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The recent development of bone-on-chips (BOCs) holds the main advantage of requiring a low quantity of cells and
material, compared to traditional In Vitro models. By incorporating hydrogels within BOCs, the culture system
moved to a three dimensional culture environment for cells which is more representative of bone tissue matrix and
function. The fundamental components of hydrogel-based BOCs, namely the cellular sources, the hydrogel and the
culture chamber, have been tuned to mimic the hematopoietic niche in the bone aspirate marrow, cancer bone

metastasis and osteo/chondrogenic differentiation.

bone-on-chip bone microenvironment bone hydrogels tunable hydrogels

microfluidic bone treatments bone models

| 1. Introduction

Musculoskeletal disorders and related bone diseases are one of the major causes of pain and disability as well as
a social and economical burden for our society. Diseases such as osteoarthritis, bone fracture, osteoporosis, bone
tumor and osteosarcopenia affect 1 of 2 adults in United States I and more than 100 million Europeans . More
specifically on bone alteration, the estimated incidence of bone fractures is 3 per 100 people per year in UK B and
US B, Despite the intrinsic repair capacities of bone tissue, 5-10% of fractures are not self-healdling and described
as non-unions and require expensive operative interventions 2. Bone traumatic injuries cost $56 billion every year
in US alone M, while fractures associated to osteoporosis cost €37.5 billion in the largest European countries 8. In
search of reducing the societal and economical burden of bone diseases, experimental models of bone tissue are
continuously evolving to recapitulate specific mechanisms of bone physiology, pathology or to evaluate the effect of
potential therapies. Two types of models are available, ex vivo models where bone tissue are cultured outside of
the body @ and In Vitro models where cells are isolated and cultured in a 2D or 3D environment. In Vitro
experimental bone models are more easily available than living explants and facilitate the culture of human cells in
a controlled environment outside of living organisms . Moreover, a high number of parameters can be tested with
one single batch. Yet, traditional 2D In Vitro models are not suitable for long-term studies and may fail in
recapitulating a clinically relevant environment due to the absence of all factors present in vivo &, but their high

output and outcome balance this weakness.

The lack of clinical relevance of 2D or the experimental challenge of large scale 3D In Vitro models, which includes
the high number of cells necessary and necrosis in the core of large scaffold, led to the development of the organ-

on-chip field. The organ-on-chip technologies have recently emerged from the synergy of microfabrication

https://encyclopedia.pub/entry/9800 1/11



Hydrogel-Based Bone-On-Chips | Encyclopedia.pub

techniques and tissue engineering, aiming to replicate specific processes of organ functionality in sophisticated In
Vitro microenvironments and reduce the amount of cells required. While the use of organ-on-chips for drug
screening is steadily increasing 1%, the combination of microengineered systems with primary patient cells is
inspiring the field of regenerative medicine (111 as well as personalized medicine, since they facilitate the use of
cells isolated from individual patients 22!, Different organ-on-chips were recently developed to predict the variability
between individuals associated to specific biological processes, such as the permeability of the blood-brain barrier
(23] the inflammation of the human airways 14, the proliferation of multiple myeloma cells 22 and the drug-induced
hematotoxicity (261,

Compared to other tissues, Bone-On-Chip (BOC) platforms have mostly emerged in recent years. The first
literature review on the development and challenges of BOC systems has been recently published, showing the
main technical solutions adopted to study bone cell function, bone regeneration and its interaction with multiple
tissues 7. Starting from a monolayer of mouse osteocyte-like cell line to study mechano-regulation under
oscillatory fluid flow (28] BOCs moved to three dimensional (3D) culture systems that investigated the osteocytic
network formation 2229 or the bone matrix mineralization process 21, Indeed, 3D culture environments mimicking
the extracellular matrix (ECM) provide representative systems of tissue function where hydrogels are an ideal

candidate to reflect the matrix topography and properties.

| 2. Hydrogel-Based Bone-On-Chips

The development of organ-on-chips typically starts from a microfabrication technique, such as mask-based
photolithography, etching precise microscale pattern into photosensitive materials, thus creating a mold 22, Later,
soft lithography replicates the master pattern in the microengineered device. For organ-on-chips applications, the
soft elastomer poly(dimethylsiloxane) (PDMS) is the standard material used for the stamp, given its optical
transparency, and biocompatibility. Moreover, PDMS can restore hydrophobicity after the stamp is bonded to a flat
surface, which facilitates the filling of the culture chamber with hydrogel 23], The final device consists of transparent
polymeric microchannels where mechanical stimuli, such as laminar fluid flow, and biochemical gradients can be
applied, while tissue-tissue interfaces can be replicated 24, Any organ-on-chip requires one or multiple cell types
and a microscale culture chamber. Hereafter, the culture chamber designs, the hydrogels and the cellular

components used in BOCs are discussed.

