cation is the manufacturability of the devices mentioned by the ORCHID roadmap [56].
PDMS microfluidic device fabrication has been refined over the years since the original
publications of Whitesides, yet it remains slow due to the PDMS curing time [13,19,24].
The unscalable manufacturing process is an inherently limiting factor of truly widespread
OOC device uptake [57]. Furthermore, in addition to the channel fabrication process
being complex, the bonding protocol is also nontrivial. The use of commercially available
track-etched membranes allows using a scalable membrane fabrication process. However,
it also requires an elaborate surface modification to PDMS and membrane material to
ensure covalent bonding, such as that seen in Figure 1 of this article, based on the protocol
developed previously [40]. If PDMS membranes are used for this process, then the bonding
process is significantly more straightforward (i.e., just plasma treatment [58]) and slower
due to PDMS curing.

Microfluidic devices have been realized using various polymer materials [59]. Ther-
moplastics are often regarded as the ultimate material class for mass manufacturability
due to the fact that a large number of materials are compatible with injection molding,
capable of producing millions of units per annum [57]. As examples, it is worth mentioning
polypropylene [60], polycarbonate [61], and polymethyl methacrylate (PMMA) [62]. Yet,
this article has been focused on materials that can be prototyped in a typical academic
setting, with access to a standard cleanroom environment, but can also be used to fabricate
devices at larger volumes. Such material examples are OSTE, Flexdym [63], Styrene Ethy-
lene Butylene Styrene (SEBS) [26], and polyurethane [64]. SEBS-based and polyurethane
materials can be especially useful due to their flexible nature, which can be used in active
element fabrication such as valves [64,65]. We have focused on OSTE material particularly
due to its bonding properties. Contrary to PDMS, OSTE fabrication relies on UV curing
and the emerging reaction injection molding process [66,67]. Furthermore, there have been
examples of simple microfluidic structure reaction injection molding [35]. Although the
shown parts do not exhibit the same complexity as a LOAC, it is a step towards mass
manufacturability. For example, multichip curing in a single step exposure can be achieved
using shadow masking of liquid runners between cavities, which removes the die-cutting
step required in the PDMS fabrication process. Similarly, the OSTE bonding process is
significantly simplified, owing to the available epoxy groups on the surface. The bonding
process is then finished with a long-curing step, like in the PDMS process. In both processes,
the temperature limiting factor is membrane material used in OOC devices [68]. Therefore,



Micromachines 2021, 12, 546 13 of 17

it is feasible to assume that OSTE could be utilized for the volume manufacturing process
of LOAC devices through the use of reaction injection molding [67].

One of the main advantages of OOCs, including LOACs, is the several tissue level
co-functionalities in fluid–air flow that is not possible currently for other in vitro mod-
els. Therefore, these models are attractive for preclinical tests for new drug testing or
repurposing [10,23,69]. This is particularly attractive in multi-OOC systems where drug off-
targets or synergy can be modulated. However, PDMS strongly absorbs small hydrophobic
molecules, which is a significant drawback and requires extensive computational modeling
in silico for drug pharmacokinetics and pharmacodynamics to recapitulate in vivo condi-
tions. Moreover, new drug lead absorption in PDMS needs to be quantified before testing
in OOC from PDMS, bringing additional variability in computational models [29]. In this
study, we confirmed that OSTE polymer is a better-suited material than PDMS for drug
testing and repurposing goals since it has several times less absorption of rhodamine B,
which represents a small molecule drug in Figure 2b, which has also been published in
several papers [31,32].

In this paper, to the best of our knowledge, we demonstrated for the first time that
OSTE does not inhibit RNA isolation, cDNA synthesis, or PCR, which is critical for down-
stream analysis of cells in LOAC. According to previously published data, PDMS has one of
the most negligible inhibitory effects on PCR among many polymers similar to polypropy-
lene (PP) or polytetrafluoroethylene (PTFE) that are used in conventional tubes, plates,
and microchips used for PCR [44]. According to our data represented in Figure 2c, OSTE
has the same properties in PCR as PDMS, suggesting that it is suitable for downstream
analysis in LOAC and OOC overall or another PCR-based lab on a chip device for on-point
diagnostics, for example.

