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Abstract

Osteoblast migration is a crucial process in bone regeneration, which is strongly regulated by interstitial
fluid flow. However, the exact role that such flow exerts on osteoblast migration is still unclear. To deepen
the understanding of this phenomenon, we cultured human osteoblasts on 3D microfluidic devices under
different fluid flow regimes. Our results show that a slow fluid flow rate by itself is not able to alter the 3D
migratory patterns of osteoblasts in collagen-based gels but that at higher fluid flow rates (increased flow
velocity) may indirectly influence cell movement by altering the collagen microstructure. In fact, we
observed that high fluid flow rates (1 pl/min) are able to alter the collagen matrix architecture and to
indirectly modulate the migration pattern. However, when these collagen scaffolds were crosslinked with
a chemical crosslinker, specifically, transglutaminase II, we did not find significant alterations in the
scaffold architecture or in osteoblast movement. Therefore, our data suggest that high interstitial fluid flow
rates can regulate osteoblast migration by means of modifying the orientation of collagen fibers. Together,
these results highlight the crucial role of the matrix architecture in 3D osteoblast migration. In addition, we
show that interstitial fluid flow in conjunction with the matrix architecture regulates the osteoblast
morphology in 3D.
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1. Introduction

Fracture healing is a complex biological process that restores structural bone integrity [1,2]; the mechano-
chemical microenvironment regulates all the steps in this process, from sequential tissue morphogenesis to
a cascade of cellular and molecular events. The ability of bone to self-repair involves the coordination of
cellular and mechanosensitive processes, especially cell differentiation, migration and surveillance [3-5].
This complex process is regulated by multiple microenvironmental factors that effectively determine the
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outcome of bone fracture healing. To unravel this complexity, experimental methodologies and
computational modeling have been widely performed and combined [6—10] to improve the knowledge of
this regenerative process.

The success of the fracture healing requires the achievement of some specific regenerative patterns that
involve the coordination of multiple cellular events like cell proliferation, differentiation and migration of
different cell types [11]. Although most of fractures heal, there are conditions that complicate bone healing
[12] such as the increase of the elderly population or the proliferation of diseases like diabetes. Current
treatment of non-union bone fractures usually involves surgery to stabilize the area and the insertion of a
bone graft at the site to stimulate vasculogenesis and osteogenesis (the formation of new bone). In this
work, we aim to improve the knowledge on bone healing. Specifically, we investigate how micro
environmental factors may regulate cell migration during the bone healing process. During fracture healing,
bone formation requires mature osteoblasts to deposit bone with remarkable spatial precision [13].
Therefore, osteoblasts must migrate within the three-dimensional matrix space in order to get to their
destination, where bone will be deposited [14]. Hence, most of computational models [15] that simulate
bone fracture healing incorporate cell migration as a fundamental process to regulate the final outcome of
the fracture. A better knowledge of how micro environmental factors can mediate this osteoblast migration
capacity could improve the treatment of bone fractures, although we have to keep in mind that osteoblast
migration is only one of the processes that are combined and work simultaneously with other events and
with other interactive cell types.

Among all the microenvironmental factors that are involved in fracture healing, mechanics plays the most
important role [16], and it is normally associated with the stability of the fracture gap. Indeed, primary
fracture healing occurs when the fracture gap presents extreme stability while secondary healing implies
moderately stability, occurring in the vast majority of bone injuries [1,6]. Recently, several tissue
differentiation theories have been proposed, and they have been virtually tested by computers using
different mechanistic-based stimuli, such as strain, pore pressure or fluid flow [17-21]. The theory of
Lacroix and Prendergast [7] proposed an algorithm to predict the evolution of intramembranous and
endochondral ossification, assuming that precursor cells can differentiate into the corresponding specialized
tissue cells influenced by the effect of mechanical variables, namely, the deviatoric strain and the interstitial
fluid flow velocity. Similarly, the theory of Gomez-Benito et al. [18] proposes a similar assumption but
only considering the deviatoric strain. In a more recent work, Gonzalez-Torres et al. [17] demonstrated the
relevant role of interstitial fluid flow in tissue differentiation under cyclic loading conditions. There are
really few in-vitro experiments that analyze the role of interstitial fluid flow on osteoblast cells, because
most of these works are based on the application of direct fluid flow in a parallel plate flow chamber [22,23].
Some of these works analyzed the cell response to understand the cell mechanisms of adaptation to
mechanical stimulus such as fluid flow (abbreviated FF) [22,24-27]. In this context, their results showed a
rapid increase (2 — 4 fold) in the nitric oxide or prostaglandin levels released by osteocytes when FF was
applied, compared to the response of osteoblasts and preosteoblasts. Moreover, compared to static
conditions, the release of signaling molecules such as cyclic adenosine monophosphate (cAMP) or
prostaglandin E2 (PGE2) was increased in responses to fluid shear stress [28].

The role of the extracellular matrix (ECM) is also critical for osteoblast migration. Via focal adhesions,
osteoblasts recognize the ECM by adhering to it and by modifying their behavior depending on the matrix
component or the mechano-chemical stimuli applied [13]. Actually, type I collagen is the most abundant
bone matrix protein [29,30]. The stiffness of the ECM in the damaged area increases during the stages from
callus formation through collagen type I secretion to final bone, thus altering cell behavior during the bone
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healing process [14,31,32]. As a method to investigate osteoblast mechanotransduction, the substrate of the
cell culture can be modified by using crosslinking methods (such as chemical crosslinkers), consequently
varying the stiffness experienced by cells [24].

Other micro environmental factors, such as transforming growth factor beta (TGF-f) superfamily, bone
morphogenetic proteins (BMPs), and interleukins (IL-6, IL17F, and IL1p), can also play a regulatory role
in bone fracture healing [11,33,34]. In addition, 3D experimental assays revealed a low chemotactic effect
of growth factors on osteoblasts in terms of migration compared to the response of other cell types under
similar conditions [35,36]. For instance, while fibroblasts exhibit directional migration under PDGF-BB
gradients [37], osteoblast migration seems to be regulated by the ability of cells to remodel the matrix [35].

Despite the numerous 3D-culture systems and techniques already published, there are still few studies of
the biomechanical response of bone cells. There are even less studies specifically about human primary
osteoblasts embedded in 3D in vitro microenvironments since most of the bone studies have been developed
with non-human cells, such as murine osteoblasts [38—40]. Previous studies have shown that both matrix
characteristics (in terms of chemical composition) and fluid flow are important regulators of osteoblast
behavior [41]. To the best of our knowledge, the effect of these factors on osteoblast migration has not been
experimentally explored yet. Hence, the main aim of this work is to understand the role of interstitial fluid
flow and how extracellular matrix variations affect osteoblast migration in 3D. For this purpose, we
developed a microfluidic device that allows the application of interstitial fluid flow on collagen-based gels
and allows high-quality image acquisition. This system allows quantifying not only migration parameters
but also the fiber alignment and matrix porosity of collagen hydrogels. While keeping the collagen density
constant, the microstructure was altered by adding the crosslinking enzyme transglutaminase 2 (TG2) [42].
TG2 is a multifunctional enzyme with Ca*>-dependent protein crosslinking activity that also exhibits
GTPase, cell adhesion, protein disulfide isomerase, kinase and scaffold activities [43]. This molecule is
involved in apoptosis, matrix stabilization and cell adhesion in a variety of tissues, with possible
involvement in bone matrix maturation and calcification [44].

