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Abstract: In recent years, innovative cell-based biosensing systems have been developed, showing
impact in healthcare and life science research. Now, there is a need to design mass-production
processes to enable their commercialization and reach society. However, current protocols for their
fabrication employ materials that are not optimal for industrial production, and their preparation
requires several chemical coating steps, resulting in cumbersome protocols. We have developed
a simplified two-step method for generating controlled cell patterns on PMMA, a durable and
transparent material frequently employed in the mass manufacturing of microfluidic devices. It
involves air plasma and microcontact printing. This approach allows the formation of well-defined
cell arrays on PMMA without the need for blocking agents to define the patterns. Patterns of various
adherent cell types in dozens of individual cell cultures, allowing the regulation of cell–material and
cell–cell interactions, were developed. These cell patterns were integrated into a microfluidic device,
and their viability for more than 20 h under controlled flow conditions was demonstrated. This work
demonstrated the potential to adapt polymeric cytophobic materials to simple fabrication protocols
of cell-based microsystems, leveraging the possibilities for commercialization.

Keywords: polymethyl methacrylate; cell patterning; microcontact printing; microfluidic device;
commercialization; cell-based microsystems

1. Introduction

In recent years, the use of new microfabrication techniques and the development of
microfluidic devices have had an impact on a wide range of research areas. This trend can
be attributed to the reduction in the production cost, the reduction in the use of reagents,
the simplification of methods, the portability of devices and the adaptation to user-friendly
interfaces. In addition, microfluidics improve process performance compared to conven-
tional methods [1]. In the field of biological and biomedical research, microtechnologies
for cell monitoring and biosensing are being developed with the aim of enhancing control
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over various cellular interactions, enabling more precise analysis of cellular behaviors [2,3].
In particular, the generation of cell patterns, where arrays of hundreds of single cellular
replicates with controlled localization, distribution and cell–cell contact can be obtained,
have demonstrated the capability to achieve high-throughput, non-invasive and real-time
optical analysis of cell behaviors. However, most of the cell monitoring and biosensing
platforms developed in research laboratories rely on conventional cell culture materials,
such as glass, which are not truly scalable to industrial mass-production processes. This
greatly limits the commercialization potential of these microtechnologies. To create new
commercial tools for the pharmaceutical and biomedical industries, it is desirable to extend
the manufacturability of these novel microtechnologies to plastic substrates, which are less
fragile and offer a wider range of optical properties [4,5].

Polymethyl methacrylate (PMMA) is a material commonly employed in the fabrication
of microfluidic devices due to its durability, ease of manipulation and cost-effectiveness.
Considering these factors, PMMA provides a versatile option for the design of a diverse
range of microfluidic devices [6,7]. However, while PMMA presents moderate to good
biocompatibility, it has low cell adhesion properties and has been described as bioinert and
cytophobic [8–10]. This phenomenon can be attributed to the innate low wettability of the
material and the absence of functional chemical cues that are necessary for the binding of
biomolecules, thus impeding the deposition and formation of microenvironment compo-
nents that are essential for optimal cell adhesion and maintenance [11–13]. This limitation
severely reduces its potential use for the generation of cell monitoring microfluidic devices.

In order to address PMMA’s limitations, a variety of methods have been investigated
in order to enhance cell adhesion on the material by increasing its surface hydrophilicity,
including but not limited to chemical- and light-based treatments of the polymer [14–17].
However, one of the most facile and quick techniques to augment the surface hydrophilicity
of a polymer is via air or oxygen plasma treatment. In essence, the free radicals produced
within a plasma chamber can catalyze the oxidation of the surface of a material, thereby
exposing polar functional groups that improve the hydrophilicity of the surface. The use of
plasma treatment has been shown to enhance the hydrophilicity of PMMA surfaces, leading
to augmented interactions between cells and proteins and the material. This enables the
adhesion of extracellular matrix proteins, providing better adhesion of cells to PMMA
surfaces [15,18–20].

