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Surface modifications of COP-based microfluidic
devices for improved immobilisation of hydrogel
proteins: long-term 3D culture with contractile
cell types and ischaemia modely

Sandra Gonzalez-Lana, @3¢ Teodora Randelovic,?*® Jesus Ciriza, ©32°

Maria Lépez-Valdeolivas,® Rosa Monge,©
Carlos Sanchez-Somolinos @9 and Ignacio Ochoa @~ard

The tissue microenvironment plays a crucial role in tissue homeostasis and disease progression. However,
the in vitro simulation has been limited by the lack of adequate biomimetic models in the last decades.
these complex
microenvironments can be recreated by combining hydrogels, cells and microfluidic devices. Nevertheless,

Thanks to the advent of microfluidic technology for cell culture applications,

this advance has several limitations. When cultured in three-dimensional (3D) hydrogels inside microfluidic
devices, contractile cells may exert forces that eventually collapse the 3D structure. Disrupting the
compartmentalisation creates an obstacle to long-term or highly cell-concentrated assays, which are
extremely relevant for multiple applications such as fibrosis or ischaemia. Therefore, we tested surface
treatments on cyclic-olefin polymer-based microfluidic devices (COP-MD) to promote the immobilisation
of collagen as a 3D matrix protein. Thus, we compared three surface treatments in COP devices for
culturing human cardiac fibroblasts (HCF) embedded in collagen hydrogels. We determined the
immobilisation efficiency of collagen hydrogel by quantifying the hydrogel transversal area within the
devices at the studied time points. Altogether, our results indicated that surface modification with
polyacrylic acid photografting (PAA-PG) of COP-MD is the most effective treatment to avoid the quick
collapse of collagen hydrogels. As a proof-of-concept experiment, and taking advantage of the low-gas
permeability properties of COP-MD, we studied the application of PAA-PG pre-treatment to generate a
self-induced ischaemia model. Different necrotic core sizes were developed depending on initial HCF
density seeding with no noticeable gel collapse. We conclude that PAA-PG allows long-term culture,
gradient generation and necrotic core formation of contractile cell types such as myofibroblasts. This novel
approach will pave the way for new relevant in vitro co-culture models where fibroblasts play a key role
such as wound healing, tumour microenvironment and ischaemia within microfluidic devices.

Introduction

Cell culture has been one of the most used preclinical models
for decades. It has evolved from conventional and traditional
bi-dimensional to the most advanced three-dimensional (3D)
based models. The new models try to resemble, as much as
possible, the pathophysiological in vivo cellular behaviour. In
vivo, cells embedded or surrounded by a 3D architecture are
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influenced by different biochemical and mechanical stimuli,
depending on the cell type and tissue. Thus, the 3D
microenvironment enhances interactions among
neighbouring cells and extracellular matrix (ECM),
influencing pathophysiological cell motility, proliferation,
migration, and morphology.’ In the last decades, several 3D
culture systems have been developed*™® trying to mimic the

This journal is © The Royal Society of Chemistry 2023


http://crossmark.crossref.org/dialog/?doi=10.1039/d3lc00075c&domain=pdf&date_stamp=2023-05-11
http://orcid.org/0000-0002-4768-0678
http://orcid.org/0000-0002-8666-622X
http://orcid.org/0000-0003-3900-2866
http://orcid.org/0000-0003-2410-5678
https://doi.org/10.1039/d3lc00075c
https://doi.org/10.1039/d3lc00075c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00075c
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC023010

Open Access Article. Published on 29 March 2023. Downloaded on 4/1/2026 9:03:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

complex tissue microenvironment. However, although
spheroids, organoids, scaffolds based on hydrogels and 3D
bioprinted-based models provide closer in vivo scenarios than
cell they do not resemble the
microenvironmental  characteristics. They  present
limitations such as lack of vasculature and mechanical
stimulation, imprecise control over gradients, or limited

medium exchange at discrete points."* These disadvantages

monolayers, entirely

7-10

have been overcome by coupling the aforementioned 3D
with  microfluidic =~ devices =~ (MD).  The
compartmentalisation of chambers and channels in a

cultures

micrometric scale allows spatial control, resembling the
in vivo microenvironmental cell distribution more closely.">"’
Moreover, microfluidic devices allow perfusing medium
adjacent to or through a cell culture with a stable nutrient
and oxygen supply, waste removal and generating chemical
gradients. They also allow exerting mechanical forces such as
shear stress and interstitial pressure, affecting the cellular
morphology and gene expression.'*'® Optical monitoring in
microfluidic devices also facilitates easy measurements due to
the microfluidic channels defined heights that lead to a
controlled focal distance between the sample and the optical
objective. Matrices or scaffolds to support 3D cell cultures
inside microfluidic device chambers should mimic the spatial
complexity and mechanical properties of in  vivo
microenvironment. In natural protein matrices, cells can
migrate through the fibrillar network by a motion of non-
crosslinked collagen. Thus, cells bind to ECM through
integrin points,
contractility and mechanosensing.'”'® The interaction with
integrins is transduced to biochemical signals that lead to cell
attachment, migration or ECM remodelling. If the hydrogel

and focal adhesion exerting active

has insufficient resistance to the cell-applied force, it
deforms, modifying its initial geometry that might eventually
lead to a collapse (Fig. 1)."°>' This hydrogel collapse can be
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noticed as an X-Y hydrogel detachment (top view) from the
microfluidic device walls (Fig. 1A), or just with a Z axis
contraction (Fig. 1C, section view of Fig. 1B). Therefore, the
analysis of the three axes is required to monitor the evolution
of the gel integrity over time (Fig. 1D, non-contracted gel).
Collagen-based hydrogel contraction and remodelling is a
natural outcome of cellular expansion and interaction with
the matrix.>>>* However, this phenomenon may ruin the
hydrogel architecture within the microfluidic device,>
disrupting the compartmentalisation and affecting chemical
gradients (ESIt Fig. S1).

