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Over the past century, in vitro models such as cell cultures have been fundamental tools in the develop-
ment of medicine and biology. However, these models are usually cultured in a static configuration that
does not consider the complex conditions that occur in vivo, such as continuous nutrient and oxygen
supply, and waste discharge. This study presents a bimaterial well plate called the BioFlowWellplate,
which is characterised by wells that are connected through a microfluidic system. The device was
fabricated using digital light processing (DLP), an additive manufacturing technique that allowed the
complex geometry of the CAD model to be realised. A multimaterial approach was adopted for
fabrication, with two different printable resins selected: PEGDA 250, which promotes cell adhesion and
is transparent when printed in thin layers; and TEGORad®2800, which has great cytocompatibility and
low drug retention. This has resulted in a biomedical device that enables users to save time and perform
a more controlled procedure, while also allowing cells to be cultured in dynamic conditions for greater

Received 8th July 2025, in vivo relevance in translational research. The presence of a microfluidic system connected to a

Accepted 12th November 2025 pumping system not only allowed the automation of cell culture but also enhanced the relevance of an
endothelium model cultured in both static and dynamic conditions. Finally, the BioFlowWellplate was
successfully used for the dynamic perfusion of a 3D GelMA scaffold, paving the way for the dynamic

culture of vascularised 3D in vitro models.
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cultures, dynamic cultures prevent rapid nutrient leakage
and waste accumulation due to the small volume of media,
which can be stressful and unphysiological for cultured cells.

1. Introduction

Invitro models are widely used to improve understanding of the

mechanisms underlying in vivo cell activity. They are now
fundamental to drug testing and therapy screening, replacing
conventional animal models."™ These models can be cultured
in static or dynamic systems.® The former involves growing cells
on 2D surfaces or embedding them in matrices or scaffolds,
without considering the complex growth conditions that occur
in vivo, such as continuous nutrient and oxygen supply, and waste
discharge.® Thus, static in vitro models do not accurately mimic
the architecture and function of in vivo tissues. Developing a
dynamic culture device could lead to in vitro models with greater
in vivo relevance for translational research.””” Unlike static
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Conversely, dynamic cultures can facilitate the gradual con-
sumption of nutrients and waste accumulation, leaving the cell
culture medium to circulate."

In this context, dynamic culture devices offer several advan-
tages,'" such as lower reagent volumes, a fast response time,
low fabrication costs, high compactness and a high degree of
scalability.’® Additionally, these devices must have transparent
parts to enable the overall condition of the cell culture to be
monitored.

Several commercially available solutions successfully inte-
grate cell culturing and microfluidics for such applications.™***
Nevertheless, there are still aspects to consider: the flow is often
obtained through rocker-driven oscillation without replicating
the continuous, monodirectional flow of the human circulatory
system, which is critical for replicating in vivo-like conditions,
particularly for applications involving shear-stress sensitive
cell types or drug diffusion studies.'> Moreover, as they are
industrially designed, these commercially available devices

This journal is © The Royal Society of Chemistry 2025
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have defined shapes, volumes and connections, which does
not allow for the necessary personalisation for experiment
design.'®'” More personalisable devices consist of microfluidic
platforms, which are usually obtained by injection or replica
moulding of polydimethylsiloxane (PDMS) using soft litho-
graphy masters.'®'® Both techniques have disadvantages, as
the manufacturing process involves multiple steps,”® making
them operator-dependent, time-consuming and wasteful of
materials.?! Furthermore, they both lack the ability to incorpo-
rate different materials in one device.

From a material perspective, PDMS has several advanta-
geous properties that make it appealing for biological applica-
tions and microscopic observations,?>>* but it has been
criticised in drug testing due to its high absorption of small
hydrophobic molecules, such as most drugs.>**® Consequently,
the availability of the target molecule is lower than expected
in drug testing.>>*” In this context, a promising solution for
fabricating devices for dynamic cell culture®®*° is to use
materials that have the same properties as PDMS*%*! in terms
of transparency, mechanical flexibility and cytocompatibility,
but which can be 3D printed to overcome the aforementioned
drawbacks. Vat polymerisation processes, such as digital light
processing (DLP), are good candidates for this purpose. This
additive manufacturing technology is based on photopolymer-
isation and enables the direct 3D printing of complex geome-
tries with high precision. Since it employs liquid formulations,
it also allows for the ease of designing materials, and it was
selected as it offers higher resolution, smoother surfaces, and
optical transparency compared to extrusion-based or inkjet
multimaterial printing, which is critical for sealed microfluidic
channels and cell imaging. Moreover, the cytocompatible resin
chemistries available for vat polymerization made it particu-
larly suited for biomedical applications.>”

Based on these premises, this study presents a device for
dynamic cell culture (BioFlowWellplate), developed using DLP
fabrication technology. The well plate was fabricated using two
different materials: a poly(ethylene glycol) diacrylate (PEGDA
250)-based resin was used for the bottom part since this
material is cell-compatible, promoting good cellular seeding
efficiency, and is transparent for microscopic analysis with
suitable mechanical resistance.** An acrylate-PDMS (TEGORad "™
2800)-based resin was used for the microfluidic structure to
reproduce some standard PDMS device characteristics. Previous
studies have also demonstrated that TEGORad can sustain cell
growth without causing any genotoxic effects.** Moreover, flow
experiments using a drug-like solution (Rhodamine 6G) showed
that the retention of drugs in TEGORad is much lower than in
PDMS.* Finally, the design of the device was tailored to enable
cellular culture analysis using standard instrumentation, such as
a plate reader and an inverted microscope.