In order to generate arrays of discrete cell groups on a single sample, microcontact
printing (µCP) of proteins, an easy and fast method that requires minimum equipment
or expertise, emerges as a powerful choice that can be used within any laboratory. The
method, which results in the production of patterned surfaces with contrast between
adherent and non-adherent areas, consists of the dry transfer of cell adhesion proteins from
a polydimethylsiloxane (PDMS) stamp to a substrate, replicating the features carved on
it [21,22]. Only a small number of studies are reported in the literature that have utilized a
combination of plasma treatment and microcontact printing (µCP) of proteins to improve
cell adhesion on PMMA surfaces. Schmalenberg et al. and Wang et al. have reported
successful applications of combined plasma treatment of PMMA surfaces and µCP of
laminin for the adhesion and growth of Schwann cells and nerve cells, with high potential
to function as nerve guides and promote nerve regeneration [23–25]. Recently, Hager et al.
studied subcellular patterning of different proteins through µCP on plasma-activated and
epoxy-functionalized polymeric surfaces, including PMMA, and demonstrated that PMMA
could be a feasible and flexible alternative to conventional cell culture materials, like glass,
for µCP, presenting comparable optical properties [5]. Although there is growing interest
in using these polymeric materials as substitutes for traditional cell culture materials in the
development of novel cell monitoring microtechnologies, there has been limited exploration
of the combination of physicochemical and biochemical modifications of PMMA surfaces
to control cell adhesion on the typically cytophobic material.

In this work, a method that combines plasma treatment and µCP was evaluated for
the controlled patterning of cells on PMMA, in order to achieve functional and controlled
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cell adhesion on the surface of cytophobic polymeric materials. Air plasma treatment was
utilized in order to enhance hydrophilicity on the PMMA surfaces, using PDMS slabs as
stencils for the generation of hydrophilic zones with high contrast to their hydrophobic
surroundings. µCP of cell adhesion proteins was directly applied to promote the adhesion
of various cell types on dozens to hundreds of pre-defined architectures with controlled cell–
cell and cell–material interactions. The cell patterns were integrated in a simple microfluidic
device as a proof of concept, demonstrating the direct applicability of this methodology for
an optical and rapid monitoring and analysis of patterned live cells inside a microfluidic
device (Figure 1).
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Figure 1. Cartoon of cell patterning process on PMMA. (i) Generation of a hydrophilic zone on the
PMMA surface through localized plasma treatment using a PDMS stencil. (ii) Microcontact printing
of cell adhesion proteins. (iii) Pattern of a fibronectin dot array. (iv) Cell isles pattern.

2. Materials and Methods
2.1. Materials

Primary human hair follicle-derived mesenchymal stromal cells (hHF-MSCs) were ob-
tained from human follicles (passages 6 to 9). Prostate cancer cells PC3 and colorectal cancer
cells HCT116 were purchased from ATCC, Manassas, VA, USA. Bovine plasma fibronectin,
Dulbecco’s modified eagle’s medium (DMEM), F-12 Medium, fetal bovine serum (FBS)
and penicillin/streptomycin (P/S) were purchased from Fisher Scientific, Spain. Bovine
serum albumin was purchased from Sigma Aldrich, Madrid, Spain. Polydimethylsiloxane
silicone (PDMS) elastomer and curing agent SYLGARD 184 were purchased from Ellsworth
adhesives, Madrid, Spain. PMMA Plexiglas 4 mm was purchased from Evonik Indus-
tries AG, Essen, Germany. Pressure-sensitive adhesive (PSA) ARcare 8939 was purchased
from Adhesive Research, Limerick, Ireland. Luers and reservoirs (male 1/16 in barb and
female Luer Lok compatible connectors white base) were purchased from Microfluidics
ChipShop, Jena, Germany. Tubing was purchased from Altmann Analytik GmbH & Co,
Munich, Germany.

2.2. Selective Oxidation of PMMA Surface

In order to generate controlled hydrophilic zones within PMMA surfaces, air plasma
treatment was used for the oxidation of the surfaces. PDMS slabs were applied as stencils
for non-treated areas. In summary, 3 mm holes were punched on flat PDMS slabs (elastomer
and curing agent proportion 10:1, 0.8 cm height). After carefully washing with ethanol,
the PDMS slabs were put in close contact with PMMA slides (3 cm × 5 cm × 0.4 cm,
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length × width × height). The PDMS-protected PMMA was oxidized using air plasma
inside of a plasma cleaner (BlackHole, Paris, France) with a power of 29.6 W for 150 s.