In this work, we quantify osteoblast migration patterns and compare them for different collagen-based
architectures that were modified by varying the fluid flow conditions and using, or not, crosslinkers.

2. Material and Methods

2.1. Fluid flow setup

The geometry of the microfluidic devices used in the fluid flow system consists of a microfluidic device
lodged inside a hand-made platform fabricated by rapid prototyping and precision mechanics. The
components were connected with PTFE (polytetrafluoroethylene) tubing (inner @ = 0.3 mm, outer @ = 0.6
mm) through connectors [Y tube fitting PVDF (polyvinylidene fluoride), male and female luer locks and
screwed connectors M6] to two syringe pumps (Harvard Apparatus Pump 11 Elite, Harvard Apparatus.
Massachusetts (United States)) (See Figure 1).

The geometry of the microfluidic devices used in these experiments was adapted from the chips developed
by Farahat et al. (2012) with fabrication methodology [45,46]. The new design is based on a central chamber
where a hydrogel is inserted to mimic the extracellular matrix. This chamber is surrounded by two channels
that allow the application and control of different fluid flow conditions. The microfluidic geometry was
patterned in an SU-8 wafer by soft lithography techniques, and this wafer served as a mold to cure the
PDMS (poly(dimethlysiloxane)) (Sylgard 184, Dow Corning GmbH) in a 10:1 ratio) and to obtain the
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desired design. Plasma treatment was used for the irreversibly bonding of the PDMS device with a glass
coverslip followed by coating with PDL (poly-D-lysine hydrobromide, 1 mg/ml, Sigma) to enhance
hydrogel adhesion. Trapezoidal posts delimit the central chamber also providing support for the
confinement of the hydrogel. During the flow application, the fluid passes from one channel to another
through the pores left by the fibers of the collagen gel. Therefore, fluid can only pass through the collagen.
On the other hand, in relation to the cellular distribution in the gel, during the preparation of the collagen
gel, the cell suspension was added to the mixture in order to achieve homogeneity. This mixture of collagen
and cells was introduced into the central chamber for study. The height of the chip (320um) allowed us to
find cells completely embedded within the 3D gel.

Based on previous works, the initial pumping flow rate applied to the cell culture in order to simulate the
interstitial fluid flow was 0.1 ul/min [47], followed later by the application of a higher pumping flow rate
(1 pl/min) in order to increase the generated shear stress. Throughout this article, the flow rate refers to the
pumping flow rate. The corresponding surface velocity for each of the values specified above was 1.5 pm/s
for 0.1 ul/min and 15 um/s for 1 pul/min pumping flow rate. Additionally, 1 pl/min was the flow rate applied
in experiments for analyzing the effect of fluid flow on the matrix architecture. Figure 1A describes the
geometry of this chip, the disposition of the collagen-based hydrogel onto the chip (located in the central
chamber) and the flow direction.

To apply fluid flow in a systematic way, we developed a flow adapter consisting of a base with two holders,
where the microfluidic device was hosted in touch with the microscope objective, and their corresponding
lids, with holes to allow the connector input (see Figure 1B).
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Figure 1. A) The general conformation of the microfluidic device and its transversal section to visualize the distribution
of channels. B) A representative diagram of the fluid flow setup (1: input and output connectors; 2: microscopic
visualization area; 3: screw holes for the locking system; 4: recess for microfluidic chip insertion).

The base, fabricated in aluminum, consists of two compartments. Each compartment was approximately
three millimeters larger than the PDMS devices to be fitted and had a window that allows microscopic
observation of the microfluidic channels.

Covers were fabricated by means of additive manufacturing. The basis of this method is the production of
parts shaped gradually and the addition of solid material [48], giving the user high versatility in terms of
adaptable designs and chip geometries. They were designed to obtain a leak-proof system, and the cover
elements are described below (see the corresponding element for each number in Figure 1). In the upper
part of the cover, the following parts were distinguished: 1) four holes where the corresponding connectors
of inputs and outputs of tubes are inserted, 2) a window to allow the passage of light during visualization
of samples under the microscope, and 3) six holes for the locking system (six M3 screws and hexagonal
nuts). The lower part of the lid, in contact with the chip, features the following elements: 4) a system that
facilitates the user to fit the chip and 5) four recesses for the placement of O-rings (silicon, inner diameter
= 4 mm, thickness = 1 mm; not shown in the Figure), which ensure the leak tightness of the system and
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which coincide with the holes punched in the microfluidic chip. The diameter of these holes is 3 times
larger than the diameter of the chip holes.

Once the prototype of the encapsulation was defined, the covers were manufactured by the 3D Object Eden
350 V printer with the material RGD525, which was found to be the most appropriate material for the
conditions to which the system was to be subjected (see S1-Supplementary Material). This platform has
been provisionally covered by patent P201730809, property of the University of Zaragoza.

2.2. 3D cell culture and hydrogel preparation

Human osteoblast cells (HOBs; PromoCell) were used at low passages in these experiments, and osteoblast
growth medium (PromoCell) was used as the cell culture medium. In total, 40 pl of cell suspension at a
density of 1x10° cells/ml was added to the collagen hydrogel by pipetting it into the central channel.

Collagen hydrogel type I (rat tail, BD Biosciences) was used at a final concentration of 4 mg/ml with DPBS
10X (Lonza), adjusting the pH to 7.4 with 0.5 M NaOH. In hydrogels crosslinked with transglutaminase 2
(thTGM2, R&D Systems), this enzyme was added at the concentration of 25 pg/ml [35]. The
polymerization of hydrogels and cell maintenance were performed in an incubator at 37°C and 5% CO2
under humidity conditions, avoiding prepolymerization of the hydrogels.

Cells seeded in the collagen hydrogels were placed into the microfluidic devices at day 0 and kept in the
incubator for 24h. Then, these devices were set in the support to apply fluid flow monitoring the experiment
under the microscope. After approximately 24h of fluid flow, the devices were taken from the fluid-flow
support and fixed with 4% PFA for immunostaining. A diagram of the different conditions and hydrogels
used throughout this article has been attached to the Supplementary Material (S2).

Mechanical and microstructural characterization of 4 mg/ml collagen hydrogels was performed in a
previous work by using a Haake Rheostress 1 rheometer for quantification of the hydrogel mechanical
properties and a scanning electron microscope (SEM) for microarchitecture visualization (see table 1) [35].

Storage
Hvdrogel shear Maximum Maximum Strain at
Y g modulus G* | shear strain G’ (Pa) maximum G
composition
(Pa)
121.03 =
4mg/ml 4 191.2 4
mg/m 9.94 0.403 9 0.403
4mg/ml 127.90 +
+TG2 14.43 0.449 285.5 0.384

Table 1. Mechanical properties of the collagen hydrogels used for the in vitro experiments. Three samples were
analyzed for the cases without TG2 and 25 pg/ml of TG2. Data taken with permission from [35].