The dynamic culture of an endothelium model is studied
here as a target application of the BioFlowWellplate. The
presence of endothelial cells (the main constituents of blood
vessels) in human tissues has indeed been reported to play
multiple roles, particularly in the form of a barrier and in cell-
to-cell interactions during the immune response.** With regard
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to endothelial barrier function, it continuously permits the
passage of solutes and small molecules, while limiting the
extravasation of larger molecules and cells thanks to specia-
lised cell-to-cell junctions (desmosomes, adherent junctions
and gap junctions).’® In this context, the endothelium plays a
strategic role in drug delivery, both as an important therapeutic
target in itself and as a barrier to reaching tissues beyond the
vascular wall.*® he main objective of this study was therefore to
develop an advanced device for drug testing and therapy
screening by hosting a dynamic endothelium model.

Finally, the proposed device was tested for the dynamic
culture of 3D cellularised scaffolds, i.e. 3D in vitro models in
which cells are embedded in different matrices.*” One promising
bioink for this purpose is methacrylated gelatin (GelMA),**** a
photo-crosslinkable hydrogel which is widely used as a matrix for
cell culture in a variety of applications. In summary, the proposed
BioFlowWellplate is versatile and can be used for a wide range of
applications, supporting both 2D and 3D cell culturing in a
dynamic manner. As it is based on 3D printing, it can also be
adapted to the goals and design of different experimental setups.

To conclude, unlike existing dynamic well plates that rely on
rocker-driven oscillatory flow, the BioFlowWellplate provides a
continuous, monodirectional perfusion, reproducing physiolo-
gical shear stress and nutrient gradients. Furthermore, in
contrast to commercial systems with fixed geometries and
materials, our platform combines optical transparency, cyto-
compatibility, and low drug absorption within a standard 96-
well footprint. This integration is achieved through vat multi-
material 3D printing, which allows the seamless fabrication of
complex, multi-material architectures not attainable by con-
ventional molding or single-material 3D printing.

2. Materials and methods

2.1. Device design

BioFlowWellplate was designed (Fig. S1) and the CAD model
was obtained with Solidworks SP05.1 following different experi-
mental needs. The BioFlowWellplate was designed to match the
dimensions and spacing of a standard commercial polystyrene
96-well plate (Greiner Bio-One), enabling compatibility with
instrumentation calibrated for conventional plates (e.g., plate
readers). Each well has a diameter of 6.95 mm and a height of
10 mm, with a center-to-center spacing of 9 mm. The wells are
arranged in three independent rows of four wells, with each row
connected by a microfluidic channel (1 mm width, 1 mm
height) to allow shared medium circulation within the row,
while rows remain isolated from each other. Inlets and outlets
(? 1 mm) at the channel ends enable connection to an external
pumping system. The plate bottom was fabricated in PEGDA
250 to ensure cellular adhesion, transparency, and mechanical
stability. Its thickness was 1.30 mm overall but reduced to
0.30 mm beneath each well to enhance optical transparency
for microscopy. This design allows parallel dynamic culture
experiments, preserves compatibility with standard analytical
devices, and ensures that individual rows can be perfused with
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independent media reservoirs. Regarding the microfluidic
component, it was 3D printed employing TEGORad 2800 as
resin, to have softer and deformable structure and easiness in
removing the fluidics if necessary. Inlet and outlet were posi-
tioned at two different heights to facilitatefilling and fluxing of
the plate. Moreover, the inner channels were designed with
higher diameter than inlet and outlet to prevent clogging
during the printing process. Indeed, this geometry improves
washability and facilitates the removal of residual unreacted
resin, ensuring unobstructed flow during perfusion.

2.2. Device support design

To ensure compatibility with instrumentation designed for
standard commercial polystyrene cell culture well plates, (Greiner
Bio-One) a support was designed (Fig. S2a). The support was
milled from a Polymethylmethacrylate (PMMA) panel with holes
aligned with the wells of BioFlowWellplate (Fig. S2a and b),
to avoid interfering with the plate measurements or analysis
(example in Fig. S2c represents compatibility with a plate reader)
and can be coupled with the lid of a commercial polystyrene 96-
well plate, if necessary (Fig. S2c).

2.3. Resin preparation, 3D printing and sterilization

In this work, two different formulations were used: a PEGDA
250-based for the bottom part and a TEGORad®™ 2800-based for
the microfluidics. PEGDA 250 (i.e. poly(ethylenglycol)diacrylate,
M, 250) was purchased by Merck, while TEGORad® 2800 (or
Acrylate PDMS) is an acrylate polydimethylsiloxane copolymer
kindly supplied by Evonik Industries AG (Essen, Germany).

To prepare the PEGDA-based photocurable formulation, 1 wt%
of photoinitiator (phenylbis(2,4,5-trimethylbenzoyl)-phosphine
oxide, BAPO) and 0.1 wt% of radical scavenger (pentaerythritol
tetrakis (2,5-di-tert-butyl-4-hydroxyhydrocinnamate, PT)) were
added. A dark falcon was used to prevent polymerization of the
formulation due to visible light. The resulting solution was then
sonicated for 5 minutes to achieve homogeneity. Once completed,
the resin was directly used for the 3D printing process.