To verify the generation of controlled hydrophilic zones, the spreading of a distilled
water (DI water) drop was analyzed. An amount of 1 µL of DI water was deposited
on untreated PMMA, plasma-treated PMMA and PDMS-protected PMMA surfaces after
PDMS retrieval. The contact angle was measured using an OCA 15EC Drop Shape Analyser–
Goniometer (MRG Ibérica, Barcelona, Spain) for each surface.

2.3. Biochemical Functionalization of Hydrophilic PMMA Surfaces

Biochemical functionalization of PMMA with cell adhesion proteins was achieved by
incubating fibronectin or collagen solutions with the hydrophilic zone of the PMMA surface.
Briefly, either 1 µL of fibronectin solution (40 µg mL−1) or collagen solution (1 mg mL−1)
were put on top of the hydrophilic zones and incubated for 1 h. Incubation was carried out
in a high-humidity environment to avoid drop evaporation. Afterwards, the drops were
removed and the PMMA surface was carefully rinsed with PBS.

For cell adhesion on biochemically functionalized PMMA surfaces, colorectal cancer
cells HCT116 were cultured until reaching 80% confluence, detached and re-suspended in
culture medium (10% serum) for a final concentration of 2.5 × 106 cells mL−1. Drops of
1 µL of cell suspension were put over the hydrophilic zones of the PMMA with fibronectin
or collagen functionalization. Drops of 1 µL of cell suspension were also put over the
hydrophilic zones without biochemical functionalization.

Simultaneously, PDMS channels (see Supporting Information S1 for specifications)
were rinsed with ethanol and adhered to the corresponding PSA film, which was cut to the
shape of the PDMS channel using a Graphtec cutting Plotter CE6000-40 (CPS Cutter Printer
Systems, Madrid, Spain), covering all areas of the PDMS except the channel.

A cell suspension drop was placed on the functionalized area of the PMMA substrate
and the PDMS channel was assembled to the PMMA substrate through the PSA film
on top of the pattern. All samples were incubated at 37 ◦C and 5% CO2 inside a cell
culture incubator for 1 h in a high-humidity environment to allow cell adhesion to the
functionalized PMMA substrate. Afterwards, 200 µL of cell culture medium was flowed
three times through hydrostatic pressure to rinse off any of the non-adhered cells. Samples
were imaged through brightfield microscopy three times: before rinsing, right after rinsing
and 24 h afterwards.

2.4. Patterning of Cells in Functionalized PMMA Surfaces

For the patterning of cell adhesion proteins in the hydrophilic surface of PMMA,
microcontact printing of fibronectin was carried out. PDMS stamps containing pillars with
different features (to generate lollipop-like features, 50 and 100 µm dots) were wetted with
50 µL of a solution of fibronectin 50 µg mL−1 and BSA-TAMRA 6.25 µg mL−1 for 30 min.
Afterwards, the ink was removed and the PDMS stamps were rinsed with DI water and
dried over compressed air flow. Each PDMS stamp was put in contact with the hydrophilic
zones in the PMMA surface in order to transfer the protein from the PDMS stamp to the
substrate and create small dots of fibronectin. Finally, the PDMS stamps were retrieved
after 30 min. The same functionalization procedure was carried out in glass cover and
polystyrene cell culture wells for comparison.

Then, the patterning of HCT116, prostate cancer cells PC3 and hHF-MSCs was carried
out through this procedure. Briefly, cells were cultured until reaching 80% confluence,
detached and re-suspended in their respective culture media (10% FBS) for a final concen-
tration of 107 cells mL−1. Drops of 1 µL of cell suspension were put over the hydrophilic
zones with the fibronectin patterns and incubated at 37 ◦C and 5% CO2 inside a cell culture
incubator for 1 h under a high-humidity environment. Afterwards, 200 µL of their corre-
sponding cell culture medium was flown three times through hydrostatic pressure in order
to rinse off the non-adhered cells. Brightfield microscopy images were taken after rinsing.
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The same patterning procedure was carried out for the non-treated PMMA surfaces as a
control of protein deposition.

