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Abstract: Microfluidic systems offer controlled microenvironments for cell-to-cell and cell-to-
stroma interactions, which have precise physiological, biochemical, and mechanical features. The
optimization of their conditions to best resemble tumor microenvironments constitutes an
experimental modeling challenge, particularly regarding carcinogenesis in the central nervous
system (CNS), given the specific features of the blood—-brain barrier (BBB). Gel-free 3D microfluidic
cell culture systems (gel-free 3D-mFCCSs), including features such as self-production of
extracellular matrices, provide significant benefits, including promoting cell-cell communication,
interaction, and cell polarity. The proposed microfluidic system consisted of a gel-free culture device
inoculated with human brain microvascular endothelial cells (HBEC5i), glioblastoma multiforme
cells (US’MG), and astrocytes (ScienCell 1800). The gel-free 3D-mFCCS showed a diffusion
coefficient of 4.06 x 10 m2-s, and it reconstructed several features and functional properties that
occur at the BBB, such as the vasculogenic ability of HBEC5i and the high duplication rate of
U87MG. The optimized conditions of the gel-free 3D-mFCCS allowed for the determination of
cellular proliferation, invasion, and migration, with evidence of both physical and biochemical
cellular interactions, as well as the production of pro-inflammatory cytokines. In conclusion, the
proposed gel-free 3D-mFCCSs represent a versatile and suitable alternative to microfluidic systems,

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202401.0547.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2024 d0i:10.20944/preprints202401.0547.v2

replicating several features that occur within tumor microenvironments in the CNS. This research
contributes to the characterization of microfluidic approaches and could lead to a better
understanding of tumor biology and the eventual development of personalized therapies.

Keywords: microfluidic system; glioblastoma; tumoral biology; organoid culture

1. Introduction

The blood-brain barrier (BBB) is a selective barrier that controls the movement of substances
between the bloodstream and the brain. Its dysfunction can affect flow dynamics, immune cell entry
into the central nervous system (CNS), and interstitial clearance, leading to several neurological
diseases, such as Alzheimer’s disease, depression, cognitive impairment, CNS infection, epilepsy,
and brain tumors [1-6]. Additionally, BBB alterations complicate drug delivery to the CNS, limiting
drugs’ effectiveness [6].

The function of the BBB is particularly important in the context of brain tumors, which account
for 2-4% of all malignant neoplasms. These tumors are highly heterogeneous and are shaped by
genomic alterations and their biological environments. Tumor cells interact dynamically with glial,
immune, and endothelial cells and extracellular matrices within complex 3D structures [7-11]. Cancer
stem cells (CSCs) in these tumors exhibit characteristics that are similar to those of normal stem cells
and express several markers, including CD133+, CD15, CD49f+, CD36+, A2B5+, CD44+, LICAM+, and
the epidermal growth factor receptor (EGFR+). In addition, several transcription factors also play an
important role in the identification of CSC subpopulations, including BMI1+, Olig2+, Oct3/4, SOX2+,
NESTIN, MYC, and IDH1 [12-16].

Developing effective therapies requires an in-depth understanding of cellular and molecular
mechanisms, especially those that affect tumor microenvironments [17,18]. While 3D cell culture
techniques mimic tumor physiology better than 2D models, they still fall short of replicating the
complexity of the multicellularity and vascularization necessary for tumor growth and migration
[19,20]. Advances in microfluidic cell culture systems have offered more accurate models of human
tissue complexity (Figure 1), enabling the study of tumor formation, progression, and therapeutic
responses [20-23].

Artificial in vivo environment representativeness
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Figure 1. Cell culture models used to mimic the microenvironmental complexity of brain tumors. Cell
culture platforms represent the increasing complexity of cellular models that are used to study brain
tumors. This complexity is related to their ability to mimic real biological microenvironments, 3D
architectures, and cell-to-cell and micro-vascularity interactions.
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The blood-brain barrier (BBB) is a highly regulated structure in which fluid-cell permeability
and interactions are tightly controlled. Microfluidic devices are valuable models that can replicate
the complexity of BBB tumor microenvironments and offer several advantages, such as mimicking
pathophysiological conditions with low sample volumes and high-throughput screening [24]. These
devices are particularly useful in glioblastoma research that studies tumor environments, cell
migration, drug screening, and therapeutic responses [25,26].

