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Highlights
- A new device was validated to mechanically stimulate and characterize microspheres.
- Six microspheres (size 900—1500um) can be stimulated with various pressure signals.

- Biomaterials of various mechanical properties can be stimulated and characterized.



Abstract

Articular cartilage is made of chondrocytes surrounded by their extracellular matrix that can both
sense and respond to various mechanical stimuli. One of the most widely used in vitro model to
study cartilage growth is the model of mesenchymal stromal cells-derived cartilage micropellet.
However, mechanical stimulation of micropellets has never been reported probably because of
their small size and imperfect round shape. The objective of the study was to develop an original
custom-made device allowing both the mechanical stimulation and characterization of cartilage
micropellets. The fluidic-based device was designed for the concomitant stimulation or
characterization of six microspheres placed into the conical wells of a tank. In the present study,
the device was validated using alginate-, collagen- and crosslinked collagen-based microspheres.
Different types and ranges of pressure signals (square, sinusoidal and constant) were applied. The
mechanical properties of microspheres were equivalent to those determined by a conventional
compression test. Accuracy, repeatability and reproducibility of all types of pressure signals were
demonstrated even though square signals were less accurate and sinusoidal signals were less
reproducible than the others. The interest of this new device lies in the reliability to mechanically
stimulate and characterize microspheres with diameters in the range of 900 to 1500 um.
Mechanical stimulation can be performed on six microspheres in parallel allowing the mechanical
and molecular characterization of the same group of cartilage micropellets. The device will be

useful to evaluate the growth of cartilage micropellets under mechanical stimuli.
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1 .Introduction

Articular cartilage is a highly organized connective tissue that covers the long bones. Its
composition and structure lead to complex mechanical behavior so that the cartilage ensures
smooth movements and facilitates efficient transmission of forces in joint. Chondrocytes
surrounded by their extracellular matrix (ECM) play an essential weight-bearing role in the joint
and can both sense and respond to various mechanical stimuli (Demoor et al., 2014). However, in
degenerative diseases or after injuries, cartilage does not respond properly to mechanical
stimulation and fails to regenerate. Current strategies to repair cartilage include bone marrow
stimulation, mosaicplasty, autologous chondrocyte implantation (ACI) and matrix-assisted
chondrocyte implantation (MACI). However, successful clinical results are limited on the long-
term and widely depend on the type of cartilage lesions and inter-patient variability (Ringe et al.,
2012). Several types of biomaterials are being developed to provide optimal scaffolds for mature
and stable cartilage formation but the mechanical properties of new tissues and the way they
respond to mechanical stimulation are often sub-optimal. Therefore, a better understanding of
the mechanobiological and biomechanical response of the native cartilage during growth would
greatly help to improve current approaches of cartilage engineering.

The cartilage micropellet model is relevant and widely used to study in vitro the growth of
cartilage after differentiation of mesenchymal stromal/stem cells (MSCs) into chondrocytes
(Johnstone et al., 1998). This model recapitulates the different steps from MSC condensation to
proliferation and differentiation into chondrocytes that secrete the specific ECM characterized by

the production of type Il collagen, aggrecans and other proteoglycans. However, the mechanical



characterization of cartilage micropellets has been poorly investigated. We recently showed that
compression of micropellets between two planar surfaces allowed to measure their global
mechanical properties at different time points during differentiation (Dusfour et al., 2020). The
increase of stiffness was correlated to the production of cartilage ECM components as measured
at the molecular level. Similar data were previously obtained using the same micropellet culture
model and hydrostatic pressure stimulation during 14 days (Miyanishi et al., 2006). Two other
studies reported the zonal variation of elastic modulus in cartilage micropellets obtained after 14
day culture of expanded human nasal chondrocytes and after 21 day differentiation of induced
pluripotent stem cells using atomic force microscopy. However, one limitation of this technique
is the need to use cryosections of micropellets and the inability to measure the mechanical
properties overtime on the same micropellets. Finally, mechanical stimulation of chondrocytes
embedded in collagen microspheres by compression between two planar surfaces has also been
reported (Au-yeung et al., 2009). This method applies strain and stress that depend on the size of
the microspheres and is not appropriate to determine the impact of stimulation amplitude on the
mechanical properties of multiple spheres at a time. The reasons are that such cartilage
microspheres are small, variable in size and exhibit an imperfect round shape. Therefore,
compression of micropellets in a fluidic system would probably be the best method for the most
accurate stimulation of multiple spheres at a time, which has never been reported to date, and
the characterization of their mechanical properties.

The objective of the study was to develop an original custom-made fluidic device allowing
both the mechanical stimulation and the characterization of microscale and round objects, such

as cartilage microspheres. The device was developed to stimulate and characterize concomitantly



six microspheres and was validated by comparison with a conventional method by using alginate

and collagen microspheres.

