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ABSTRACT

Mesenchymal stem cells (MSCs) are multipotent stem cells that can support various tissues including bone marrow, adipose
tissue, and synovial fluids, from which they can be readily isolated. The objective of this study is to harness the advantages of
microfluidic systems for controlling and enhancing the maintenance and viability, and regenerative properties of MSCs by
providing a 3D culture microenvironment with gelatin methacrylate (GelMA) hydrogel and exposing the cells to a slow fluid
flow and low shear stress conditions. GeIMA has methacryloyl groups and can be crosslinked by a photocuring process using
biocompatible photoinitiators. The most common used photoinitiator for cellular encapsulation within hydrogels is the
ultraviolet (UV) initiator 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959 or 12959), but due to its low
water solubility and the necessity of using a shorter wavelength light (365 nm), it can lead to cellular phototoxic and genotoxic
effects. To overcome these limitations, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) have recently been used with
GelMA as an alternative photoinitiator. Because LAP is highly water soluble and has a 10 times faster polymerization rate, and
it requires a visible light (A = 405 nm) which makes it much safer for the cells, we use 10% GelMA together with 0.05% LAP
photoinitiator for bioprinting human adipose tissue derived MSCs (hAT-MSCs) onto a membrane that has a 40 um mesh size.
To demonstrate a microfluidic culture advancement for improving the biological activities and regenerative capacity of the
cells including cell adhesion, growth, viability and proliferation capacity as ultimate goals of this study, the membrane carrying
the bioprinted construct was placed in a PDMS microchannel and exposed to the fluid to obtain dynamic microenvironments
found in the human body. As a result, the cells were successfully maintained in the microfluidic 3D cell culture for two days,
with a high cell viability of 99%.
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1. INTRODUCTION

Organ-on-a-chip (also called organ chip or OoC) is a miniaturized bioreactor technology in a
microfluidic cell culture device which reconstitutes the physiology and architecture of a notable
functional unit of a specific organ of interest [1-6]. Organ chip technology is a cost-effective approach
for the study of disease and treatment and has a potential for predicting drug-induced organ-specific
responses and reducing the use of animal experimentation. Organoids are three-dimensional cell culture
models composed of either natural extracellular matrix (ECM) molecules or biomaterials interacting
with organ-specific cells that self-organize into their peculiar physiology and anatomy and mimic an
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associated organ in vivo [2,7-9]. Organoids typically contain stem cells, though not necessarily, as they
can be comprised of some primary cells or differentiated cells. Biomimetic platforms of many organs
including the lung, liver, small intestine, kidney, and some other tissues like bone marrow and blood-
brain barrier can be designed and studied as organ chips [1]. Studies of drug development and disease,
and cosmetic pipelines will likely involve organ-on-a-chip technology soon.

Mesenchymal stem cells, or also called mesenchymal stromal cells (MSCs) are multipotent stem cells
that can be isolated from many tissues/organs including bone marrow, adipose tissue, dental pulp, and
amniotic or synovial fluids [10]. MSCs are unique cells for regenerative medicine that can support
functions of many tissues and organs by releasing soluble factors such as growth factors, anti-apoptotic
and anti-inflammation factors, and they can synthesize extracellular matrix (ECM) mainly composed of
collagen fibrils, a key component of tissues [11]. Stem cell differentiation is known to be governed by
a variety of soluble factors including growth factors, hormones and cytokines whereas numerous studies
performed in recent decades point out that in addition to chemical factors, mechanical cues can also
have remarkable roles on cellular differentiation, proliferation, biomechanical properties and tissue
development. Likewise, MSCs have been shown to be highly responsive to extracellular mechanical
cues [12-15], including responses to different magnitudes of shear stresses [16,17]. For instance, Riddle
et al. uses parallel plate flow chambers to test the effects of high shear stress on human MSCs and report
that oscillatory fluid flow-induced shear stress with high flow rates (i.e. 1-50 ml/min flow rates) resulted
with increased cell proliferation due to a high shear stress-induced increase in intracellular calcium
concentration [18]. On the contrary, high magnitude shears stresses above 10 mPa levels can exert
damage on rat MSCs and lead to cell detachments and reduced proliferation [19]. Slow fluid flow and
low shear stresses at flow rates ranging from few microliters up to hundreds of microliters per min
upregulate osteogenic differentiation and proliferation of MSCs in microfluidic devices [20-22]. As
such, shear stresses and interstitial fluid flow can influence and regulate the cellular behavior of MSCs.
Furthermore, by using microfluidic devices, how interstitial fluid flow influences the MSC viability and
differentiation in the presence of 3D cultures can be investigated in microchannels as well.