Various microfluidic models have been developed to study BBB characteristics, such as using
immortalized rat brain endothelial cells to explore the BBB microvasculature. These models allow for
long-term culturing and real-time monitoring, inducing tight junction formation and transporter
functionality [26]. Humanized versions, which incorporate human brain endothelial cells and
astrocytes, have been used to further explore the effects of shear stress, inflammation, and drug
transport mechanisms across the BBB [27,28].

Likewise, humanized microfluidic devices, constituting primary brain-derived microvascular
endothelial cells that are in contact with cultured pericytes and astrocytes, have been useful for
studying neuroinflammatory processes at the BBB, the secretion of pro-inflammatory cytokines like
granulocyte colony-stimulating factor (G-CSF) and interleukin-6 (IL-6) [29]), the consequent local
metabolic changes [30], and the pharmacokinetics and pharmacodynamics of drugs within the central
nervous system [31], including the mechanisms of opioid transport across the BBB [32]. Other
humanized microfluidic systems have further evaluated other effects such as hypoxia. Using cell
complexes formed of pluripotent stem cell-derived human brain microvascular endothelium, and
primary brain astrocytes and pericytes, it has been possible to explore the effects of hypoxia on brain
cellular differentiation [33]. Furthermore, CNS metastasis, transcytosis, and the permeability of
molecules and extracellular vesicles across the BBB have been studied by adding breast cancer cells
to the previously described devices [34]. Microfluidic systems enable the precise control of cell-cell
interactions, while embedded ECM supports cell-microenvironment interactions, survival,
differentiation, migration, and drug permeability. However, challenges with these systems include
the use of varying ECMs, which may limit natural in vivo processes such as cell polarity development
and vasculogenesis, as well as the specialized structures and responses that are triggered by self-
produced ECM [35]. Other limitations include potential contamination during cell loading,
variability in hydrogel composition, and uneven ECM distribution, which can affect oxygen and
nutrient transport and alter flow patterns [36]. Gel-free 3D microfluidic systems (gel-free 3D-
mFCCSs) offer a solution by promoting cell-cell communication, gap junction formation, and cell
polarity restoration without synthetic ECM. These systems are particularly well suited for studying
solid tumor models via spheroid formation [34]. This study aimed to develop a gel-free 3D-mFCCS
that supports multiple cell types, such as endothelial cells and glioblastoma cells, to mimic the blood—
brain barrier in CNS tumor development.

2. Materials and Methods

The project was approved by the ethics, research, and biosafety committees of the Centro Médico
Nacional 20 de Noviembre’, Institute of Social Security and Services for State Workers (ISSSTE;
approval no. 468.2020). Human U87MG cells; glioblastoma multiforme from the American Type
Culture Collection (ATCC, Manassas, Virginia USA), with EMEM +10% fetal bovine serum [2], Merck
/ Millipore Sigma Burlington, Massachusetts, United States)) HBEC5i (from the ATCC, with
DMEM/F12 +10% fetal bovine serum, made in Manassas, Virginia USA), and astrocytes from
ScienCell , Carlsbad, CA, USA (catalog number 1800, with supplement culture medium 1801) were
utilized, following the specifications described in the technical datasheet, All cell lines were
maintained at 80% confluence for cell subculturing, and all experiments were conducted with
subcultures of fewer than 8 subcultures. Figure 2 shows the general process carried out in this study.
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Figure 2. Design and fabrication of the microfluidic system for cellular interaction research.