PC3 cells patterned on 50 µm dots were maintained under constant flow (10 µL min−1)
of medium using a Pump 11 Elite Programmable Syringe Pump (Harvard apparatus, Spain)
for 20 h. Brightfield microscopy images were taken afterwards.

For single-cell patterning, PMMA wells were fabricated; see Supporting Information S2
for specifications. PDMS stamps containing arrays of 20 µm dots separated by 50 µm were
wetted with 50 µL of a fibronectin solution 200 µg mL−1. Later, the ink was removed and
the PDMS stamps were rinsed with DI water and dried with compressed air. Each PDMS
stamp was put in contact with the PMMA wells for 30 min. The PMMA wells were oxidized
as previously explained. After PDMS stamps were retrieved, the wells were loaded with
a 2.5% BSA solution in PBS for 15 min. Afterwards, the wells were loaded with 750 µL
of either hHF-MSCs or HeLa suspension at a concentration of 205 cells mL−1. Half of the
samples were left for 30 min on constant oscillation in a rocker inside an incubator at 37 ◦C
and 5% CO2 air atmosphere. The other half of the samples was left incubating on a rocker
but under static conditions inside an incubator at 37 ◦C and 5% CO2 air atmosphere. Finally,
the samples were rinsed three times with PBS.

2.5. Imaging and Data Analysis

Brightfield and fluorescence images were taken with a modified Nikon Eclipse TE2000-
S (Nikon, Melville, NY, USA) microscope with a LUMENCOR laser light source (Lumencor,
Beaverton, OR, USA) and Zylar sCMOS camera (Oxford Instruments, Abingdon, UK).
Microscopy images were processed using FiJi/ImageJ software 2.9.0.

3. Results and Discussion
3.1. Cell Adhesion on Biochemically Functionalized PMMA Surface

Polymethyl methacrylate (PMMA) is a widely used polymer for the fabrication of mi-
crofluidic devices, due to its versatility and easy manipulation. While PMMA has moderate
biocompatibility, it does not present good properties for cell adhesion. In general, moderate
to highly hydrophobic surfaces do not allow the generation of optimal cell–surface interac-
tions, which leads to a lack of important signals required for cell adhesion, proliferation and
survival. Therefore, to achieve cell patterning on PMMA, a combined physicochemical and
biochemical functionalization of the surface was carried out. Firstly, PMMA was selectively
oxidized by air plasma in order to improve its hydrophilicity. Secondly, PMMA surfaces
were homogeneously coated with cell adhesion proteins to test the best conditions for cell
adhesion. Finally, the cell patterning performance was investigated.

It is known that plasma treatment on PMMA surfaces increases the hydrophilicity of
the material and improves cell adhesion [18,19]. By using a PDMS slab with holes as a stencil
for the PMMA surface, it is possible to control the plasma exposure of specific areas on the
surface of the PMMA. This allows the generation of discrete hydrophilic zones on the surface,
which not only improve cell adhesion and protein interaction with the substrate, but also
ensure the control of the distribution of cell adhesion zones within the PMMA surface.

