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the knowledge of the role of each specific signal, it is fundamental to analyze the impact of each factor indepen-
dently. Microfluidic-based cell culture is an appropriate technology to achieve this objective, because it allows
recreating realistic 3D local microenvironments by taking into account the extracellular matrix, cells and chem-
ical gradients in an independent or combined scenario. The main aim of this work is to analyze the impact of ex-

gi{::,%rgss'ts tracellular matrix properties and growth factor gradients on 3D osteoblast movement, as well as the role of cell
Chemotaxis matrix degradation. For that, we used collagen-based hydrogels, with and without crosslinkers, under different
Crosslinking chemical gradients, and eventually inhibiting metalloproteinases to tweak matrix degradation. We found that
Collagen osteoblast's 3D migratory patterns were affected by the hydrogel properties and the PDGF-BB gradient, although
Marimastat the strongest regulatory factor was determined by the ability of cells to remodel the matrix.
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1. Introduction

Cell migration plays a critical and crucial function on many regener-
ative processes, including bone regeneration. Migration of highly motile
cells (such as fibroblasts) has been the focus of intensive experiments
and mathematical modeling research [26,32,33,36,39,46], specifically
in wound healing applications. However, there are few experimental
works in the literature regarding osteoblast migration [10,22,24], in
comparison with the more numerous mathematical modeling ap-
proaches due to the wide variety of modeling techniques [2,5,19,20,38].

Most of in-vitro experiments of osteoblast migration have been de-
veloped with cells of different animal origin, for instance neonatal rat
calvarial osteoblasts [10] or murine osteoblastic cell lines [14,45]. How-
ever there are not many in-vitro works of 3D migration with human os-
teoblasts. In fact, as far as authors are concerned, the most relevant work
corresponds to the one from [40] that studied 3D migration induced by
apatite.

Osteoblast population migratory response to chemo-attractants has
been normally studied on chosen substrates or non-porous surfaces (for
example, metals used for orthopedic/dental applications) [10] or using
commercially available Boyden chamber assays [22]. However, none
of these assays allow examination of cellular chemotaxis on 3D environ-
ments. The present study adapts the well-documented tumor cell
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migration assays under a chemical gradient [1,3] to examine osteoblast
3D migration.

To recreate physiological osteoblast 3D migration, the use of biomi-
metic hydrogels is fundamental. Osteoblast culture using type I collagen
gel, which is the major component of bone matrix, was first described
by Elsdale and Bard [15]. Osteoblasts in such culturing conditions main-
tained their function, 3D structure and cell-cell interaction [45]. In fact,
they found that osteoblasts migrated into the gel, extended dendritic
protrusions towards neighboring cells, and synthesized collagen fibrils,
mineralizing around themselves. Nevertheless, Uchihashi et al. [45] fo-
cused their work on understanding the transition mechanism from os-
teoblast to osteocyte, but did not quantify osteoblast migration.
Mullen et al. [34] investigated the effect of collagen cross-linking
(with glutaraldehyde) in conjunction with substrate thickness on the
2D osteogenic cell behavior finding that MC3T3 cells cultured on a soft
fibrous substrate attain the same spread cell area as those cultured on
a much higher modulus, but nonfibrous substrate. More recently,
Robin et al. [40] showed that osteoblast 3D invasion is enhanced by
the presence of apatite bone mineral in the extracellular matrix
(ECM), although migration was not quantified in terms of speed and di-
rectionality. To date, to the best of authors' knowledge, the migration
characteristics of osteoblasts on 3D collagen gels modified with cross-
linkers have not been examined.

Different kind of growth factors have been studied in the literature
to evaluate the osteoblast chemotactic properties: TGF- is a
chemoattractant used for stimulating rat osteosarcoma cells [29] and
human osteoblasts [27]; OP-1 is chemically and structurally similar to
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bone morphogenetic protein-2, a chemoattractant for human osteo-
blasts [27]; insulin-like growth factors (IGF-1 and IGF-2) also stimulate
the site-directed migration of osteoblasts [27,35]; Robin et al. [40] dem-
onstrated that the presence of bone apatite promotes osteoblast migra-
tion, possibly through ion release and/or mediated by the roughness of
the apatite or the alteration of the mechanical properties. In any case,
the platelet derived growth factor 3 (PDGF-BB) has been found to be
one of the most potent chemotactic factors for primary osteoblasts
and osteoblastic cell lines in 2D cell migration [6,22,27,31]. In fact,
PDGF has been used as a treatment for improving bone fracture healing
in preclinical and clinical stages [12,23].

To migrate in 3D, cells can use either proteolytic (mesenchymal) or
non-proteolytic (amoeboid) strategies [13]. In proteolytic migration,
cells adhere to matrix secreting active metalloproteases (MMP), which
break down the ECM and thus create macroscopic holes that allow
their movement. However, in non-proteolytic migration, cells deform
the ECM or squeeze through it, without degradation. From the litera-
ture, it is not clear whether osteoblast migration in collagen-based ma-
trices presents a proteolytic or a non-proteolytic strategy. Therefore, the
main aim of the present study is to quantitatively examine the migra-
tion characteristics of human osteoblasts on 3D collagen-based matri-
ces. For that, we used 4 mg/ml collagen hydrogels, eventually adding
crosslinkers and/or inhibiting metalloproteases activity. In addition, dif-
ferent PDGF-BB chemical gradients were induced in order to under-
stand their regulatory role.