For the first time, we also demonstrated that OSTE does not significantly absorb
EVs, which is similar to PDMS based on NTA data in Figure 2d. Commercial adipocyte-
derived mesenchymal stem cell EVs were selected due to mesenchymal stem cell-derived
EVs’ therapeutic effect, which could be applied in the future for drug transport and
treatment of different diseases [70]. Since EVs are involved in almost all physiological
processes, including pathophysiology and recovery of lungs from respiratory diseases,
including virus infection, they are promising candidates for future treatments, including
vaccination [71]. Therefore, LOACs and OCCs overall or lab on a chip devices from OSTE
could be potentially applicable for drug-loaded EV testing or isolation/production.

However, microscopy remains a critical LOAC and OOC evaluation aspect, and many
of the experimental results are dependent on reflective/transmissive light microscopy and
confocal microscopy [72,73]. A notable drawback of OSTE material is the optical character-
istics. The most glaring difference between PDMS and OSTE is the total transmittance, as
seen in Figure 2a, which has been reported previously, especially for OSTE 322 that has
substantial absorption below 380 and 420 nm [35]. This is significant because DAPI is a
widely used fluorescent molecule with an excitation peak of 358 nm [74]. Furthermore, the
nature of the loss of transmission is essential—previously, it has been noted that the loss
occurs from the light scattering properties of OSTE rather than just pure absorption [32].
The scattering is also evident in the confocal microscopy images presented here, which lack
the crisp image quality and detail seen in PDMS devices. Moreover, some reports have
mentioned that heat treatment could affect OSTE optical properties [75]; however, here the
thermal treatment of OSTE LOAC was critical for bonding of OSTE and PC membrane. As a
summary, see Table 1 for a comparison between PDMS and OSTE for various properties
important for LOAC development.
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Table 1. A comparison between polydimethylsiloxane (PDMS) and off-stoichiometry thiol–ene (OSTE) properties.

Property PDMS OSTE

Light transmission in the
300–800 nm range Good, comparable to glass Intermediate, multilayer chips suffer

from significant light scattering

Cell viability Good cell viability [23] Acceptable cell viability [48]

Bonding to PC membrane Intermediate steps necessary to functionalize
PDMS and membrane materials [40]

Readily bondable via epoxy groups
available prior to thermal treatment [47]

Surface modification Intermediate steps necessary [76] Readily available –OH or –SH groups [31]

Stability in chloroform and ethanol,
solvents used for cell fixing Medium–poor [77] Good [75]

Gas permeability High [78] Low [36]

To capitalize on the improved material characteristics, further study would be neces-
sary for understanding the light scattering cause in the material. An immediate research
direction would be a thorough study of UV polymerization wavelength and intensity effect
on OSTE transmission. Furthermore, given that there are two components in the OSTE
mixture, the effect of material separation in time (for example, during the degassing step)
must be evaluated. Further, the effect of thermal treatment must be carefully examined
with the intent to evaluate if the temperature profile and absolute curing temperature have
any effect on the scattering properties.

5. Conclusions

In conclusion, this paper reports the use of OSTE materials for LOAC fabrication
and contrasts it with conventional PDMS LOAC devices. As discussed in the respective
sections, OSTE materials have clear advantages over PDMS in terms of device fabrication,
large volume scalability, and small molecule absorption. However, current material optical
characteristics impede widespread adoption of the OSTE materials for OOC, especially
given the crucial contribution of confocal microscopy in OOC research. Therefore, for
unlocking the true OSTE material potential, material transmission properties must be
improved, emphasizing reducing the light scattering of the material.