2 .Materials and methods

2.1. Design of the custom-made device

The custom-made device consists of a fluidic system in which six microspheres (spheres
with a diameter ranging from 900 to 1500 um) can be pressurized within a stereolithography-3D-
printed transparent and biocompatible resin tank (Clear Resin, Formlabs, Markershop, Le Mans,
France) as depicted (Fig. 1A). The device is sized to allow the position of the entire fluid circuit

and the other components within a standard cell culture incubator (Fig. 1B).
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Fig. 1. Custom-made fluidic device for mechanical stimulation and characterization of
microspheres. (A) Schematic representation of the device. Six microspheres can be placed into
the conical wells of the tank which is filled with fluid (pink color). A positive pressure (Pi) is applied
at the top of microspheres whereas atmospheric pressure (Patm) is maintained at the bottom.
(B) Picture of the device comprising the tank, the peristaltic pumps, the camera and the other
components. (C) Magnification of one cone of the tank showing a microsphere under the pressure
sensor.

In the 6 conical wells tank, the upper part of the wells is pressurized by two peristaltic pumps

(15KS series, Boxer, Flow Technique, Entzheim, France), while the lower part is connected to two

chambers at atmospheric pressure (Paim). The two peristaltic pumps, which are programmed for

stepwise movements, contain one or six rollers (single-roller or multi-roller pumps, respectively).



The single-roller pump is used to manage the shape of pressure signals (square, sinusoidal,
constant) while the multi-roller pump is used to maintain a minimum pressure in case of leakage.
Three sizes of soft tubes are used for the single-roller pump (i.e., 2.4, 3.2 and 4.8 mm of internal
diameter; Pharm-A-Line™, Boxer, Flow Technique, Entzheim, France) and 4.8 mm tubes for the
multi-roller pump. The tank is filled with 20 mL of culture medium. The microspheres are
introduced by the openings on top of each cone and tightly fitting caps close each opening on top
of the tank. The pressure acquisition is carried out by rated pressure sensors with variable ranges
of 25, 100 and 500 kPa (ADP5121, ADP5141, ADP5161, Panasonic, Farnell, Limonest, France). A
camera (Mako, Allied Vision, Stemmer Imaging, Suresnes, France), mounted on a motorized
stage, is used to follow the oscillations of each microsphere in the cones of the transparent tank
(Fig. 1C). Two led bars are attached to the camera support to adapt the lighting of microspheres.
The peristaltic pumps and the intensity of the led bars are controlled by an Arduino board
(Genuino Uno, Arduino, USA) whereas the displacement of camera, the acquisition of pictures
and the pressure are controlled by a second Arduino board (MO Pro, USA). A computer is
connected to the two Arduino boards and to the camera in order to launch python scripts and

collect the data.

2.2. Conventional device

In the conventional device, one microsphere is immersed in a chamber and compressed
between two parallel planar surfaces as previously described (Dusfour et al., 2020). The lower

planar surface is guided by a linear actuator (Physik Instrumente, Karlsruhe, Germany) and can



approach step-by-step until entering in contact with the microsphere. The upper one is linked to

a miniature S Beam load cell (LSB200, Futekinc., Irvine, USA).

2.3. Generation of microspheres

The alginate microspheres (AM) were made with a sodium alginate solution at a
concentration of 3% (w/v) in 0.15 M NaCl (Sigma-Aldrich, Lyon, France). The solution was then
extruded through a syringe into a 0.1 M CaCl, solution under magnetic stirring. Alginate
microspheres were allowed to crosslink for 24 hours and were stored in distilled water at room
temperature (RT) until use.

The collagen microspheres (CM) were made with a solution of type | collagen extracted
from rat tail tendons as described (Mathieu et al., 2014). Drops of collagen solution (9 mg/mL)
were produced with a syringe pump set at 0.02 mL/min into a bath of fluorinated oil
(Hydrofluoroether, HFE) and 1 % triblock copolymer surfactant. The resulting emulsion was
placed in a desiccator for 24 hours in the presence of ammonia vapors to increase the pH, which
induces the fibrillation of collagen and solidification of the drops. The CM were then washed three
times with pure HFE to remove the excess of surfactant, then rinsed three times and stored in
PBS at RT.

The crosslinked collagen microspheres (CCM) were obtained by incubating the CM in a
100 mM buffer solution of 2-(N-morpholino)ethanesulfonic acid (MES). After adjusting the
solution pH to 5.5, the crosslinking agent (EDC: 1-éthyl-3-(3-diméthylaminopropyl) carbodiimide)

was added in excess at the rate of 20-30 pug/mL of the initial collagen solution and kept under



stirring for 2 hours. The CCM were finally rinsed three times and stored in PBS at RT. Populations

of small and large CCM were generated.

