Materials Today Bio 23 (2023) 100861

Contents lists available at ScienceDirect =i
materialstoday

BIO

Materials Today Bio

materilstoday

FI. SEVIER

journal homepage: www.journals.elsevier.com/materials-today-bio

Effect of high cyclic hydrostatic pressure on osteogenesis of mesenchymal
stem cells cultured in liquefied micro-compartments

Maryam Ghasemzadeh-Hasankolaei a4 Carlos A. Pinto ", Diana Jesus®, Jorge A. Saraiva b
Joao F. Mano ™

& CICECO-Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, 3810-193, Aveiro, Portugal
b 1 AQV-REQUIMTE, Department of Chemistry, University of Aveiro, 3810-193, Aveiro, Portugal

ARTICLE INFO ABSTRACT

Keywords:

Mechanical stimulation
Liquefied microcapsules
Hydrostatic pressure
Mesenchymal stem cells
Osteogenic differentiation

Bone resident cells are constantly subjected to a range of distinct mechanical loadings, which generates a
complex microenvironment. In particular, hydrostatic pressure (HP) has a key impact on modulation of cell
function and fate determination. Although HP is a constant mechanical stimulus, its role in regulating the
osteogenesis process within a defined 3D microenvironment has not been comprehensively elucidated.
Perceiving how environmental factors regulate the differentiation of stem cells is essential for expanding their
regenerative potential. Inspired by the mechanical environment of bone, this study attempted to investigate the
influence of different ranges of cyclic HP on human adipose-derived mesenchymal stem cells (MSCs) encapsu-
lated within a compartmentalized liquefied microenvironment. Taking advantage of the liquefied environment of
microcapsules, MSCs were exposed to cyclic HP of 5 or 50 MPa, 3 times/week at 37 °C. Biological tests using
fluorescence staining of F-actin filaments showed a noticeable improvement in cell-cell interactions and cellular
network formation of MSCs. These observations were more pronounced in osteogenic (OST) condition, as
confirmed by fluorescent staining of vinculin. More interestingly, there was a significant increase in alkaline
phosphatase activity of MSCs exposed to 50 MPa magnitude of HP, even in the absence of osteoinductive factors.
In addition, a greater staining area of both osteopontin and hydroxyapatite was detected in the 50 MPa/OST
group. These findings highlight the benefit of hydrostatic pressure to regulate osteogenesis of MSCs as well as the
importance of employing simultaneous biochemical and mechanical stimulation to accelerate the osteogenic
potential of MSCs for biomedical purposes.
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1. Introduction

Cells in native tissues reside in a dynamic and complex niche that
consists of extracellular matrix (ECM), other cellular populations, as
well as various soluble factors (i.e., growth factors and cytokines) [1-3].
Tissue-resident cells are modulated by various biochemical and/or
biophysical signals which arise from the cell microenvironment,
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providing multiple stimulations for cells. The complex cell macro- and
microenvironments are involved in the modulation of complex signaling
pathways which impact cell adhesion, morphogenesis, proliferation,
apoptosis, and differentiation [4-6]. The role of biochemical cues has
been intensively investigated by researchers due to their direct effect in
triggering biochemical pathways. Growth factors are key biochemical
cues that have a fundamental regulatory role in a range of physiological
and pathological processes, including tissue maintenance and repair.
Soluble growth factors are commonly used either directly by adding to
the culture media or indirectly by releasing from a biomaterial carrier
[3,7]1. Whilst there are numerous literature describing how biochemical
factors guide cell behavior in vitro, these stimuli are often insufficient for
achieving a desirable response, due to the lack of an appropriate me-
chanical environment. Therefore, not only biochemical factors but also
biomechanical signals are essential for controlling cell behavior [7,8].
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For instance, the differentiation of mesenchymal stem cells (MSCs) to-
wards an osteogenic lineage is known to be mechanosensitive in vitro [9,
10]. Hydrostatic pressure, viscosity, compression and tension, and fluid
flow induced shear stress are the main components which define the
mechanical environment of bone marrow [11]. Moreover, properties
like stiffness and topography are also factors that need to be considered.
Some research studies emphasized the importance of substrate topog-
raphy on differentiation path of different cell types, where this effect can
be regulated by shape and size of surface topographical pattern [12,13].
It has been demonstrated that hierarchical topography promoted oste-
ogenic differentiation of human MSCs [12]. Compression and tension
also impact proliferation and differentiation of MSCs [14,15]. However,
a study which compared cyclic tension and compression reported that
tension regulated osteogenic related genes while dynamic compression
caused regulation of genes related to chondrogenesis [16]. Moreover,
researchers have shown that applying cyclic tensile strain to human
MSCs led to osteogenic differentiation without the addition of osteo-
genic supplements, where a significant increase of BMP-2 expression
was observed [17]. Therefore, mechanical cues can be served as an
important inducer to control and manipulate cell functions [7,18-22].