Author Contributions: A.A., R.R., G.M.—design of the experiments; K.G., G.P., R.R.—microfabrication
of the devices; A.G., J.P., S.E.—performing experiments and analyzing the data; F.R.—confocal
microscopy and image preparation; A.A., R.R., A.G.—article writing; G.M.—article review and
editing; A.A.—writing coordination, final draft preparation and submission. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by project Nr. VPP-COVID-2020/1-0014 awarded by Latvian
Council of Science.

Acknowledgments: Institute of Solid-State Physics, University of Latvia as the Center of Excellence
has received funding from the European Union’s Horizon 2020 Framework Programme H2020-
WIDESPREAD-01-2016-2017-TeamingPhase2 under grant agreement No. 739508, project CAMART2.
Finally, we would like to thank Biol. Kaspars Tars from Latvian Biomedical research and study center
for giving us the opportunity to participate in this consortium and contribute to Latvian scientists’
effort in response to the COVID-19 pandemic.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rothan, H.A.; Byrareddy, S.N. The Epidemiology and Pathogenesis of Coronavirus Disease (COVID-19) Outbreak. J. Autoimmun.

2020, 109, 102433. [CrossRef] [PubMed]
2. Madhav, N.; Oppenheim, B.; Gallivan, M.; Mulembakani, P.; Rubin, E.; Wolfe, N. Pandemics: Risks, Impacts, and Mitigation.

In Disease Control Priorities: Improving Health and Reducing Poverty, 3rd ed.; The World Bank: San Francisco, CA, USA, 2017;
Volume 9, pp. 315–345. ISBN 9781464805271.

http://doi.org/10.1016/j.jaut.2020.102433
http://www.ncbi.nlm.nih.gov/pubmed/32113704


Micromachines 2021, 12, 546 15 of 17

3. Nuzzo, J.B.; Mullen, L.; Snyder, M.; Cicero, A.; Inglesby, T.V. Preparedness for a High-Impact Respiratory Pathogen Pandemic; Johns
Hopkins Center for Health Security: Baltimore, MD, USA, 2019.

4. WHO Coronavirus (COVID-19) Dashboard. WHO Coronavirus Disease (COVID-19) Dashboard. Available online: https:
//covid19.who.int/ (accessed on 30 March 2021).

5. Search of: Covid19—List Results—ClinicalTrials.Gov. Available online: https://www.clinicaltrials.gov/ct2/results?recrs=
&cond=Covid19&term=&cntry=&state=&city=&dist= (accessed on 30 March 2021).

6. Ramani, S.; Crawford, S.E.; Blutt, S.E.; Estes, M.K. Human Organoid Cultures: Transformative New Tools for Human Virus
Studies. Curr. Opin. Virol. 2018, 29, 79–86. [CrossRef] [PubMed]

7. Chan, R.W.Y.; Chan, M.C.W.; Nicholls, J.M.; Malik Peiris, J.S. Use of Ex Vivo and in Vitro Cultures of the Human Respiratory
Tract to Study the Tropism and Host Responses of Highly Pathogenic Avian Influenza A (H5N1) and Other Influenza Viruses.
Virus Res. 2013, 178, 133–145. [CrossRef]

8. Sellgren, K.L.; Butala, E.J.; Gilmour, B.P.; Randell, S.H.; Grego, S. A Biomimetic Multicellular Model of the Airways Using Primary
Human Cells. Lab Chip 2014, 14, 3349–3358. [CrossRef]

9. Huh, D.; Leslie, D.C.; Matthews, B.D.; Fraser, J.P.; Jurek, S.; Hamilton, G.A.; Thorneloe, K.S.; McAlexander, M.A.; Ingber, D.E.
A Human Disease Model of Drug Toxicity-Induced Pulmonary Edema in a Lung-on-a-Chip Microdevice. Sci. Transl. Med. 2012, 4,
159ra147. [CrossRef] [PubMed]