2.1. Design, Fabrication, and Permeability Testing of the Microfluidic System

Each experiment for the prospective “proof of concept” design was performed in triplicate,
unless otherwise stated. The microfluidic system (shown in Figure 3A,B) was designed in AutoCAD
2021 and consisted of three main channels, which were interconnected with microchannels. The main
channels had the following characteristics: channel 1 (for the US7MG culture) was 600 pm wide x
6780 um in length x 100 pm in depth; channel 2 (for the astrocyte culture) was 200 um wide x 16900
um in length x 100 pm in depth; and channel 3 (for vascular cell formation) was 400 um wide x 6750
pm in length x 100 pum in depth. The channel inlets and outlets had diameters of 2 mm. The
interconnecting channels were 6 um wide x 30 um in height x 50 um in length. The device was based
on polydimethylsiloxane (PDMS). The microfluidic system was attached to a coverslip using corona
discharge. The microfluidic system was designed at the Centro Médico Nacional ‘20 de Noviembre’
at the ISSSTE and was manufactured at Laboratorio de Micro y Nanotecnologia del Laboratorio
Nacional de Soluciones Biomiméticas Diagnostico y Tratamiento (LaNSBioDyT) at Universidad
Nacional Auténoma de México, México City.

The permeability of the microfluidic system was evaluated as follows: 70% ethanol with blue
food dye (1%, locally sourced, Mexico City, and visualized under the visible spectrum light) and
Texas red dextran (10WD; Thermofisher excitation/emission wavelength at 594 nm/616 nm) was
placed in every channel of the microfluidic system in order to assess microfluidic communication. In
addition, dye diffusion (D = diffusion coefficient) was calculated (Figure 3C) considering specific
parameters, like the area through which the dye diffused (according to the Fick principle), using the
following equation:

x2

= i <ln(Céx/t))>
0

where Co is the initial concentration of the dye, C is the concentration of the dye at a certain position
and time, x is the distance from the initial dye location, and t is the time point of evaluation.
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Figure 3. The device design and permeability of the proposed microfluidic system: (A) comparative
size of device; (B) lateral view of device; (C) progressive permeability in the device, demonstrated by
the permeation of blue food stain (upper panel) and Texas red dextran (10WD; lower panel). Time is
also indicated for comparison. The yellow arrows show the flow to and communication with the other
cell culture microchannels. The white scale bar represents 100 um.

2.2. Cell Immunophenotype, Proliferation Kinetics, and Vascularization Assay

The cell lines underwent expansion in cell culture plates, according to the manufacturers’
recommendations. The cells were further seeded in 24-well plates at a density of 1 x 10* cells-cm?.
After a 72-h incubation period, the cells were fixed in 4% paraformaldehyde. Then, three washes
with PBS were performed and 0.1% tween-20 was used for cell permeabilization. Subsequently,
primary antibodies (Table 1) were applied, and the cells were incubated overnight at 4 °C. Next, 10%
fetal bovine serum in PBS was used to block non-specific epitopes, followed by three more washes
with PBS. DAPI staining was used for nuclear staining. Finally, immunopositive fluorescent cells
were identified using an inverted epifluorescence microscope (Olympus IX71; Figure S1). The cellular
immunophenotype was determined using the antibodies listed in Table 1.

Table 1. Antibodies used for phenotypic characterization.

Primary Secondary

Antibody Antibody  Antibody

Target Description

Ve-cadherin is an adhesion protein that is
Anti Ve-cadherin 1:200 1:1000 resent in endothelial cells that form the inner
(Ab33168) (Ab6718) P .
lining of blood vessels.
1:200 1:1000 The Von Willebrand protein is mainly found
(Ab6994) (Ab6718) in endothelial cells that line blood vessels.
The VEGFR (vascular endothelial growth

Anti von Willebrand

Anti VEGFR 1:200 1:1000 factor receptor) is a protein that plays a crucial
(ab9530) (ab6786) . . .
role in angiogenesis and blood vessel growth.
1:200 1:1000 The expression of Oct3/4 in glioblastoma cells,

Anti Oct3/4 (C10-Z210Ms) (ab6786) such as USTM('},. is an indic'ation of these
tumor cells’ ability to acquire more
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undifferentiated and aggressive

characteristics.
Sox2 expression in glioblastoma cells,
1:200 1:1000 including U87MG, signals the existence of
Anti Sox2 (ZM57- (ab6786) stem cells that are capable of self-renewal and
Z236MS) the generation of differentiated tumor cell
subpopulations.
GFAP (glial fibrillary acidic protein) can be
Anti GFAP 1:200 1:1000 used for identifying and locating astrocytes in
(G3893) (ab6785) cell cultures, brain tissues, and histological
sections.
The anti-phalloidin antibody can be used to
Anti Phalloidin-Alexa- 1:100 visualize the distribution, organization, and
Fluor 488 (A12379) dynamics of actin filaments in living cells or
fixed samples.
Anti Claudin 5 1:50 1:1000 Claudin 5 is a protein that is expressed in the

(Ab15106) (ab6785) tight junctions of endothelial cells.
Zonula occludens-1 is a tight junction protein
Anti ZO1 1:50 1:1000 that plays a key role in the formation and
(Ab221547)  (Ab6717) cPlaysakeyt Fmat
maintenance of tight cellular junctions.