Here, a 3 mm zone of the PMMA surface was treated with air plasma as a way to generate
one unique small zone for cell adhesion in a PMMA slide, which would later serve as the cell
adhesion zone in a microfluidic device. To generate the 3 mm zone, a PDMS slab with a 3 mm
hole was used (Figure 2A). The contact angles of untreated PMMA, plasma-treated PMMA and
PDMS-protected PMMA surfaces were measured. As expected, significant differences were
observed between the untreated and the fully plasma-treated PMMA surfaces, as the deposited
drop spread over the surface, decreasing the value of the contact angle in the treated surface
from 62◦ to 40◦ (Figure 2B). This confirmed that plasma treatment increased the hydrophilicity
and wettability of the treated PMMA surface. Regarding the protected surface, the contact
angle increased when compared to the untreated surface, which implies that PDMS protection
not only shields the surface from oxidation, but also enhances its hydrophobicity due to the
contact and interaction with the PDMS.
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Figure 2. Localized oxidation of PMMA: (A) Drawing of the process for localized oxidation of a
single zone of the PMMA surface to generate a discrete hydrophilic zone, red spot. (B) Photographs
for contact angle measurements of drops on PMMA surfaces untreated (left), after plasma treatment
(center) and plasma treated with a PDMS layer on top during the plasma exposition (right) for
contact angle measurements. (C) Plot of the normalized fluorescence intensity (left) and fluorescence
images (right) of PMMA substrates with and without plasma treatment after micropatterning of
BSA-TAMRA protein. Error bars mean ± SD (n = 3 samples).

For the deposition of fibronectin, microcontact printing (µCP) was tested on the
hydrophilic zone the non-treated zones of the PMMA surfaces. Fluorescent BSA-TAMRA
was used as reporter of the deposition of the protein. As observed in Figure 2C, a more
homogeneous deposition of the protein could be seen in the oxidized zone when compared
with non-treated PMMA. Furthermore, a greater deposition of fibronectin was observed
on the hydrophilic zone than on the surface that was protected with the PDMS. This
confirmed that the transfer of the cell adhesion protein to the PMMA surface was highly
dependent on the surface hydrophilicity, which was successfully achieved via controlled
air plasma treatment.

In order to enable cell adhesion, the hydrophilic zone was biochemically function-
alized with either fibronectin or collagen. Collagen is the main structural protein of the
extracellular matrix and promotes cell adhesion to substrates [26]. Fibronectin is another
extracellular matrix protein and plays a major role in cell adhesion through the generation
of focal adhesions [27]. Adhesion of colorectal cancer cells HCT116 to the hydrophilic zone
with and without biochemical functionalization was investigated. After drop deposition, a
PDMS channel was assembled onto all PMMA slides. This enabled the development of
a straightforward microfluidic device that incorporated a droplet of cell suspension and
a hydrophilic zone in the center of the channel. After incubation, culture medium was
flowed through the channel to rinse off any non-adhered cells.

In the case of the samples that did not undergo any biochemical functionalization, the
majority of the cells were observed to flow out after rinsing, indicating that the treatment
with plasma alone did not induce the formation of focal adhesion points necessary for
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proper cell adhesion dynamics, see Figure 3A. In contrast, samples treated with either
collagen or fibronectin exhibited cell adhesion after only 1 h of incubation. In the case of
the collagen samples, approximately 1000 cells could be observed in the substrate after
rinsing, indicating that 45% of the cells incubated successfully attached to the PMMA.
However, 24 h after the incubation, the number of attached cells decreased by 25%, with
the remaining cells displaying a rounded morphology and a lack of spreading, indicating
that the cells were not producing optimal interactions with the substrate (Figure 3B,C). In
the samples treated with fibronectin, approximately 2100 cells could be found successfully
attached to the substrate, corresponding to 85% of the total number of cells incubated. In
the case of samples incubated with fibronectin after 24 h, the number of cells on the surface
increased to approximately 2200 cells, and presented a more elongated shape, related to a
better interaction and adhesion of the cells with the PMMA. This observation suggests that
biochemical functionalization with these proteins, combined with the hydrophilic zones
generated by the plasma treatment, is a key factor in providing the necessary cues for the
adhesion and growth of cells on the PMMA surface.
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Figure 3. Adhesion of HCT116 cells on PMMA-treated surface: (A) Brightfield microscopy images of
HCT116 cells cultured before flow (left) and after flow (right). (B) Brightfield microscopy images
of cells adhered to collagen (top row) and fibronectin (bottom row) after flow (left column) and
24 h afterwards (right column). (C) Plot of the percentage of cells adhered to collagen (Coll)-
and fibronectin (Fn)-treated hydrophilic zones in the PMMA after rinsing. Error bars mean ± SD
(n = 3 samples per experimental condition).
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Out of the two proteins tested, fibronectin presented better results than collagen, as
a higher number of cells adhered under the same conditions, and cell proliferation could
be observed over the course of 24 h. For such reasons, fibronectin was chosen as the cell
adhesion protein for further experiments.