Photo-crosslinking is a chemical crosslinking method performed by photoinitiation followed by
photocuring in bioprinting, and photocurable biomaterials such as gelatin-methacrylate (GelMA) are
frequently used as bio-ink material in a bioprinting process. To induce chemical cross-linking of bio-
ink right after the printing process, the construct is exposed to light (UV or visible light) in a way that
stiffens enough but does not cause any major damage on the cells [23]. 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), as a most common UV photoinitiator used for
cellular encapsulation within hydrogels, has low water solubility, and needs a shorter wavelength of UV
light (365 nm) that can cause cellular phototoxic and genotoxic effects in cells. However, recent studies
show that lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), as an alternative photoinitiator, can
be used to overcome Irgacure limitations. LAP has high water solubility and a 10 times faster
polymerization rate than Irgacure. Also, in comparison with Irgacure, LAP needs a higher wavelength
of visible light (A = 405 nm) for photoinitiation, that is much safer for cells [24-26]. GelMA has been
used together with MSCs in recent bioprinting studies whereby tissue regeneration ended up with
providing enhanced regenerative properties such as high cell viability, and improved cell adhesion and
proliferation [27]. In a recent report, human bone marrow-derived MSC-laden GelMA constructs ended
up having larger MSC spreading area and a high cell viability of 90% [28]. In the literature, only a few
studies like Miri et al. investigate GelMA encapsulated MSCs as a bio-ink in microfluidic culture setups
and organ chip studies [29]. As such, MSCs seeded in a 3D matrix of GelMA have not been thoroughly
investigated in microchannels under, for instance, fluid flow with low shear stress conditions.

In this study, human adipose tissue-derived mesenchymal stem cells (hAT-MSCs) encapsulated with
photo-cross-linkable GelMA hydrogel were used as bio-ink to fabricate a construct for performing 3D
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cell culture in a PDMS-based microfluidic channel. The GelMA/hAT-MSCs construct was bioprinted
on a membrane which was later cut into a small piece with an appropriate size before transferring from
Petri dish to the microfluidic device. The cells were cultured under low shear stress conditions for two
days and the viability of the cells was determined by live/dead assay.

2. EXPERIMENTAL
2.1. Production of the Microfluidic Chip

The microfluidic (MF) chip template was prepared using a 3D printer. SLA/DLP 3D printing technology
(micraft 100) was used to fabricate of mold with resolution 30-35 micron and velocity 30 sec per layer.
OOkuma FP60 resin was applied to prepare the mold. The mold inside area was 39x46x5 mm. Then,
PDMS (Sylgard 184 silicon elastomer base and Sylgard 184 silicon elastomer curing agent, Dow
Corning, USA) layer was prepared using the soft lithography method [30]. In this study we used the low
molecular weight Sylgard™ 184 PDMS polymer (Component A: Mn = 5.8 x 10% Da; Component B:
Mn = 7.5 x 10° Da) [31]. For this, 5.85 g (1.00 mmol) of PDMS (component A) and 0.65 g (0.087 mmol)
of crosslinker (Component B) was used for preparation of upper and bottom PDMS microchannels. The
mixture of PDMS and crosslinker (9:1) was prepared by stirring for up to 3 min and added to molds and
vacuumed in the desiccator for 20 min [32,33]. It was then left to stand at 50 °C overnight, and then the
microfluidic chip was prepared by peeling off the PDMS layer. On a PDMS layer, there is a
microchannel and the input with output of the channel (top layer). The length of the channels is 15 cm,
the width is 1000 pm and the height of the channel is 1000 pm. The other PDMS layer consists of a flat
surface without a microchannel (bottom layer). A porous polyethylene terephthalate (PET) membrane
with 40 pm pore size (pluriStrainer® pluriSelect, Leipzig, Germany) was used as a membrane. Cells
were bioprinted onto the membrane which was later placed between two PDMS layers. Finally, the chip
was sandwiched between poly (methyl methacrylate) (PMMA) frames and fastened by screws. Figure
1 shows a schematic view and a final version image of the microfluidic device.