Bone is constantly exposed to a range of macro-scale forces which
creates a complex mechanical environment. Resident cells including
bone marrow MSCs and osteocytes actively sense and accordingly
respond to the physical loadings which receive from the surrounding
environment. These cells play an important role in various physiological
functions such as the maintenance of the skeletal mass and structure [6,
23-25]. One of the mechanical stimuli that bone resident cells experi-
ence is hydrostatic pressure (HP). In bone, HP exists as a result of
gravitational forces and muscle contractions inputs, leading to exert a
force by the surrounding liquid to the cells’ membrane [26,27]. Exter-
nally applied forces have been demonstrated to have a significant impact
on cellular function [23,24,28-30]. HP of different values from as small
as 10 kPa [24] to as large as 10 MPa [31,32] enhances the differentiation
and maturation of MSCs [33,34]. Of particular interest in bone tissue
engineering, HP is considered as one of the most important signals in
providing suitable biophysical environment for MSCs differentiation.
MSCs have been shown to respond to HP in vitro at low magnitude, while
the level of pressure in bone environment may reach a peak value of 5
MPa in vivo [35,36]. Therefore, it would be more physiologically rele-
vant if MSCs are subjected to substantially higher levels of HP, up to the
maximum magnitude that cells can tolerate. The pressure up to 100 MPa
is called physiological pressure for eukaryotic cells, while the pressure
between 100 and 250 MPa is considered as non-physiologic pressure
[37]. This means that the effect of the pressure showed different out-
comes and it is dependent on the species and on the type of the pres-
surized cell [37].

Cyclic HP was found to have a positive impact on early osteogenic
response of human bone marrow MSCs, which result in upregulation of
COX2 and increasing ATP release in a magnitude-dependent manner
[24]. It was also shown that cyclic HP was a potent mediator of cyto-
skeletal reorganization which enhanced the osteogenic responses in
MSCs [23]. The intermediate filament (IF) network underwent a
breakdown and reorganization with centripetal translocation of IF
bundles toward the perinuclear region, which is required for
loading-induced MSC osteogenesis [23]. According to the literature,
intermittent application of mechanical cues is more beneficial than
static loading for boosting bone regeneration [23,25], as dynamic in-
duction preserves the sensitivity of MSCs to the physical stimulations
(mechanosensitivity) [25]. Although bone resident cells are constantly
exposed to the cyclic mechanical loading of HP and several studies have
highlighted its significance, little is known about the influence of this
external stimulus in a 3D microenvironment. In 2D environments,
physical force applied to cells is in one-direction, while mechanical
loading is multidirectional in physiological conditions. Dimensionalities
of cell microenvironment changes the mechanical stimulation-induced
cell behavior [25]. Therefore, 3D models may offer more physiological
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environments for mechanotransduction studies. It has been shown that
cells behave differently in 2D and 3D environments and a 2D culture
does not mimic the natural cellular environment well. For instance,
results showed that osteoblastic cells behave differently in 2D and 3D
environments not only in static condition, but also in presence of me-
chanical stimulation [38]. Therefore, more studies are needed to
investigate the cell behavior under HP in a controlled 3D environment.

Inspired by the native bone mechanical microenvironment, this work
explored the influence of HP on the microtissues developed in liquefied
compartments. Initially, various levels of HP (5-250 MPa) were applied
to the human adipose-derived MSCs to determine the maximum
magnitude of HP that MSCs can withstand. In the last decades, adipose-
derived MSCs have emerged as a possible tool in regenerative medicine
and cell therapy due to their several advantages including abundance,
readily accessible, ease of isolation [39]. Clinical advantages of utilizing
adipose-derived MSCs compared to bone marrow-derived MSCs for bone
tissue engineering include use of a less invasive method for tissue pro-
curement and the capability to achieve greater numbers of stem cells
isolated from the original tissue [40,41]. Moreover, proangiogenic
properties of adipose-derived MSCs [39,42] as well as successful culture
of them with various biomaterials in vivo, both in animal and human
models, made them a useful candidate for tissue engineering based
therapy [43-46].

According to the results of the first part, two different magnitudes of
HP were applied to the adipose-derived MSCs encapsulated in 3D
compartmentalized structures. Liquified microcapsules [47-49],
already tested in vivo [50], have been developed in our group as a ver-
satile platform that can be employed for various applications. By
modifying the configuration, this system can be served as a bone marrow
model for recapitulation of osteovascular niches [51], a tool for inves-
tigating various mechanical cues [22,52], or as microbioreactors
inducing different shear stresses [22]. In the proposed system, the
encapsulated cells were cultured in contact with surface functionalized
microparticles which provided cell attachment sites. This encapsulation
system has been shown a great potential to simulate a more
close-to-native bone marrow microenvironment, where the biophysical
stimulations would create more similarity to the native environment
[51]. This is the very first time that the impact of HP has been studied in
such a liquified system. We believe that the proposed platform would
better reflect the complexity of 3D native tissue microenvironments. We
can also propose these liquefied compartments as bioreactors to produce
individual microtissues to be employed as units in bottom-up tissue
engineering approaches [53] or in disease modelling [54]. Under-
standing how physical factors regulate the differentiation of MSCs is
essential for developing an in vitro model for bone regeneration and to
unlock MSCs’ full regenerative potential. On the other hand, there are
not any reports on the effect of large-scale HP. Therefore, this work aims
to investigate the influence of high hydrostatic pressure (HHP) on
osteogenic differentiation of MSCs.

2. Materials and methods
2.1. Cell culture

Human adipose-derived MSCs were isolated as reported in a previous
work in our group [55]. MSCs were cultured in o-MEM (Thermo Fisher
Scientific), under a humidified air atmosphere with 5 % CO; at 37 °C.
o-MEM was supplemented with 10 % heat-inactivated fetal bovine
serum (FBS, Thermo Fisher Scientific) and 1 % antibiotic-antimycotic
(100x, Gibco, Thermo Fisher Scientific), counted as basal medium
(BAS). Medium was changed every three to four days.