10. Si, L.; Bai, H.; Rodas, M.; Cao, W.; Oh, C.Y.; Jiang, A.; Moller, R.; Hoagland, D.; Oishi, K.; Horiuchi, S.; et al. Human Organ
Chip-Enabled Pipeline to Rapidly Repurpose Therapeutics during Viral Pandemics. bioRxiv 2020. [CrossRef]

11. Stucki, J.D.; Hobi, N.; Galimov, A.; Stucki, A.O.; Schneider-Daum, N.; Lehr, C.M.; Huwer, H.; Frick, M.; Funke-Chambour,
M.; Geiser, T.; et al. Medium Throughput Breathing Human Primary Cell Alveolus-on-Chip Model. Sci. Rep. 2018, 8, 14359.
[CrossRef]

12. Xia, Y.; Whitesides, G. Soft Lithography. Annu. Rev. Mater. Sci. 1998, 28, 153–184. [CrossRef]
13. Duffy, D.C.; McDonald, J.C.; Schueller, O.J.; Whitesides, G.M. Rapid Prototyping of Microfluidic Systems in Poly(Dimethylsiloxane).

Anal. Chem. 1998, 70, 4974–4984. [CrossRef]
14. Sia, S.K.; Whitesides, G.M. Microfluidic Devices Fabricated in Poly(Dimethylsiloxane) for Biological Studies. Electrophoresis 2003,

24, 3563–3576. [CrossRef]
15. Park, T.E.; Mustafaoglu, N.; Herland, A.; Hasselkus, R.; Mannix, R.; FitzGerald, E.A.; Prantil-Baun, R.; Watters, A.; Henry, O.;

Benz, M.; et al. Hypoxia-Enhanced Blood-Brain Barrier Chip Recapitulates Human Barrier Function and Shuttling of Drugs and
Antibodies. Nat. Commun. 2019, 10, 1–12. [CrossRef] [PubMed]

16. Firpo, G.; Angeli, E.; Repetto, L.; Valbusa, U. Permeability Thickness Dependence of Polydimethylsiloxane (PDMS) Membranes.
J. Membr. Sci. 2015, 481, 1–8. [CrossRef]

17. Camou, S.; Fujita, H.; Fujii, T. PDMS 2D Optical Lens Integrated with Microfluidic Channels: Principle and Characterization.
Lab Chip 2003, 3, 40–45. [CrossRef] [PubMed]

18. Hou, X.; Zhang, Y.S.; De Santiago, G.T.; Alvarez, M.M.; Ribas, J.; Jonas, S.J.; Weiss, P.S.; Andrews, A.M.; Aizenberg, J.; Khademhos-
seini, A. Interplay between Materials and Microfluidics. Nat. Rev. Mater. 2017, 2. [CrossRef]

19. Huh, D.; Kim, H.J.; Fraser, J.P.; Shea, D.E.; Khan, M.; Bahinski, A.; Hamilton, G.A.; Ingber, D.E. Microfabrication of Human
Organs-on-Chips. Nat. Protoc. 2013, 8, 2135–2157. [CrossRef]

20. Kim, H.J.; Huh, D.; Hamilton, G.; Ingber, D.E. Human Gut-on-a-Chip Inhabited by Microbial Flora That Experiences Intestinal
Peristalsis-like Motions and Flow. Lab Chip 2012, 12, 2165–2174. [CrossRef]

21. Jang, K.J.; Otieno, M.A.; Ronxhi, J.; Lim, H.K.; Ewart, L.; Kodella, K.R.; Petropolis, D.B.; Kulkarni, G.; Rubins, J.E.; Conegliano, D.;
et al. Reproducing Human and Cross-Species Drug Toxicities Using a Liver-Chip. Sci. Transl. Med. 2019, 11. [CrossRef]

22. Björnmalm, M.; Yan, Y.; Caruso, F. Engineering and Evaluating Drug Delivery Particles in Microfluidic Devices. J. Control. Release
2014, 190, 139–149. [CrossRef]