For the cell proliferation assay (Figure 4), HBEC5i, US7MG, and astrocyte cell lines were seeded
in culture plates at a density of 1 x 104 cells-cm2 for 264 h without media replacement. Cell viability
(%) was evaluated every 24 h for a maximum of 11 days (264 h) of culture, using the trypan blue 0.4%
(Thermofisher 15250061, Waltham, Massachusetts, USA) exclusion test. The specific growth rate (p)
and doubling time (T4) were calculated using the following equations:

B (In(number of final Cells) — In(number of Original Cells))
= (Final Time — Zero Time)

Doubling time (Ta):
B (In2)
u

d
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Figure 4. The growth kinetics of the HBEC5i (endothelial cells), US87MG (glioblastoma tumoral cells),
and astrocyte cell lines. The top central graphs show the quantification of the growth rate with
representative micrographs of the time course of proliferation in the culture plate below each graph.
The scale bar represents 100 pum in all.
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2.3. Endothelial Vascularization Test

The ability of HBEC5i endothelial cells to form microvasculature structures was evaluated by
brightfield microscopy (OLYMPUS IX71 Inverted Stand, Tokyo, Japan). For HBECSi
microvasculature induction, a protocol based on previous results from our laboratory, in which the
culture medium was maintained for 96 h, was used. Briefly, HBEC5i cells were bi-dimensionally
seeded at a density of 6 x 10* cells-cm™ on plates containing a fibrin matrix obtained from blood
plasma, 0.1% gelatin, or 1:50 Matrigel (Figure S2).

2.4. Cell Line Cultures in the Microfluidic System

The microfluidic culture experiments were conducted between passages 3 and 6 of each cell line.
The cell lines were cultured and expanded according to the technical specifications from ATCC and
ScienCell. The cells were grown to 80% confluency in T25 or T75 tissue culture flasks. Subsequently,
the microfluidic system inputs were optimized (Table S1) in order to achieve the best cell attachment
conditions.

Before cell inoculation in the microfluidic system, the devices were placed individually in Petri
dishes to prevent exposure to the environment. In this enclosed system, they were irradiated with
ultraviolet light for 20 min in a vertical laminar flow hood. For cell inoculation, adapted 1000-
microliter micropipette tips were used to fit the inlet and outlet channels of the microfluidic system.
Then, different concentrations of HBEC5i and U87MG cells were synchronically inoculated in the
channels across multiple devices. The seeding densities were 2.5 x 103, 5 x 103, 7.5 x 103, and 10 x 10°
cells-uL. The culture medium was replaced every 48 h (Figures 5-7 and S3), and an optimal volume
of 100 uL was determined for the maximal proliferation efficiency of HBECSi cells within the
microfluidic system (Figure S4).

The behavior of the US87MG cell culture was assessed at a density of 2 x 10* cells-uL-1, with daily
medium changes (100 pL) for each channel. After 260 h of culture, characteristic GFAP expression in
U87MG was assessed (Figure S5).

Finally, cellular detachment capability was assessed using trypsin or a mechanical air injection
process (200 microliters) with 1000-microliter pipettes. This process involved cell densities of 2.5 x
103, 5 x 103, 7.5 x 103, and 1 x 104 cells-uL (Figure S6).
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Figure 5. The cell migration ability of A) U87MG endothelial cells and B) HBECS5i at different starting
cell densities. Migrating cells are indicated in yellow.
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Figure 6. Culture U87MG in microfluidic system culture. The cell culture process at a density of 2 x
104 cells:puL™: a heatmap of the cell distribution at 0 h is shown for cell loading, and as time progresses
(48-150 h), cell clusters that were initially formed exhibited 3D projections, which have been described
as organoids, and were acquired via confocal microscopy at 150 h. The cellular cytoskeleton is shown
with the expression of phalloidin (green), and the nuclei were assessed with DAPI (blue). The scale
bar represents 100 pum.