2.2. Single cell pressurization

MSCs were detached using 0.05 % w/v trypsin-EDTA (Merck) solu-
tion at 37 °C for 5 min. After counting, they were resuspended in BAS
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medium and sealed. They were exposed to different levels of HHP
ranging between 5 and 250 (5, 10, 35, 50, 100, 150, 200, 250) MPa for a
short-term period (10 min). The HP equipment was Unipress U33
(Institute of High-Pressure Physics, Warsaw, Poland) with a pressure
vessel of 35 mm inner diameter and 100 mm height surrounded by an
external jacket. A thermostatic bath (Huber Compatible Control CC1,
New Jersey, USA) was connected to the HP equipment to control the
temperature. Metabolic activity of MSCs was quantitatively assessed by
MTS colorimetric assay (CellTiter 96 AQueous One Solution Cell Pro-
liferation Assay, Promega), according to the manufacturer’s in-
structions. After the pressurization process, cells were incubated with
MTS solution diluted in PBS for 4 h at 37 °C. Then, the absorbance was
measured (Abs: 490 nm), using a microplate reader (Microplate Reader
Synergy HTX, Biotek, USA). MTS results were normalized by the control
group. In the next step, cells were exposed to 50 and 100 MPa for a long-
term period (1 h), using the same protocol.

2.3. Bioencapsulation setup

At 90 % confluence, MSCs at passage 5 were detached using 0.05 %
w/v trypsin-EDTA (Merck) solution at 37 °C for 5 min. Then, 3 x 10°
cells mI™! and 30 mg mL™! surface-functionalized microparticles were
resuspended in the 1 % w/v of alginate solution (Alginic acid sodium salt
from brown algae, medium viscosity, Sigma-Aldrich) in sodium chloride
solution (0.15 M, NaCl, LabChem) buffered with 2-(N-morpholino)
ethanesulfonic acid (25 mM, MES, Alfa Aesar) (NaCl/MES). The elec-
trospraying technique was employed to produce alginate microbeads
encapsulating MSCs and microparticles in a calcium chloride solution
(0.10 M, CaCly, Merck), as a crosslinking bath (15 min at room tem-
perature at RT). The electrospray parameters were set to 50 mL h~!
(flow rate), 22 G (needle), 7 cm (tip to collector), and 10 kV (voltage).
Using alginate microbeads as templates, a multilayered membrane made
of poly (i-lysine) hydrobromide (PLL, Mw ~ 30,000-70,000, Sigma-
Aldrich), chitosan (CHT, NovaMatrix), and alginate polyelectrolytes
were produced via layer-by-layer assembly technology (n = 12-layers).
All the polyelectrolytes (0.5 mg mL™1) were dissolved in NaCl/MES.
After a mild core liquefaction process using EDTA solution (20 mM) at
pH 6.7 for 5 min, liquefied microcapsules were cultured in basal (BAS)
or osteogenic (OST) media up to 21 days. All solutions were sterilized
using a 0.22 pm filter and the entire procedure was performed under
sterile conditions. Osteogenic medium was supplemented with dexa-
methasone (10 nM, ACROS Organics), p-glycerophosphate (10 mM,
Merck), and ascorbic acid (50 pg ml~%, Merck).

Surface-functionalized microparticles were produced by emulsion
solvent evaporation technique as previously described [47]. Briefly, a 5
% w/v poly-e-caprolactone solution (Mw 80,000, Sigma-Aldrich) in
dichloromethane was added to a stirring 0.5 % w/v polyvinyl alcohol
solution (PVA, Mw ~ 30,000-70,000, Sigma-Aldrich), under stirring at
RT. After two days, following collection of microparticles with centri-
fugation (300g, 5 min), they were washed several times with distilled
water, and sieved to gain a diameter range of 40-60 pm. Microparticles
were dried with absolute ethanol. Afterwards, the surface of micropar-
ticles was modified by a plasma treatment technique. For this, the mi-
croparticles were placed into a reactor chamber fitted with a radio
frequency generator (Plasma System ATTO, Electronic Diener). Using
atmospheric gas, a low-pressure glow discharge (30 V and 0.2-0.4 mbar
for 15 min) was created at RT. Microparticles were sterilized immedi-
ately by UV for 30 min, immersed overnight in an acetic acid solution
(20 mm) containing collagen I (10 pg cm™2, rat protein tail, Thermo
Fisher Scientific), and then stored in PBS at 4 °C. The zeta potential of
the microparticles before and after functionalization process was
measured at 25 °C with Zetasizer Nano-ZS (Malvern Instruments Ltd.,
Royston) at the concentration of 0.5 mg of microparticles/mL in PBS.
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2.4. Encapsulated cells pressurization process

Taking advantage of the liquefied core environment of the micro-
capsules, MSCs were exposed to cyclic HP (6 cycles of 10 min each) at 5
or 50 MPa, at 37 °C for 3 times/week, up to three weeks, using an HP
equipment (Unipress U33, Institute of High Pressure Physics, University
of Warsaw), using a mixture of propylene glycol:water (60:40 V/V) as
pressurization fluid.