To prepare the TEGORad-base photocurable formulation,
0.8 wt% of BAPO dispersed in 2-hydroxy-2 methylpropiophe-
none (Merck), weight ratio 1:4 was added. Also, Disperse Red 1
methacrylate (Merck) was used as a dye. The dye was added to
enhance the resolution during printing. In this technique, light
penetration depth can blur fine geometries, and the dye can
absorb excess light, limiting over-curing and improving the
accuracy of printed structures. Since this dye is not directly
soluble in TEGORad™ 2800, it was dissolved in Methyl Metha-
crylate (Merck), with a 1:50 weight ratio. A dark falcon was
used to prevent polymerization of the formulation due to
visible light. The mixture was initially stirred for 15 minutes
and then sonicated for 5 minutes at 35 °C. For both formula-
tions, the percentages of the different ingredients are to be
considered with respect to resin (i.e. phr). Formulations are
summarized in Tables S1 and S2.

A DLP printer (Asiga MAX) with a light source of 405 nm was
used to print the bimaterial BioFlowWellplate. The device was
printed by setting specific parameters: the thickness of each
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layer was the same for both formulations, set at 50 pm, and the
light intensity was also the same, set at 22.19 mW cm >, For the
different structures of the device (e.g. channels, base, walls),
the exposure times were optimized separately (see Table S3).
After 3D printing, samples were subjected to a post-curing
treatment under UV light (intensity 50 mW ¢m™?) to complete
the crosslinking, 5 minutes each side. Next, with the goal to
wash properly the BioFlowWellplate to avoid the release of
cytotoxic substances, the sample was placed inside a beaker
filled with ethanol. Two ethanol incubations of 30 min were
followed by an overnight in ethanol. Afterwards, the BioFlow-
Wellplate was placed in a Phosphate Buffered Saline (PBS,
Merck) bath overnight and subsequently exposed to UV light
in a biological hood for 30 minutes each side to obtain
sterilization of the device.

2.4. Scanner 3D

3D Scanner 3Shape E3 was used to quantitative evaluate the
print resolution of the scan theBioFlowWellplate.

2.5. Fluidic simulations and tests

To perform Fluidic simulations, COMSOL Multiphysics 6.1
software®® was used. The CAD model file (.STEP) created for
the plate production was imported as input geometry (Fig. S3a).
Then the plate was simplified: only one line (i.e. three cascade
wells) was considered for simulation and the symmetry across
the longitudinal direction of the channel was exploited to
further reduce the complexity of the problem. The fluid volume
was added directly in the COMSOL Geometry interface, and the
results are shown in Fig. S3b.

Then materials were assigned to domains. In particular, the
liquid was considered as the COMSOL Multiphysics built-in
water, while for the other materials, the parameters were
inserted according to material datasheets and available litera-
ture. All data used in these simulations are shown in Table S4.

The fluid dynamics was analysed using the Navier-Stokes
equation within the COMSOL Multiphysics Laminar Flow inter-
face and the following assumptions were made according to the
dynamics under analysis: the fluid was considered Newtonian
and incompressible so that both density and viscosity could be
assumed as constants. Furthermore, the no-slip boundary
condition was applied on the exterior walls.>® This setup is
very common for studying these fluidic problems.>'>® The
fluid is considered confined in each well from the top so that
all the free surface phenomena can be neglected. This approach
is reasonable whenever the flow inside the wells can be con-
sidered laminar and under equilibrium. This allows to neglect
all the transient phenomena (e.g. initial filling or fluid height
changes inside the wells) and speed up the computation, by
evaluating only a steady-state solution. The fluid was set to flow
alongside the positive x-axis direction and different operating
flow rates were evaluated, in particular: 50 pl min~*, 100 ul
min~*, 200 pl min~*, 300 pl min~*, 400 pl min~?, 500 pl min~*.
Through the Multiphysics node in COMSOL Multiphysics, the
Laminar Flow interface was coupled with the Solid Mechanics
one to capture the effect of the pressure of the fluid, on the

This journal is © The Royal Society of Chemistry 2025
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displacement and stress of the plate walls. This can be a very
useful tool to predict failures in fluidic devices. Different
domain probes were defined on the fluid volume for capturing
the maximum velocity, maximum pressure on the walls and
maximum displacement. For each domain, an independent,
auto-generated and physics-based mesh was created. The ele-
ments of the mesh had a length between 0.9 mm and 5.3 mm.
A mesh sensitivity study was developed using five different
meshes and tested in the case of a constant flow rate of 50 pl
min~". Each mesh had a different value for the maximum and
minimum mesh element size. Fig. S3c-f show the maximum
and minimum element sizes together with the results for
the four parameters: maximum pressure, maximum velocity,
maximum displacement and maximum stress. The data clearly
confirm the stability of the results of the selected mesh.

To test simulations, experiments were performed using a
two-head peristaltic pump (LiveFlow from IVTech), with the
same flow rates tested with simulations. It was necessary to
attach PDMS tubes with an inner diameter of 1 mm in the inlets
and outlets of the plate using TEGORad 2800 photocrosslinked
with a UV lamp. A 2% solution of ddH,O and Disperse Blue
(Aldrich Chemical Co) was used as flowing medium, collected
in the reservoirs used as medium dispensing. The circuit was a
loop flow, so each line of the BioFlowWellplate (i.e. three
cascade wells connected by a channel) was equipped with only
one reservoir, from which medium was injected in the circuit
and in which medium from the circuit was discharged.
The reservoirs contained a total of 10 ml of cell culture medium
each and the length of each connection reservoir-BioFlow-
Wellplate was 40 cm.