2.4. Mechanical testing

2.4.1. Fluidic compression test in the custom-made device

Before compression, a picture of each microsphere was taken to determine its initial
position in the cone at atmospheric pressure. A multi-creep test on crosslink collagen
microspheres was used by applying six pressure stages held for 2 minutes. The relative pressure
was incrementally increased: 5.1, 6.8, 8.5, 10.3, 12.0 and 13.7 kPa, corresponding to 1.72 kPa
ramps at 57.3 kPa/s from the first stage. At each pressure stage, the sinking of microspheres in
the cone were recorded using the dedicated camera. The resulting displacements of the top (blue
cross) and bottom (red cross) ends (see Fig. 3A and 3B) of each microsphere were estimated
through image analysis using a python code with OpenCV library (threshold function). In order to
get rid of lateral motions that could occur in the segmentation procedure, only vertical

displacements were recorded.

2.4.2 . Conventional compression test

Before and after the fluidic compression test, the microspheres were individually tested in
the conventional device. Each microsphere was introduced in the chamber and a multi-relaxation
compression test was used. Ten ramps of 30 um at 100 um/s were performed. The motor

displacement was maintained during 10 sec for the three first stages, 20 sec for the following
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three and 30 sec for the last stages. A minimum rest of 30 min between each test was applied to

allow microspheres to achieve a full elastic recovery.

2.4.3. Finite element modeling

Two finite element (FE) models using a compressible neo-Hookean hyperelastic energy
density (Equation 1) were created by using the LMGC90 software (Dubois and Mozul, 2017) to
simulate the deformation of the spheres in both cases, the conventional and fluidic compression

tests.
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with: E the Young’s modulus and v the Poisson’s ratio.
I, = trC is the first invariant of the right Cauchy-Green tensor ¢ = FTF
F the deformation gradient.
] = det(F) the determinant of the deformation gradient.

The meshes were built with GMSH (Geuzaine and Remacle, 2009) with 667 triangles and
4167 quadrangles, for the fluidic compression test and the standard compression test,
respectively. Axisymmetric models have been used since microspheres were assumed to be
spherical in shape. In both models (conventional and fluidic compression tests), the contact
problem was solved at each pressure stage using the Discrete Element Method described in
Dubois and Mozul, (2017) and contact areas were automatically updated.

For the fluidic compression test, half a disk of 1 mm diameter was defined by the vertical

axis of symmetry (Fig. 2A). A pressure was applied to each node at the top of the disk, which

resulted in disk compression into the cone walls. Each node that encountered the walls was no
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longer subject to the imposed pressure. The displacements of the top and of the bottom of the
microsphere were recorded.

For the conventional compression test, a quarter disk was defined by two vertical and
horizontal symmetry axes, as previously reported (Petitjean et al., 2019). A rigid bar parallel to
the horizontal axis was used to compress the microsphere for a given displacement. The force
developed by the microsphere, which depends on its mechanical properties, was recorded.

The plateau and the cone walls were considered as rigid body since the elastic modulus of
tank material and plateau is 4 orders of magnitude higher (more than 1.25 GPa according to the

manufacturer) than the mean elastic modulus of microspheres (between 1 and 30 kPa).

2.4.4 . Estimation of the Young’s modulus and Poisson’s ratio

The Young’s modulus and Poisson's ratio of the microspheres were evaluated at the
equilibrium state, to estimate their elastic properties (i.e. after relaxation or creep phenomena)
and to avoid the influence of the loading rate (DiSilvestro et al., 2000). For the fluidic compression
test, only the displacements at the end of each pressure stage were used in the estimation of the
mechanical properties. A 2 min waiting time (relaxation time) allowed the stabilization of the
deformation of the microsphere within the cone. The mean pressure employed was calculated at
each stage. For the conventional compression test, the force developed by the microsphere was
measured at equilibrium when the force changed by less than 0.008 mN during 10 sec, at each
compression stage.

For the fluidic compression test, the Young’s modulus of microspheres was determined by

an identification procedure which minimized the squared difference between the pressure
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applied experimentally and the one given by the numerical FE model from the measured
displacements. For the conventional compression test, the squared difference between the
measured force and the one given by the numerical FE model was minimized. A non-linear
minimization procedure (least square procedure from scipy.optimize module, with a Trust Region
algorithm, in python) was used in the parameter identifications.

In order to reduce the computing time of the FE simulation of the fluidic compression, the
problem was nondimensionalized by using two dimensionless ratios. In other words, the
identification procedure takes advantage of the fact that even if the mechanical responses are
highly non-linear (i.e., the force increases non-linearly with the driven displacement), these
responses are strictly proportional to the size and Young’s modulus of the microspheres, as it is
shown in the results section. Furthermore, an interpolation procedure using a lookup-table of
pre-calculated numerical mechanical responses was developed. All the FE simulations were

driven on an HPC cluster with 28 core and 128 GB of RAM.