23. Huh, D.; Matthews, B.D.; Mammoto, A.; Montoya-Zavala, M.; Yuan Hsin, H.; Ingber, D.E. Reconstituting Organ-Level Lung
Functions on a Chip. Science 2010, 328, 1662–1668. [CrossRef] [PubMed]

24. Novak, R.; Didier, M.; Calamari, E.; Ng, C.F.; Choe, Y.; Clauson, S.L.; Nestor, B.A.; Puerta, J.; Fleming, R.; Firoozinezhad, S.J.; et al.
Scalable Fabrication of Stretchable, Dual Channel, Microfluidic Organ Chips. JoVE 2018, e58151. [CrossRef]

25. van Meer, B.J.; de Vries, H.; Firth, K.S.A.; van Weerd, J.; Tertoolen, L.G.J.; Karperien, H.B.J.; Jonkheijm, P.; Denning, C.; IJzerman,
A.P.; Mummery, C.L. Small Molecule Absorption by PDMS in the Context of Drug Response Bioassays. Biochem. Biophys. Res.
Commun. 2017, 482, 323–328. [CrossRef]

26. Domansky, K.; Sliz, J.D.; Wen, N.; Hinojosa, C.; Thompson, G.; Fraser, J.P.; Hamkins-Indik, T.; Hamilton, G.A.; Levner, D.; Ingber,
D.E. SEBS Elastomers for Fabrication of Microfluidic Devices with Reduced Drug Absorption by Injection Molding and Extrusion.
Microfluid. Nanofluidics 2017, 21, 107. [CrossRef]

27. Sasaki, H.; Onoe, H.; Osaki, T.; Kawano, R.; Takeuchi, S. Parylene-Coating in PDMS Microfluidic Channels Prevents the
Absorption of Fluorescent Dyes. Sens. Actuators B Chem. 2010, 150, 478–482. [CrossRef]

28. Gomez-Sjoberg, R.; Leyrat, A.A.; Houseman, B.T.; Shokat, K.; Quake, S.R. Biocompatibility and Reduced Drug Absorption of
Sol-Gel-Treated Poly(Dimethyl Siloxane) for Microfluidic Cell Culture Applications. Anal. Chem. 2010, 82, 8954–8960. [CrossRef]

https://covid19.who.int/
https://covid19.who.int/
https://www.clinicaltrials.gov/ct2/results?recrs=&cond=Covid19&term=&cntry=&state=&city=&dist=
https://www.clinicaltrials.gov/ct2/results?recrs=&cond=Covid19&term=&cntry=&state=&city=&dist=
http://doi.org/10.1016/j.coviro.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29656244
http://doi.org/10.1016/j.virusres.2013.03.003
http://doi.org/10.1039/C4LC00552J
http://doi.org/10.1126/scitranslmed.3004249
http://www.ncbi.nlm.nih.gov/pubmed/23136042
http://doi.org/10.1101/2020.04.13.039917
http://doi.org/10.1038/s41598-018-32523-x
http://doi.org/10.1146/annurev.matsci.28.1.153
http://doi.org/10.1021/ac980656z
http://doi.org/10.1002/elps.200305584
http://doi.org/10.1038/s41467-019-10588-0
http://www.ncbi.nlm.nih.gov/pubmed/31197168
http://doi.org/10.1016/j.memsci.2014.12.043
http://doi.org/10.1039/b211280a
http://www.ncbi.nlm.nih.gov/pubmed/15100804
http://doi.org/10.1038/natrevmats.2017.16
http://doi.org/10.1038/nprot.2013.137
http://doi.org/10.1039/c2lc40074j
http://doi.org/10.1126/scitranslmed.aax5516
http://doi.org/10.1016/j.jconrel.2014.04.030
http://doi.org/10.1126/science.1188302
http://www.ncbi.nlm.nih.gov/pubmed/20576885
http://doi.org/10.3791/58151
http://doi.org/10.1016/j.bbrc.2016.11.062
http://doi.org/10.1007/s10404-017-1941-4
http://doi.org/10.1016/j.snb.2010.07.021
http://doi.org/10.1021/ac101870s