3.2. Patterning of Cells on the Hydrophilic PMMA Surfaces

Once the improved cell adhesion properties of PMMA after selective plasma treatment
and fibronectin coating were demonstrated, the next objective was to achieve controlled
cell adhesion in the form of patterns on the PMMA substrate. An array of 100 µm fi-
bronectin dots was produced through µCP on PMMA and subsequently incubated with
cells for 1 h. Using brightfield microscopy, patterns of cells were observed on the substrates
(Figure 4A). The cytophobic nature of untreated PMMA allowed for highly specific pat-
terning of prostate cancer (PC3) cells on the substrate without the need for any blocking
agents. For comparison purposes, the same experiment was performed using glass and
conventional polystyrene cell culture well plates. Normally, in order to achieve cell patterns
on conventional (hydrophilic) substrates, it is necessary to block non-printed areas with a
blocking agent, such as bovine serum albumin, as the absence of a blocking agent results
in an unspecific adhesion of cells on conventional cell culture substrates. Contrary to
PMMA, the incubation of the glass and polystyrene patterned substrates with the PC3 cells
resulted in an expected non-specific cell binding to each substrate, without creating the
desired pre-defined patterns. The hydrophilic cell adhesion areas on the PMMA surface
contrasted sharply with the surrounding hydrophobic regions, effectively suppressing cell
adhesion and migration outside of the pattern. The absence of a blocking step in the cell
patterning process on PMMA substrates presents a significant advantage over conventional
cell culture substrates, as it eliminates the need for additional steps and reduces the overall
time required for the method. This reduction in method time is significant, as it simplifies
the process and allows for more efficient cell patterning.

To evaluate the versatility of this simplified methodology to create cell patterns on
PMMA substrates, the patterning of three different cell types on PMMA was evaluated,
including the previously mentioned HCT116 cells, PC3 cells as well as human mesenchymal
stem cells (hHF-MSCs) (Figure 4B). Patterns of small cell colonies for all three types of cells
were successfully obtained in all PMMA substrates, generating dozens of individual cell
events in a single sample, which can be simultaneously monitored. This confirmed the
possibility to control the cell adhesion and cell localization of different adherent cell types
through simple PMMA surface manipulation and micropatterning. The number of cells
per spot was directly correlated with the size of the cell type itself, as the cells attach and
expand as much as the fibronectin spot allows them, where 5 ± 2, 15 ± 3 and 22 ± 6 cells
could be found per spot for the patterns with hHF-MSCs, PC3 and HCT116, respectively.
This assay implied that this patterning methodology is, in principle, suitable for different
cell types and can be adapted to a wide range of scenarios. An analysis of patterned cell
viability, Supporting Information S3, showcased that 99% of the patterned cells were alive,
confirming that the patterning protocol does not affect cell viability and the suitability of
the patterned cells to be directly assayed.

Finally, the possibility of producing cell patterns using different patterns’ motifs was
evaluated. Different fibronectin patterns, including 50 µm dots, 100 µm dots and lollipop-
like features, were printed on PMMA slides and incubated with PC3, see
Supporting Information S4. For all three types of fibronectin arrays studied, the corre-
sponding array of PC3 was obtained, shown in Figure 4C, in which 95% of the dots were
occupied. The successful generation of corresponding arrays of PC3 demonstrates for
the first time the methodology’s ability to precisely control cell localization and cell–cell
interactions through the generation of a different dot shapes and architectures.
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Figure 4. Patterning of cells on PMMA: (A) Brightfield images of PC3 patterns on 100 µm dots
array of fibronectin with prior hydrophilic zone generation on cell cultures: polystyrene (PS) wells
(top), glass cover (middle) and PMMA surface (bottom). (B) Brightfield images of the arrays of
small cell colonies for hHF-MSCs, PC3 and HCT116 (top) and plot of the number of cells per spot
(bottom). Error bars represent mean ± SD (n = 3 samples per experimental condition). (C) Brightfield
microscopy images of a full PC3 array on 100 µm fibronectin dot patterns (left), pattern of PC3 on
100 µm dots, lollipop-like features and 50 µm dots (middle column, top to bottom) and fluorescence
images of fluorescent BSA printed using the same features (right column).