2.3. Image-based quantification of hydrogel architecture

DQ-Collagen™ type I from bovine skin fluorescein conjugate (Thermo Fisher) was used to analyze the
disposition of collagen fibers inside the hydrogel. The fluorescence of this reactant was used to determine
the morphology of our hydrogels using a Nikon D-Eclipse C1 confocal microscope equipped with a 40X
oil objective. In total, 10 pl of DQ-Collagen™ was added to the collagen hydrogel (using a previously
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described procedure), obtaining a final concentration of 25 pg/ml [49], and softly pipetted into the
microfluidic device. Then, samples were incubated overnight in an incubator and connected to the fluid
system. The flow rate applied to the corresponding devices was 1 pl/min. Images were captured before and
after the flow application to analyze the possible effects caused by this mechanical stimulus.

To the best of our knowledge, this is the first time this fluorescent reactant was used for this purpose since
it is normally used for measuring matrix degradation by cells [49]. Colocalization of matrix images from
confocal reflection, collagen immunostaining and DQ images was performed by analyzing the ratio of
detected and overlapping fibers, thus confirming the validity of this technique (see Supplementary Material,
S3).

Immunostaining for collagen was also performed to confirm our hypothesis about fiber distribution. The
samples were incubated with monoclonal anti-collagen type I (mouse IgG isotype) (Sigma-Aldrich, C2456)
overnight at 4°C after the samples were fixed with 4% paraformaldehyde (PFA, Affymetrix) in PBS for 15
min at room temperature based on the protocol proposed by Sung et al. 2009 [50]. Following blocking with
serum and washing the channels, Alexa Fluor® 546 donkey anti-mouse IgG (H+L) (Molecular Probes,
A10036) was added, and the samples were incubated overnight at 4°C.

Confocal z-stack images were sequentially acquired at one point at the center of each microdevice,
maintaining a constant step size of 0.5 um and a maximum pixel dwell time. The 3D reconstruction of the
cross-sectional collagen network images captured with a 40X oil objective (46 slides) was carried out by
3D skeletonization using the Ct-FIRE algorithm [51,52] and a binary stack was obtained (see Figure 2).
Furthermore, we quantified the fiber orientation and pore size with another existing method [53].
Orientation was then obtained by considering the binary matrix as a distribution of masses. The tensor of
inertia for each individual fiber was calculated, and the axis of minimum inertia, which points in the
direction of the fiber, was obtained through diagonalization. Pore size was evaluated by obtaining the
distribution of nearest obstacle distances (NODs), defined as the Euclidean distance from a point in the
liquid phase to the nearest point in the solid phase.

B

Figure 2. A) Stack of confocal cross-sections. B) Binarized stack visualized with Paraview. C) Ct-Fire reconstruction
of the collagen network viewed in MATLAB. Color scale depending on orientation is added for a better visualization
D) 2D projection of the obtained skeleton of a collagen matrix.
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2.4. Image acquisition and cell tracking processing

The complete system with the corresponding samples and hardware for the flow application were inserted
into the incubator chamber of the microscope (Nikon D-Eclipse C1, 10X objective), and the samples were
maintained at 37°C, 5% CO2 and 95% humidity. Then, time-lapse imaging was performed by choosing the
focal plane in the middle along the z-axis and by acquiring phase contrast images every 20 min for 24 h.
To track the cell trajectory, a hand-coded semi-automatic script implemented in MATLAB, already used in
previous works, was employed [35—-37]. These trajectories were used to extract cell mean (Vmean) and
effective (VefY) velocities. Note that Vmean stands for the averaged instantaneous speed including all time
steps, whereas Veff only takes into account the initial and final positions. MSD curve of each trajectory
was also obtained and used to determine the global diffusion coefficient (D) through linear weighted fit of
the mean MSD curve (using the first quarter of the data). Also, MSD individual curves were used to fit a
power law (MSD(¢) = y.t*) ) to determine the kind of motion (a < 1 for confined motion, & =1 for Brownian
or purely diffusive motion and « >1 for directed motion) [54].

ANOVA and Kruskal-Wallis tests were performed to assess statistical significance among the cell
migration data sets, and statistical significance was assumed when p < 0.001 (***), p < 0.01 (**) or p <
0.05 (*).

2.5. Immunofluorescence and quantification of cell morphology

Cells arranged within the collagen fibrillar network were fixed and immunostained by vinculin and
phalloidin to assess focal adhesion formation and cytoskeletal distribution. Samples were fixed by
incubation with 4% paraformaldehyde for 20 min and then washed five times with PBS at room temperature
(RT). Permeabilization of the cells was performed using 0.1% Triton X-100 (Calbiochem) in PBS for 10
min at RT. The cells were washed another three times and blocked with 5% BSA/PBS (Sigma) with 3%
goat serum for 4 h at RT. Afterwards, mouse anti-human hVin-1 antibody (ab11194, Abcam) at 1:100
dilution in 0.5% BSA/PBS was added to the device and then incubated overnight at 4°C. After the device
was washed with 0.5% BSA/PBS at least 5 times, it was incubated with Alexa Fluor® 488 goat anti-mouse
antibody (A11029, Molecular Probes) at 1:100 dilution and with phalloidin-tetramethylrhodamine B
isothicyanate (TRITC) (Sigma-Aldrich P1951) at 1:200 dilution for 3 h at RT in the dark, followed by three
washes with 0.5% BSA/PBS and subsequent washes with PBS alone. Finally, DAPI (Invitrogen, D1306)
was added at a ratio of 1:50 to stain the cell nuclei, and the samples were incubated for 1 h in the dark at
RT. Then, the samples were washed again with 0.5% BSA/PBS and subsequently imaged using an Olympus
Fluoview FV10i confocal microscope equipped with an UPLSAPO 60XW objective.

Additionally, quantitative analysis of the cell morphology these immunostained samples was performed by
using a Nikon D-Eclipse C1 confocal microscope (40X-oil objective) to acquire images and a hand-coded
script implemented in MATLAB to process them. Two main parameters were measured: cell solidity and
cell major axis length. The former is calculated as the cell area divided by the area of the minimum convex
polygon containing the cell. This solidity value helps to measure the irregularity or star-like shape of cells.
Small values correspond to cells with thin bodies and long spread arms, and higher values relate to either
spread or thin cells without protrusions (see Figure 6D).
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2.6. Quantification of interstitial fluid flow in microfluidic devices

Throughout this work, the flow rate value refers to that introduced into the pump programing. However, to
determine the distribution and velocity of the fluid flow inside the hydrogel, two complementary
methodologies were proposed. On the one hand, real fluid velocity was obtained by tracking fluorescent
particles through the hydrogel, whereas computational simulations estimated this speed and the distribution
of fluid along the channels and the central chamber. In this section, both approaches are explained and their
corresponding results are summarized in the Supplementary Material (see section S4).