The viability of encapsulated cells was investigated through a live/
dead fluorescence assay, according to the manufacturer’s recommen-
dations (ThermoFisher Scientific) at 7, 14, and 21 days of culture. After
washing the samples with PBS, the MSCs were incubated with the kit
components for 30 min at 37 °C. Finally, the capsules were analyzed by
fluorescence microscopy (Axio Imager 2, Zeiss).

The metabolic activity of cells was evaluated using the MTS colori-
metric assay, according to the manufacturer’s specifications. Briefly,
capsules were washed with PBS and incubated in MTS solution diluted in
PBS. Samples were incubated at 37 °C and 5 % COy while protecting
from light. After 4 h, the absorbance was measured (Abs: 490 nm), using
a microplate reader (Synergy HTX, BioTek). MTS results were normal-
ized by dsDNA quantification values.

For DNA quantification, cell lysis was performed by resuspending the
capsules in sterilized ultra-pure water and stored at —80 °C for a mini-
mum period of 24 h. Double-stranded DNA quantification assay was
performed using a kit (Quant-iTTM PicoGreen® dsDNA assay kit, Life
Technologies), according to the manufacturer’s recommendations.
Using a microplate reader (Synergy HTX, BioTek), fluorescence was read
at an excitation wavelength of 485/20 nm and an emission wavelength
of 528/20 nm.

For scanning electron microscopy (SEM) after 21 days of culture,
capsules were washed with PBS followed by an incubation of 1 h in 4 %
w/v formaldehyde in PBS at RT. Then, the samples were subsequently
dehydrated in increasing gradient of ethanol for 15 min at RT, sputtered
with carbon, and ultimately visualized (15 kV, S4100, Hitachi).

Evaluation of F-actin filaments was performed by fluorescence
phalloidin staining. Capsules were fixed in 4 % w/v formaldehyde
(Sigma-Aldrich) diluted in PBS, for 1 h and permeabilized with 0.1 % v/
v Triton X-100 (Merck) for 5 min at RT. Afterwards, capsules were
incubated in a Flash Phalloidin Red 594 solution (Biolegend, USA)
diluted 1:40 in PBS at RT for 1 h. After washing with PBS, a DAPI
(1:1000 in PBS, 1 mg ml ™}, Thermo Fisher Scientific, USA) solution was
used to stain cell nuclei for 15 min at RT. The capsules were visualized
by fluorescence microscopy (Axio Imager 2, Zeiss). The cellular network
was quantified by measuring the branch length, using image J. Image
pre-processing including ‘unsharp mask’, Enhance Local Contrast
(CLAHE), and median filtering were performed to enhance the image
quality prior to analysis. For analysis, the images were first converted to
binary by thresholding, using ImageJ’s default thresholding method,
referred to as IsoData. Subsequently, the ImageJ built in ‘Skeletonize’
feature was applied and finally the average branch length was calculated
using the Image J plug-in “Analyze Skeleton 2D/3D”.

For the evaluation of focal adhesion points, the capsules were fixed in
4 % w/v formaldehyde for 1 h at RT. Following permeabilization with
0.1 % v/v Triton X-100 (Merck) for 5 min at RT, washing with PBS, and
blocking (5 % v/v FBS in PBS) for 1h, samples were incubated with
rabbit anti-human vinculin antibody (1:40 in 5 % FBS/PBS, Invitrogen)
overnight at 4 °C. Subsequently, capsules were incubated with donkey
anti-rabbit AlexaFluor 594 (1:400 in 5 % FBS/PBS, BioLegend) for 1h at
RT. Capsules were then stained with Flash Phalloidin Green 488 (1:40 in
PBS) for 1 h at RT, and finally with DAPI (1:1000 in PBS) for 15 min at
RT.

For osteopontin staining, fixed samples were first stained with mouse
anti-human osteopontin (1:100 in 5 % FBS/PBS, Biolegend) and anti-
mouse Alexa Fluor 647 (1:400 in 5 % FBS/PBS, ThermoFisher Scienti-
fic). Then, capsules were incubated with DAPI solution for nuclei visu-
alization (1:1000 in PBS ) for 15 min at RT.
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The in vitro mineralization of capsules was accessed using Osteo-
Image™ Mineralization Assay kit (Lonza) according to the manufac-
turer’s instructions. Then capsules were counterstained with DAPI
(1:1000 in PBS) for 15 min, RT.

The alkaline phosphatase (ALP) activity was determined by the
amount of p-nitrophenol. Briefly, 0.2 % w/v of substrate solution (pH
9.8) was prepared by dissolving 4-nitrophenylphosphate disodium salt
hexahydrate (Sigma-Aldrich) in 1 M diethanolamine (Sigma-Aldrich).
20 pL of each sample was mixed with the prepared substrate solution
(60 pL). After 4 h at 37 °C in dark, the reaction was stopped with 80 pL of
NaOH (2 M) including EDTA (0.2 mM). A standard curve with a range of
concentrations was used as a reference by diluting 4-nitrophenol solu-
tion (10 mM, Sigma-Aldrich) in the stop solution. Lastly, the enzyme
activity was measured at 405 nm using a microplate reader (Synergy
HTX, BioTek).

2.5. Statistical analysis

Statistical analysis was performed using two-way analysis of vari-
ance (ANOVA) with Tukey’s post-hoc test to compare more than two
groups, and two-tailed unpaired t-test to compare two groups. The
branch length was analyzed by one-way ANOVA analysis using Tukey’s
multiple comparisons test (GraphPad Prism 6.0). All assays were carried
out at least in three replicates for each condition.