The techniques to improve the bonding between the
device and the ECM protein to hydrogel
contraction in microfluidic devices can be classified into

prevent

three main groups: physical adsorption (physisorption),
covalent bonding and their combination.”® In physical
adsorption, proteins are adsorbed to the surface by
intermolecular forces (electrostatic, hydrophobic, van der
Waals, hydrogen bonding interactions or combination).
Surface oxidation is the most common method used to
condition the surface. For covalent protein bonding, among
others,”” silanization and grafting, with alkoxy- or chloro-
silanes, such as 3-aminopropyltriethoxysilane (APTES)**~°
that later is covalently bonded to the protein. Another
treatment used for covalent immobilisation consists of the
ultraviolet (UV)-graft polymerisation with benzophenone as
photoinitiator and, for acrylic acid (AA) to
produce polyacrylic acid (PAA) brushes on the surface®®*!
to which the proteins are subsequently covalently linked.
The combination of two or more immobilisation
mechanisms is possible. Thus, physisorption and covalent
bonding might be

example,

performed by adsorbing positively
charged molecules such as poly-p-lysine (PDL) or poly-L-
lysine (PLL) on activated surfaces, further activating them

for covalent protein immobilisation.?*3?

Section view

Contracted gel

Top

Bottom

Fig. 1 3D culture of green labelled fibroblasts embedded in collagen hydrogel in a microfluidic device. Confocal top view micrograph of (A)
collapsed collagen embedded cells and (B) apparently conserving the 3D structure. (C) Section view of the culture chamber by confocal Z-stacks
reconstruction images of the hydrogel from B showing a non-homogeneous cell distribution, that tends to localise on the walls of the device. (D)
Section view of the culture chamber of a non-contracted gel with cell homogeneously distributed along the height of the chamber. Note: scale
bar 500 um (A and B), 100 um (C and D). Height of the section in (C) and (D) 250 um.
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The aforementioned methods for protein immobilisation
have been mainly validated for PDMS-based microfluidic
devices. PDMS is widely used in microfluidics because of its
high biocompatibility, optical transparency, gas permeability,
malleability and easy prototyping. Nonetheless, thermoplastic
materials such as cyclic olefin polymer (COP) and cyclic
olefin copolymer (COC) are becoming materials of great
interest. These low-cost materials can be massively produced
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brand names (Topas®, Apel®, Zeonor® and Zeonex®) and
grades. Depending on the monomers included, their ratios,
molecular weight as well as the presence of additives,
different material properties can be tuned to some extent
adapting their performance to different applications.**
Although the hydrophobicity of native cyclic olefin (co)
polymers represents a great challenge for the use of these
materials in microfluidic applications and as cell culture

with mould-based techniques, such as injection moulding or  platforms, their surface can be modified to increase
hot embossing. Moreover, they are considered medical-grade  hydrophilicity and create functional groups for the
plastics, with very low gas permeability, resistance to  attachment of biological entities.*

36-38

solvents, acids and bases, heat resistance, excellent optical
properties, and no unspecific adsorption issues.*® COP and
COC are available from various vendors under different

Surface oxidation + physical adsorption

Protein immobilisation by silanization and polyacrylic
photografting have never been applied on COP-based
microfluidic devices (COP-MD)**™*? to preserve the three-
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Fig. 2 Schematic illustration of COP surface modification procedures involved in collagen gel immobilisation. A) Oxygen plasma activates the
inert surface of the COP by oxidizing and inducing the formation of polar functional groups carboxyl (C-O, C=0) and hydroxyl (-OH). It increases
the hydrophilicity of the material and the subsequent physisorption of biomolecules. B) APTES can bind to hydroxyl functional groups of the
material surface providing an amine functional group to facilitate covalent bonding with proteins on the other end. That amine group can be
activated by different covalent linking agents such as glutaraldehyde. C) UV-graft polymerization with benzophenone and AA produces PAA
brushes on the surface. The carboxyl groups of grafted PAA can be covalently linked to ECM proteins via carbodiimide-mediated amide formation.
D) Positive charged molecules as PDL/PLL are adsorbed by electrostatic interaction on the surface of activated surfaces (negatively charged).
Amine groups on PDL can be activated with GA and proteins are covalently immobilised.
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dimensionality nor has its effect to counteract cellular forces
in 3D cultures been characterised. On the other hand, the
adsorption of positively charged molecules such as PDL/PLL
on activated surfaces®*™*° and the subsequent activation of
amine functional groups with GA for covalent immobilisation
to proteins is barely described in PDMS devices.”’
Nevertheless, this approach has not been previously reported
on COC/COP surfaces. We were encouraged, therefore, to test
several surface treatments (Fig. 2) on COP-MD to form
stronger bonds with collagen hydrogel. We hypothesised that
improved bonding between collagen hydrogel-embedded
fibroblasts and the COP-MD surface should avoid and delay
the collapse and detachment caused by fibroblast cell
contractility. This would allow the development of in vitro
models requiring contractile cells.

Experimental
Microdevice fabrication/characteristics

Microfluidic devices (MD) based on cyclic olefin polymers
(ZEONOR, Zeon Corporation) were manufactured by injection
moulding. The design (Fig. 3A) comprised a central chamber
2000 pm wide and 250 pm deep, flanked by two lateral
channels (700 um wide, 250 um deep) connected to the
central chamber by micropillars. The injected piece (ZEONOR
1420R) was attached to a sheet of COP (ZEONOR 14-100) by
biocompatible adhesive (ARseal 8026) and cut out in the area
of the central chamber to preserve the whole seeding area in
contact with COP (free of adhesive) (Fig. 3B). After applying
the surface treatment, the hydrogel seeding solution was
injected through an inlet port into the central chamber by
manual pipetting. The lateral microchannels remained
hydrogel-free and filled with culture medium, simulating
blood vessels.

