
Applications and Prospects of
Microfluidic Chips in Orthopaedic
Diseases
Xiran Yang1,2†, Qiangqiang Tang2,3,4†, Chen Lai1, Kai Wu3 and Xuetao Shi1,2,3,4*

1Peking University Shenzhen Institute, Peking University, Shenzhen, China, 2School of Materials Science and Engineering, South
China University of Technology, Guangzhou, China, 3National Engineering Research Center for Tissue Restoration and
Reconstruction, South China University of Technology, Guangzhou, China, 4Guangzhou Regenerative Medicine and Health
Guangdong Laboratory, Guangzhou, China

With the advent of an ageing society, bone-related diseases such as osteoporosis have
become a major human health issue, and osteolytic lesions caused by cancer bone
metastasis have always had a poor prognosis. Researchers have studied the
pathogenesis of these orthopaedic diseases to obtain efficacious treatments.
Microfluidic chip technology is a popular technology developed in recent years. This
technology can build an experimental platform for a bionic in vivomicroenvironment in vitro,
which has been favored by an increasing number of researchers. In this review, we will take
osteoporosis and cancer bone metastasis as examples to illustrate the pathogenesis,
introduce the latest progress in the research of orthopaedics-related diseases of the
microfluidic model, and describe the current approaches and their limitations.
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INTRODUCTION

Orthopaedics, as an important branch of modern clinical medicine, mainly studies the physiology
and pathology of the skeletal-muscle system and maintains the normal function and morphology of
this system with the help of drugs, surgery, or other physical means. With the progress of society and
changes over time, the injury spectrum of orthopaedics has also changed significantly. For example,
diseases such as polio, osteomyelitis, and bone and tuberculosis, which were common in the past,
have been significantly reduced, and trauma caused by traffic accidents has increased significantly.
The ageing of the population has also led to a corresponding increase in senile osteoporosis,
rheumatoid arthritis, and bone tumours (Li and Zhang, 2018). This change indicates that the focus of
orthopaedic research must also adapt and suggests the future development of orthopaedics. The
future development of orthopaedics should not only strengthen the integration with basic medicine
but also transfer the research results of other disciplines into their available technologies. For
instance, the further improvement of artificial joints cannot be separated from the development of
materials science and technology. The timely and effective application of new technological
achievements in other disciplines to clinical orthopaedics can substantially improve the
diagnosis and treatment of orthopaedic conditions.

In recent years, microfluidic chip technology has gradually gained popularity and has shown
broad application prospects in biomedical research and other fields. Cells are the basic unit of life
activity. In recent years, research on cells has evolved from the cellular level to the molecular level,
and research on morphology has determined sub-microstructures and molecular structures to
further understand the laws of life activity and development. The emergence of microfluidic chip
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technology has been regarded as a new important technology
platform for cell research. A microfluidic chip is also called lab-
on-a-chip, which refers to a new type of science and technology
that integrates biological, chemical and other experiments on a
chip of a few square centimetres, which can integrate sample
preparation, reaction, separation, and detection into one. In cell
culture, sorting, and lysing experiments, various basic operating
units are integrated on a small chip to form a microchannel
network, which is perfused with a controlled fluid, to achieve the
various requirements of conventional chemical or biological
laboratories (Lee et al., 2019).

Microfluidic chip technology used in cell research has the
following advantages: 1) the chip size is small, which can usually
be controlled within the range of 10–100 μm, while the
mammalian cell diameter is approximately 10–20 μm, which is
suitable for its growth; 2) the channel environment of the chip is
relatively closed, and a multidimensional network structure can
be constructed, which can form cell space characteristics close to
the physiological state; 3) the microscale channel environment
increases the rate of heat transfer, mass transfer, and gas
exchange; 4) it can be used for high-throughput cell analysis
and can acquire many biological signals at the same time; 5)
multiple units on the chip can be flexibly combined, and
integrated cell research is possible. Therefore, the process of
cell injection, culture, screening, lysis, separation and detection
can be integrated on the same chip. In addition to the controllable
chip structure, there are many options for chip materials.
Polydimethylsiloxane (PDMS), a high molecular weight
organic silicon compound, is one of the most widely used
materials in the preparation of microfluidic chips. Table 1 lists
its advantages and limitations in microfluidic applications.

Combining biomedical clinical research with microfluidic chip
technology can bring this technology to a new field and can also
result in some breakthroughs in biomedical research. This article
uses the most common condition, osteoporosis, and cancer cell
metastasis in orthopaedics as examples and lists the important
role played by microfluidic chip technology.

Establishment and Application of a
Microfluidic Model of Osteoporosis
Osteoporosis is currently one of the most common orthopaedic
metabolic diseases in the clinic. It is caused by a variety of causes
of the decrease in bone mass per unit volume and the destruction
of bone microstructure. The clinical features are mainly bone
pain, increased bone fragility and easy fracture. Osteoporosis can
be divided into three categories: primary, secondary and

idiopathic. Primary osteoporosis accounts for approximately
90% and is divided into type I (postmenopausal osteoporosis,
PMOP) and type II (senile osteoporosis, SOP). Secondary
osteoporosis is induced by diseases such as diabetes, thyroid
dysfunction, leukaemia, and malignant tumours or the
application of drugs such as glucocorticoids, heparin, and
immunosuppressants. Idiopathic osteoporosis is more common
in adolescents aged 8–14, with a higher proportion of women
than men, and usually involves a genetic medical history.