The possibility to avoid the blocking step allows the production and fabrication process
of the platform to be sped up (from 3.5 to 1.5 h) and further enhances the potential for
industrial-scale production of these microtechnologies. Furthermore, the incubation time
required to generate the cell patterns has been reduced significantly from the previous
reports on PMMA surfaces (from 4 h to 24 h down to 30–60 min [5,24]).

Our methodology presents a straightforward approach for creating cell monitoring
devices using PMMA, suitable for a broad spectrum of rapid analytical cell studies. In
contrast to traditional cell structures on glass substrates, utilizing PMMA as a foundational
substrate offers the advantage of being cost-effective and robust, with adaptability to
various fabrication techniques. This choice facilitates the potential for large-scale production
and the commercial viability of these platforms. The optical properties of the described
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patterns, as previously delineated, confer valuable benefits to end-users, as these assays
only necessitate optical components for readout. Moreover, the versatility inherent in the
types of patterns and cells that can be employed adds to the range of potential applications.
These include cell sorting, especially for circulating cells and corpuscles, the assessment
of cellular interactions with substrates and biochemical compounds, as well as evaluating
cellular responses to chemical stimuli. Our previous works on the use of cell patterns for
the optical monitoring of cell behaviors (monitoring of cell adhesion and biosensing of their
integrin profile, cell death under cytotoxic treatments and cell transfection under controlled
cell–cell contact) would benefit from these advantages to evolve into fully formed devices
with manufacturing and commercialization prospects [4,28,29].

3.3. Maintenance of the Cell Patterns under Flow Conditions

Mechanical forces related to fluid flow, such as shear stress, have been shown to
significantly impact cellular behavior under physiological conditions, altering key cellular
processes such as attachment dynamics, proliferation rates and gene expression, among
others [30–32]. For such reasons, there is an increasing interest in the development of
microfluidic devices, which allows for the studying and monitoring of cell patterns under
controlled flow conditions.

The PC3 patterns in the 50 µm fibronectin dots were maintained in a constant flow of
10 µL min−1 overnight; see Figure 5A,B for setup specifications. While some cells detached
during the process, the cells were still confined in their respective dots and the patterns
remained similar to their original state for at least 20 h; see Figure 5C,D.
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and after 20 h on flow (10 µL min−1).
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These findings suggest, for the first time, that the cell arrays on PMMA surfaces can be
readily integrated and analyzed within a microfluidic device under precisely controlled flow
conditions, thereby conferring practical applicability to this platform. The advancement
of PMMA-based microfluidic devices holds considerable promise for end-users. These
devices can be rapidly manufactured and scaled up efficiently. Optical monitoring further
attests to the simplicity of operation, negating the need for intricate instrumentation. These
microfluidic platforms can be utilized for the swift and quick analysis of cell adhesion,
detachment and viability under meticulously controlled chemical and fluidic conditions.

It should be noted that both cell adhesion and the overnight incubation were per-
formed using a cell culture medium supplemented with serum. The growth and migration
factors contained in the serum may cause the cells to move and proliferate outside of the
established pattern when the method is performed in conventional cell culture substrates.
The absence of unspecific attachment or cell migration outside of the pattern in the PMMA
samples is attributed to the robust cytophobic nature of the non-treated PMMA substrate,
which effectively restrains cells from moving or attaching outside of the designated cell
adhesion spots. This feature of PMMA provides an additional benefit over conventional
cell culture materials.

3.4. Single-Cell Patterning on the Hydrophilic PMMA Surfaces

As the incubation of cell suspension with the hydrophilic zone in static conditions
can lead to the formation of cell–cell interactions, resulting in stronger bonds compared to
those formed with the fibronectin dot, a modified µCP protocol was utilized for generating
single-cell patterns.