2.1. Culture Chamber Designs

The complexity of culture chamber designs in BOCs is intrinsically related to the composition of the tissue. Indeed
multi-cellular and multi-tissue interaction can be modelled within each device. In general, single channeldevices are
preferred for cell migration studies, where cells can be tracked over time within the hydrogel while applying
mechanical 23 or chemical stimuli (2812711281 Mmicroposts between channels facilitate the identification of the region
of interests while taking multiple images over time and support the hydrogel stability via surface tension 28129
Moreover, microposts separate culture chamber, thus confining cells and hydrogels in compartments where

different culturing conditions can be applied B9,
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The definition of compartments in organ-on-chips is one of the main advantage of microengineered technologies
over traditional culture techniques. By means of computer aided design (CAD), it is possible to tune the geometry
of each single channel and the way multiple channels communicate with each other B, An example of effective
culture chamber design in BOC is the one proposed by Mei et al., who studied cancer cell extravasation in bone
tissue by creating channels for osteocytes and a lumen. In the osteocyte channel, cells could be selectively
stimulated with oscillatory fluid flow, while the lumen channel consisted of a cylindrical hydrogel structure coated
with endothelial cells and seeded with breast cancer cells. Moreover, the distance between the osteocyte and the
lumen channel was 300 pm, to recapitulate the physiological distance between osteocytes and effectors cells 21,
Similarly, a bone-marrow-on-chip was recently developed based on two channels separated by a porous
membrane. The two channels consisted of a hematopoietic and a vascular compartment. The in vivo functionality
of the vascular lumen was replicated by feeding the whole chip exclusively via perfusion through the vascular
compartment that was covered with endothelial cells 18, For the microfabrication details of organ-on-chip devices
comprising multiple cell types embedded in hydrogels, we recommend reading the protocol developed by Shin et
al. 281 Huh et al. (33 and Novak et al. [34],

Besides using channels as culture chambers, microengineered system can induce chemical gradients within the
culture environment. In addition, microfluidic devices facilitate the application of independent fluid flows for different
channels. Thus, a system of two serpentine channels perfused by different cell culture media induced an
osteo/chondrogenic gradient within a single hydrogel. In this way, the same hydrogel-based environment induced a

differentiation gradient for MSCs mimicking the interface between bone and cartilage 22!,

2.2. Hydrogels

Given their remarkable biocompatibility and non-toxicity, natural hydrogels are often selected to imitate the native
ECM in BOC systems (Table 1). The hydrogel choice depends on the specific environment to be modeled. For
example, the formation of a fibrin matrix immediately after a bone injury makes fibrin gels a suitable model to study
the healing of bone. By embedding osteoprogenitor cells, a fibrin gel can generate a healing bone-mimicking (BMi)
microenvironment and induced the functional formation of a microvascular network 8. Moreover, in the same
project, the same microenvironment recreates a bone inflammatory model with the addition of a macrophage-like
cell line (RAW264.7 cells).

Table 1. Selection of recent studies using hydrogel-based bone-on-chips to model physiological or pathological
bone microenvironments. Hydrogel concentrations are between brackets and expressed in mg/mL or
weight/volume%. Abbreviations: hBM human bone marrow derived, MSC mesenchymal stem cell, MDA-MB-
231 human mammary adenocarcinoma cell (high invasion capacity), HUVEC human umbilical vein endothelial
cell, MLO-Y4 murine osteocyte-like cell Line, OD osteoblast-differentiated, BMSC bone marrow stromal cell, SUP-
B15 acute lymphoblastic leukemia cell line, HOB primary human osteoblasts, HS5 human bone marrow stromal
cell line, DBP bone-inducing demineralized bone powder, BMP bone morphogenetic
protein, HA hydroxyapatite, SW620 human colon cancer, MKN74 human gastric cancer, LF human lung

fibroblast, ADMSC adipose-derived mesenchymal stem cell, ECM extracellular matrix.
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mixture, a composite hydrogel made of collagen | and Matrigel provides a variety of structural proteins and growth
factors resembling the native ECM [, Although the incorporation of a bioactive inorganic phase in hydrogels has
been widely investigated to boost hard tissue regeneration 48, bone formation was never assessed in hydrogel-
based BOC while incorporating calcium phosphates or bioglasses. However, HA nanoparticles were incorporated
in fibrin hydrogels and loaded into BOC systems and showed the inhibitory effect HA in cancer cell migration 2
and a stimulative effect on endothelial sprouting [43. Instead of incorporating inorganic phases, recent hydrogel-
based BOCs recreated mineralized microenvironments by combining a collagen | hydrogel with osteogenic factors

(49 or by culturing osteo-differentiated MSCs that deposited newly mineralized matrix 37,