2.4.5. Statistical analysis concerning mechanical characterizations.

Statistical analysis was performed for the comparison of the Young’s moduli of small CCM
obtained with the fluidic and the conventional compression tests using GraphPad Prism 7
software (San Diego, USA). Data assumed a Gaussian distribution according to the Agostino-
Pearson omnibus normality test and were analyzed using paired t tests. Statistical analysis was
performed for the comparison of the Young’s moduli and the Poisson's ratios of the alginate-,
collagen- and small crosslinked collagen-based microspheres by using Mann-Whitney tests. Data

were represented in a boxplot chart.
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2.5. Mechanical stimulations
2.5.1. Stimulation tests

Three groups of six microspheres were stimulated by a square, sinusoidal or constant signal of
pressure during 30 min. This stimulation time seemed appropriate by reference to what is usually
applied on engineered tissue (Natenstedt et al., 2015). Stimulations with the different signals
were consecutively performed on the same group of microspheres after 5-minute pauses. The
minimum and maximum relative pressures of dynamic signals (i.e., square and sinusoidal) and the
mean relative pressure of static signals (i.e., constant) were adapted to the size and stiffness of
microspheres (Table 1). The frequency of the dynamic signals was 1 Hz. The frequency of

acquisition pressure was 200 Hz for square signals and 100 Hz for the other signals.
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Large Small crosslinked
crosslinked Alginate collagen Collagen
collagen micro- microspheres microspheres
microspheres spheres
Minimum pressure for
dynamic signals (kPa) 20 > ’ i
lvlaX|m.um_pressure for 120 30 12 6
dynamic signals (kPa)
Mean pressure for static 75 17.5 7.5 3.5
signal (kPa)
Pressure sensor (kPa) 500 100 100 25
Diameter of the tube used in 438 3.2 3.2 2.4
the pump (mm)

Table 1. Signal characteristics and experimental parameters used for the stimulation of
microspheres, depending on the types of tested microspheres.

2.5.2. Pressure signal analyses

The signal accuracy was evaluated by determining the mean absolute error between
experimental and theoretical signals. For the square signal, additional mean absolute errors were
computed for the two transitional parts of the signal, and the minimum and maximum stages.

Repeatability and reproducibility of signals were assessed by analyzing the minimum and
maximum pressures of the dynamic signals and the mean pressures of static signal. For square
signals, the minimum and maximum stages were isolated by retaining 86% of each half-period, in
order to exclude the transitional part of the signal. For sinusoidal signals, the minimum and
maximum pressures were identified for each period. The repeatability of the signals was
evaluated for each experiment by estimating the standard deviations of the period, of the
maximum pressure, of the minimum pressure, and of the mean pressure along the 30 minutes.

Signal reproducibility was estimated using the standard deviations of the mean of the signal

15



criteria considering three experiments that were driven with the same experimental parameters

and the same microspheres at different time within the same week.

3 .Results

3.1. FE modeling simulation of the fluidic compression and verification of the usefulness of the
dimensionless ratios

The complex deformation of a microsphere in a cone was depicted by a FE modeling
simulation (Fig. 2A). In the upper part of the microsphere, the determinant of the deformation
gradient tensor, illustrated in (Fig. 2A), indicates a local decrease in volume during the

compression, while it increases slightly in the lower part.

The impact of microsphere diameter on the displacements of the top (Node 1) and bottom
(Node 2) ends was simulated with microspheres of 1 and 1.2 mm diameter (1D and 1.2D
microspheres; E = 50 kPa, v = 0.3). For each end, the displacements of the 1.2D microsphere were
plotted as a function of the displacements of the 1D microsphere (Fig. 2B). A perfect correlation
between the displacements of the top and bottom ends was indicated by the correlation
coefficient RZ while the curve gradient was equal to 1.2, which corresponds to the ratio of the two
microsphere diameters. Therefore, the displacement solutions of this hyperelastic non-linear
contact problem are strictly proportionate to the radius of the microspheres. In other words,
experimental displacements can be divided by the radius of the microsphere in order to compare
them to the displacements estimated by FE modeling simulation using a microsphere of 1 mm of

diameter. The identification procedure has therefore been simplified, as simulations of a sphere
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of 1 mm of diameter are sufficient to identify the mechanical properties of microspheres of