3. Results and discussions

3.1. The effect of different magnitudes of high hydrostatic pressure (HHP)
on viability of cells

To investigate the effect of HHP on cellular viability, single cell

|
D

Cell suspension

Fig. 1. Effect of different magnitudes of high hydrostatic pressure (HHP) on mesenchymal stem cells (MSCs). A) Schematic description of the pressurization process.
B) Morphological observation of MSCs 24 h after being exposed to different HHP levels for 10 min, scale bar = 100 pm. C) Metabolic activity of MSCs immediately
after 10 min HHP exposure. D) Morphological analysis of MSCs 24 h after being subjected to 50 or 100 MPa HHP for 1h, scale bar = 100 pm. E) Metabolic activity of
MSCs immediately after 1h HHP exposure of 50 and 100 MPa.
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suspensions were exposed to different levels of HHP ranging between 5
and 250 MPa for a short-term period of 10 min (Fig. 1. A). After 24 h,
morphological analysis proved that cells which were under the HHP
between 5 and 100 MPa were fully attached and showed a normal
morphology after pressurization (Fig. 1. B), indicating that the selected
pressure levels did not impact the cellular adhesive properties. More-
over, the quantitative evaluation of the cell’s viability immediately after
pressurization process revealed that cells subjected to HHP of 5-100
MPa showed a high rate of metabolic activity (Fig. 1. C). There was not
any significant difference in metabolic activity of cells which were
exposed to HHP between 5 and 100 MPa, which confirmed the
morphological observations. However, despite showing high metabolic
activity in 100 MPa group, morphological analysis after 24 h revealed
the presence of some clusters of cells (arrows) which exhibited a
rounded morphology. On the other hand, analyzing both tests demon-
strated that HHP at the magnitude of 150, 200, and 250 MPa was
extremely lethal to the cells, where a significant difference in metabolic
activity and a round shape morphology were observed. In line with our
results, it was reported that cells (NIH/3T3, smooth muscle, and endo-
thelial cells) exposed to the pressure above 200 MPa, showed a round
shape morphology and did not adhere to the culture dish even after 24 h
[56].

According to the earlier results, 50 and 100 MPa were selected for
further examination, in which cells were subjected to 50 or 100 MPa
HHP for a long-term period (1 h). Morphological investigation after 24 h
showed that the exposure of MSCs to the 100 MPa pressure caused se-
vere morphological alteration which indicates cell damage (Fig. 1. C),
while cells exposed to 50 MPa showed a normal morphology. On the
other hand, metabolic activity analysis showed that although cells after
exposure to 100 MPa showed lower metabolic activity compared to 50
MPa, the differences were not significant (Fig. 1. D). These observations
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could be attributed to the timing of the analyses. The metabolic activity
assessment was performed immediately after the pressurization process,
while morphological analysis was conducted after 24 h. This suggests
that although cells were metabolically active immediately post HHP
exposure, they appeared to undergo sever cell death within the
following 24 h. In coordinate with our observation, it has been reported
that apoptotic cells started to be noticed 8 h after human lymphoblasts
were exposed to 100 MPa for 30 min [57]. Although, HHP lower than
100 MPa was considered as bearable HHP for eukaryotic cells [37],
comparing the results of the short-term and long-term exposure of 100
MPa showed that cellular response depends on the duration of HHP
exposure. Therefore, it is important to note that the severity of cell death
is dependent on the cell type sensitivity, magnitude, and duration of
exposure to HHP [58]. For example, it was shown that exposure of
human dermal fibroblast cell line in suspension culture to HHP at 50
MPa for >36 h, induced fibroblast cell death via apoptosis [59].

3.2. Encapsulation of MSCs

Liquified microcapsules encapsulating MSCs and microparticles were
successfully produced based on a method previously described by the
authors [47] (Fig. 2. Al). Light microscopy of microcapsules demon-
strated that they kept their round-shape morphology even after the
liquefaction step (Fig. 2. A2). Fig. 2. A3 shows the microparticles visu-
alized by SEM microscopy. Zeta potential measurements of microparti-
cles before (around —10.3 mV) and after (around -5.28 mV)
functionalization revealed that microparticles became less negative after
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functionalization process (Fig. 2. A4). This shift in zeta potential can
indicate that the functionalization process was successful. Analysis of
light microscopy images of microcapsules using image J showed that
microcapsules presented an average diameter of 724 + 51 yum after the
liquefaction process (n = 80) (Fig. 2. A5). These results highlight the
possibility of achieving good control over size and shape of the micro-
capsules using electrospraying technique. Live/dead fluorescence assay
showed that MSCs presented a high level of viability after the encap-
sulation (Fig. 2. A6). The fraction of viable cells was approximately 80
%, by counting the live and dead cells using image J (Fig. 2. A7). The
observed high viability is consistent with previous studies which is due
to the mild encapsulation process [22,47-49,52,60].

Fig. 2. B represents the pressurization protocol of the microcapsules
cultured with or without chemical induction (OST or BAS, respectively).
Microcapsules were exposed to the intermittent HHP at pressure mag-
nitudes of 5 or 50 MPa for three weeks.