Surface modification and immobilisation strategies

Surface oxidation and physical adsorption. For control
devices (Fig. 2A), plasma treatment was carried out on Diener
Electronic Plasma-Surface-Technology. COP piece and sheet
were placed inside the plasma chamber, and the air was

A B

Inlet port

COP piece S
+

Adhesive o
+ S0

COP sheet

\\;\

tem

Fig. 3 Microfluidic device appearance and components. (A) Magnified
representation of a COP-MD with collagen hydrogel embedded cells
(green) confined into the central chamber and culture medium
perfused through the two lateral channels creating a gradient of
medium. (B) Schematic illustration of the elements integrating the
microfluidic device.
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evacuated at 0.4 mbar before filling with oxygen (50%). Glow
discharge plasma was created by controlling electrical power
at 180 W and a ratio frequency of 13.56 MHz for 60 seconds.
Then, the pieces were assembled before sterilising.

Silanisation and covalent bonding. COP silanization
protocol (Fig. 2B) was modified from Chuah and coworkers.*®
Briefly, after plasma surface activation, the devices were
incubated with 10% APTES (Sigma Aldrich 440140) in water
(v/v) for 2 hours at room temperature. APTES solution was
removed, and devices were rinsed with distilled water before
incubation with 2.5% glutaraldehyde (GA, Sigma Aldrich
G6257) for 1 hour at room temperature. Subsequently, the
devices were rinsed three times with distilled water to remove
GA excess and assembled before sterilising.

Polyacrylic acid photografting and covalent bonding. COP-
MD surface was modified by polyacrylic acid photografting
(PAA-PG) initiated by UV light. A single-step photografting
approach previously described*®*® was used to graft the COP
by irradiation of a solution of monomer containing
benzophenone as a photoinitiator (Fig. 2C). More in detail, the
treatment solution was composed of initiator benzophenone
(0.25% w) (Sigma Aldrich B9300) dissolved in methanol (50%
w) (CHEM-LAB CL00.1364.2500), acrylic acid (1% w) (Sigma
Aldrich 147230) and distilled water (50% w). Acrylic acid 1%
was selected as it led to a hydrophilic surface (WCA = 41.6°)
while keeping a good optical transparency. Oxygen was
displaced from the treatment solution with argon flow for 3
minutes to avoid inhibition of the reaction by oxygen. COP
piece and COP sheet, separately, were placed over a glass with
the treatment solution and irradiated with UV-C light (260 nm)
for 20 minutes. The grafted surface was rinsed with acetone
and water. The pieces of the devices were assembled before
protein immobilisation by the crosslinking reaction.
Crosslinking of the PAA grafted surface device and ECM
proteins was based on Hermanson's protocol.”® Briefly, 0.15 M
EDC (N-ethyl-N"-(3-dimethylaminopropyl) carbodiimide
hydrochloride, Sigma Aldrich 161462) and 0.12 M sulfo-NHS
(N-hydroxysulfosuccinimide sodium salt solutions, Sigma
Aldrich 56485) were dissolved in 0.1 M MES (2-(N-morpholino)
ethanesulfonic acid hydrate, Sigma Aldrich M8250) (pH 5).
EDC and sulfo-NHS solutions were mixed and injected into the
central chamber of the device containing acrylic acid moieties
for 2 hours at room temperature. After incubation, devices were
rinsed with PBS (phosphate-buffered saline) three times.

Physical adsorption and covalent bonding. After plasma
surface activation, for PDL hydrobromide treatment, devices
were assembled before the following steps (Fig. 2D). A
solution of 1 mg mL™" PDL hydrobromide (poly-p-lysine
hydrobromide Sigma Aldrich P7886) was injected into the
central chamber and incubated for 10 minutes. Once the
PDL solution was removed, 0.4% GA was incubated for 30
minutes at room temperature. Next, devices were rinsed three
times with PBS to remove GA excess before sterilising.

All devices were sterilised by exposure to a germicidal UV
lamp for 30 minutes before cell-embedded collagen hydrogel
seeding.

Lab Chip, 2023, 23, 2434-2446 | 2437
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3D cell culture

Human cardiac fibroblasts (HCF) (ScienCell) and human
dermal fibroblasts (HDF) (Gibco) were grown between
passages 3 to 6. HCF were grown in DMEM (Lonza 12-707F)
culture medium supplemented with 10% FBS (Sigma F7524)
and 2.5 mM i-glutamine (Lonza 17-605c), 1% penicillin/
streptomycin (100 pg mL™") (Lonza DE 17-602E), 10 ng ml™
FGF-2 (Peprotech 100-18B) and 1.5% HEPES (Lonza BE17-
737C). HDF were grown in DMEM (Lonza 12-707F) culture
media supplemented with 10% FBS (Sigma F7524) and 2.5
mM r-glutamine (Lonza 17-605c), 1% penicillin/streptomycin
(100 pg mL™) (Lonza DE 17-602E), 0.5 ng ml™' FGF-2
(Peprotech 100-18B) and 1.5% HEPES (Lonza BE17-737C).
Human glioblastoma cell line U-87 MG was purchased from
Sigma Aldrich (Sigma 89081402 lot: 16L024). U-87 MG were
grown in high glucose DMEM (Lonza H3BE12-614F) culture
medium supplemented with 10% FBS (Sigma F7524) and 2.5
mM r-glutamine (Lonza 17-605c), 1% penicillin/streptomycin
(100 pg mL™") (Lonza DE 17-602E). Media was refreshed every
other day, passaging cells every 3-4 days with trypsin/EDTA
solution (Lonza, CC-5012). All cell lines were maintained
within a humidified TEB-1000 incubator set at 5% CO, and
37 °C (EBERS Medical Technology).