different diameters.
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Fig. 2.  Simulation of the sinking of a microsphere into a cone of the custom-made device.
(A) Finite element modelling simulation for a 1 mm microsphere with a Young’s modulus E of
50 kPa, a Poisson's ratio v of 0.3 and an imposed pressure Pi of 3 kPa. The displacements of the
top (Node 1) and bottom (Node 2) ends of the microsphere are saved for the inverse analyses and
the determination of microsphere mechanical properties. “E vol” indicates the volume change
(equal to unity if no volume change), namely the determinant of the deformation gradient tensor
in the finite strain theory. (B) Comparison of the displacements of the top (blue circle) and bottom
(red circle) ends of two microspheres of 1 and 1.2 mm of diameter (1D and 1.2D). (C)
Displacements of the top end of a microsphere depending on the ratio of the imposed pressure
to the Young’s modulus of the microsphere. Curves were built with 15 simulations: 3 Young’s
moduli (10, 50, 300 kPa) and 5 Poisson's ratios (0.1, 0.2, 0.3, 0.4, 0.49). (D) Displacements of the
bottom end of a microsphere depending on the ratio of the imposed pressure to the Young's
modulus of the microsphere as obtained in (C).
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Moreover, the displacement of the top and bottom ends of a 1D microsphere was evaluated
for different Poisson's ratios and Young’s moduli as indicated in Fig. 2C-D. The relationship
between the displacement of the top or the bottom ends and the ratio between the pressure
applied (Pi) and the Young’s modulus (E) were shown in Fig. 2C-D. The top and the bottom
displacements of microspheres of different Young’s moduli were strictly identical if plotted as a
function of the pressure to Young’s modulus ratio. Therefore, the displacement solution was
found to be strictly proportionate to the Young’s modulus. Again, the identification procedure
has taken advantage of using the proportionality between the displacement and the Young’'s
modulus of the microsphere. The parameter that has a non-linear influence on the displacements

is the Poisson's ratio. No nondimensionalization could therefore be proposed.

3.2. Alimited computation time while estimating the mechanical properties

The different simplifications led to the creation of a lookup-table with the sinking of a
microsphere of 1 mm of diameter for three Young’s moduli (10, 50 and 300 kPa) and six Poisson's
ratios (0.1, 0.2, 0.3, 0.4, 0.49, 0.499). Eighteen simulations were computed for a total of 18 days
computation time since each simulation lasted 5 to 48h. Then, the calculation of the mechanical
properties of a microsphere, by interpolation of this table, took less than 5 seconds. Thus, the
total computation time needed to determine the mechanical properties of the 62 microspheres
of this study with the minimization procedure was greatly reduced. Moreover, any additional
computation time that would be required for characterizing other types of microspheres will be

short, as no additional FE simulation will be needed.
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3.3. Comparison of the mechanical properties estimated using the new fluidic and the
conventional compression device.

Small crosslinked collagen microspheres (small CCM of 1.15 + 1.10 mm diameter) were
characterized using the conventional device before and after their characterization using the

custom-made device.
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Fig. 3. Mechanical characterization of small crosslinked collagen microspheres. (A) Microsphere
in the custom-made device under fluidic pressure (blue cross: top end; red cross: bottom end; Pi:
induced pressure, Patm: atmospheric pressure). (B) Representative displacement of a
microsphere at the equilibrium of each stage of pressure during the fluidic compression test (exp:
experimental data, simu: simulated data). (C) Microsphere in the conventional device between
two planar surfaces during a compression test. (D) Representative graph of the force developed
by a microsphere following conventional compression tests before (Test 1) and after (Test 2) the
fluidic compression test. (E) Median Young’s modulus of microspheres determined by inverse
analysis using the fluidic and conventional compression tests. n=16 independent microspheres.
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During the compression of microspheres within the fluidic device, displacements of both
ends (top and bottom) were successfully estimated thanks to the camera (Fig. 3A-B). Compression
tests were performed on the same microspheres using the conventional device (Fig. 3C). Forces
developed by the microspheres as a function of compression were identical before (Test 1) and
after (Test 2) the fluidic compression test (Fig. 3D).

The mechanical properties of microspheres were first analyzed using the data recorded
during the fluidic compression test. The root mean square error between the experimental and
the simulated ratios of the pressure to Young’s modulus was 0.0427. This ratio remained within
the range of 0.265 to 1.498, indicating a good fit between simulated and experimental curves (Fig.
3B). The Poisson's ratio was estimated at 0.35 + 0.05. This Poisson's ratio was then used in the
inverse analysis of the conventional compression test to determine the Young’s modulus. The
mean Young’s modulus of microspheres measured with the fluidic device was 10.58 + 3.93 kPa
and it was not significantly different of that measured with the conventional compression tests
(Fig. 3E). These results indicated that microspheres were not altered in the fluidic custom-made
device and validated this device as appropriate to measure the mechanical properties of

microspheres.