3.3. Viability of MSCs after exposure to 1 h intermittent HHP over time

Three times a week, the encapsulated cells cultured with or without
osteogenic induction were exposed to the intermittent HHP (6 cycle of
10 min) up to 21 days (Fig. 2. B) at 37 °C, under pressures of 5 or 50
MPa. Over the three weeks pressurization process, the membrane of
microcapsules was examined using light microscopy to detect any
visible damage or rupture that could lead to the leakage of cells and
microparticles. Results showed that HHP did not cause any damage to
the microcapsules (Fig. S1). The observed high resistance of
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Fig. 2. A) The production process of microcapsules. A1) Schematic illustration of the fabrication process of the liquified multilayered capsules. A solution of alginate
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microcapsules makes them an ideal platform for a variety of biome-
chanical investigations. Consistent with our findings, high mechanical
resistance of these liquefied micro-sized capsules was previously re-
ported by performing rotational mechanical stress at 15000 g [22]. To
evaluate whether HHP resulted in any severe cell damage during this
period, cells were monitored weakly by live-dead staining and metabolic
activity tests. Live-dead fluorescence assay showed that the majority of
encapsulated cells stayed viable during the three-weeks culture in all
conditions (Fig. 3. A, Fig. S2). Interestingly, the metabolic activity of
cells, measured by MTS assay and normalized by the total DNA content,
demonstrated an increase over time (Fig. 3. B). Therefore, the chosen
pressurization protocol had no cytotoxic effects on encapsulated cells.
Moreover, the increased metabolic activity of encapsulated cells over
time confirms that the liquified environment and the semipermeable
membrane of capsules guaranteed the high diffusion of essential factors.
These observations are in line with previous studies which showed high
rate of viability in liquefied system [47-49,52,60]. It has been reported
that oxygen and glucose can freely pass through the semipermeable
membrane [61,62]. Microparticles, which are one of the key compo-
nents of the system, also had an important role in the high cellular
viability by providing cell attachment sites for the encapsulated cells. A
few studies have reported the effect of cyclic pressure at different
magnitudes on the viability of cells. In one study, cells cultivated in
alginate beads were treated with cyclic HP at 5 MPa 4 h/day up to 4
weeks. Results showed that after 4 weeks of culture, not only HP did not
cause any cell death but also it promoted cell proliferation, which was
confirmed by quantifying the DNA content [63]. In another study, it was
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demonstrated that application of 2 MPa cyclic HP stimulation for a
duration of 4 h per day, for 7 consecutive days did not cause any
detrimental effect on viability of MSCs [64]. These reports are in
accordance with our observation of increased metabolic activity over
time.

3.4. Evaluation of cellular response to the intermittent HHP

To investigate the morphological cell response to the external force,
we performed fluorescent staining of F-actin filaments with phalloidin,
SEM images analysis, and vinculin fluorescence staining. The F-actin
cytoskeleton staining showed that HHP promoted increased cell
spreading (Fig. 4. A). This effect was more noticeable in OST medium
where more elongated cells were observed. In contrast, cells in both
control groups were found to have a more rounded morphology. A
possible explanation for this observation is that once cells are stimulated
by external signals, integrins transmit the external mechanical forces to
the cytoskeleton, therefore modulating the mechanical behavior of the
skeleton [65]. Thus, HHP modifies the thermodynamics of the assembly
of cytoskeletal proteins, forcing these proteins to depolymerize [66]. In
accordance with the present results, previous studies demonstrated that
exposure of MSCs to HP stimulation led to distinct remodeling of cyto-
skeletal elements [23,67]. In another study, mouse embryonic fibro-
blasts (MEFs) were analyzed for genes related to the actin filament, just
after 10 min application of hydrostatic pressure (15, 30, 60, and 90 MPa)
[68], with the results showing that despite changes in cell morphology,
the expression of genes related to actin filament did not show any
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up to three weeks in basal (BAS) or osteogenic (OST) medium, scale bar = 100 pm. B) Metabolic activity normalized by the total DNA content at 7, 14, and 21 days of

culture. *, ,and *

* indicates statistical significance with p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.



M. Ghasemzadeh-Hasankolaei et al.

Overview

High magnification

Materials Today Bio 23 (2023) 100861

F-actin/ Nuclei

F-actin/ Nuclei SEM micrograph

B
SEM micrograph

E 30—

ES -

=

k=)

& 20

=

2

® 1

2 10

(]

)

)

2

< 0 T T

Control § MPa 50 MPa
BAS
* %

S oen * %k %

€ 1

=

k=)

& 100-

=

o

c

o

2 50+

[

=)

o

N !

g 0

1 1
Control 5MPa 50 MPa
OST

Fig. 4. A) Overview and high magnification of cells inside the microcapsules. Fluorescence images of F-actin (red), and nucleus (blue) staining and SEM micrograph
of MSCs (the cellular network colored in red), scale bars are 100 pm and 50 pm, respectively. Nuclei were stained with DAPI, actin was stained with phalloidin. B)
Quantification of the cellular network by the measurement of the branch length, using image J. ** and *** indicates statistical significance with p < 0.01 and p <

0.001, respectively.

significant changes [68]. Such contradictory findings may be due to the
different duration of the HP application, which seems that was not
enough for MEFs to respond to the stimulation.