PMMA

PDMS-Microchannel

Membrane

PDMS-Thin layer 1 J

PMMA '

(a) (b)

Figure 1. (a) Schematic view and (b) final version image of microfluidic cell culture device.
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2.2. Isolation, Culture, and Characterization of MSCs

Human adipose tissue-derived mesenchymal stem cells (hRAT-MSCs) were isolated by surgical removal
from healthy donors undergoing surgical operation. Tissue samples were harvested from the
informed/consented healthy patients under Eskisehir Osmangazi University Clinical Research Ethics
Committee permission (Decision number: 23/Date 30.05.2019). Tissue samples were washed several
times with Hanks' balanced salt solution (HBSS) with 5% penicillin-streptomycin and without calcium
and magnesium. After the washing process, tissues were minced into small blocks and a single cell
suspension of adipose tissue cells was obtained by using enzymatic digestion (0.075% type |
collagenase, Sigma), and mechanically with shaker water bath 37 °C for approximately 60 min. The cell
suspensions were filtered using a 70 um cell strainer to separate individual cells from debris and
undigested adipose tissue fragments. hAT-MSCs were cultured and characterized as in previously
described protocols depending in vitro differentiation experiments and immunophenotyping by flow
cytometry [34].

2.3. On-chip Experiments

MSCs were mixed with 10% (w/v) gelatin methacrylate (GelMA) and 0.05% (w/v) lithium phenyl-
2,4,6-trimethylbenzoylphosphinate  (LAP) photoinitiator (CELLINK, Sweden). This pre-
polymer/MSCs blend was bioprinted by micropipette extrusion on the membrane before the chip was
assembled. Due to its biocompatibility, GelMA was selected as hydrogel biomaterial to be used in the
microfluidic chip [35]. The cells encapsulated within GeIMA bioprinted on the membrane and then
statically cultured in a 6-well polystyrene plate for 2 days in a cell culture incubator (Panasonic). After
cell proliferation was observed on GelMA at the end of day 2, the membrane coated with GelMA/MSCs
was integrated into the microfluidic chip as shown in Figure 1a and 2f, and the cells were grown in
another incubator (Esco Lifesciences Group) for 2 days under the dynamic culture conditions. Syringe
pump (NE-4000, New Era Pump Systems Inc., NY) was used with a flow rate of 0.5 pl/min to inject the
culture medium through Tygon tubing into the microchip placed in the incubator. Waste culture medium
was collected from the outlet of microchip in a 15 ml falcon tube inside the incubator. 37 °C with 5%
CO- gas supply and humid incubator conditions were used for all the experiments. Figure 2 shows the
steps applied for on-chip experiments.

Shear stress is the stress created when a tangential force is acting on hAT-MSCs by laminar flow of
culture media over area of cell contact with the surface of PDMS microchannel. Shear rate and shear
stress can be determined by equations 1 and 2 [36].