Figure 7. Co-culture of U87MG-HBECS5i acquired by confocal microscopy: the cell migration process.
The cellular cytoskeleton is shown with the expression of phalloidin (green), and the nuclei were
assessed with DAPI (blue). Cell-cell interactions are shown with yellow arrows, which occurred
through interconnecting channels. The scale bar represents 100 pum.
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2.5. Microenvironment of Blood—Brain Barrier

A systematic scaling of the inoculation of the cell lines within the microfluidic device was
performed in order to elicit progressive cell interactions resembling the BBB. First, astrocytes were
inoculated in channel 2, followed by endothelial cells being inoculated in channel 3 (labeled with
Texas red dextran 10WD-D1863, Waltham, Massachusetts, USA; according to the Thermofisher
instructions, with excitation/emission wavelength at 594 nm/616 nm), and finally, US7MG cells were
inoculated in channel 1 (labeled with MitoTracker green according to the manufacturer’s instructions,
Thermofisher -MitoTracker™ Green FM-M7514, Waltham, Massachusetts, USA). The culture
medium was collected in its entirety every 24 h. The supernatants from each channel were stored
separately. For subsequent analysis, the microliters from the three channels were combined into a
single tube and were frozen (-80 °C) until further analyses, and culture media collected from the
microfluidic system were analyzed for cytokine expression (IL-2, IL-6, IL-10, and gamma interferon)

using a multiplex ELISA assay (arigoplex), following the manufacturers’ recommendations (Figure
8).

Astrocyte
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Figure 8. The culture evolution at different time points and the process of cell invasion. Glioblastoma
UB7MG cells are shown in green, endothelial HBEC5i cells are shown in red, cell nuclei are shown in
blue (DAPI), and cell-cell interactions through interconnecting channels are shown by green and red
arrows. The expression of cytokines was carried out by combining the triplicate model to obtain the
necessary amount of culture medium (cytokine sample=1). The scale bar represents 200 pm.
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2.6. Confocal Microscopy

Cell lines inoculated within the microfluidic system were fixed with 4% paraformaldehyde at
room temperature and washed with PBS. The antibodies and DAPI were incubated overnight.
Subsequently, images were acquired at the Laboratorio Nacional de Microscopia Avanzada at the
Centro Médico Nacional Siglo XXI (Instituto Mexicano del Seguro Social) and at the Centro de
Desarrollo de Productos Bioticos (CEPROBI) at the Instituto Politécnico Nacional using a Nikon Al
inverted confocal microscope. The specimens were observed using a CLSM (Carl Zeiss, Model
LSMB800, made in Oberkochen, Germany) with a motorized stage (X, Y, Z) that was coupled to an
AxioCam HD color camera (Carl Zeiss, Model 305, made in Germany). The ZEN (Zeiss efficient
navigation) software (version 2.6, Blue edition) was employed.

3. Results and Discussion

The present study showed that gel-free 3D-mFCCSs represent non-complex and versatile
models that are able to recapitulate several features that occur at the BBB, as well as dynamic tumor
cell interactions. They are comparable to hydrogel-containing microfluidic models and could offer a
suitable alternative for studying CNS tumor biology.

3.1. Microfluidic System Design and Characterization

In order to resemble the dynamics that occur at the BBB, a parallel microfluidic system was
designed as the basic structure to support cells from different lineages, which was inspired by
previously reported designs [37]. Our microfluidic system included endothelial cells, astrocytes, and
tumor glioblastoma cells, in the absence of synthetic ECM. This microfluidic system demonstrated an
appropriate diffusion of vegetable dye within its microchannels and their interconnections (Figure
3C) over a period of 2 min. The calculated dye diffusion coefficient of the system was 4.06 x 10 m>S7;
however, the boundary conditions of the walls of the microfluidic channels and the shape of the
microfluidic channels could affect dye diffusion [38]. Fluid distribution within a 3D-mFCCS is
relevant because it ensures a leak-free system, as well as the adequate spread of the solution of
interest within the microfluidic system.