Not only the cellular morphology underwent some changes, but also
the cellular organization pattern was influenced by HHP (Fig. 4. A).
Actin filament staining showed that a considerable number of cells
connected to each other and formed a branched network. This allowed
cells to have more physical contact and expanded the area of cell-cell
interactions. The quantification of the branch length showed that
exposure of cells to HHP resulted in an increase in the average length of
the branches, more significant in osteogenic medium (Fig. 4. B). The
observed results were corroborated by SEM images analysis, where more
cellular networks were visible in the microcapsules exposed to HHP
(Fig. 4. A). Furthermore, more ECM production was observed in the
pressurized groups, to a greater extent noticeable in OST, in comparison
to the control groups (Fig. 4. A). These observations are in accordance
with other studies reporting that dynamic mechanical stimulation of
both human bone marrow- and adipose tissue-derived MSCs enhanced
the synthesis of osteogenic matrix components [52,69]. Moreover,
chondrocytes are shown to increase production of ECM in response to
dynamic hydrostatic pressure [31,70,71]. Furthermore, we explored this
phenomenon in-depth, by studying vinculin staining. Vinculin is a
cytoskeletal protein associated with cell-cell and cell-matrix junctions,
which promotes cell spreading by stabilizing focal adhesions and regu-
lates the interaction between talins and the actin cytoskeleton under
high tension conditions [72,73]. Results showed that cells in response to

N

the mechanical stimulation expressed more vinculin, more significant in
OST medium (Fig. 5). Most importantly, it was observed that in both 5
and 50 MPa/OST conditions vinculin was expressed more in cell-cell
contact (visible in Fig. 5, MPa/OST and Fig. S3 A, video S3 B) and
cell-microparticles areas (visible in Fig 5, 50 MPa, OST and Fig. S3 C). In
general, the results shown in Figs. 4 and 5 demonstrated that the
encapsulated cells could build their own network with the help of mi-
croparticles. As seen in Fig. S4, MSCs in all tested groups showed good
attachment to the microparticles. Only in the pressurized groups with
the osteogenic induction, the branched network of cells was observed.
To the best of our knowledge, this is the first time that the development
of the branched network in response to the HHP has been reported. This
observation is probably due to the uniqueness of the encapsulation
system which allows cells to build their own 3D structures.

3.5. Evaluation of osteogenic differentiation of encapsulated cells in
response to intermittent HHP

To evaluate osteogenic differentiation, the expression of osteopontin
(OPN) was analyzed qualitatively by immunofluorescence assay (Fig. 6.
A). OPN is a marker expressed during the osteogenic differentiation
process of MSCs. OPN interacts with integrin and helps bone cells to
adhere to the mineral matrix [74,75]. Results showed that OPN was
expressed in osteogenic conditions, with the major expression in the 50
MPa group. Immunofluorescence analysis of collagen I (COLI) on day 14
as well as osteocalcin (OCN) on day 21 showed higher expression of
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Fig. 5. Fluorescence images of F-actin (green), vinculin (red), and nucleus (blue) staining of MSCs. High expression of vinculin in cell-cell contacts (5 MPa/OST) or

cell-microparticles (50 MPa/OST) areas is more noticeable, Scale bar = 20 pm.

these markers in pressurized group (50 MPa), compared to the control
group, in both BAS and OST media (Fig. S5. A and B).

Moreover, SEM micrographs showed the presence of different sizes
of some structures, more noticeable in pressurized groups (Fig. 6. B).
Evidence based on shape and size of these structures suggests that they
are probably extracellular vesicles. Extracellular vesicles are bud from
the plasma membrane, their diameter varying from nm to pm releasing
by many cell types, which have an important role as mediators of cell-to-
cell communication. They assist as a vehicle for transmission of proteins
and messenger RNA and microRNA to other cells, which changes the
gene expression, proliferation, and differentiation of the recipient cells
[76]. The presence of several extracellular vesicles can indicate active
protein synthesis and secretion [77]. Moreover, there are reports sug-
gesting a relation between the role of extracellular vesicles and bone
mineral formation [78,79]. Interestingly, we observed considerably
more of these extracellular-vesicle-like-structures in 50 MPa groups.
This observation is in line with another study which showed that
application of HP increased the extracellular vesicles production of
human bone marrow MSCs during chondrogenic differentiation [80].

The differentiation of cells into osteoblasts is characterized by the
presence of mineralized hydroxyapatite (HA) nodules. The development
of HA in the 3D micro compartments was specifically explored to
confirm bone mineralization (Fig. 6. C). Interestingly, considerably
greater amount of HA staining was observed in cells cultured under
pressurized conditions, even in the absence of OST factors. This finding
is consistent with the presence of more extracellular-vesicle-like-
structures observed in SEM micrographs (Fig. 6. B). In fact, it has been
reported that extracellular vesicles are also located at the sites of the
ECM where mineralization would commence [78].

Finally, the osteogenic differentiation was assessed by ALP activity
(Fig. 6. D), a marker highly correlated with active bone formation [81].
During 21 days of culture, an increase in ALP activity has been observed
in all condition tested, more noticeable in the presence of OST induction.
Remarkably, the results showed a significant increase in ALP activity in
the 50 MPa condition, compared to the control group, even in the
absence of OST induction. In contrary, a reduction of alkaline phos-
phatase activity in the media of MSCs exposed to 10 MPa of cyclic HP, in
the presence of either 1 or 10 ng mL™! of TGF-b3 was reported [82].
Such contradictory effect may be due to the use of TGF-b3, which could
induce different signaling pathways.