2.6. Cell culture

Cellular experiments were performed using Human keratino-
cytes (HaCaT) purched from Antibody Research Corporation,
Human Fibroblast (HFF-1. Atcc), Endothelial cells (EC) kindly
gifted by IRCCS Candiolo Institute and A549-GFP+ were kindly
provided by Dr Valentina Monica, Department of Oncology,
University of Torino, AOU San Luigi Gonzaga. HaCaT and
HFF-1 were maintained in Gibco DMEM GlutaMAX high glucose
supplemented with 15% Fetal Bovine Serum (Sigma Aldrich), 1%
penicillin-streptomycin  (Sigma Aldrich), 1% t-glutammine
(Sigma Aldrich), 1% sodium pyruvate (Sigma Aldrich). EC
were maintained in Gibco F12K supplemented with 10% Fetal
Bovine Serum, 1% penicillin-streptomycin, 0.01 mg ml "
Heparin (Sigma Aldrich) and brain extract supplement (Sigma
Aldrich), while A549-GFP+ were cultured in Gibco Bench-
Stable™ RPMI 1640 GlutaMAX medium supplemented with
10% Fetal Bovine Serum and 1% penicillin/streptomycin.

2.7. Conditioned medium

1 x 10" HaCaT, HFF-1, EC or A549 GFP+ cells were seeded onto
a 96 well plate (TC treated, Greiner Bio-One) in complete
medium (200 pL for each well) that was previously incubated
with sterilized BioFlowWellplate (one device in 10 ml of medium,
to be consistent with the protocol used in previous work®) for
72 h at 37 °C at 5% CO,. The aim of this test is to evaluate the

This journal is © The Royal Society of Chemistry 2025
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presence of any cytotoxic leachables (e.g., residual monomers or
photoinitiator derivatives) from the fabrication process. Cells were
then cultured in humidified incubator at 37 °C in 5% CO, and
after 24 h and 72 h MTT assay at the concentration of 0.5 mg ml™*
was used to evaluate the viability at each time point. After 2 h of
incubation at 37 °C, the formazan salts were dissolved in 200 pl
of DMSO and the absorbance at 570 nm (650 nm reference
wavelength) was evaluated using Synergy™ HTX Fluorescence
Multi-Mode Microplate Reader. The signal of the normal and
conditioned medium without cells was used as background. The
cell proliferation experiments were performed three times. Differ-
ences between groups were analyzed by two-way ANOVA.

2.8. Cell proliferation and immunostaining

1 x 10* A549 GFP+ cells were seeded onto a 96 well plate
(TC treated, Greiner Bio-One) and the BioFlowWellplate, pre-
viously incubated for 30 min in gelatin type B (Sigma Aldrich)
0.15% w/v to enhance cell attachment, and cultured at 37 °C in
5% CO,. After 24 h MTT assay was used as previously described
to evaluate the difference in terms of cells seeding efficiency on
the two substrates. Then, cells were cultured till 72 h and again
MTT assay was used to analyse the proliferation rate on the two
substrates. The cell proliferation experiments were performed
three times. Differences between groups were analyzed by one
or two-way ANOVA, depending on the variables.

To test for immunofluorescence, A549 GFP+ cells were
seeded and, after 72 h of culture, were fixed with 4% parafor-
maldehyde (PFA, Sigma) at room temperature for 15 min and
washed twice with PBS. For the staining, cells were permeabi-
lized with 0.1 v/v% of Triton X-100 (Sigma-Aldrich) for 10 min
and were then incubated with 0.4 uM DAPI in PBS and 11 uM
Alexa Fluor Plus 555 phalloidin (Invitrogen) (200 pL) for 30 min
at room temperature. The samples were imaged using the
microscope Eclipse Ti2 Nikon (Tokyo, Japan) equipped with
a Crest X-Light spinning disk. Three different fluorescent
channels were evaluated: DAPI, FITC and TRITC lines.

2.9. Cell viability

To evaluate the ability of EC cells to attach to the Wellplate,
propaedeutic for the following dynamic culture, 1 x 10* EC
cells were seeded, previously incubated for 30 min in gelatin
type B (Sigma Aldrich) 0.15% w/v to enhance cell attachment
and cultured for 24 h at 37 °C in 5% CO,. Then, LIVE/DEAD cell
assay kit (Sigma-Aldrich) was used to evaluate cell viability and
to obtain viability information. In detail, samples were stained
with 1.5 uM propidium iodide (PI) and 1 uM Calcein-AM for
30 min in an incubator at 37 °C and then washed with DPBS to
remove the unreacted dyes. The fluorescence signals were
detected using the microscope Eclipse Ti2 Nikon (Tokyo, Japan)
equipped with a Crest X-Light spinning disk.

2.10. Dynamic endothelium model

1 x 10* EC cells were seeded onto a standard 96 well plate (TC
treated, Greiner Bio-One) and the BioFlowWellplate, previously
incubated for 30 min in gelatin type B (Sigma Aldrich) 0.15% w/v to
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enhance cell attachment and cultured for 2 h at 37 °C in 5% CO, to
have cell attachment before the dynamic culture.