3.2. Cellular Population and Inoculation Cell Density in the Microfluidic System

The cell populations that were considered for integration into the proposed gel-free 3D-mFCCS
were those resembling the microenvironment interactions of tumor cells and the BBB, such as
glioblastoma tumoral cells (U87MG), endothelial cells (HBEC5i), and astrocyte (ScienCell 1800) cell
lines. The HBEC-5i cell line has advantages over other human cell lines such as TY08, TY10, HCEC,
HMEC-1, BB19, HBMEC, and hCMEC/D3, which have all been extensively studied in the literature.
These cell lines, particularly human cerebrovascular microvascular endothelial cells (hCMEC/D3)
and human brain microvascular endothelial cells (hBMEC), are often cultured in media that contain
adjuvants. These adjuvants can alter the expression of ABC transporters, impacting the relevance of
findings [39]. ScienCell 1800 astrocytes represent the glial cell lineage, specifically as primary cells
from the cerebral cortex. Being primary cells, they maintain their original phenotypic and functional
characteristics, thereby providing a model that is more representative of real physiological
conditions. These astrocytes are ideal for studies related to neurobiology, as they play key roles in
maintaining neuronal environment homeostasis, in synaptic transmission, and in responses to
injuries in the central nervous system [40]. Finally, the U87MG human glioblastoma cell line has a
high proliferation rate, versatile applications in glioblastoma research, and is relevant to human
diseases, making it a tool for studying tumor biology and therapeutic responses [41].

In contrast, the HBEC-5i cell line can grow in a monolayer without the need for adjuvants,
making it an ideal model for blood-brain barrier (BBB) research.

In order to characterize morphology and cell function, in vitro assays of immunophenotype
(Figure S1) and proliferation were performed in culture plates. The endothelial cells showed an
average growth rate of 0.20 + 0.0035 cells-h™' and a doubling time of 37 + 6.034 h. The U87MG cells


https://doi.org/10.20944/preprints202401.0547.v2

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 October 2024 d0i:10.20944/preprints202401.0547.v2

13

exhibited an average growth rate of 0.018 + 0.00070 cells-h' and a doubling time of 35.2 + 1.98 h. As
for astrocytes, their growth rate was 0.010 + 0.00040 cells-h!, with a doubling time of 67.84 + 2.3 h
(Figure 4). An analysis of the maintenance of immunophenotype and vasculogenic (Figure S2) ability
was also performed. Notably, the U87MG cells showed the highest duplication rate, followed by
endothelial cells and astrocytes. Therefore, these cellular lineages exhibited natural behaviors. It is
worth mentioning that astrocytes constitute a primary cell culture line, whereas HBEC5i is an
immortalized cell line. Despite this distinction, the HBECS5i cell line displayed functional
characteristics that were remarkably like those of physiological endothelial cells, as observed in the
expression of endothelial cell proteins and their capacity for microvascular formation, thereby
representing a valuable cellular tool for in vitro studies (Figure S2B). Additionally, other research
groups have used these cells as models for brain cell interactions and have proved them to be more
suitable than the implementation of HUVEC cells or other endothelial cell lines [39]. On the other
hand, the U87MG cells showed the expression of Oct3/4 and Sox2, which is characteristic of cancer
stem cells, as well as the expression of GFAP.

3.3. Optimization of Inoculation Cell Density in the Microfluidic System

Similar to hydrogel-containing microfluidic systems, gel-free 3D-mFCCSs allow for the study of
different cellular processes, such as growth, adaptability, migration, and cell interactions. For this
purpose, the cells within the proposed gel-free microfluidic system had to be arranged in layers, and
several optimization approaches were performed to achieve the final optimal working conditions
(Table S1; Figure S7). In the present study, these optimal conditions included 100 microliters of
culture medium, which contained the cell lines at the cell concentration indicated for each experiment
and inoculated in the corresponding channel reservoir (Figure S4). The inoculation of the individual
cell lines in the device and the filling of all channels with culture medium induced cell migration
from one channel to the other.