3.4. Capacity of the fluidic device to characterize microspheres with a wide range of stiffness.

To further test the capacity of the mechanical characterization procedure with the fluidic
device, two other types of microspheres with different chemical and mechanical characteristics
were used: alginate microspheres (AM) and collagen microspheres (CM). The microsphere

diameters ranged from 0.95 mm to 1.33 mm for the CM and, from 1.15 mm to 1.24 mm for the
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AM. The stiffness of microspheres was very different according to the type of biomaterials
(Fig. 4A). As expected, the small CCM were 3-fold stiffer than CM while AM were the stiffest
samples. The large range of estimated Young’s moduli (1.46 kPa to 29.56 kPa) indicated that the
characterization procedure using the fluidic system could estimate a wide range of rigidity of
microspheres with variable sizes. While the classical compression device, equipped with a very
sensitive force-sensor of 0.1 N capacity at full range, could not attain the required sensitivity, the
fluidic device, equipped with a 25 kPa pressure sensor, could precisely calculate the mechanical
properties of very soft matter with stiffness as low as 1 kPa. Simultaneously, the compressibility
of microspheres was assessed by calculating the Poisson's ratio. It indicated that CM and small
CCM were compressible, while AM were almost incompressible with a Poisson's ratio close to 0.5

(Fig. 4B).
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Fig. 4. Mechanical properties of the tested microspheres. Young’s modulus (A) and Poisson's ratio
(B) obtained for collagen based-microspheres (CM), small crosslinked collagen based-
microspheres (small CCM) and alginate microspheres (AG) with the custom-made device.
Statistical differences: ** p =0.002 and *** p <0.0005.
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3.5. Ability of the fluidic device to drive mechanical stimulations with variable pressure signals on
small crosslinked collagen microspheres

Different types of mechanical stimulation were tested using the small CCM. Square,
sinusoidal, or constant pressure signals were generated thanks to the stepwise control of the
single-roller pump for 30 min. For each for each pressure signal, three independent experiments
were conducted with identical pressure parameters to estimate the reproducibility of the fluidic
compression experiment. Typical signals for square, sinusoidal and constant signal of pressure are
shown in (Fig. 5A).

The amplitude, frequency and shape of signals were analyzed. A difference between the
target and experimental values of 0.62 and 0.09 kPa for the minimum pressures (Pm) and, 0.28
and 0.32 kPa for the maximum pressures (P™) was measured for the square and sinusoidal signals,
respectively. A difference of 0.17 kPa was measured for the constant signal. A small difference
(less than 0.5%) was observed between the set and measured periods of the dynamic signals. The
global shape of the signals had also a good accuracy as shown by an acceptable mean absolute
error of the signals (0.90, 0.49 and 0.24 kPa for the square, sinusoidal and constant signals,
respectively) considering the targeted pressure range (from 2 to 12 kPa). The higher mean
absolute error of pressure observed with square signals was due to the non-instantaneous change
of pressure during the transitional phases: the mean absolute error raised up to 5.82 kPa during
the transitional times as compared to around 0.77 kPa during the stage times. Moreover, the
stage of the square signal showed a creep of pressure, which led to a higher error compared to
the sinusoidal signal. These results indicated that constant and sinusoidal signals had a better

shape than square signals.
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Fig. 5. Square, sinusoidal and constant signal of pressure applied on small crosslinked collagen
microspheres. (A) Representative square, sinusoidal and constant signals of pressure generated
during the stimulation of small crosslinked collagen microspheres. (B) Boxplot charts present the
distribution of maximum (P™) and minimum (Pn) pressures of square (left column), or sinusoidal
signals (center column) and the distribution of pressures (P) of the constant signals (right column).
P™, Pm and P are compared to the maximum (red dashed line), minimum (blue dashed line) and
mean (orange dashed line) targeted value, respectively. For each type of pressure signal, three
groups of 6 microspheres were stimulated for 30 min.

The repeatability of signals was tested during a 30 min stimulation period. The standard
deviation of Py, and P™ was 0.27 and 0.29 kPa for the sinusoidal signals and the standard
deviations of pressure were 0.14 kPa for the constant signals (Fig. 5B). For the square signals, the

standard deviations of Pm (0.74 kPa) and P™ (0.94 kPa) were slightly higher and this was due to
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the creep of pressure, as shown in Fig. 5B. Moreover, the periods of dynamic signals were
extremely repeatable (1.63% and 1.31% of variation for the square and sinusoidal signals,
respectively). This showed a better repeatability for square signals than for sinusoidal signals.
Reproducibility of signals was tested by stimulating three groups of small CCM. The standard
deviations of signals were 0.38 and 0.25 kPa for P, and P™ of square signals), 0.15 and 0.29 kPa
for Pm and P™ of sinusoidal signals and 0.12 kPa for constant signals. Moreover, the periods of
dynamic signals were extremely reproducible (0.07% and 0.11% of variation between groups for
the square and sinusoidal signals, respectively). This demonstrated that pressure signals were

reproducible between different experiments.