The BioFlowWellplate was then connected to a two-head
peristaltic pump (LiveFlow from IVTech, reservoirs were
obtained from the same manufacturer) and cultured under
dynamic condition for 24 and 72 h at 37 °C in 5% CO, using
a flow rate of 100 pl min~". Sterile conditions were maintained
by placing the BioFlowWellplate inside a modified Petri allow-
ing tube access. After each timepoint, cell proliferation was
tested to compare commercial well plate and BioFlowWellplate
under static conditions, as well as BioFlowWellplate in dynamic
condition. Statistical analysis was performed usingtwo-way
ANOVA.

2.11. GelMA scaffold preparation and dynamic test on 3D
scaffold

Gelatin methacryloyl (GelMA) was produced, dissolved and
sterilized as in previous works. In particular, formulations were
obtained by dissolving GelMA (Degree of Functionalization
based on Lys residues was 3.1%) at a concentration of 10%
w/v in DMEM cell culture medium (gibco), previously combined
with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
as photoinitiator at a concentration of 2.5 mg ml . The
solutions were heated at 60 °C for 1 h and filtered through
0.45 pm and 0.22 pm PES membrane filters (Asimo) to
sterilize.***®>* GelMA solution was then pre-warmed at 37 °C
before pouring in the BioFlowWellplate. To obtain a channel
inside the scaffolds, a cannula needle with an external diameter
of 0.8 mm and a length greater than the length of the Wellplate
was incubated for 1 h at 37 °C with BSA (Sigma Aldrich) to
prevent GelMA from attaching to the needle and inserted in one
line of the Wellplate through the channels. Then, 300 pl of
GelMA were poured in each well and photocrosslinked thanks
to UV light irradiation (4 = 365 nm, Asiga® Flash Cure Box,
I=10 mW cm?) for 2 min. The cannula needle was then gently
removed and PDMS tubes with an inner diameter of 1 mm were
attached to the inlets and outlets of the plate using TEGORad
2800 photocrosslinked with a UV lamp. Dynamic perfusion of
the scaffolds was conducted at 100 pl min~" for various time-
points. Complete medium was used as flowing medium,

Fig. 1
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dispensed in 15 ml in the reservoirs. The circuit was a loop
flow, so each line was equipped with only one reservoir, from
which medium was injected in the circuit but also in which
medium from the circuit was discharged.

2.12. Statistical analysis

Experiments of cellular seeding efficiency and proliferation
were conducted with three biological replicates, each of them
with a technical triplicate and results are presented as the
means + standard deviation. The statistical analysis was con-
ducted using two-way ANOVA through origin software, with
p-values *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3. Results and discussion

3.1. 3D printed device

Building on previous studies that had already assessed the
formulation and printing parameters for TEGORad printing,*?
specific modifications were implemented to enable fabrication
of the bimaterial device. The composition of the PEGDA-based
and TEGORad-based resins are reported in Tables S1 and S2,
respectively, while Table S3 shows the updated exposure times
applied to the different structural regions of the device. Fig. 1(a)
presents the BioFlowWellplate, while the high resolution
achieved is illustrated in Fig. 1(b). As detailed in Section 2.1,
the well bottoms were engineered to be optically transparent;
Fig. 1(c) confirms the successful fabrication of the transparent
regions.

3.2. Fluidic simulations and tests

Within the simulated flow rate range, the domain probes values
for what concerns the maximum fluid pressure, the maximum
fluid velocity and the maximum displacement of the plate due
to the pressure of the fluid on the walls and the average shear
stress on the boundary surface between liquid and baseplate
(crucial to investigate the behaviour of cells cultured under
flow) are shown in Table S5.

To better visualize the fluid flow, the velocity field across the
water domain and the pressure, in Fig. S4 are shown the
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streamline plots while in Fig. S5 the pressure plots for the
different flow rates. As clearly visible, the water motion is very
slow in the wells and the mixing capability increases as the flow
rate grows. The maximum velocity is recorded in the channel
between wells due to shrinking of cross section of the channel
or at the ends of the channel both towards the inlet and the
outlet. Furthermore, from Fig. S5, the major pressure drops are
located at the channel ends on both sides while, within
the wells, as confirmed by the velocity values in Fig. S4, the
pressure is almost constant. As further evidence of that, the
Von Mises stress is plotted in Fig. S6, alongside with the
displacement, for a particular flow rate (f6 = 500 pl min™").
The flow rate choice was made to confirm that even with the
highest flow rate, the maximum stress (that is located at the
bottom of the wells) stays well below the ultimate tensile
strength of the material. In this case, the maximum stress
recorded on the material is 1.1 x 10° N m~>. This value is three
orders of magnitude lower than the ultimate tensile strength of
the involved materials, that is 4.5 x 10° N m~? for PEGDA 250°°
and 0.7 x 10° N m 2 for TEGORad.>® Looking at the stream-
lines (Fig. S4), for fluxes above 100 ul min™" the turbulence in
the first (but also the following) wells was high and the flux
inhomogeneous. Moreover, for fluxes above 100 pl min~",
pressures (Fig. S5) start to increase, in particular in the first
well, A the upper part of the well has no constrains, a high
pressure could lead to the filling and spillage of the culture
medium. As predicted by simulations, for flow rates higher
than 100 pl min™*, the fluid starts to be turbulent and therefore
the approximation of laminar flow under equilibrium does not
apply any more, making weaker the steady-state solution. For
these flow rates, the behaviour of the free surface of the fluid
must be taken into account. Also the fluid height inside each
well can potentially deviate one from another, even leading to
some spillage phenomenon.