2.6.1 Bead tracking

Carboxilated beads (FluoSpheres™ Carboxylate-Modified Microspheres, 0.2 pm, red fluorescent
(580/605)-, Life Technologies F8887), which were previously sonicated, were used to quantify the flow
velocities into the hydrogel. A hand-coded script was implemented in MATLAB to track the beads and
obtain their velocity. To quantify the movement of beads into the collagen hydrogel, the concentration of
gel selected to perform this experiment was 1.5 mg/ml in order to simplify the experimental setup. Images
were captured every second during a 5 min period with a fluorescence microscope (Nikon D-Eclipse C1,
Plan Fluor ELWD 40x Ph2 ADL). The distribution of fluid flow inside the 4 mg/ml hydrogel was simulated
and compared to the results obtained in this experimental assay.

2.6.2 Computational model

Computational fluid dynamics was used to predict the flow rate inside the chamber using COMSOL
Multiphysics 4.3 finite-element code (COMSOL AB). The model represents the geometry with a central
channel, which lodges the hydrogel and the channels from each reservoir (see Figure 1A). The cell culture
medium -assumed to be water- was defined as incompressible and homogenous, with a dynamic viscosity
of 1x10E-3 Pa‘s (common for both hydrogels). The corresponding permeability for each gel concentration
was 3.19x10E-13 m? for the 1.5 mg/ml hydrogel and 3.82x10E-13 m? for the 4 mg/ml hydrogel and was
experimentally calculated following a procedure published in a previous work [55].

Two inlets were defined at the entries of the left channel and the contact area between the hydrogel and the
channel. The same boundary conditions were imposed for the outlets in the opposite location of the right
channel. PDMS surfaces were considered impermeable walls.

The device was divided in three regions: zones 1 and 3 correspond to the lateral channels, and zone 2
corresponds to the middle channel (see Figure 1A; zone 1 is in blue; zone 2, in orange; and zone 3, in
green). In zone 2, the inertial term was neglected following the Stokes-Brinkman equation for
incompressible flow. Laminar flow was used, however, for lateral channels. Extremely fine elements were
used to mesh the relevant geometry. The size of the elements ranged between 8.19E-4 mm and 0.143 mm,
and the complete mesh consisted of 86802 elements.

3. Results

Several conditions were tested to explore the effect that extracellular matrix architecture and interstitial
fluid flow exerts on 3D human osteoblast migration.

3.1 The application of 1 pul/min flow alters the architecture of non-crosslinked collagen-based gels
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The collagen network architecture was modified by applying a rapid fluid flow but was unaffected at low
flow rates or when the network was crosslinked with TG2. This suggests that high flow rates are capable
of dragging the collagen fibers, altering both the network orientation and pore size. Microscopic images
were captured before and after the application of fluid flow and then analyzed following the methodology
described in the Material and methods in subsection 2.3. Experimental conditions were divided into four
cases: 1) collagen hydrogel, 2) collagen + 1 pl/min of fluid flow (FF), 3) collagen reticulated with TG2
(collagen + TG2), and 4) collagen + TG2 + 1 ul/min FF. Three different experiments were performed for
each condition (n = 3). Note that in 1) and 3), a null flow rate was used.

To quantify the fiber orientation in 3D, a particular reference coordinate system represented by a semi-
sphere was followed in this analysis (Figure 3A). Hydrogel charge into the microfluidic chamber was
performed by small holes following the Y direction (axis 3), whereas the fluid movement crossed the
hydrogel parallel to the X direction (axis 1). The Z direction represents the height of the channel (axis 13).
After the reconstruction of a 3D stack, the network structure was extracted to obtain fiber alignment,
porosity and pore size. To visualize fiber distribution, all the main directions of the fibers were classified
into angular sectors (3D cones) whose representative vectors are shown in Fig. 3A. Fig. 3B shows a 3D
rose diagram, scaled according to the number of fibers and normalized among all cases, revealing stronger
alignment of the network mainly in the X direction and less strong alignment in the Z direction (axes 1 and
13, respectively) for all studied cases. Alignment in Z is probably due to gravity during polymerization.
Without TG2, alignment in the X direction was enhanced in the presence of flow. The fiber distribution
ratio for each sector of the sphere confirmed that 13.7% of the fibers were aligned with X (axis 1) in case
2 compared to 11.8% in case 1 (see Figure 3C). Such difference apparently comes from a reduction in the
ratio of fibers aligned in Z (17.5% compared to 12.1%) and other directions with the Z component (axes 5
to 12).

In the presence of TG2, our results show that collagen network alignment was mainly unaffected (case 4,
right bottom panel, compared to case 3, left bottom panel, in Figure 3B). With such crosslinking, the ratio
of fibers remained practically constant for all grouping directions before and after flow.

B Collagen Collagen + 1pl/min FF

B coll
#15 B coll+flow
g [coll+tg2
% 10 I coll+tg2+flow
R

123456 7 8 910111213
Vector idx
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Figure 3. A) Reference semi-sphere with numeration of the divisions used to plot the spatial fiber orientation. B) 3D
rose diagrams of fiber orientation for the different conditions. C) Percentage of fibers in the corresponding sector for
each condition.

3.2 Porosity and pore size are unaffected by fluid flow

From the reconstruction of cross-sectional images obtained by confocal microscopy, the porosity and pore
size between fibers were quantified (see table 2). The distribution of pore size is obtained by fitting the
Rayleigh distribution for every assay, and then, the mean value and quantiles are inferred from the model.
The Rayleigh distribution is asymmetrical, showing greater differences in higher quantiles. For instance,
the 90th quantile of the radius (i.e., the value that is only exceeded by 10% of the values) for TG2 treatment
groups was 2.9 pm compared to the control, where 20% of the pores had a radius greater than this value
(table S3 shows the data results for other quantiles). Despite the fact that the average of the mean values of
pore size in TG2 treatment groups was similar for both conditions, the addition of this crosslinker induced
greater homogeneity of the pore size.

Statistical analysis of three independent and different treatments for each condition showed no significant
differences between them. However, the analysis of the standard deviation of the mean (Mean SD) of each
condition did reveal interesting differences between them. In fact, pore size was made uniform by adding
a crosslinker to the gel, especially in the case of collagen with flow application (Mean SD~0.036). The
application of interstitial fluid flow resulted in a reduction of the mean standard deviation value by half in
both conditions (collagen and collagen with TG2). Therefore, this data suggests that flow tends to
homogenize the pore size distribution of collagen networks.

Pore size (um) Porosity
Mean | Mean SD | Q90 | P(radius>2.9) | Mean | Mean SD
Collagen 2 0.386 343 0.20 90.787 3.237
Collagen + 1pl/min FF 1.743 0.137 2.99 0.12 91.147 3.58
Collagen + TG2 1.69 0.079 2.90 0.10 86.567 2.832
Collagen + 1pl/min FF+ TG2 1.69 0.036 2.90 0.10 87.03 2.226

Table 2. Values of porosity and pore size quantified from the matrix architecture and fiber distribution analyses.