3.6. Ability of the fluidic device to drive mechanical stimulations on microspheres of variable
sizes and mechanical properties

The quality of the pressure signals driven by the fluidic system could be influenced in
particular by the size and mechanical properties of the microspheres. Moreover, the amplitude
of stimulation needs to be adapted to the type of microsphere, since too low pressure could
induce no deformation and too high pressure could destroy the microspheres in the cone. Thus,
different types of mechanical stimulation were tested again using large crosslinked microspheres
(large CCM), AM and CM. The precision of the amplitude of the pressure signals, repeatability and
reproducibility were found similar whatever the microspheres and the range of pressures used
(Fig. 6A-C). For stimulating large CMM, which are 1.37+0.09 mm in diameter versus
1.15 £ 0.10 mm for small CCM, a higher stimulation pressure using a sensor with a wider range of

pressures and a larger soft tube for the single-roller pump were chosen. The results (Fig. 6A)
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indicated similar accuracy, repeatability and reproducibility of the signals obtained with the small
and large CCM, except for Py of the dynamic signals where the repeatability and reproducibility
were twice better in the case of the larger CCM.

Depending on the Young’s moduli of the microspheres tested, the ranges of stimulation
pressures were adjusted (Table 1). Thus, the sensor with the smallest range and the smallest soft
tube was used for CM. The root mean square error tended to increase with the decrease of range
of pressures but stayed under 20%, 16% and 4% for the sinusoidal, square and constant signals,
respectively, which indicated that the shape of signals was accurate. Similarly, the repeatability
and reproducibility of all parameters tended to deteriorate with the decrease of ranges of
pressures (Fig. 6A-C). Variability remained under 5% for the ramp signal and under 7% for the P™
of dynamic signals but the variability of Pm (minimum pressure at each period) reached 25%. We
noticed a wider distribution of the values of the quality criteria for the sinusoidal and constant
signals in the first group of CM (Fig. 6C). The stabilization of signals was obtained only after 10
min of stimulation in that specific case. During the remaining stimulation time (20 min), the
standard deviation of signal parameters was less than 2.5% showing a good repeatability. The
periods of dynamic signals were also extremely repeatable and reproducible since the variability
of this criteria never reached 1%. The results indicated that Py are difficult to generate in a

repeatable and reproducible manner when close to Patm.
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Fig. 6. Repeatability and reproducibility of pressure signals applied on the different types of
microspheres. Square, sinusoidal or constant signals of pressure were applied on large crosslinked

collagen microspheres (A), alginate microspheres (B) and collagen microspheres (C). Boxplot

charts present the distribution of maximum (P™) and minimum (Pm) pressures of square (left
column), or sinusoidal signals (center column) and the distribution of pressures (P) of the constant
signals (right column). P™, Pm and P are compared to the maximum (red dashed line), minimum

(blue dashed line) and mean (orange dashed line) targeted value, respectively. For each type of

pressure signal and each type of microspheres, three groups of 6 microspheres were stimulated
during 30 min.
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4 .Discussion

The present custom-made fluidic device was designed for the mechanical stimulation and
characterization of cartilage micropellets and validated here using collagen- and alginate-based
microspheres. Our study demonstrates that the device is appropriate and accurate to
mechanically stimulate and characterize microspheres in the micrometer range (typically from
900 to 1500 um in diameter), with different stiffness and compressibility. It allows to load under
compression six microspheres simultaneously, using a wide range of precisely defined pressure
and frequency regimes. Moreover, the interest of the device will be to provide enough biological
material for transcriptomic and proteomic characterization of the six cartilage micropellets that
will have been submitted to identical mechanical stimulations. It could also be used to periodically
stimulate cartilage micropellets during the differentiation process while maintaining them in the
culture medium, within the device.

The fluidic device was designed to stimulate mechanically soft materials by integrating a
sensitive pressure sensor, small pressurizing tubes, a sensitive and adequate camera and, control
units. Mechanical stimulations were applied on microspheres using different types of pressure
signals. The accuracy of the shape of pressure signals, which are rarely described in studies
assessing the impact of dynamic mechanical stimulation, was determined (Salinas et al., 2018).
The precision of the sinusoidal and constant pressure signals was shown to be good but that of
square signals was not perfect probably due to the creep of the pressure stages. Three possible
sources of creep were identified: (i) a change of microspheres shape during the stages, (ii)
leakages of the fluid between the spheres and the device, and (iii) a creep of the soft tubes used

within the pumps, which all might impact the creep of the pressure stage. The imperfect round
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shape of microspheres or the position in the cone may lead to fluid flow through the cone. The
visco-elasticity of soft tubes could also explain the symmetry observed between the creep of the
Pm and P™ stages. Currently, only the mean values of the minimum pressure stage use the
feedback of the pressure signal. The accuracy of square pressure signals should be improved
through the modification of the closed-loop control of the pump. Of importance, all signals were
repeatable and reproducible, even though the square and constant signals were more
reproducible than the sinusoidal signal. For all shapes of pressure signals, the most challenging
parameter to control is Pm, which can be difficult to maintain stable as it allows to stabilize the
microspheres within the cones.