Once the simulations were carried out, tests were conducted
directly on the plate. The selected pump (2-head peristaltic
pump, LiveFlow, IVTech, Fig. 2(b)) allowed for testing the flows
analysed through simulations. The tests had varying durations.
The longest test lasted 10 days and demonstrated the main-
tenance of the steady-state flow condition both for 50 pl min—*
and for 100 pl min~", while quite immediate spillage from the

Fig. 2 (a) Cable connection by using UV lamp and (b) set up for tests.

This journal is © The Royal Society of Chemistry 2025
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first well was detected for the other flow rates. The experiments
conducted underscored the feasibility of dynamic and auto-
mated cell culture. Fig. 2(a) shows BioFlowWellplate with the
tubes polymerized in the inlets and outlets, while Fig. 2(b), the
complete setup for tests is shown. The tubes and the reservoirs
were autoclaved and their assembly with the BioFlowWellplate
was performed under sterile conditions in a BLS-2 in sterility
condition, biological hood. For the motivations illustrated,
100 pl min~" flow rate was selected for following cellular
experiments.

3.3. Microscopy feasibility

As will be discussed in Section 3.5, the low thickness and
transparency of the wells bottom allow to monitor cells inside
the wells. However, it is important to consider that BioFlow-
Wellplate is 3D printed layer by layer from a PEGDA-based resin
and therefore the images from the bottom are quite blurred.
Consequently, those can give indications on the cellular colo-
nization of the surface, but to have information on the mor-
phology of the cells the microscopy has to be made from the top
of the well. The fabricated platform has the great advantage to
offer the possibility to easily detach the bottom part (where cells
adhere) from the microfluidic compartment, using a simple
blade. As shown in Fig. S7, starting from the 3D printed device
(Fig. S7a) is possible to separate the bottom (Fig. S7b) and the
upper (Fig. S7c) parts, with the former fits a microscopy glass
slide (Fig. S7d), allowing and easy monitoring if the overall
cellular conditions.

3.4. Conditioned medium

To gain an initial understanding of the possible cytotoxic
effects of the materials used in BioFlowWellplate fabrication,
we first performed conditioned medium (CM) assays. In these
experiments, complete culture medium was incubated in the
BioFlowWellplate for 72 hours under standard culture condi-
tions. The medium was then collected and transferred to
conventional culture plates containing epithelial HaCaT cells
(Fig. 3(a)), HFF-1 fibroblasts (Fig. 3(b)), EC endothelial cells
(Fig. 3(c)) or A549 GFP+ cells (Fig. 3(d)). Cytotoxicity tests were
performed to identify any toxic compounds released by the
device. The proliferation trends (Fig. 3) were highly promising,
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Fig. 3 Proliferation of (a) HaCaT, (b) HFF-1, (c) EC and (d) A549 GFP+ cell lines grown with BioFlowWellplate conditioned medium. Results are presented

as the means + standard deviation, normalized on the ctrl condition at 24

as no statistically significant cytotoxic effects were observed
after 24 or 72 hours compared to the untreated control. From a
biological point of view, this means that no cytotoxic com-
pounds (e.g., residual monomers, photoinitiator by-products,
or other unreacted leachables) were released from the BioFlow-
Wellplate. It should be noted that such analysis is of great
importance when using the well plate to culture 3D cellularised
scaffolds, as cytotoxic substances released from the material
could penetrate the matrix and reduce cellular vitality. The
absence of such substances suggests the feasibility of 3D cell
culture experiments. From this point onwards, the next cellular
experiments were conducted by seeding the cells directly into
the wells of the BioFlowWellplate.

3.5. Cell seeding efficiency and growth and microscopy
evaluation

Since BioFlowWellplate is fabricated to culture cells in dynamic
conditions, next tests were performed on the cellular seeding
efficiency and proliferation. A549 GFP+ were chosen in this
case as they express Green Fluorescent Protein, useful for next

15536 | J Mater. Chem. B, 2025, 13, 15530-15543

h. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

fluorescence microscopy. The first evaluation concerned the
cellular seeding efficiency (Fig. 4(a)). After 24, the metabolic
activity of cells cultured was approximately half respect to the
control (i.e. commercial polystyrene well plates). This first
result was encouraging, considering that cells were attaching
on a material different from polystyrene (that have been
studied for cellular attachment since the ‘80s) without under-
going any surface functionalization.’”*® Moreover, as reported
in Fig. 4(b), after 72 h the growth rate of cells cultured on
commercial polystyrene wells (ctrl) and BioFlowWellplate was
the same (i.e. the metabolic activity was twice the one at 24 h).
This means that, apart from an initial loss in terms of cellular
seeding efficiency, explainable with the novelty of the material
in cell culture, from a metabolic point of view cells then
behaved in the same way of commercial polystyrene well plates,
putting Wellplate in a prominent position for cellular tests and
drug screening.