2.3. Cell Interactions

The selection and the number of different cell types to introduce in a BOC system includes, but it is not limited to,
cells normally residing in the bone tissue, while the interaction with other tissues requires the use of different cell
sources. The cellular component of the bone matrix is usually represented by osteoblasts or osteocyteswhile MSC
and osteoclast precursors are included to study bone remodelling or to create a bone marrow niche. MSCs are
routinely obtained from bone marrow or adipose tissue, and used as osteoprogenitor cells in organ-on-chip
mimicked the mineralizing microenvironment (28128 or osteochondral bone formation 3. On the other hand, MSCs
were maintained In Vitro to recapitulate the bone marrow microenvironment. Indeed, once seeded in a bone-
marrow-on-chip with CD34* cells (hematopoietic stem cells), it has supported white and red blood cells

differentiation over 4 weeks of culture while improving the maintenance of CD34" progenitors over traditional
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culture methods 8 (Figure 1A). A different approach from the traditional isolation and seeding of primary human
cells has been proposed to recapitulate the physiology of bone marrow. Briefly, it consisted of a prior in vivo
implantation of an hydrogel-based bone microenvironment. After 8 weeks, the hydrogel was populated by multiple
hematopoietic cells and it was cultured in a microfluidic device after explantation to recapitulate a hematopoietic
niche In Vitro. Bone-marrow-on-chips and whole marrow from live mice showed comparable resistance to

radiation, unlike stroma-supported cultures on a dish 49,
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Figure 1. Inducing cell differentiation in hydrogel-based bone-on-chips. (A) A vascularized human bone marrow-
on-chip was developed with optically clear poly(dimethylsiloxane) channels. In the top channel, hematopoietic stem
cells (CD34*) were seeded, while endothelial cells (EC) created a vascular lumen in the bottom channel. After 2
weeks of In Vitro culture, hematopoietic stem cells differentiated in multiple blood cell types (magenta: erythroid
lineage; yellow: megakaryocyte lineage; blue: neutrophil and other haematopoietic lineages). Scale bar, 20 um.
Image adapted from [2€. (B) Collagen-based bone-on-chip modeling primary human osteoblast differentiation into
osteocytes. Cells increased primary protrusion length over time and exhibited dendritic morphology after 21 days of

culture. Osteogenic differentiation was confirmed by an increasein alkaline phosphatase activity and synthesis of
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Dental Matrix Protein 1 (DMP1). * represents statistical significance (p < 0.05). Scale bar, 50 um. Image adapted

from 22, Images were taken with permission from publishers.

In view of modeling the last stages of osteogenesis, HOB can be isolated from trabecular or cortical bone tissue. It
has been showed that HOBs cultured in BOCs experience the specific changes in cellular morphology, protein
secretion and proliferation observed in vivo [22 (Figure 1B). Due to the technical complexity of isolating primary
human osteocytes from the mineralized bone, the murine osteocyte cell line MLO-Y4 was recently used in
microfluidic systems to investigate the mechano-regulatory action of osteocytes 32 Results showed, for the first
time in a microfluidic device, that mechanically stimulated osteocytes reduced breast cancer extravasation 22 The
use of primary human osteocytes, or fully differentiated HOBs, in hydrogel-based BOCs will be critical for future

patient-specific applications.

Besides including different cell types involved in the development, growth and remodeling of bones, a more
realistic bone microenvironment requires modeling interactions between tissues made of those cells. For example,
vascular tissue interacts with bone forming cells and affects both bone pathology and physiology. Indeed one BOC
devicewas designed to deposit a layer of Human Umbilical Vein Endothelial Cells (HUVECS) on the external side of
the hydrogelto recreate the interface between blood vessels and the bone matrix, and to simulate the extravasation
process of cancer cells B742 (Eigure 2). Indeed, the use of organ-on-chips facilitates the interaction between three
to four different cells types to model the interaction between tumors, vascular and bone tissue. A few studies
include fibroblasts when mimicking a tumor microenvironement since stromal cells are expected to nurture the
tumor microenvironment and influence metastasis of the cancer B8l Altogether those microengineered devices
with endothelial cells contributed to identify the molecular pathways involved in the extravasation of breast cancer
cells in bone BZ, showed that the bone marrow microenvironment facilitates leukemia cell survival during drug
treatment 41 and generated a vascularized network inside cell spheroids that permit to transport nutrients and

cells to study metastasis 281,
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Figure 2. On-chip device modeling breast cancer metastasis in the bone tissue. Microfluidic device modeling
breast cancer cell extravasation towards the bone tissue. Tri-culture system where osteo-differentiated
mesenchymal stem cells created a bone-like environment by conditioning a collagen hydrogel. After seeding a

monolayer of endothelial cells on the edge of the collagen hydrogel, breast cancer cells were introduced and their
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extravasation ability was assessed. Scale bar, 50 um. Image adapted from 2. Images were taken with permission

from publishers.
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