Hydrogel mixture for 3D culture into COP-MD was
composed of 50% (v/v) of the double desired cell density in
growth media and 50% (v/v) collagen matrix. For collagen
matrix, either 3.36 mg mL™" (Corning 354236) or 10.98 mg
mL ™" (Corning 354249) type I rat tail collagen, NaOH 1 N
(Sigma 655104) at the proportion of 1:40 (v/v of collagen
volume) and DMEM 5X (Sigma D5523) at 1:5 (v/v of collagen
matrix volume) were mixed to get a final collagen density of
1.2 mg mL™" or 4 mg mL™" respectively. Sterile water was
added to reach the final collagen matrix volume. The
collagen gel matrix was resuspended, homogenised and kept
on ice until injection into the devices. The cell suspension at
the desired cell density was homogenised with collagen
matrix before injecting into the device. COP-MD were pre-
warmed at 37 °C for 1 h before cell seeding. Once the cells-
collagen gel suspension was confined in the central chamber,
devices were turned up and down every 20 seconds for 3
minutes to obtain a homogeneous cell distribution before
introducing into the incubator (37 °C, 5% CO,) for 15
minutes to promote collagen gel polymerisation. Afterwards,
the pre-warmed culture medium was perfused through lateral
channels and refreshed daily.>”

Cell tracking and viability assessment

Cells were fluorescently labelled before embedding into the
hydrogel by adding 5 pl of lipophilic cell membrane dye
Vybrant™ DiO (Invitrogen V22886) per 10° cells per mL
suspension. Cells were incubated for 15 min, centrifuged and
washed three times with a culture medium. Cell viability was
assessed by perfusing through the lateral channels with 1 pg
mL™" calcein AM (CAM) (Sigma 17783) and 4 pg mL™*
propidium iodide (PI) (Sigma P4170). Both stainings were

2438 | Lab Chip, 2023, 23, 2434-2446
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incubated at 37 °C in a humidified chamber with 5% CO.,.
Cells cultured into COP-MD were visualised by confocal
microscopy (Nikon Ti-E coupled to a C1 modular confocal
microscope), at 590/50 nm for Vybrant and CAM and at
650LP nm for PI. Two image types were taken from each
device: the top and section view of the central chamber
(Fig. 1). To obtain the hydrogel area occupied in the section
view, confocal Z-stacks were taken at different time points.
To acquire the entire height of the chamber, 300 um thick
confocal stacks were performed with images every 10 pm.
Z-Stacks were performed in at least two regions of each
device, evaluating at least three devices per condition. Images
were analyzed with Fiji® software® for area quantification
(ESIt Fig. S2).

The immobilisation efficiency of collagen hydrogel was
related to the hydrogel resistance to collapse by cell traction
forces and was assessed by measuring the section area
occupied (ESIf Fig. S2). Hence, the greater the cell area
occupied, the greater the resistance of the hydrogel to
collapse and the better hydrogel immobilisation. For cell
viability, fluorescence profile intensity across the chamber
was quantified by selecting a rectangular region of the central
chamber between the medium channels.

Statistical analysis

For statistical analysis, trend lines of transversal area
quantification over time were computed using weighted
linear regression with an R square ranging from 0.6 to 0.97,
from which the slope was estimated. The slope was
considered an immobilisation efficiency indicator, so the
greater the slope, the greater the gel contraction and,
therefore, less hydrogel immobilisation. The significant
difference among the conditions was determined by a
statistical comparison of the slope pairs using a two-tailed
test. Cell viability analysis was determined by a statistical
parametric unpaired Student ttest using the statistical
software GraphPad Prism 6.01. All experiments were
performed at least thrice, and a p-value < 0.05 was
considered statistically significant.

Results

Hydrogel immobilisation efficiency evaluation after different
COP-MD surface treatments

Three surface treatments in COP devices were assessed prior
to immobilisation of fibroblast embedded into 1.2 mg mL™"
collagen hydrogels. Thus, collagen I was immobilised to
PAA-PG, APTES and PDL pre-treated COP-MD surfaces,
taking a plasma-treated surface as control. The most
representative changes of hydrogel integrity were monitored
and observed in the section view, as the top view does not
evidence the whole hydrogel integrity. The section area
occupied by green-fluorescent DiO Vybrant™ labelled
human cardiac fibroblasts (HCF) (10" cells per mL)
embedded into collagen (1.2 mg mL™') hydrogels was
monitored over 13 days. Images were acquired until

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Culture of HCF (107 cells per mL) embedded in 1.2 mg mL™ collagen after device pre-treatments. A) Transversal area evolution overtime of
HCF labelled with green-fluorescent DiO Vybrant™ dye. B) Area percentage of HCF embedded collagen hydrogels within the device chamber over
time (dashed line) after treatment with different conditions and trend lines (continuous line). C) Statistical comparison among the slopes (absolute
values) of trend lines from each condition. D) Micrographs and area percentage of calcein-propidium iodide stained cells from micrographs of
collagen embedded HCF within treated devices after 13 days. Error bars SD. Note: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. Error

bars SD. Scale bar 100 pm.

collagen hydrogels were completely collapsed (Fig. 4A).
Silanization of the surface with APTES displayed a clear
hydrogel area reduction after two days, being pronounced
on the third day (slope -9.58 + 0.86) (Fig. 4B). PDL-treated
chips reduced their hydrogel area below 90% after four days
in culture (slope —6.81 + 1.64). Finally, PAA-photografting
(PAA-PG) treatment showed the longest hydrogel structure
preservation, keeping over 90% area after 8 days of culture
(slope -1.69 + 0.36). Then, the first fissures between the
device surface and the hydrogel began to be displayed,
showing statistically significant differences compared to the
control (p < 0.001). No tendencies were observed between
the top (47.5%) and the bottom (52.5%) when the gels
detached from the COP-MD.