As the design aims was the feasibility for fluorescence
microscopy, A549 GFP+ were cultured on both commercial
polystyrene wells (ctrl) and the 3D printed device for 72 h and

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Cell seeding efficiency of A549 GFP+ cells after 24 h, expressed as viability normalized to cells cultured on standard polystyrene wells. (b)
Proliferation of A549 GFP+ cells over 72 h on commercial polystyrene wells and the BioFlowWellplate, with each condition normalized to its own 24 h
value to highlight relative growth rate. Results are presented as mean + standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

then fixed and stained with Alexa Fluor Plus 555 Phalloidin to because expressing GFP they are a good option to test the
be able to evaluate the possibility to analyse DAPI (Fig. 5 and material from an immunofluorescence point of view. Fig. 5
Fig. S8a, e, i), FITC (Fig. 5 and Fig. S8b, f, j) and TRIC (Fig. 5and represents images collected with 4x objective, while Fig. S8 the
Fig. S8c¢, g, k) channels. This cell line was chosen both because 10x objective. Results showed that BioFlowWellplate
already put in contact with the presented materials®*** allowed to monitor cellular colonization observing it from the
(but with different dye and different washing process) and also  bottom of the well (Fig. 5 and Fig. S8e-h), while to have more

A549 GFP+

DAPI GFP Phalloidin MERGE

BioFlowWellplate Crl
from the bottom

BioFlowWellplate
from the top

Fig. 5 A549 GFP+ colonization of commercial polystyrene wells (a)—(d) and of BioFlowWellplate wells, analysed both from the bottom of the well (e)-(h)
and from the top of the well (i)—(l). Cells were stained with DAPI for the nuclei (blue, a, e, i) and Phalloidin for actin (red, ¢, g, k), while they already
expressed GFP (green, b, f, j). Images were acquired at 4x magnification.
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morphological information the detachment of the microfluidic
compartment (Fig. S7) allowed to have more resolute micro-
scopies (Fig. 5 and Fig. S8i-1). Moreover, confirming the results
in Fig. 4, it was possible to observe a good cellular colonization
of the well (Fig. 5 and Fig. S8e-l) respect to commercial
polystyrene wells (Fig. 5 and Fig. S8a-d).

To note, the images in Fig. 5 were acquired at 4 x magnifica-
tion to provide an overall view of cell distribution. At lower
magnification (4x), a slight reduction in DAPI signal contrast
was observed in the BioFlowWellplate compared to polystyrene
controls, likely due to the modest autofluorescence background
of the 3D-printed PEGDA/TEGORad materials under this excita-
tion. However, this effect was not detectable at higher magni-
fications (10x, Fig. S8), where the nuclei were clearly visible.

3.6. Live and dead

Preliminary to the dynamic culture of an endothelium model,
EC cells attachment and survival for the first 24 h of culture was
evaluated using LIVE/DEAD cell assay Kkit, staining living cells
in green and dead cells in red. As shown shown in Fig. 6(b)-(f),
EC easily attach in all the wells of the depicted line (i.e. three
cascade wells connected through a channel) and the vitality of
the cells was >98%, even if after 24 h the colonization was not
already complete. However, the cell distribution appeared non-
uniform, with a tendency to accumulate near the edges of the
wells. This effect is attributed to a combination of the well
geometry and the surface characteristics, which can influence
initial cell sedimentation and adhesion under static conditions.
To better understand this behavior, we performed a control
experiment in which ECs were cultured for 24 hours on
standard tissue culture treated polystyrene plates under iden-
tical conditions. The corresponding micrograph has been
added to Fig. 6(a). On control plates, ECs exhibited a more
homogeneous distribution, as expected for a surface optimized
for cell adhesion. This comparison highlights the distinct cell-
material interactions present in the 3D printed system and
supports the need for dynamic culture to promote a more

ctrl BioFlowWellplatefrom
the bottom

BioFlowWellplatefrom
the bottom

500|.|m 500pm 500pm

View Article Online

Paper

uniform colonization. Under dynamic conditions, fluid flow
improves nutrient delivery and waste removal at the cell-
material interface, reducing the local gradients that can occur
in static culture. Moreover, the shear forces generated by flow
help endothelial cells to spread more evenly across the surface,
supporting the formation of a more homogeneous cell layer.

Despite partial coverage after 24 hours, the high viability
and initial adhesion observed confirm that the BioFlowWell-
plate is suitable for hosting a dynamic endothelial model.
It is important to note that Fig. 6 is intended to evaluate initial
cell attachment and cytocompatibility. Proper vascularization
experiments can be conducted using the device’s microfluidic
system, which allows controlled perfusion and the application
of biochemical cues (e.g., VEGF gradients) to guide endothelial
sprouting and network formation. Additionally, the BioFlow-
Wellplate is compatible with fluorescence imaging from both
the bottom (Fig. 6(c) and (e)) and the top (Fig. 6(d) and (f)) of
the wells, enabling detailed monitoring of cellular behavior
throughout the device.

3.7. Dynamic endothelium model

After assessing the compatibility with the development of and
endothelium model, primary EC were seeded on a 3D printed
line and were allowe to adhere for 2 h. At this point the
perfusion through peristaltic pump started with a flow rate of
100 pl min~" (the setup is shown in Fig. 7(a) and (b)) and
metabolic activity was analysed both after 24 and 72 h of
culture (Fig. 7(c)). Results are shown compared to EC grown
on commercial polystyrene wells (purple line at 100%). Results
showed impressive improvement in cellular metabolic activity
with dynamic culture, as after both 24 and 72 h it increased
from less than 30% (static culture) to around 60% (dynamic
culture) of the commercial polystyrene wells EC culture. This
surge of the viability during the dynamic culture, recreated
thanks both to the printed geometry and the set flow rate,
indicated its promising potential for endothelium models
culture, development and drug testing.

e
500pm
-

BioFlowWellplate
from the top

BioFlowWellplat
e from the
bottom

BioFlowWellplate
from the top

Fig. 6 Live and Dead assay for endothelial cells (EC) cultured on a tissue culture treated polystyrene plate (a), and a BioFlowWellplate line, analysed both
from the bottom (b), (c), (e) and from the top (d), (f). Images were acquired at 4x in a 4 x 4 fields large image (a) 10 x 20 fields large image (b)—(d) and

at 4x in (d) and (e).
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Fig. 7 Dynamic culture of the endothelium model: (a) the setup under a biological hood, (b) the setup in a biological incubator and (c) cellular viability in
terms of metabolic activity respect to the control (i.e. commercial polystyrene wells).