Shear Rate (y) = ﬁ 1)
Shear Stress (7) = Shear Rate (y) X Viscosity (u) 2

where W is the width and h the height of the channel, x is viscosity of culture media, and Q is the
volumetric flow rate used in the microfluidic culture setup.
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Figure 2. Schematic view of microfluidic cell culture experiment that includes (a) trypsinization, (b) mixing 10%
(w/v) GelMA with MSCs, (c) GelMA/MSCs seeding on the membrane followed by photocuring (405
nm), (d) incubation of the coated membrane in a Petri dish for 2 days at 37 °C with 5% COa, (e)
observation of cell growth, (f) schematic representative of the microfluidic culture device, (g) image of
the final version microfluidic culture device shown inside the incubator and (h) a syringe attached on a
syringe pump placed outside the incubator.

2.4. Live/Dead Assay

Cells were imaged with a live/dead assay to verify cell viability. To assess the viability of cultured MSCs
cells within the microfluidic chip, the cells were incubated in Live/Dead (AAT Bioquest®) solution for
30 min in dark and imaged using Carl ZEISS AXIO OBSERVER D1 fluorescence microscope. The
percentage of cell viability was calculated by dividing the number of live cells (green) by the total
number of cells, as shown in the equation below:

Percentage of Live Cells = (Live Cells/Total Cell Number) x 100 3
3. RESULTS AND DISCUSSION

Stem cells are unique cells known for their self-renewal properties that ensure the preservation of the
stem cell pool, while they can divide and differentiate into several cell type of tissues within the body
according to their differentiation potential. This phenomenon refers to the potency (i.e. stem cells can
be totipotent, pluripotent, multipotent, oligopotent or unipotent) [37]. MSCs are multi-potent cells that
can differentiate into multiple types of cells present in specific organs. In stem cell research, it is
important to maintain stem cells in undifferentiated state or controlled differentiation. The main reason
for that is because stem cells are highly responsive to microenvironment alterations such as mechanical
stimuli and biochemical signals that can change stem cell fate, and eventually leading to loss of potency
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and stem cell identity [38]. Microfluidic technology has important potential for stem cell research. By
utilizing a sophisticated microfluidic environment design, manipulation of stem cells can be controlled
better than in conventional cell culture techniques. To direct the stem cell differentiation, it is crucial to
know the role of various biochemical cues (e.g., soluble factors including trophic factors like growth
factors and hormones, and also glucose, oxygen concentrations, etc.) in the decision-making process.
Microfluidic devices have been used to study microenvironment mainly by focusing on the following
two aspects: screening a wide range of conditions in a high-throughput fashion and reconstructing the
physiological environment like heterogeneous, complex and 3D growth conditions. By utilizing the
advantages of nanotechnology like micro- and nanofabrication tools and using various biomaterials that
are biocompatible and bear hydrogel properties and/nanofibrous structures and assemblies which cells
like to attach and live with, many different works have been performed using stem cells in microfluidic
devices containing different polymeric materials with well-defined geometries and patterns [22].

In this study, we aim to provide in vivo like 3D and microfluidic culture conditions for the maintenance
human adipose derived-mesenchymal stem cell in vitro. MSCs were obtained from liposuction materials
of healthy donors and cultured conventional method before using in a microfluidic bioreactor device.
Afterwards, the cells were subjected separately to both 3D microfluidic culture and static control which
had the same 3D culture conditions used in for encapsulation of MSCs with GelMA hydrogel and culture
on a membrane. In this regard, the isolated cells from human adipose tissue adhered on the culture flasks
and were successfully cultured, and as a result, most cells displayed a spindle-shaped and fibroblast-like
morphology, as shown in Figure 3. The cultured cells reached a monolayer confluency in the primary
culture 7 days after the first passage and were expanded until they reached passage 3 (P3). Morphology
of the cells indicate that the isolated cells can attach and expand on the surface of polystyrene cell culture
flasks and proliferate over subcultures.