Along with the demonstration of the accuracy of signal shapes, repeatability and
reproducibility, the adaptability of the fluidic device is another main interest. This adaptability
was shown by its capacity to stimulate microspheres with different diameters and mechanical
properties (Young’s moduli from 1.5 to 30 kPa and Poisson's ratio from 0.25 to 0.499). Various
amplitudes of relative pressure can be generated (from 5 to 100 kPa), which means that the fluidic
system can test samples with a wide range of stiffness. Moreover, the device is up scalable to
samples of smaller or larger sizes since tanks are 3D printed and can be resized at custom.

Combined to the new fluidic device, a fast numerical procedure to identify the Young's
moduli and the Poisson's ratios of the microspheres was specifically developed for this study. The
computation time revealed to be a key point as a relatively high number of microspheres had to
be characterized. The total computational cost of the identification procedure is mainly due to
the resolution of the FE numerical simulations. Taking advantage of two dimensionless ratios, an

interpolation method, which used a few FE numerical solutions of the problem, was successful to

28



identify the mechanical properties of the microspheres. This method drastically reduced the
overall computation time of the study. When the initial database of FE simulations is completed,
a major advantage of such a method is that the computation time is reduced to less than 5
seconds for each microsphere to be characterized. This will allow to mechanically characterize
many samples, without elevated computational costs.

The accuracy of mechanical property measures was also demonstrated with microspheres
with different chemical and mechanical properties. Indeed, the measures of the Young’s moduli
of small CCM obtained with the conventional test were similar to those obtained in the fluidic
device and the same accuracy of results was obtained with stiffer alginate microspheres as tested
(Petitjean et al., 2019). Using our custom-made fluidic device and a fast numerical FEM-based
identification procedure, the Young's modulus values obtained for CM were found to be in the
range of those determined for collagen microspheres or gels in other studies (Chan et al., 2008;
Ramtani et al., 2010; Yamamura et al., 2007). However, the values of Young’s modulus for AM
were lower than the expected value of 200 kPa previously reported (Ouwerx et al., 1998). In this
last study, an alginate solution with medium viscosity was used while we used an alginate solution
with low viscosity. Moreover, they measured an instantaneous elastic modulus with a
compression increase at the rate of 0.03 mm/s, which tends to increase the apparent Young's
modulus with increasing viscosity. In the study, only the elastic parameters (Young’s modulus and
Poisson’s ratio) were estimated. However, studying the viscoelastic behavior of such biomaterials
is of first importance and could be assessed in future studies using our fluidic system (Edelsten et
al.,, 2010; Mak, 1986). Up today, the major limitation of such future visco-hyperelastic

characterizations seems to be the computation time.
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In the present study, several assumptions were adopted for the mechanical characterization
of microspheres. First, microspheres with the most spherical shape were selected, in order to get
experimental data consistent with the numerical model. An exact axi-symmetry is difficult to
achieve due to the irregular shape of microspheres but, considering a sufficiently large number
of random samples, the distribution of measured parameters should reflect the intrinsic behavior
of the material. Second, a quite simple hyperelastic law was chosen for the FE model, which may
not perfectly reproduce the mechanical behavior of microspheres. However, within the pressure
range which was used, a Neo-Hookean model could describe with a sufficient quality the behavior
of the material, even though collagen fibers are generally described by a non-linear hyperelastic
behavior (Fung, 2013). The largest error source of mechanical characterization with the fluidic
device was the tracking procedure. The resolution of recorded pictures was 2.65 um for a range
of microsphere displacements during compression tests between 200 to 400 um. Moreover, the
quality of pictures, notably the contrast between the microsphere and the background of the

tank, is the key factor for accurate tracking.

5 .Conclusion

The main interest of this new custom-made fluidic device lies in the reliability to
mechanically stimulate and characterize microspheres made of soft materials in a single system.
Three types of pressure signals can be generated to stimulate microspheres by a non-destructive
compression test in a repeatable and reproducible manner. The validation of the fluidic device to

stimulate and characterize microspheres of different sizes and stiffness was the first step before
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its use for measuring the mechanical properties of cartilage micropellets. Of note, six MSC-based
cartilage micropellets, regardless of their size and shape, can be mechanically stimulated in
parallel allowing both the molecular and mechanical characterization on the same group of
samples. The perspectives are to evaluate the growth of cartilage micropellets under mechanical
stimuli in a longitudinal differentiation study while keeping the microspheres in the device in the

differentiation medium throughout the differentiation process.
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