Further optimization methods included U87MG cells being used at a cell density of 1 x 10*
cells-uL to achieve uniform distribution and cell growth within the 3D-mFCCS (Figure 5), as well as
a cell density of 2 x 104 cells-uL" for 3D growth, which resembled tumor organoids (Figures 6 and
S5). Meanwhile, the cell interactions between HBEC5i and U87MG were optimized via co-culture at
a cell density of 1 x 10* cells-uL (Figure 6). Of note, the higher cell densities of the US7MG line
resulted in the formation of three-dimensional clusters, which have been described as organoids in
other reports. Such organoid structures do not exhibit contact inhibition and resemble a tumor shape
within similar microenvironments. The migration process of US7MG in the microfluidic system was
successfully visualized using confocal microscopy. Interestingly, the US7MG cells (with a diameter
range of 12 to 16 um) modified their cellular structure to migrate through the 6-micrometer channel,
as shown in Figures 7 and S8.

In order to recreate an appropriate BBB architecture in our gel-free 3D-mFCCS model, we
ensured that different cell strains did not mix but instead proliferated individually within their
respective channels, as illustrated in Figure S8. For this purpose, the cultured HBECS5i cells were
inoculated first, followed by the U87MG cells, and then the astrocytes. This inoculation order
facilitated communication between the HBEC5i and U87MG cells (Figure 8).

The optimization of microfluidic systems and cell integration within gel-free 3D-mFCCSs is a
key point for developing appropriate models of the BBB. Some adequations may be performed by
applying a constant pressure of culture medium through microfluidic systems [41]. On the other
hand, the application of shear stress may stimulate the mechanoreceptors on endothelial cells and
influence various cellular functions, including cytoskeletal remodeling, gene expression, cell
viability, and calcium homeostasis, thereby controlling the myogenic tone [42]. Shear stress may also
affect the formation of tight junctions, leading to selective permeability and improvement of the
barrier function [18,43,44]. Understanding shear stress-mediated changes in transporter activity is
vital for designing effective drug delivery strategies that target the CNS. The dysregulation of shear
stress responses in endothelial cells is implicated in the pathogenesis of conditions in the CNS.
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Understanding the interplay between shear stress and BBB dysfunction in these diseases could offer
insights into novel therapeutic interventions [28].

3.4. Cell-Cell Interactions within the Microfluidic System and Pro-Inflammatory Mediators

Once the different cell lines were inoculated and arranged within our gel-free 3D-mFCCS, the
cell-to-cell interactions between the glioblastoma cells (U87MG) and the brain endothelial cells
(HEBC5i) were confirmed (Figures 7 and 8). These findings suggested that the gel-free 3D-mFCCS
promoted interactions between the glioblastoma and endothelial cells, which mimicked tumor
microenvironments in terms of cell-cell interactions. In this sense, cellular interactions within a
microfluidic system are relevant since they are a requirement for the maturation of microvasculature,
as reported by Deosarkar et al. (2015) [45].

Furthermore, the cell interactions within our microfluidic system correlated with the production
of pro-inflammatory mediators, as shown by the three-fold increase in IL6 that accompanied the
organized cell interactions after 360-384 h of culture (Figure 8), suggesting that the proposed gel-free
3D-mFCCS model was able to mimic endothelial changes that occur at the BBB during inflammatory
processes. Likewise, the tumor cell proliferation and invasion also correlated with the three-fold
increase in the expression of IL6 and IL10, showing a slight fluctuation in the case of interferon
gamma.

Similarly, the humanized BBB microfluidic model integrated primary human brain-derived
microvascular endothelial cells and cultured pericytes and astrocytes, and was able to describe
changes in metabolites and cytokines in response to inflammation, which are related to disruption of
BBB permeability [30]. Fluctuations in IL10 and interferon gamma are processes that are described in
tumor microenvironments, where IL6 facilitates the disruption of tight junctions in endothelial cells,
allowing mobilization in the vasculature.

3.5. Cell Detachment in the Microfluidic System

Cell detachment from 3D-mFCCSs has demonstrated an independent effect for each treated
channel, particularly under the conditions of low cell densities. This phenomenon highlights the
capacity of cells to retain biochemical communication and cellular contact despite being detached
from the substrate. Such findings suggest that gel-free models may offer significant methodological
advantages over traditional models that utilize synthetic extracellular matrices (ECMs) in
microfluidic systems.