Although all studied hydrogels were contracted over
time except PAA-PG  pre-treatment, we evaluated
embedded cell viability after 13 days in all the
conditions to determine any possible toxic effect from

This journal is © The Royal Society of Chemistry 2023

the chemicals applied on the device surface. Thus, we
quantified the cell viability of collagen-embedded HCF
and corroborated that all the surface treatments did not
significantly affect the cell viability compared with the
control (Fig. 4D).

The treatment showing the longest prevention of
collagen hydrogel collapse was also tested with other high-
contractile cell lines to avoid cell line-specific bias. Thus,
PAA-PG was applied to devices seeded with human
glioblastoma cell line U-87 MG previously embedded in 1.2
mg mL" collagen hydrogel. Consistently with the
observations of HCF collagen-embedded hydrogels, the
treatment displayed significant differences to control, with
longer preservation of 3D structure (ESI{ Fig. S3). Moreover,
PAA-PG treatment exhibited also improved gel resistance to
cell forces with collagen-embedded human dermal
fibroblasts (HDF) for 3 days, at 2 and 5 x 10° cells per mL
(ESI+ Fig. S4).
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chamber over time (dashed line) and trend lines (continuous line). (C) Statistical comparison among the slopes of trend lines from each condition.
Note: **** p < 0.0001, *** p < 0.001, ** p < 0.01 and * p < 0.05. Error bars SD. Scale bar 100 um.

Evaluation of collagen concentration effect on the hydrogel
immobilisation efficiency

In order to test the outcomes of the studied surface
treatments on collagen contraction within COP-MD at higher
collagen concentrations, we tested them with 4 mg mL™
collagen hydrogels (Fig. 5A-C). Thus, the section area of 10’
HCF embedded in 4 mg mL™ collagen hydrogels within
treated COP-MD was monitored over time. In all the studied
treatments the shrinkage of 4 mg mL™ collagen hydrogels
was delayed compared to that observed in 1.2 mg mL™
collagen hydrogels, still following a similar tendency. This
way, PAA-PG treatment displayed the least contracted
collagen hydrogels for up to 20 days, followed by PDL-treated
devices. Furthermore, in contrast to 1.2 mg mL™" assays, PDL
treatment kept uncontracted collagen hydrogels nearly as
long as PAA-PG. This behaviour in PDL-treated devices was
reflected by the slope of the trend lines from the cell area
percentage occupied within the hydrogel in the device
chamber, showing statistically significant differences to
control and comparable to PAA-PG (p < 0.0001). In fact, the
cell area percentage occupied in PDL-treated microdevices
kept above 90% until day 20 of culture, similar to PAA-PG.
Still, it decreased slightly at this point, with some gels
detaching from the surface of the microdevice. Finally,
silanization with APTES (slope —4.245 + 1.146) did not show
differences to control as described with 1.2 mg mL™ collagen
results, preserving cell area percentage occupied within
devices above 90% up to the 6 day of culture.

2440 | Lab Chip, 2023, 23, 2434-2446

To better understand the surface distribution of the
treatment and surface attachment forces to collagen I,
complementary assays with shear stress were performed
(ESIT Fig. S5). The surface of rectangular COP-channels was
treated and coated with fluorescently-labelled collagen I.

The distribution of functional groups, responsible for
protein immobilisation, was indirectly quantified by
analysing the collagen bonded to the COP surface for each
condition before applying shear stress (0 dyn cm™>). Contrary
to other types of proteins (ESI{ Fig. S6A) collagen distributed
in aggregates (ESIf Fig. S5A). This is probably caused by the
variability in their size and structural properties. Regarding
the quantity of immobilised collagen, significant differences
were only observed between control and PDL surfaces (ESIT
Fig. S5B).

To compare the adhesion forces of the collagen to the
differently treated COP surfaces, collagen-coated channels
were exposed to increasing shear stress forces (0.15, 25 and
150 dyn cm™®). Fluorescence microscopy revealed that the
collagen presence varied before and after shear stress
application. Consistently with 3D cell embedded assays, in
control condition (plasma) collagen was almost completely
detached from the surface after applying the lowest shear
stress (0.15 dyn cm™?). Indeed, the remaining quantity of
collagen was 12.5% of the initial state. In the other treated
surfaces (APTES, PDL and PAA-PG) collagen quantity slightly
decreased when shear forces of either 0.15 or 25 dyn cm™
were applied (ESIf Fig. S5B). Lastly, more pronounced
changes were observed with the maximum shear stress (150

This journal is © The Royal Society of Chemistry 2023
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dyn cm ™). For the APTES surface, the collagen quantity was
reduced to approximately 28% of the initial state. In turn, for
the PDL and PAA-PG channels, this parameter was reduced to
61% and 75%, respectively. These results agree with the
previously described observations for collagen hydrogel
resistance to cell contraction (Fig. 4 and 5).

PAA-PG was tested with other types of extracellular matrix
proteins with a key role in cell adhesion such as fibronectin
and laminin (ESIf Fig. S6). Plasma control and PAA-PG
channels were coated with fluorescently-labelled fibronectin
and laminin and exposed to 150 dyn cm>. Although the
initial distribution was very homogeneous for both laminin
and fibronectin, the fluorescence intensity showed different
values (ESIT Fig. S6B). Fibronectin control channels displayed
a minor intensity than PAA-PG channels. Though in PAA-PG
channels fluorescence intensity decreased after flow, it still
maintained a higher intensity than control in static
conditions. On the other hand, the intensity of laminin was
greater in PAA-PG channels compared with the control ones
before flow. Nevertheless, despite both conditions showed
protein detachment, the intensity levels of control channels
were better maintained than PAA-PG ones. These results
suggested an improved immobilisation of fibronectin to PAA-
PG surfaces in comparison with the laminin.