Taken together, our study demonstrated that cyclic HHP promoted
cell-cell contacts and enhanced cellular network. More ECM secretion

was also observed in the pressurized groups. Furthermore, higher
expression of vinculin confirmed the increased cell-cell interactions.
These observations were more significant in the presence of osteoin-
ductive factors. More importantly, analyzing the osteogenic differenti-
ation of MSCs confirmed that cells exposed to the cyclic HHP and
cultured in OST medium expressed higher OPN marker. Moreover, the
presence of more extracellular-vesicle-like-structures, as well as higher
staining of HA, also confirmed the previous results. Most noticeably, ALP
activity at 50 MPa was significantly higher than that observed for the
control group, even when soluble osteogenic factors were not intro-
duced to the culture. Altogether, these data indicate that cyclic HHP is
beneficial for osteogenic differentiation in our bioengineered compart-
ments. This phenomenon is more significant at higher magnitude and in
the presence of osteogenic factors. In line with our observations, another
study reported that HP promoted osteogenesis [83]. Results showed that
279 kPa of cyclic HP led to enhanced calcium deposition in rat bone
marrow derived MSCs which were co-cultured with human umbilical
vein endothelial cells (HUVECs) on a porous scaffold [83].

Our results indicate that cytoskeletal remodeling, cell-cell commu-
nication, and osteogenic differentiation are interrelated, where more
osteogenic differentiation was observed when cells had more elongated
morphology, and significantly higher interactions compared to the
control group. According to the literature, and in match with our
observation, it was reported that cyclic HP is a potent mediator of
cytoskeletal reorganization and osteogenic differentiation of MSCs [23].
It was shown that intermediate filament remodeling is essential for
loading induced MSC osteogenic differentiation. In addition, another
study proved that cell-cell interaction plays an important role in oste-
ogenic differentiation of MSCs [84]. Using micropatterned surfaces, it
was reported that MSCs with more interaction partners showed a
significantly higher level of osteogenic commitment [84].

On the other hand, while there was no significant difference in ALP
activity of MSCs between the 5 MPa groups and the control groups, high
cell-cell interactions, high expression of vinculin and OPN, and higher
staining of HA were detected. These observations indicate that although
osteogenic differentiation was promoted, the mechanical stimulation
was not sufficient for the fully differentiation of MSCs. One possible
explanation for this effect could be that MSCs respond to the cyclic HP
according to the magnitude of pressure. This is consistent with a pre-
vious study which reported that cyclic HP stimulated osteogenic
response of MSCs in a magnitude- and frequency dependent manner, by
applying different magnitudes of cyclic HP to human bone marrow MSCs
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Fig. 6. A) Osteopontin (OPN) staining (red) of MSCs and nuclei (blue). Scale bar = 50 pm B) SEM micrograph of extracellular-vesicle-like-structures (black arrows) in
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content. Scale bar = 50 pm. D) ALP activity of MSCs in BAS or OST media under the cyclic HHP condition. * and ** indicates statistical significance with p < 0.05 and

p < 0.01, respectively.

cultured on fibronectin coated glass slide [24].

Finally, we have found that the highest osteogenic differentiation
level observed when both chemical (osteogenic medium) and mechan-
ical (HHP) cues were applied simultaneously. The combinatory effect of
different stimulations was reported in other studies [85-87]. One study
has shown that the combination of shear stress and adhesion
morphology stimulations led to the maximum expression level of oste-
ogenic markers including ALP, osteocalcin, and collagen type I [85]. In
another work, it was reported that combining fluid shear stress with the
presence of bone-like extracellular matrix synergistically improved
osteogenesis of rat MSCs [86]. More recently, it has been demonstrated

that using both chemical (osteogenic medium) and mechanical (micro-
topographically patterned surface) factors simultaneously, enhanced
osteogenic differentiation of human MSCs [87]. This phenomenon may
be due to the fact that using osteogenic biochemical induction would
increase the mechanical sensitivity of MSCs and modulate the
mechanical-induced osteogenic response [87,88]. Together, this part of
the study underlines the relevance of combining chemical and physical
stimulations to effectively regulate the differentiation process.
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4. Conclusion

Overall, this study demonstrated that the proposed liquefied
encapsulation system holds great promise as an effective platform for
investigating the impact of various magnitudes of HP in a variety of
biological responses, including stem cells differentiation. Our study
emphasizes the importance of HP to fully mimic the native cell me-
chanical microenvironment. Moreover, it was revealed that the benefi-
cial effect of HP in osteogenic differentiation process is magnitude
dependent. Finally, our results shed light on the importance of applying
both biochemical and mechanical cues simultaneously to enhance dif-
ferentiation effectively and efficiently for biomedical purposes. We
conclude that the bioengineered microcapsules are quite versatile plat-
forms to provide microtissues in distinct conditions, including under
controlled HP. Such compartments are easily handled and could be used
as units in a variety of biotechnological applications and to be assembled
to engineer larger tissues for therapies or disease models. To unlock the
full potential of this technology, further studies are required to explore
the impact of HHP on differentiation of other tissues like cartilage.
Moreover, to enhance the capabilities of the platform we propose to
integrate additional features alongside HHP, such as introducing other
mechanical cues (modifying microparticle properties like stiffness).
Finally, we envisage testing this platform for bioprinting of anatomically
shaped structures.
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