2. Materials and methods
2.1. Fabrication of microfluidic chips

Microdevices were fabricated in PDMS following the methodology
described by Shin et al. [43]. Actually, they were made of polydimethyl-
siloxane (PDMS-Dow Corning GMbH Sylgard 184, Dow Chemical, Ger-
many) at a 10:1 ratio of base to curing agent. PDMS microdevices
were plasma-bonded to 35 mm glass-bottom petri dishes (IBIDI) and
treated with poly-p-lysine (PDL) solution (Sigma- Aldrich, Germany)
at 1 mg/ml for enhanced surface-matrix attachment.

The geometry of the microfluidic devices (Fig. 1A, B) consists of two
media channels running parallel to and located on either side of an ex-
tended central channel containing the hydrogel with the cells, which
simulates the bone matrix (based on the one used by [17]).

2.2. Collagen-based gels and 3D cell culture

The hydrogel used to simulate bone matrix was collagen type I (BD
Biosciences), which was prepared to a final concentration of 4 mg/ml
with DPBS (Lonza) following the methodology proposed by Shin et al.
[43]. The dilution was brought to pH 7.4 with 0.5 M NaOH. Cells
suspended in culture medium were mixed with the collagen hydrogel
to a final dilution of 1 x 10 cells/ml. This dilution was then pipetted
into the central gel chamber and the hydrogel was confined by surface
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tension. Once in place, collagen gel solution was polymerized in a hu-
midity chamber at 37 °C and 5% CO, for 20 min. After that, the matrix
was hydrated with Osteoblast Growth Medium (OGM) and incubated
overnight for stabilization of matrix and cell adhesion.

Human Osteoblast (HOB, C-12720, Promocell) cells were cultured
using Osteoblast Growth Medium (C-27001, 0.1 ml/ml of Fetal Calf
Serum, Promocell) and used in passages 3-6. Cells were maintained in
a humidified atmosphere incubator at 37 °C and with 5% CO-.

2.3. Mechanical and microstructural characterization of collagen-based
scaffolds

Collagen hydrogels used for cell culture were characterized by rheol-
ogy to obtain their mechanical properties using a Haake Rheostress 1
rheometer. Collagen hydrogels were immediately pipetted on the rhe-
ometer after being prepared and polymerized in-situ during 24 h at 37
°C. All samples were tested using a cone-plate configuration with a
35 mm diameter and a cone angle of 1°. To avoid dehydration the sam-
ples were sealed with low viscosity oil. After 24 h the gels were mechan-
ically loaded applying oscillatory strain sweeps with an excitation
frequency of 0.1 Hz.

In addition, microarchitecture of the hydrogels was evaluated by
means of scanning electron microscopy (SEM). Images were acquired
using a SEM Inspect™ F50 (FEI Company, Eindhoven, The Netherlands)
in an energy range between 0 and 30 keV. The hydrogels for the micro-
structural study were prepared as described before and allowed to sta-
bilize for 24 h in a humidified chamber at 37 °C. The preparation of the
samples was made by firstly frozen each sample separately in liquid ni-
trogen. Subsequently, the tubes containing the samples were submitted
to lyophilizer (Telstar cryodos Freeze Dryer) for at least 24 h. Finally, the
samples were coated with a carbon film before they were examined
with the SEM technique.

To modify the mechanical properties of the collagen-based
hydrogels we altered the microstructure via crosslinking with
Transglutaminase (TG2) [18], which increases strength and resistance
of biopolymers to proteolytic digestion [7,25]. Purified recombinant
human Transglutaminase II (TG2) in solution (R&D Systems) at 25 pg/
ml was mixed into the hydrogel solution and softly pipetted into the de-
vices. The enzyme was added in the last place to the collagen-reaction
mix to minimize any self-imposed crosslinking. The hydrogel was poly-
merized for 20 min in a humidified chamber, at 37 °C and 5% CO,. Fol-
lowing polymerization, the matrix was hydrated an incubated
overnight in the same conditions.

24. Application of a chemical gradient

In order to recreate the local conditions that occur in the environ-
ment of a bone fracture or injury, we induce in the microfluidic device
a chemical gradient using PDGF-BB as chemoattractant. The concentra-
tions of the recombinant human PDGF-BB (Invitrogen) isoform used in

Fig. 1. A) Picture of the microfluidic device placed inside a 35 mm plate. B) Scheme of the central part of the device. The central channel is filled with collagen and cells through the auxiliary
channels (orange horizontal arrows). The two main media channels, namely the source channel and the sink channel, ensure the hydration and diffusion of the PDGF-BB through the
hydrogel. Red arrow heads indicate the direction of the chemical gradient. Importantly, the height of the channels is 300 um for all the geometry. Further geometric details can be
found at [33]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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