Evaluation of PAA-PG immobilisation technique for the
in vitro simulation of the necrotic core formation

The presence of fibroblasts in co-cultures of different cell
types is often needed to create more biomimetic in vitro
models. However, fibroblasts are one of the main cell types
affecting 3D hydrogel integrity. Moreover, some experiments
require high cell densities inside the gel as the self-induced
ischaemia models,">* in which the fibroblast role is
extremely relevant. Thus, we tested if PAA-PG pre-treatment
could overcome this technical obstacle, focusing on a
necrotic core model with human cardiac fibroblasts in 1.2
mg mL™" collagen hydrogels.

First, we assessed the influence of the HCF cell density on
contracting the hydrogel. Low-dense cultures (10° cells per
mL) of HCF did not produce collagen hydrogel contraction
when the device was not treated (control) (Fig. 6A). However,
the hydrogel contraction was observed after 3 days with 5 x
10° cells per mL and only 24 hours with higher densities (10”
and 2 x 107 cells per mL) (Fig. 6B). The PAA-PG pre-treated
microdevices improved performance significantly,
successfully preserving the hydrogel structure after 3 days in
culture at all the densities studied (Fig. 6C). Vybrant DiO
fluorescence intensity and cell morphology differences were
observed in the central area of the culture chamber in the
highest HCF concentration hydrogels (10" and 2 x 107 cells
per mL). Fibroblasts located closer to the medium channels
were more fluorescent and spread. At the same time, cell
morphology in the central area was rounded and
fluorescence intensity lower, suggesting cell death (Fig. 6D-
H, S7 and ESI} video). Cell viability staining after 48 hours

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

showed rounded central cells as dead and membrane
compromised cells, generating a necrotic core in the
innermost hydrogel region. The necrotic core generated after
48 hours by a density of 107 cells per mL occupied 500-600
pm of the central chamber (Fig. 6I). A higher cell density of
2 x 107 cells per mL provided a larger necrotic core, up to
1500 um (Fig. 6]).

Accordingly, the pre-treatment with PAA-PG allows the
generation of a necrotic core with fibroblasts embedded in
collagen hydrogel, which was impossible without collagen
hydrogel immobilisation (Fig. 6B and C). The effectiveness of
PAA-PG was even more evident when studying the human
glioblastoma U87-MG cell line. Thus, comparing non-treated
COP-MD with PAA-PG treated, we were able to prolong the
culture of 4 x 10’ U87-MG cells per mL embedded in collagen
from 4 hours to 9 days. Moreover, a necrotic core was
preserved 9 days after cell seeding (ESIT Fig. S8).

Discussion

Fibroblast concentration and ECM stiffness are parameters
that influence  physiological and non-physiological
phenomena. For example, in fibrosis and wound healing
processes, an acute injury triggers a cascade of events that
lead to fibroblast migration and proliferation. These
fibroblasts produce large amounts of ECM proteins,
including collagen type I and III, fibronectin and hyaluronic

acid, leading to increased mechanical tensions in
combination with other chemical stimuli that induce
transdifferentiation of fibroblasts into myofibroblasts.

Myofibroblasts are characterised by the ability to exert strong
contractile forces on the ECM, and produce fibrillar collagen
bundles that stiffen the tissue. Similarly, tumours have been
described as wounds that fail to heal, where the fibroblasts
play an important role by producing and depositing ECM
that enhances stiffness and strain.>> All these aspects make
the in vitro biomimetic recreation of these processes, in
which fibroblasts are involved, a matter of crucial
importance. However, the generation of models based on
microfluidic devices has been very limited by the contractile
capacity of fibroblasts on the hydrogel structure in which
they are embedded. These contractions cause gel collapse,
altering the organisation and distribution of cells in
microfluidic devices. Therefore, the need arises to develop
surface treatments for the chip materials to avoid hydrogel
collapse. In this work, several protein immobilisation
methods have been compared in COP-MD.

From the different methodologies reported (low-pressure
plasma, oxygen plasma, UV/ozone, photografting of PEGMA/
PEtOx, permanent PVA coating and dynamic HEC coating),
oxygen plasma appears as a very effective technique in terms
of reducing hydrophobicity and generating functional groups
in COP/COC substrates.”®>” However, the oxygen plasma
effect depends on the polymer type. The reduction of the
WCA is an indicator of the increase in surface energy due to
the introduction of polar groups on the surface of the
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Fig. 6 HCF 3D culture for necrotic core formation in PAA-PG treated devices. (A) Green labelled (DiO) HCF at 10° cells per mL in collagen (1.2 mg
mL™) hydrogel within non-treated microdevice after 3 days. Cardiac fibroblasts at 5 x 10°, 107 and 2 x 107 cells per mL section view within non-
treated (B) and PAA-PG treated (C) COP-MD. 2 x 107 HCF mL™ after 48 hours culture labelled with (D) calcein (CAM) and (E) propidium iodide (PI)
viability stain presented two different areas, being the area on the left densely populated whereas that the right area displayed less cells, separated
from each other. Pl binds to nucleic acids of dead cells, mainly grouped in the center of the chamber (right area in E), where gases and nutrients
levels decrease. Merging CAM and Pl micrographs (F) revealed the coincidence of the right area with the predominance of dead cells. Magnifying
the image in the region closer to the medium channels (left in F) cells exhibited a spindle like form (G) while in the central region of the chamber
(right in F) cells showed a rounded morphology (H). In addition, in the right area (marked with white arrows in H) red stained nuclei disclosed inside
green fluorescent cells, suggesting that these cells have a compromised membrane. Top and section view (blue bordered regions) of alive/dead
fibroblasts of 107 (I) and 2 x 107 (J) HCF mL™ at 48 hours after CAM/PI staining. The graphs show quantification of CAM (green) and PI (red)
fluorescence intensity profile along the chamber device (yellow bordered regions). Scale bar 100 um except in (I) and (J) left image of the whole
device where scale bar is 500 um.
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polymer. For example, differences in the ethylene/norbornene
content in COC (Topas®) are described to affect the WCA. An
increased norbornene content lead to a lower WCA and more
hydrophilic surface after oxygen plasma-activation.”® Haq
et al.,>® applied a corona treatment to polycarbonate, COC
and COP surfaces, obtaining a reduction from 80° to 38°, 96°
to 39° and 93° to 27°, respectively. The WCA reduction was
related to the increment of oxygen to carbon ratio in C-O,
COH, COOH and C=O forms. These results suggest a
different surface activation of COP and COC under the same
treatment conditions. In cell culture applications,’® COP
(Zeonex®) and COC (Topas®) air plasma-treated substrates
were seeded with HeLa cells (cervix carcinoma cells). COP
was described as a suitable substrate for cell culture while
COC did not provide an appropriate chemistry for cells.
Despite COP and COC are chemically related, spectroscopy
analysis showed different spectra. Authors suggested the
presence of non-specified additives in the polymers to explain
the differences observed in the cell culture studies.