3.3 Fluid flow enhances long-distance migration

Effective and mean velocities were obtained for HOB cells (Figure 4A). Due to the large amount of data
processed in this analysis, most of the cases revealed significant differences compared to control conditions
(case 1). Actually, these differences were not very relevant except for non-crosslinked collagen gels under
1 pl/min flow application, which showed mean speeds with a median value approximately 40% higher and
effective speeds more than twice as large as control speeds. Table 3 summarizes the obtained data.

Vmean (um/min) Veffective (Lm/min)

Mean + SD | Median Mean + SD | Median
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Collagen foolg 15433 0.0556 i%_(())115‘532 0.0113
Collagen + TG2 i(?,.loz90980** 0.0560 1000(2)?;3“** 0.0178
Collagen + 1pl/min FF iooulézi - 0.0792 io%gj;i - 0.0216
Collagen + 0.1uVmin FF | o?i(z)zzz** 0.0537 . 0.063 12823** 0.0082

Table 3. Values obtained in the cell tracking measurements of the mean and effective velocity. Each condition
comprises 3 repetitions (~60 cells analyzed per repetition). Anova tests were performed for statistical significance.
*#%*p <0.001; **p<0.01; *p <0.05.

These differences are also noticeable in the relative trajectories (Figure 5), where case 2 (collagen + 1
pl/min FF) stands out with larger and more directed paths. However, the evolution of the directionality ratio
(the minimum distance between two points divided by the real covered distance; Figure 4B) showed few
differences overall, indicating that HOB cells in these conditions tend to remain around small areas and are
predominated by short and random movements.

Diffusion coefficients were also calculated for each condition and indicate the purely diffusive movement
(Brownian motion) of cells in the presence of only flow and without TG2 (see table 4). However, in the
rest of the cases, all migratory patterns corresponded to subdiffusive movement, which normally occurs
under 3D migration conditions [36,46]. It is worth noting that both collagen + TG2 and collagen + 1pum/ml
+ FF confidence intervals of the diffusivity coefficient overlap with the one from collagen, however, it is
also clear that all condition mean D values are out of the confidence interval of the control case
(collagen)[0.06876 — 0.07768], specially case 3 (collagen + 1pl/min FF), which suggests that there are
robust differences between the tested conditions and the control.

Diftusivity
coefficient Alpha
(um /min)(mean (meanpi SD) Cell movement
+ CI)
Collagen 0.07322+0.00446 | 0.83 £0.28 Subdiffusive***
Collagen + TG2 | 0.07884+0.00394 | 0.87 £0.25 Subdiffusive***
Collagen + 0.2652+0.0107 | 0.97+0.32 Purely diffusive
1pl/min FF (Brownian motion)
Collagen +
1pl/min FF+ 0.08070+0.00531 | 0.89 +£0.25 Subdiffusive***
TG2
Collagen + | ) 0441940.00346 | 0.73 =024 Subdiffusive***
0.1pl/min FF
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Table 4. Diffusivity coefficient of each condition and exponential adjustment parameter (alpha) obtained from the
minimum square displacement (MSD) curve fitting [35,56]. Each condition comprises 3 repetitions (~60 cells analyzed
per repetition). T-tests were performed against the null hypothesis that o = 1 (purely diffusive motion) ***p <0.001;
**p <0.01; *p <0.05.

A 04

(9 )

*k%*
iu collagen
collagen+TG2
o 0.
0.3} = = 08 collagen+1ulmin FF
g - < collagen+1ulmin FF+TG2
E ek = 0.6 collagen+0.1ulmin FF
0.2 =
*k%*

) (@]
=) Sk ok -8 04
©
> O 1 * k% g

' 0 0.2

i 5 B E 0
Vmean Veff 0 500 1000 1500

Time [min]

Figure 4. A) Mean and effective speed of HOB cells. Each condition comprises 3 repetitions (~60 cells analyzed per
repetition). Anova tests were performed for statistical significance. ***p<0.001; **p<0.01; *p<0.05. B)
Directionality ratio over time for each condition.

collagen collagen collagen collagen collagen
+TG2 + 1ul/min FF +1/min FF+TG2 + 0.1u/min
(I 140 1G0 19 140

Figure 5. Trajectories of cells whose starting point was centered on the coordinate origin. The conditions analyzed were
collagen or collagen + TG2 in the presence or absence of fluid flow, and the cells embedded in the matrix were altered
with 1 pl/min of fluid flow, presenting higher directionality.

3.4 Cell morphology is regulated by the fluid flow and the matrix architecture

Flow was able not only to change fiber disposition but also to affect cell shape. For instance, apparently,
more focal adhesions (h-Vinl dyed with AlexaFluor® 488) were observed in cells subjected to a 1 ul/min
flow rate compared to controls (see Figure 6A, second and fourth panel). This difference is more remarkable
for cells embedded in collagen gels without TG2 crosslinker addition, presenting greater alteration in the
distribution of fibers under flow application. However, a deeper analysis including a proper quantification
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of this data should be performed to confirm such observations. In any case, it is clear that TG2 increases
the strength and deformation resistance of collagen hydrogels, thus decreasing fiber alterations when the
gel is subjected to shear stress and in turn causing the cell morphology to change less abruptly. The
formation of thin membranes between fibers confers these properties to the hydrogel without varying its
stiffness significantly, as was concluded in a previous work [35]. In hydrogels with TG2, the cells showed
a lobopodial shape probably as an adaptation to the matrix architecture (see Figure 6).

A collagen collagen collagen collagen
+ 1ul/min FF +TG2 +1ul/min FF+TG2

h-Vin1

Nuclei

o o
»

Cell solidity

°
(N)

Cell major axis length [um] O

Figure 6. A) Examples of cell morphologies in the different mechanical conditions. Samples were fixed; stained for
vinculin (green), phalloidin (actin, red) and DAPI (nuclei, blue); and imaged using an Olympus Fluoview FV10i
confocal microscope with a 60XW objective. B) Cell major axis length. C) Cell solidity. D) An example of a cell
processed with the MATLAB script. Segmented perimeter is highlighted in yellow. Convex polygons used for the
solidity calculation are shown in cyan. Image captured using a Nikon D-Eclipse C1 confocal microscope with a 40X

oil objective. N>20 cells analyzed for each condition. Anova tests were performed for statistical significance.
*#%*p <0.001; **p<0.01; *p <0.05.

According to the quantitative study of cell morphology from immunostained samples, cells of hydrogels
crosslinked with TG2 showed higher cell solidity values compared to those without TG2. For instance, the
median of the hydrogel with TG2 (0.5613+0.1484) was over the 75" quantile of cell solidity in the collagen
assay (Figure 6C, first column). Even with flow, the median values obtained (TG2+flow: 0.543+0.156)
were greater than those corresponding to cases 1 and 2 (collagen: 0.515+0.1086; collagen +flow:
0.4469+0.1563). Thus, the data indicated that a relation between the fixation of fibers through crosslinkers
and cell morphology may exist, with a lower number of protrusions and greater elongation presented in
these cases compared to the control condition. In sum, cell solidity was decreased by fluid flow application,
more remarkably in hydrogels without TG2.
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Thus, the application of flow decreases cell solidity and increases cell major axis length for both crosslinked
and non-crosslinked gels. That is, fluid flow affects cell morphology, promoting thinner bodies and star-
like shapes (Figure 6B). On the other hand, TG2 increases solidity and decreases cell major axis length
overall probably due to the higher stability of the network. Figure 6D shows an example of cells segmented
and processed with the hand-coded MATLAB script.