PMMA wells were fabricated and 20 µm fibronectin arrays were produced through
µCP on the oxidized PMMA surface. The patterns were incubated with a BSA solution
for 15 min in order to avoid an accumulation of cell clusters within the surface, which
could have led to inefficient interactions between the cells and the tiny fibronectin dots.
The previously mentioned hHF-MSCs and HeLa cells were incubated with the fibronectin
arrays, both on constant oscillation and in static conditions.

As seen in Figure 6, single-cell adhesion of both cell types was obtained. In the case
of the MSCs, the majority of the fibronectin dots were occupied by cells after incubating
for just 30 min (75% ± 4 and 80% ± 6 for the patterns incubated in static and oscillation
conditions, respectively). In most cases, only one cell adhered to the fibronectin dots
(95% ± 3 and 97.7% ± 0.5 for the patterns incubated in static and oscillation conditions,
respectively), and the patterns presented almost no unspecific adhesion of cells on the
PMMA surface. In the case of the HeLa cells incubated in static conditions, 57% ± 10 of
the fibronectin dots were occupied after a 30 min incubation of the cell suspension with
the pattern. HeLa cells incubated under constant oscillation displayed no cell adhesion
due to the high agglomeration and clustering of the cells in suspension. Similarly to the
single-MSC patterns, only one cell adhered to most of the fibronectin dots (95% ± 4) and
almost no unspecific adhesion of cells on the PMMA surface could be observed.

These findings provide additional evidence to support the viability of our approach
to enable and regulate cell adhesion, and demonstrate the potential of the method for use
in single-cell monitoring and biosensing applications. Although a blocking agent was
necessary to produce this form of cell array, the time required for the blocking process
was reduced by at least a quarter compared to earlier reports on single-cell patterning,
due in part to the intrinsic cytophobic properties of PMMA previously discussed. The
differences that could be observed between different cell types and incubation conditions
are expected, as the specific protocol should be optimized for each cell type and assay.
Thanks to the great versatility of the method, several parameters (including the dimensions
of the adhesion features, the cell adhesion proteins used, the concentration of cells, the
time of incubation and the presence or absence of motion during cell adhesion) can be
altered in order to achieve the optimal conditions for each type of bioassay. These findings
have the potential to significantly influence our previously established single-cell adhesion
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dot array (SCADA) methodology. This innovative technique facilitates optical assessment
of the variables affecting cellular adhesion and detachment without requiring complex
instrumentation. Consequently, it offers a pathway to developing user-friendly microfluidic
devices for the convenient monitoring of cellular behaviors [4,28].
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4. Conclusions

In this study, we investigated a novel approach for achieving controlled cell adhesion
and patterning on PMMA, a widely employed polymer in the fabrication of microfluidic
devices that has not been extensively utilized in commercial cell monitoring microtechnolo-
gies due to its inherent cytophobicity. PMMA surfaces were physicochemical modified
with localized air plasma in order to improve their hydrophilicity, while microcontact
printing was used for the patterning of different cell types with controlled cell localization
and cell–cell contact. The exploration of PMMA surface functionalization and cell–material
interactions has resulted in an improvement in the polymer’s cell adhesion capabilities.
This advancement not only transformed PMMA from a cytophobic to a cytophilic material,
but also allowed for the creation of precise patterns of various cell types. The ease of
manipulation and handling of PMMA, along with its significantly reduced production time
for cell arrays and direct integration of patterns into microfluidic devices, make this method
user-friendly and suitable for both academic research and industrial mass-production
processes. Overall, this work will contribute to the development of commercial products
aimed at cell-based biosensing and the monitoring of cell behavior. It can be combined
with numerous microfabrication-based methods that are being developed for the pharma-
ceutical industry and biological research laboratories worldwide, thus further expanding
its potential applications.
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Supplementary Materials: The following supporting information [4] can be downloaded at:
https://www.mdpi.com/article/10.3390/bios13100904/s1, Figure S1: PDMS channel specifica-
tions; Figure S2: PMMA wells specifications; Figure S3: Viability assay of cell patterns on PMMA;
Figure S4: Printed fibronectin features.
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