Among all the treatments studied in this work, the
physisorption treatment (control) has shown the worst
response to counter hydrogel contraction. This was expected
because the intramolecular forces involved are weak and
unstable, needing additional treatments to enhance protein
attachment.’>®"*> The short stability of plasma oxidation has
been widely reported in both PDMS and COC materials*>®
extensive also to their ability to adsorb molecules on their
surface. For example, AFM height images from collagen
coating physically adsorbed onto PDMS after oxygen plasma
treatment show lower stability after incubation in a growth
medium for five days than stable covalent coating based on

an aminosilane chemistry.** Moreover, according to
published studies of monolayer cultures on collagen
coating®® and  collagen-embedded  cells*®  within

microfluidic devices, it seems that the physical adsorption of
collagen I does not represent an ideal host surface for the
long-term culture of cells. Although this lack of stability can
be attributed to cell activity and homeostasis, the adsorbed
collagen can also be exchanged by other proteins from the
cell culture medium, known as the Vroman effect, making
immobilisation less stable and resistant to cell
remodelling.*®

Positively charged molecules (PDL/PLL) have been commonly
used as a cell adhesion molecule to enhance cell attachment,
adhesion and differentiation of many cell types.®” Some works
describe the immobilisation of PDL through APTES® or
Pluronic F127°° to stabilise and improve neuron adhesion with
in long-term cultures. Direct PDL adsorption on plasma-
activated surfaces prevents shrinkage and detachment of
collagen hydrogel from PDMS channels allowing -capillary
morphogenesis.***® Treatment with NH, ended chemicals such
as poly(ethyleneimine) (PEI), poly(allylamine hydrochloride)
(PAH), hexamethylenediamine (HMDA) and 1,3-diaminopropane
(DAP) has been reported in PMMA®® and porous silicon
substrates’® for antibody immobilisation. Recently, substrate
amination with PLL to immobilise ECM protein has been used

This journal is © The Royal Society of Chemistry 2023
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in PDMS devices to promote better bonding in cell culture
applications.*”””* To the authors' knowledge, this is the first
time that amination with PDL is used for collagen
immobilisation on COP surfaces for 3D culture applications. In
this work, heterogeneous results were observed in combined
physisorption and covalent bond treatment with PDL. Followed
by GA activation, PDL amino groups covalently crosslink with
collagen amino groups. Thus, PDL treatment delayed the
hydrogel contraction, maintaining the cell area occupied over
90% up to 3 days with 1.2 mg mL™ collagen hydrogels, which
was significantly prolonged with 4 mg mL™ collagen hydrogels.
Hence, our results point to PDL treatment as the second-best
immobilisation technique after PAA-PG.

Grafting is a widely used technique for modifying the
surface chemistry with polymer brushes for further
modification in both PDMS and COC/COP. It allows a stable
hydrophilic surface, can provide stable biomolecule
attachment and provides biocompatibility with the possibility
of patterning enclosed microchannels.”” Covalent attachment
of graft chains onto a polymer surface offers stable surfaces
in contrast to the physical coatings which can be
delaminated.*" In microfluidics, the applications for grafted
substrates are principally: reducing protein adsorption and
platelet adhesion, providing anti-fouling properties, and
immobilising antibodies and biomolecules.”” Wang et al.,*!
successfully photografted PAA onto PDMS substrates and
subsequently immobilised a mixture of ethylenediamine,
chitosan, PLL and RGD peptides to promote cell attachment
and growth in the modified regions. Similarly, in COP/COC
substrates photografting has been predominantly used to
generate microfluidic sensors by bioanalytical probes
immobilisation,*®”® the reduction of nonspecific adsorption
of plasma proteins or BSA”* and cell adhesion.*® Remarkably,
photografting has not been reported to immobilise collagen
either to avoid hydrogel collapse or to improve coating
efficiency in COP-MD. In this work, we demonstrate that
COP-MD previously treated by PAA-PG reached the longest
fibroblast 3D culture, preserving hydrogel structure without
collapsing at either 1.2 or 4 mg mL™ collagen concentration
after 8 days. Comparing the effect of PAA-PG and PDL
immobilisation treatments, PDL-treated chips did not
preserve the 3D structure as long as UV-photografting,
possibly due to the chemical strength differences between
both treatments. In fact, while PAA-PG presents double
covalent bonding between COP-PAA and PAA-collagen, PDL
is physisorbed onto the COP surface by electrostatic
interaction and covalently bonded to collagen through the
amino groups exposed by GA linked to PDL.