Figure 3. Phase contrast microscopy image of hAT-MSCs in a polystyrene culture dish showing the MSC
morphology of the expanded cells (scale bar 200 pum).
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The cells isolated from human adipose tissue adhered to polystyrene flasks (Figure 3), and flow
cytometry was used to show that they were phenotypically positive for CD90, CD73, CD29, and CD105
markers but negative for CD34, CD45, MHC class Il (HLA-DR) and hematopoietic lineage markers as
shown in Figure 4. These results suggest that the isolated cells can be identified as MSCs, as previously
described [39]. Moreover, previous works by our group showed that these cells could differentiate into
chondrocytes, adipocytes, and osteoblasts [34, 40, 41].
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Figure 4. The immunophenotypic characterization of MSCs isolated from human adipose tissue by flow cytometry.
Flow cytometry analysis of MSCs were performed at P3 (P: passage number).

MSCs were stained with calcein AM (green) within the microfluidic chip for live cells and with
propidium iodide (red) for dead cells, which was followed by observing at an inverted fluorescence
microscope (Zeiss Axio Observer D1), as shown in Figure 5. The microfluidic chip culture system
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containing the hAT-MSCs could be maintained successfully for 2 days with approximately 99% of cell
viability within 10% (w/v) GelMA. Fibroblast-like and spindle-shaped morphologies of MSCs were
observed on microfluidic chip culture (Fig. 3 and 5b). On the other hand, the morphology and
cytoskeletal structure of the MSCs in static culture conditions were slightly more filamentous. Cell
adhesion is key to formation of morphological characteristics of cells. Thus, ECM components such as
collagen and its derivates including gelatin-based hydrogels such as GelMA can regulate cytoskeletal
rearrangements, cell traction forces and shape [42,43]. Here, the GeIMA/hAT-MSCs construct was
bioprinted on a PET membrane with 40 um pore size of which we considered a membrane for allowing
the cells and GelMA to attach on it, and this approach could be used in future organ-on-a-chip studies.
As a future experiment, cell adhesion molecules can be immunostained, cell-cell contact interactions and
cell-ECM interactions between hAT-MSCs and GelMA can also be analyzed in detail. However, imaging
of the MSCs directly inside the microfluidic device comes with difficulty of resolving the details of
cytoskeletal structures of the cells, especially when using a typical inverted fluorescence microscope.

ve Dead

(@)

Static
culture

(b)

I

Microfluidic
culture

Figure 5. Live/dead assay images of static culture of MSCs on membrane under fluorescence microscope captured
at the end of day 2 (a). Live/dead assay images of microfluidic chip culture MSCs on membrane under
fluorescence microscope captured at the end of day 2 (b). The green mesh-like background view shows
the membrane, and also microfluidic channel area of the chip on b. Scale bar of the images on the left is
200 um, and scale bars of the images at the middle and on the right are 100 um.

In an organism, stem cells reside in a specific anatomical location, that is called a stem cell niche, that
consists of biochemical cues (e.g., cytokines, proteins, growth factors, glucose, oxygen, or inorganic
components like calcium, etc.), stromal and other tissue-related cells (in some cases immune cells),
extracellular matrix (ECM) of which GeIMA was used for mimicking in this study. Blood vessels have
a regulatory role in stem cell niche, and MSCs can be found surrounding capillaries to differentiate or
control other cells in response to injury or tissue homeostasis. In order to mimic vascular environment,
we used a microfluidic channel and cell culture medium (DMEM) instead of blood flow.