Micromachines 2021, 12, 546 16 of 17

29. Herland, A.; Maoz, B.M.; Das, D.; Somayaji, M.R.; Prantil-Baun, R.; Novak, R.; Cronce, M.; Huffstater, T.; Jeanty, S.S.F.; Ingram,
M.; et al. Quantitative Prediction of Human Pharmacokinetic Responses to Drugs via Fluidically Coupled Vascularized Organ
Chips. Nat. Biomed. Eng. 2020, 4, 421–436. [CrossRef]

30. Jalili-Firoozinezhad, S.; Gazzaniga, F.S.; Calamari, E.L.; Camacho, D.M.; Fadel, C.W.; Bein, A.; Swenor, B.; Nestor, B.; Cronce, M.J.;
Tovaglieri, A.; et al. A Complex Human Gut Microbiome Cultured in an Anaerobic Intestine-on-a-Chip. Nat. Biomed. Eng. 2019, 3,
520–531. [CrossRef]

31. Carlborg, C.F.; Haraldsson, T.; Öberg, K.; Malkoch, M.; van der Wijngaart, W. Beyond PDMS: Off-Stoichiometry Thiol–Ene (OSTE)
Based Soft Lithography for Rapid Prototyping of Microfluidic Devices. Lab Chip 2011, 11, 3136. [CrossRef]

32. Sticker, D.; Geczy, R.; Häfeli, U.O.; Kutter, J.P. Thiol–Ene Based Polymers as Versatile Materials for Microfluidic Devices for Life
Sciences Applications. ACS Appl. Mater. Interfaces 2020, 12, 10080–10095. [CrossRef]

33. Zandi Shafagh, R.; Vastesson, A.; Guo, W.; Van Der Wijngaart, W.; Haraldsson, T. E-Beam Nanostructuring and Direct Click
Biofunctionalization of Thiol-Ene Resist. ACS Nano 2018. [CrossRef] [PubMed]

34. Bourg, S.; d’Orlyé, F.; Griveau, S.; Bedioui, F.; da Silva, J.A.F.; Varenne, A. Multiple Zones Modification of Open Off-Stoichiometry
Thiol-Ene Microchannel by Aptamers: A Methodological Study & a Proof of Concept. Chemosensors 2020, 8, 24. [CrossRef]

35. Sandström, N.; Shafagh, R.Z.; Vastesson, A.; Carlborg, C.F.; van der Wijngaart, W.; Haraldsson, T. Reaction Injection Molding and
Direct Covalent Bonding of OSTE+ Polymer Microfluidic Devices. J. Micromech. Microeng. 2015, 25, 075002. [CrossRef]

36. Hansson, J.; Karlsson, J.M.; Carlborg, C.F.; van der Wijngaart, W.; Haraldsson, T. Low Gas Permeable and Non-Absorbent Rubbery
OSTE+ for Pneumatic Microvalves. In Proceedings of the 2014 IEEE 27th International Conference on Micro Electro Mechanical
Systems (MEMS), San Francisco, CA, USA, 26–30 January 2014; pp. 987–990. [CrossRef]

37. Toepke, M.W.; Beebe, D.J. PDMS Absorption of Small Molecules and Consequences in Microfluidic Applications. Lab Chip 2006, 6,
1484–1486. [CrossRef]

38. Endzelin, s, E.; Abols, A.; Bušs, A.; Zandberga, E.; Palviainen, M.; Siljander, P.; Line, A. Extracellular Vesicles Derived from
Hypoxic Colorectal Cancer Cells Confer Metastatic Phenotype to Non-Metastatic Cancer Cells. Anticancer Res. 2018, 38, 5139–5147.
[CrossRef] [PubMed]
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