In particular, the ability of cells to detach while maintaining communication implies more
dynamic interactions with their environments, allowing for the better simulation of in vivo
conditions. This characteristic could enhance experimental reproducibility and flexibility as
researchers can manipulate cell behaviors without the constraints imposed by synthetic ECMs.
Furthermore, the observed independence of detachment effects across channels indicates that
researchers can tailor specific conditions for each channel, potentially leading to more nuanced
insights into cellular responses and interactions.

By utilizing gel-free 3D-mFCCSs, researchers may be able to explore a broader range of cellular
behaviors and interactions, ultimately leading to a more comprehensive understanding of cellular
dynamics in various biological contexts. The implications of these findings underscore the potential
of gel-free models to advance microfluidic technologies in cell cultures, particularly for applications
in tissue engineering, drug testing, and personalized medicine. This methodological innovation may
pave the way for future studies aiming to elucidate the complex relationships between cells and their
microenvironments, as illustrated in Figure S6.

4. Conclusions

In the future, microfluidic devices in glioblastoma research will include advancements in
biomimetic models, technological improvements in gel-free 3D-mFCCSs regarding the incorporation
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of multiple cell types, and the integration of imaging and sensing technologies for continuous
monitoring, in order to develop personalized medicine and to further therapeutic research [25,26].

The development of microfluidic devices combining resembling structural designs, appropriate
ECMs, and cell interactions that closely mimic BBB microenvironments presents many challenges.
The proposed gel-free 3D-mFCCS represents a versatile and suitable system that promotes cell
interactions between two or three cell lines and mimics tumor-BBB microenvironments, even during
inflammatory responses.

Supplementary Materials: The following supporting information is available online at Preprints.org, Table S1:
Approach strategies for cell cultivation within microfluidic systems, Figure S1: The immunophenotype
characterization of HBEC5i (endothelial cells) and U87MG (glioblastoma tumoral cells) cell lines in a culture
plate. Figure S2: The vasculogenesis ability of HBEC5i: a) the optimization of cell maintenance for HBEC5i cells;
b) vasculogenic assay; and c) vasculogenic structure on a gelatin matrix after 96 h of culture. Initial cell culture =
6 x 10* cells-cm™2. Figure S3. Cellular maintenance within the microfluidic system. In the upper image, different
densities of U87MG (inoculated in the microfluidic system) and their maintenance over a period of 144 h are
shown. In the lower image, different densities of HBEC5i (inoculated in the microfluidic system) and their
maintenance over a period of 144 h are shown. Figure S4. Cell detachment was evaluated at various cell densities
using the trypsinization process conducted over a 5-20 min standard incubation period. In the lower image,
mechanical detachment via air injection is demonstrated. Figure S5. The influence of cell culture medium on
maintenance and proliferation in the devices. Two different volumes of each cell culture medium were evaluated
with constant changes every day. From 24 to 120 h, 50 microliters of culture medium were used, while from 144
to 172 h, the volume was increased to 100 microliters. Figure S6. Glial fibrillary acidic protein (GFAP) expression
in U87MG microfluidic systems. Following the seeding of U87MG cells in the microfluidic system, the expression
of GFAP was assessed within the device (indicated in green), with cell nuclei stained in blue (DAPI). Figure S7.
Strategies employed for proper cellular adhesion within the microfluidic system: a) surface view of the
microfluidic system, with and without steps (left and right sides, respectively); b) side view of the devices, with
and without steps (left and right sides, respectively); c) adaptation of medical-grade silicone tubing at each entry
and exit point of the device; d) longer adapted tubes using a clamping system; e) adaptation of the microfluidic
system with 1000-microliter pipette tips as reservoirs for the culture medium; f) adaptation of the microfluidic
system with 200-microliter pipette tips as reservoirs for the culture medium; and g) representative results
showing poor cell adhesion and bubble generation. Figure S8. Brain tumor microenvironment. F-actin
expression is shown in green (Phalloidin) and cell nuclei are stained in blue (DAPI).
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