GelMA is known to support cell attachment and viability and promote cellular differentiation of many
cell types including MSCs [29,44]. Moreover, GelMA has also been reported to form well-defined
bioprinted constructs that contain MSCs in addition to allowing cell viability and maintenance [29].
Here, we use a GelMA/hAT-MSCs construct bioprinted on a membrane via micropipette extrusion
method followed by photocuring and then tested it in a PDMS microfluidic channel. An important aspect
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of our study is that GelMA provides a physiological relevance as it consists of gelatin, that is, a baked
mixture of collagenous proteins and also provides a mesh structure as an extracellular cue that the cells
can respond to and like to attach. As a result of this study, the viability of the cells on GelMA in a 3D
cell culture system was preserved under a fluid flow with low shear stress conditions. Moving from a
static culture of GelMA-entrapped MSCs on the membrane (40 um) to its corresponding dynamic
culture setup in a microchannel under slow fluid flow (i.e., with a flow rate of 0.5 pl/min) does not
reduce the viability of the cells and also does not cause a dramatic change in the morphology and
appearance of the cells. This result may suggest that the GelMA-entrapped hAT-MSCs under slow fluid
flow and hence exposed to low shear stress can be a representative of in vivo conditions, and the 3D
microenvironment provided to the cells here can be used to imitate a stem cell niche present in human
body. Stem cells have the ability to self-renew and can stay in a quiescent state in the body and can also
become active and start differentiating upon receiving a bioactive signal or a significant change in the
environment. Mechanical cues can play significant roles on mesenchymal stem cell decisions to
proliferate or differentiate, for example, stem cells residing on a soft matrix at subkiloPascal levels can
become rounder and stay quiescent whereas an increase in the stiffness of the matrix or substrate they
attach towards kiloPascal levels or more can influence the stem cell fate as human MSCs have been
reported to have a tendency to choose a stiffer substrate/matrix rather than a compliant one [45].

Here we calculate the shear stress value acting on hAT-MSCs used in this study as follows: by assuming
that the viscosity x of the culture medium is 0.89 mPa-s (DMEM) as previously reported for water at
room temperature and the properties have been shown to be almost identical to those for water [46]. We
calculate the shear rate as 0.05 s~1 by using equation 1, and the magnitude of shear stress acting on
hAT-MSCs as 0.0445 mPa from equation 2, as also presented in Table 1.

Table 1. The flow rate and shear stress profiles to achieve the desired shear rate and shear stress within the microchannel.

Shear Rate (y) Shear Stress (7) Volumetric Flow Rate (Q) Viscosity (1)
0.05s7! 0.0445 mPa 0.5 pl/min 0.89 mPas

Flow-induced shear stresses that MSCs can respond to by proliferation and osteogenesis were previously
reported as 10 Pa and 107° Pa, respectively, where bone-marrow derived human MSCs and PET
matrices were used [16-17]. As the shear stress acting on hAT-MSCs we report in this study is between
those two values, our results imply that hAT-MSCs used in this study are expected to show proliferative
properties, as supported by the viability result obtained in the microfluidic culture experiments shown
in Figure 5. In addition, BrdU staining, or another similar assay should be done in order to further
investigate and show that they can also have such good proliferative profiles in this microfluidic setup.
High shear stresses, such as flow induced-deviatoric shear stresses, it is reasonable to say that very high
stresses acting on cells under fast fluid flows at ml per min levels or greater can be detrimental on MSCs
and cause cell detachments due to convection [17], however, values converging to 0.01-0.1 Pa interval
as to play remarkably important roles in developmental biology such as mesenchymal condensation and
tissue morphogenesis [47-50].

3. CONCLUSIONS

In conclusion, we showed that the hAT-MSCs could be successfully cultured with a high viability by
using our microfluidic chip design under fluid flow conditions with low shear stress. Therefore, this
microfluidic bioreactor culture has the potential for maintaining hAT-MSCs and improving their stem
cell characteristics for further studies including self-renewal, differentiation potential and senescence
phenotype. Furthermore, this setup can be tested as a candidate setup to be used in organ-on-a-chip
studies inasmuch as GelMA is considered a biocompatible material which mimics the extracellular
microenvironment of MSCs inside human body. Microfluidic devices are powerful tools for the
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reconstruction of stem cell microenvironment and recapitulation of important physiological functions
for both high-throughput detection of biological processes and controlling the stem cell fate within a 3D
microenvironment resembling the physiological conditions. As a future study, biomarker expressions of
MSCs can be determined via immunocytochemistry at the end of microfluidic chip culture. The cells
can be evaluated with their senescence phenotype and the expression of MSC-specific genes related
with self-renewal and differentiation.
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