4. Discussion

The wide variety of mechanisms involved in cell migration are difficult to study under in vivo conditions
due to the large number of factors involved in this process, from adjacent cells and tissues to intra- and
extracellular signaling. This fact has promoted the development of new techniques that allow the re-creation
of in vivo conditions in simplified approaches. Microfluidics is a fundamental technique for 3D culture,
providing 4D monitoring (space + time), easy application of interstitial fluid flow, possibility of multiple
co-culture or high control of mechano-chemical gradients among other advantages. Despite the potential of
3D cultures to mimic in vivo conditions better than traditional 2D cultures, they are still a crude approach
to reproduce the physiological conditions of bone fracture healing processes. One of the main limitations
is the recreation of the exact extracellular matrix surrounding bone fractures. Leong and Morgan analyzed
the material properties of individual callus tissues by nanoindentation obtaining the following values of
indentation moduli: granulation tissue: 0.61-1.27 MPa (median = 0.99 MPa); chondroid tissue and 1.39—
4.42 MPa (median = 2.89 MPa) and woven bone 26.92-1010.00 MPa (median = 132.00 MPa) [57].
Compared to those values, the material properties of our collagen-based gels are low (see Table 1).
Although we could tune these properties using different types of gels, it is very difficult to find natural or
synthetic ones whose stiffness and architecture get close to those of granulation tissue, soft callus or hard
callus. Another limitation of the microfluidic approach to simulate fracture healing is that normally the
interfragmentary gap suffers some strains that induce the movement of interstitial fluid flow. This effect is
actually not included in this in-vitro analysis, because we can only simulate the interstitial fluid conditions
directly. Although we have mainly applied unidirectional fluid flow, oscillatory fluid flow would be more
representative of fracture healing conditions and will be studied in future works. Even with its limitations,
our microfluidic system allows us to analyze the isolated and combined effect of different
microenvironmental stimuli on osteoblast behavior. This permits to advance in the understanding of how
interstitial fluid flow and the hardening of the matrix (by means of crosslinking) may affect the osteoblast
navigation capacity in 3D, which is the main aim of this work.

The dynamic load on the bone is fundamental for osteogenesis and maintenance of bone homeostasis,
regulating the different cellular responses. The mechanosensitivity response of osteoblasts has been
previously studied mainly in cells from murine species; for example, the molecular aspects involved in ion
transport, such as calcium (receptors (P2Y2)) [58] or nitric oxide release in osteoblasts, have been analyzed
[59]. Additionally, the potent stimulator effect of fluid flow on ECM synthesis has been reported by other
authors [60—62], some of them concluding that interstitial fluid flow enhances the creation of bone matrix
after a few days [63].

Physiologically, during the formation of bone tissue, osteoblasts synthesize and deposit type I collagen,
either with a random orientation of collagen fibrils (woven bone) or grouped in parallel matrices (lamellar
bone) following an orthogonal pattern [64]. Hoert et al. have proposed a model (based on murine bone)
where they analyzed the nanostructure and micromechanical properties of the new corpus callosum and
mature laminar bone in the cortex, demonstrating its different fibrillary organization and mineral content
in the different types of healing bone [65,66]. In an attempt to recreate this collagen-based matrix in the
woven bone, in our experiments the disposition of collagen fibers was modified by altering the collagen
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concentration (see S5- Supplementary Material) as well as by the addition of TG2. In this context, the study
of fluid flow effects on HOB migration in terms of mean (instantaneous) and effective velocities revealed
significant differences, especially when a 1 pl/ml fluid flow rate was applied to gels without TG2. Matrix
structural analysis revealed that the fiber distribution in crosslinked gels remained unaltered despite the
application of flow, while significant alignment with flow occurred in non-crosslinked gels. We consider
that this effect may determine the different migratory pattern. It is worth mentioning that age usually
increases the concentration of collagen crosslinkers, inducing the stiffening of the ECM [67], which
sometimes can be associated to diabetes [68]. In these situations, one of the main biochemical abnormalities
that occur is the formation of advanced glycation end-products (AGEs) as a consequence of non-enzymatic
collagen glycosylation, directly related to increased collagen crosslinking [69]. Therefore, our in-vitro
model allows simulating the process of aging by means of increasing the concentration of collagen
crosslinkers, showing a lower capacity in the osteoblast migration in comparison with crosslinker-free
collagen gels. This effect is in agreement with the delay healing that occurs in diabetic and elder patients.

Nevertheless, other effects might be also regulating osteoblast motility, for example, fluid flow might
directly affect cells and alteration of fibers might modify mechanical and degradation properties of these
collagen-based gels. In fact, osteoblast migration in 3D is mainly determined by the capacity of osteoblasts
to deform and degrade the matrix [35]. In a similar way, when analyzing non-crosslinked gels, we observe
that high rates of flow enhanced osteoblast velocity, but these rates also produced changes in cell
morphology, with the cells acquiring a more star-like appearance. Finally, when studying migration on
crosslinked gels, we found that osteoblast migration remained mostly unaffected despite fluid flow, while
their morphology changed similar to those in non-crosslinked gels. Hence, these results also suggest that
other stimuli like direct fluid flow sensed by cells might be regulating osteoblast morphology. In addition,
we can observe that the most important differences in cell morphology were observed when collagen gel
was crosslinked, probably caused by the increment of the mechanical [70-72] and adhesion properties
[43,73] induced by the inclusion of TG2.

To understand these results, a quantitative analysis of the microstructure of gels for all conditions was
performed. This quantification revealed that the addition of one crosslinker to the collagen hydrogel
prevented the alteration of fiber disposition when subjected to flow. A matrix architecture analysis was
performed, and the pore size and porosity were estimated, revealing a more uniform distribution of the
architecture when TG2 was added. While crosslinker-free collagen gels presented very large or small pores,
the application of fluid flow resulted in greater uniformity of the pore size, which may be directly affecting
cell migration. In the case of gels with TG2, although the average pore size did not vary in the case without
flow, the pores were less uniform than when an interstitial flow was applied, thus favoring cell movement.
The differences found were, however, not significant, so more gels should be analyzed to confirm strength
this observation. The addition of this stabilizer intended to simulate the different matrices to which
osteoblasts are subjected during endochondral ossification. Cell migration under TG2 conditions presented
patterns similar to those of the control, regardless of the presence of flow. However, the interstitial fluid
flow through the matrix was able to alter cell morphology without altering the architecture of the hydrogel,
which produced cells with low branching (high solidity).