3.8. 3D dynamic tests

At last, BioFlowWellplate was tested to perform dynamic cul-
ture of 3D scaffolds. GelMA was poured and photocrosslinked
inside the wells, using a cannula needle to obtain the cavity,
resembling a vessel through all the line (Fig. 8(a)). The medium
used to visualize the flow and the medium diffusion a 1:50
solution of ddH,O and Disperse Blue. (flow 100 pl min™?,
perfusion 24 h). As depicted in Fig. 8(b)-(e), the perfusion

of 3D scaffolds was successful. Noteworthy, after 24 h the

1h

diffusion of the medium was high enough to spill out from
the well (Fig. 8(e)). This highlights the need to colonize the
vessel with endothelial cells to obtain an endothelium able to
regulate the medium diffusion. In fact, it was already demon-
strated that the diffusional permeability coefficient of vascular
channels in 3D scaffold can be decreased by twofold if the
channel has been seeded with endothelium when compared
with that of a bare channel.’® These first 3D perfusion tests
together with the conditioned medium analysis in Section 3.4

Fig. 8 Dynamic tests on 3D GelMA scaffold. (a) The perfused channel and magnification of the wells after (b) O h, (c) 1 h, (d) 2 h and (e) 24 h. (f) and (g)

Represent the GelMA scaffold extracted from BioFlowWellplate.

This journal is © The Royal Society of Chemistry 2025
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demonstrated the feasibility of the 3D printed system also for
the dynamic culture of 3D cellularized scaffolds. Future works
will explore the development of a complex 3D in vitro model,
cellularized and vascularized and its culture inside the platform,
optimizing the BioFlowWellplate geometry for this purpose.

4. Conclusions

The presented work aimed to develop a 3D printed wellplate for
the dynamic culture of in vitro models, with a design that can
enable the testing using conventional instrumentation for cell
culture analysis and monitoring. Therefore, it was designed to
resemble the proportions of a 96-well commercial polystyrene
well plate and equipped with a milled support to adapt it to
various instrumentation. To take advantage of the excellent
properties of both PEGDA 250 (great cytocompatibility,
mechanical strength and transparency), and TEGORad® 2800
(great cytocompatibility, soft structure and low drug retention),
a bimaterial device (BioFlowWellplate) was fabricated, using
the former for the bottom part and the latter for the micro-
fluidic. This device was successfully 3D printed employing DLP
3D printing.

For what concerns cellular compatibility, results were pro-
mising in terms of conditioned medium, cellular adhesion and
proliferation, revealing the possibility to use this platform for
more advanced applications. During the proliferation tests, it
was also assessed the great suitability with fluorescence micro-
scopy, both observing from the bottom of the plate, to have first
indications of cellular colonization and overall conditions, and
from the top, by easily removing the microfluidic part, to have
information on cellular morphology.

Then, the 3D printed well plate was applied in the culture of
a dynamic endothelium model, unveiling a great increment of
endothelium metabolic activity when cultured in dynamic
conditions. This endothelium model can be a powerful tool
to study interactions between endothelium and drugs and
treatments.

Finally, the support was tested for the dynamic perfusion of
a 3D GelMA scaffold, evaluating the diffusion of the medium
inside the scaffold, that highlight the need for endothelialisation
of the vascular channel. This application represents a further step
forward for these kinds of devices, since 3D in vitro models are
nowadays gaining great interest in the field of tissues resembling
and drug testing. Although the current work focused on fluidic
validation and diffusion studies, preliminary results confirm that
the BioFlowWellplate is suitable for 3D culture. Future work will
include the seeding of endothelial and stromal cells within GelMA
scaffolds under dynamic perfusion, to monitor cell viability and
proliferation throughout the 3D matrix. Given the cytocom-
patibility of both PEGDA 250 and TEGORad®™ 2800 and the
controlled perfusion conditions demonstrated here, the device
provides a promising platform for supporting 3D cell growth and
vascularization within soft hydrogels.

To conclude, the presented BioFlowWellplate showed good
potential for 2D dynamic cell culture and 3D scaffold perfusion,
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and further studies will focus on enhancing the power of the
device, overcoming the limitations analysed during the paper.
In particular, it will be necessary to improve the initial cellular
adhesion, studying cellular behaviour with different surface
modifications. Then, efforts will be put on improving the
microfluidic design to avoid spillage at higher flow rates. Lastly,
the device design will be adapted for the culture of 3D in vitro
models, enhancing the complexity of the systems in terms of
number of cell types involved and studying the possibility to
vascularize the channel to have physiologically relevant models
to test drugs and therapies. On the other hand, being based on
simple production methods and commercially available ingre-
dient, this study can open interesting perspectives in for a wide
range of application and offer valuable innovative research
tools for biological studies.
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