We also studied immobilisation by silanization with
APTES, since this technique is widely applied for antibody
immobilisation for immunoassays diagnosis in materials
such as COP or COC.**** However, although ECM proteins
immobilisation with APTES in PDMS microfluidic devices is
successfully reported in cell sheet cultures (enhancing cell
adhesion®®”® under shear stress conditions®® or for cell
stretching applications’®), there are no studies in 3D culture
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within microfluidic devices. Interestingly, although PAA-PG
and APTES treatments are supposed to establish stable
covalent linkages between proteins and chemically modified
COP surface, only PAA-PG showed significant outcomes.
APTES was shown as a non-appropriate immobilisation
technique for collagen I-based hydrogels in COP-MD under
the conditions applied in this work. Further investigation
exploring extended surface activation times applied to 3D
culture must be done.

Increasing collagen hydrogel concentration induced a
delay in contraction behaviour. As reported, higher collagen
concentration gels exhibit minor contraction than less
concentrated ones.”” Consequently, the contraction tendency
between 1.2 mg mL ™" and 4 mg mL ™" collagen hydrogels was
very similar, so the efficacy of the treatments was almost
equal. Thus, collagen hydrogel concentration directly affects
the time required for cell contraction, delaying the
phenomenon, but not avoiding it. Nevertheless, increasing

collagen hydrogel concentration modifies mechanical
properties such as elastic modulus, pore radius or
permeability’® inducing changes in cell behaviour.””

Therefore, this strategy is not always close to physiological
microenvironment stiffness.

Cancer cell spheroids (also known as multicellular
tumour spheroids MCTS) are a successful in vitro model to
mimic cell-to-cell interactions and tumour/ischaemia
models. The core of solid tumours is highly hypoxic due to
poor blood circulation. Moreover, hypoxia is considered to
contribute to drug resistance,”® being one of the major
hallmarks of solid tumours and a requirement for 3D
tumour culture models. Due to the limited diffusion within
spheroids, biochemical gradients are created (oxygen,
nutrients, growth factors, signalling molecules and
molecular waste).** Nevertheless, microscopic imaging of
large spheroids (>150 pum) and organoids is extremely
challenging or requires expensive equipment due to poor
light and label penetration, and attenuation of the
fluorescent signal by light scattering.®*> On the other
hand, scaffolds based on hydrogels provide extracellular
support, mimicking the biochemical and mechanical
properties of ECM, allowing for cell-ECM interactions,'° cell
growth and migration. Their tuneable porosity allows the
diffusion of oxygen, nutrients and drugs to reach the cells
while facilitating the waste removal. Combined with COP-
MD, hydrogels permit the generation of ischaemia and
necrotic core models due to the gas impermeability of COP,
with the generation of nutrients and gas gradients inside
the central chamber.”>** However, the power of this type of
ischaemia-on-chip model lies not only in the capacity to
control the gas concentration inside the device (material
properties) but also in the preservation of the three-
dimensionality of the culture within the chamber. When
including cells with contractile capacity within the hydrogel,
its structure may be compromised and, therefore, the
preservation  of  three-dimensionality and  gradient
generation. This phenomenon encouraged us to study PAA-
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PG surface functionalisation to validate an ischaemia-on-
chip model with contractile cells. This treatment
demonstrated long-term 3D culture, preserving collagen
hydrogel structure. We were able to generate oxygen and
nutrient gradients that led to the formation of necrotic
cores. In fact, different necrotic core sizes were developed
depending on initial HCF density seeding. PAA-PG also
permitted a glioblastoma necrotic formation with U87-MG
expressing high contractility capacity. The dimensions of
the necrotic cores generated in this work are conditioned by
the nature of the extracellular matrix (type of protein,
concentration, porosity), the density and cell type (cell
requirements and metabolism) and the characteristics of
the device (design and dimensions). The latter can affect
the diffusion of the culture medium. Relying on the size of
the medium channels, the volume of culture medium
available will vary. Another relevant feature is the presence
of microchannels connecting the central chamber and the
medium channels. These structures limit the area of contact
and diffusion. Likewise, the culture medium flow rate
constitutes an important factor to control the medium
diffusion speed through the hydrogel.

Not only fibroblast-like cell types do manifest contractility
events, but also endothelial cells retract hydrogels away from
the walls of microfluidic devices in long-term experiments for
in vitro angiogenesis.’® Hence, our approach could open the
door to the application of the described surface treatments to
other models. Moreover, adapting spheroids assays to
hydrogel-embedded culture would allow easy real-time
monitoring of ischaemia events and other applications such
as drug testing and immunotherapy. This constitutes a basis
for the development of closer patho-physiological and
relevant co-culture models of angiogenesis, wound healing,
tumour microenvironment and ischaemia within COP-MD.

Conclusions

We have characterised different protein immobilisation
methods for 3D cell culture in COP microfluidic devices
showing that collagen hydrogel contraction can be delayed
when cultured with highly contractile cells such as
fibroblasts. A combination of physisorption and covalent
bonding methods for collagen immobilisation using PDL can
be applied for long-term cultures in 3D hydrogels. However,
their effectiveness on 3D collagen structure maintenance
must be determined in advance for each condition (hydrogel
concentration, experiment time) or cell type. In this work, we
present PAA-PG as the most effective immobilisation method
that allows long-term culture at high cell densities of
contractile cell types such as fibroblasts. Moreover, PAA-PG
allows the generation of gradients and necrotic core within
COP-MD cultured with a high fibroblast density. The
implementation of PAA-PG treatment to COP-MD opens new
possibilities for in vitro model generation where collagen
hydrogel structure preservation is required, such as
ischaemia or tumour microenvironment.

This journal is © The Royal Society of Chemistry 2023
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