Other studies of the interstitial flow effect on matrix disposition have been performed. For instance, Guo &
Kaufman [74] analyzed the effect of collagen fiber alignment on cell spreading and concluded that after
several hours of alignment, this effect is reduced as the cell concentration is higher and with the consequent
remodeling of the matrix and fiber aggregation. Hydrogels used in most of the published works presented
a lower collagen concentration (2 mg/ml, 2.5 mg/ml)[74,75] compared to the collagen concentration used
in this work (4 mg/ml). These differences in concentration and in the rigidity of the hydrogels can be crucial
for observing a clear alignment in low-concentration gels, which are more easily modified by external
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stimuli. For the gels used in this work, it was necessary to obtain and quantify confocal microscopic images
since at first sight, the differences were not perceptible.

To better understand the three-dimensional migratory pattern of osteoblasts, apart from quantifying the
trajectories followed in the assays monitored over time, cells were immunostained to analyze their
morphology. With our results, we could conclude that the laxity of unmodified collagen fibers allows cells
to have a larger cell body, while greater polarization was found in cells embedded in hydrogels with TG2.
Overall, fluid flow promoted the elongation of cells.

5. Conclusions

Between all the cases analyzed, we quantified significant differences in the osteoblast migration speed when
collagen-based gels were exposed to interstitial fluid flow. In fact, we found that interstitial fluid flow
application promotes matrix fiber alignment and homogenization of the pore size. To strengthen the
collagen network we crosslinked collagen-based gels with TG2. Under these conditions, we observed no
changes in osteoblast migration speed. These results together demonstrate the crucial influence of matrix
architecture on osteoblast migration.

Furthermore, we observed an alteration in osteoblast morphology when interstitial flow was applied in
different collagen-based gels (crosslinked or non-crosslinked). This finding suggests that interstitial flow
may help to modulate osteoblast phenotypes and drive the progression of bone regeneration. Taken
together, these results have a potential use in regenerative medicine and may be useful in the design of
therapeutic approaches to promote bone regeneration and prevent unsuccessful bone healing.
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Supplementary material

S1- RDG 525 is the best material for 3D printing

Considering the purpose of this system, one of the most important points was the possibility of platform
sterilization, making it suitable for cell culture by autoclaving cycles. For the performance of cell migration
tests, the flow system must be placed in an incubation chamber at 37°C and 5% CO2 under humidity
conditions for at least 24 hours and must support these temperatures without deformation. Under these
conditions, the materials initially chosen were RGD 720 (general purpose) and RGD 525 (high
temperature). Analyses of the pieces were carried out by coordinate measurement of the pieces before and
after autoclaved cycles and finite-element simulation (Abaqus) (data not shown) to quantify the
deformations of the material under the high-temperature conditions previously mentioned. It was possible
to conclude that with the RGD 525 material, the small deformations induced by autoclaved cycles allowed
the planned test setups to be performed and had no influence on the results; therefore, this was the best
material for our assays.

S2- Scheme-summary of the conditions applied for the study of the different parameters analyzed
throughout this article.

2.5 mg/ml
. Flow
WihTG2  e—
Non flow
Osteoblast migration 4 mg/ml
Without TG2 o—E: i
_ Non flow
6 ml
mg/ ” ._[: Flow
o — With TG2 Noiew
collagen
a8 . Flow
Without TG2 0—[:
Collagen structure 4 mg/ml Confocal reflection Non flow
Inmunostaining
4 mg/ml &——» COMSOL simulations

Biowiguantiteaton COMSOL simulations
1.5 mg/ml 0—[:
Experimental measurements

Figure S1. Flowchart of the conditions performed for the analysis of the different parameters studied in this
work.

S3- Coincident fibers by using different methodologies of collagen matrix visualization

To evaluate the coincident position of collagen fibers in all of methodologies, an algorithm to automatically
obtain the true colocalization proposed for Villalta et al. 2011 was executed in MATLAB [76]. Manders
overlap coefficient (R) and Pearson’s correlation coefficient (r) were calculated basing on the fluorescence
intensity of each pixel in a pair of images.
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According to the positive, negative or null proportional contribution of pixel pairs, the correlation of images
varied, being positively correlated when r>0, independently distributed when r=0, or negatively correlated.
As the algorithm used to analyze the images allows only two simultaneous comparisons, in the case of
hydrogels with DQ-Collagen, all options were cross-checked between them (confocal reflection- DQ-
Collagen fluorescence — Alexa 546 immunostaining). For the case of the gel without collagen DQ, only a
comparison of images was required (see table S1). Figure S2 shows the results obtained in the analysis of
coincident fibers for a pair of selected images to validate our novel method.

Based on the results from the exhaustive image and statistical analyses performed, our hypothesis of
coincident collagen fibers in the case of DQ-Collagen application could be accepted. r values fluctuated
between 0.36 and 0.79 and were positive in all cases, which indicates a true correlation between the images.

In addition, to verify that the values obtained from the correlation analysis were not coincidental, the same
test was performed, but the pixels of the image were distributed in a random manner. Statistical analysis
was then carried out to check that the measured values of R and r were significantly higher than those
measured when there was only random overlap.

Pearson P value* Manders Overlap P Value*
Collagen hydrogel
Alexa 546 +C Reflection 0.36752287 1E-16 0.5310421 1E-16
DQ Ccollagen hydrogel
Alexa 546+ DQ collagen 0.79859203 1E-16 0.8585667 1E-16
Alexa 546 +C Reflection 0.40916434 1E-16 0.58667082 1E-16
DQ Collagen + C. Reflection 0.44234043 1E-16 0.60646546 1E-16

Table S1. Corresponding values for Manders overlap coefficient and Pearson’s correlation. *P value of
0.95% indicates significant colocalization (p<0.05).
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Figure S2. Confocal reflection of a collagen hydrogel, DQ-Collagen and the immunostained hydrogel
images captured with a 60X oil objective are shown in A. B) Images from DQ-Collagen and immunostained
collagen were compared, obtaining the colocalization mask followed by the Pearson and Manders map.
Distribution of Pearson’s correlation coefficient (C) and Manders overlap coefficient (D) for the
fluorescence intensity of every pixel in a pair of images.

S4- Similar flow rate estimation by different methodologies

To simplify the quantification of fluid flow into the hydrogel, a 1.5 mg/ml collagen concentration was
selected for this experiment. The collagen network for this concentration presented a disposition of the fiber
network that facilitated the visualization of beads inside the hydrogel. The results obtained by particle
tracking and computational simulations were similar. These results allowed us to determine how fluid flow
was distributed along the chambers and to extrapolate distribution for the 4 mg/ml hydrogel. Previously,
the permeability of both hydrogels was determined, and the following values were obtained: 3.19-10E-13
m? for the 1.5 mg/ml hydrogel and 3.82:10E-13 for the 4 mg/ml hydrogel. These data were incorporated
into a COMSOL model, and the velocities for a 4 mg/ml gel medium (23.47+0.7714 pm/s) and for a 1.5
mg/ml gel medium (24.238+1.0255 pm/s) were obtained. Data for each condition were taken from the area
between the two posts and across the width of the gel, including the central and lateral areas of the gel (the
results are summarized in table S2).

Velocity 1.5 mg/ml Collagen (um/s) Velocity 4 mg/ml
Collagen (um/s)
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Particles tracking COMSOL Multiphysics 4.3
26.0655+15.6797 26.86 £4.22 25.2453 + 8.1634
Table S2. Values of fluid speed inside the 1.5 mg/ml and 4 mg/ml collagen hydrogels.

Another flow rate applied to the osteoblast culture was 0.1 ul/min, and 2.347 um/s was the corresponding
value estimated for this case.

It is worth noting the high dispersion obtained (comparable to the mean). This effect might be caused by
the high concentration of particles that were retained in the meniscus of the gel versus the long distance
traveled by other groups of beads (Figure S3, A and B)

On the other hand, the computational model showed a symmetric distribution of fluid inside the chamber
when analyzing the streamline trajectories (Figure S3 C and D).
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Figure S3. A and B: Quantification of bead movement inside the collagen hydrogel and its trajectories in
the substracted (A) and merged (B) images. C and D: Estimation of fluid flow inside the chamber.
COMSOL simulation of the upper chip area (C) and the central zone of the chip (D). Streamlines are
represented in light blue, and the flow direction is indicated by the red arrows.
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Q50 Q75 Q90 Q95
Collagen 1.88 2.66 3.43 4.86
Collagen +
1pl/min FF 1.64 2.32 2.99 4.23
Collagen + TG2 1.59 2.25 2.9 4.1
Collagen +
1pl/min FF+ TG2 1.59 2.25 2.9 4.11

Table S3. From the fitted distribution of data, the average of the higher quantiles for each condition was

calculated and is shown in this table.

S5- Effect of collagen concentration on osteoblast migration

In order to analyze osteoblast migration in static conditions in three different collagen concentrations, new
independent experiments were performed. The selected collagen concentrations were: 2.5mg/ml, 4mg/ml
and 6mg/ml. The preparation of collagen hydrogel was performed by following the protocol described in
the section 2.2 and using the same cell concentration.
Results show statistically significant differences in osteoblast speed migration in 2.5 mg/ml gels compared
to 4 and 6 mg/ml gels, especially regarding effective velocities. In the first case, due to the properties of
hydrogel, which has a higher pore size and lower stiffness, the migration of the cells was faster and more
directed than in the other conditions. With the increase in the concentration of collagen, and therefore in
the stiffness of the matrix, the migration speeds (Figure S4A) followed by the cells (see Figure S4B)
dropped, and the trajectories were shorter and confined to a smaller region.
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Figure S4. A) Mean and effective speeds of HOB cells cultured in 2.5 mg/ml, 4 mg/ml and 6mg/ml collagen
hydrogels. Anova tests were performed for statistical significance ***p < 0,001; **p < 0,01; *p < 0,05. B)

Cell trajectories for the different conditions of collagen concentrations.
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Figures

Figure 1. A) The general conformation of the microfluidic device and its transversal section to visualize the
distribution of channels. B) A representative diagram of the fluid flow setup (1: input and output connectors;
2: microscopic visualization area; 3: screw holes for the locking system; 4: recess for microfluidic chip
insertion).

Figure 2. A) Stack of confocal cross-sections. B) Binarized stack visualized with Paraview. C) Ct-Fire
reconstruction of the collagen network viewed in MATLAB. D) 2D projection of the obtained skeleton of
a collagen matrix.

Figure 3. A) Reference semi-sphere with numeration of the divisions used to plot the spatial fiber
orientation. B) 3D rose diagrams of fiber orientation for the different conditions. C) Percentage of fibers in
the corresponding sector for each condition

Figure 4. A) Mean and effective speed of HOB cells. Each condition comprises 3 repetitions (~60 cells
analyzed per repetition). Anova tests were performed for statistical significance. ***p <0.001; **p <0.01;
*p <0.05. B) Directionality ratio over time for each condition.

Figure 5. Trajectories of cells whose starting point was centered on the coordinate origin. The conditions
analyzed were collagen or collagen + TG2 in the presence or absence of fluid flow, and the cells embedded
in the matrix were altered with 1 pl/min of fluid flow, presenting higher directionality.

Figure 6. A) Examples of cell morphologies in the different mechanical conditions: Collagen, Collagen +
1 pl/min flow, Collagen+ TG2, and Collagen+ TG2+ 1 pl/min flow. Samples were fixed; stained for
vinculin (green), phalloidin (actin, red) and DAPI (nuclei, blue); and imaged using an Olympus Fluoview
FV10i confocal microscope with a 60XW objective. B) Cell major axis length. C) Cell solidity. D) An
example of a cell processed with the MATLAB script (image captured using a Nikon D-Eclipse C1 confocal
microscope with a 40X oil objective). N>20 cells analyzed for each condition. Anova tests were performed
for statistical significance. ***p <0.001; **p <0.01; *p <0.05.

Figure S1. Flowchart of the conditions performed for the analysis of the different parameters studied in this
work.

Figure S2. Confocal reflection of a collagen hydrogel, DQ-Collagen and the immunostained hydrogel
images captured with a 60X oil objective are shown in A. B) Images from DQ-Collagen and immunostained
collagen were compared, obtaining the colocalization mask followed by the Pearson and Manders map.
Distribution of Pearson’s correlation coefficient (C) and Manders overlap coefficient (D) for the
fluorescence intensity of every pixel in a pair of images.

Figure S3. A and B: Quantification of bead movement inside the collagen hydrogel and its trajectories in
the substracted (A) and merged (B) images. C and D: Estimation of fluid flow inside the chamber.
COMSOL simulation of the upper chip area (C) and the central zone of the chip (D). Streamlines are
represented in light blue, and the flow direction is indicated by the red arrows.

Figure S4. A) Mean and effective speed of HOB cells cultured in 2.5 mg/ml, 4 mg/ml and 6mg/ml collagen
hydrogels. Anova tests were performed for statistical significance ***p < 0,001; **p < 0,01; *p < 0,05. B)
Cell trajectories for the different conditions of collagen concentrations
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Tables

Table 1. Mechanical properties of the collagen hydrogels used for the in vitro experiments. Three samples
were analyzed for the cases without TG2 and 25 pg/ml of TG2. Data taken with permission from [35].

Table 2. Values of porosity and pore size quantified from the matrix architecture and fiber distribution
analyses.

Table 3. Values obtained in the cell tracking measurements of the mean and effective velocity. Each
condition comprises 3 repetitions (~60 cells analyzed per repetition). Anova tests were performed for
statistical significance. ***p <0.001; **p <0.01; *p <0.05.

Table 4. Diffusivity coefficient of each condition and exponential adjustment parameter (alpha) obtained
from the minimum square displacement (MSD) curve fitting [35,56]. Each condition comprises 3
repetitions (~60 cells analyzed per repetition). T-tests were performed against the null hypothesis that a =
1 (purely diffusive motion) ***p <0.001; **p <0.01; *p <0.05.

Table S1. Corresponding values for Manders overlap coefficient and Pearson’s correlation. *P value of
0.95% indicates significant colocalization (p<0.05).

Table S2. Values of fluid speed inside the 1.5 mg/ml and 4 mg/ml collagen hydrogels.

Table S3. From the fitted distribution of data, the average of the higher quantiles for each condition was
calculated and is shown in this table.
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