In the past 2 decades, people have also studied the pathological
process of osteoporosis by various means. They showed that
defects in bone formation during bone reconstruction are the
main pathological mechanism of osteoporosis. Under the stress
principle, bones are constantly renewed, osteoclasts remove old
bone (bone resorption), and osteoblasts then add new bone (bone
formation). When the osteoblast-mediated bone formation is not
as effective as bone resorption by osteoclasts, bone mass loss
occurs and bone mineral density (BMD) decreases, and
osteoporosis occurs in severe cases (Bartelt et al., 2018). At the
cellular level, the interaction and coupling of osteoblasts and
osteoclasts constitute the smallest functional unit of bone, and
some important molecules coordinate the activities between these
two cells during bone reconstruction (Kim and Koh, 2019).
Osteoclasts are monocyte-macrophage precursor branches
derived from haematopoietic stem cells. Fully activated
multinucleated osteoclasts are differentiated from osteoclast
precursor cells. The differentiation process is regulated by
macrophage colony-stimulating factor and receptor activator
of nuclear factor-κB ligand (RANKL). Many different
hormones and inflammatory factors regulate the physiology of
osteoclasts through the RANKL pathway. Osteoblasts are
differentiated from bone marrow mesenchymal stem cells. The
rate and efficiency of precursor cell differentiation into mature
osteoblasts and the lifetime of osteoblasts determine the rate of
bone formation (Chen et al., 2018). At the molecular level, the
activation of the classical Wnt/β catenin pathway is an important
switch for osteoblast differentiation. Bone sclerostin and
Dickkopf1-related protein 1 (Dkk1) inhibit this anabolic
pathway by binding to and disrupting the Wnt receptor LRP-
5. Osteoblasts release signal molecules such as sclerostin and
Dkk1 to keep osteoblasts at rest. The periodic mechanical load
can downregulate the expression levels of these inhibitory factors
by bone cells, thereby activating the development of osteoblasts to
form new bone. A mouse ulnar load study showed that in the
higher strain regions of the ulna, Osteosclerosis protein
production was significantly reduced, and local osteogenesis at
these sites was also enhanced after 7 days (Robling et al., 2008).

TABLE 1 | Advantages and limitations of PDMS in microfluidic applications.

Materials Fabrication Advantages Limitations Solutions

PDMS Machining
Molding
Soft lithography

Low cost
Elasticity, flexibility, electrical insulation, chemically inert
Light transmittance, air permeability
Easy bonding
Low toxicity, biocompatibility

Strong hydrophobicity
Poor thermal conductivity
Poor electroosmotic flow stability
Not resistant to high temperature
Not resistant to high pressure

UV light irradiation method
Plasma method
Polyelectrolyte method
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These regulatory mechanisms are very important and are the
main goals of new drug development. For example, antibodies to
sclerostin and Dkk1 can be used clinically to treat osteolytic
lesions and osteoporosis.

Therefore, osteogenic differentiation and bone remodeling are
the keys to the treatment of osteoporosis, but for various reasons,
the in vivo research of osteoblasts still faces major challenges. It is
difficult to maintain the original physiological functions of
primary bone cells. Even in the case of 3D culture with the
help of biological scaffolds, dynamic perfusion in the bioreactor
and the application of mechanical loads, it is difficult for
osteoblasts to form stable 3D network structures during
in vitro culture. For example, Boukhechba et al. (2009) used
biphasic calcium phosphate (BCP) particles to culture primary
human osteoblasts. Compared with that in two-dimensional
culture, the differentiation to an osteoblast-like phenotype was
significant, osteoblast-specific markers were downregulated, and
osteocytic markers were upregulated. However, random cell
aggregates were generated in the BCP particle gap of
40–80 μm, and no ordered 3D cell network was generated. To
simulate the bone remodeling environment in vitro, Mulcahy

et al. (2011) used the biomimetic self-buried process of cells in
Matrigel to successfully culture an osteocyte-like mouse cell line
(MLO-Y4) into a 3D grid structure, but the cell spacing in this
structure was approximately 100 μm, which cannot be controlled
to a size of 20–30 μm in simulated mouse bone. Cell size is
important for signal transmission during bone cell growth and
mechanical conduction. Similarly, as the gel culture time
increased, bone cells proliferated freely and eventually
destroyed the original ordered cell network structure after
28 days.

The microfluidic 3D tissue model can better simulate the
physiological and clinically relevant microenvironment. Lee
et al. (2012) integrated a glass slide printed with a micro-
pattern and a microfluidic device with eight culture chambers
made of polydimethylsiloxane, and successfully cultivated 3D
"primary bone tissue" in the microfluidic culture chamber.
Further research is needed to determine whether osteoblasts
may have differentiated into bone cells, and the strength of
the tissue structure is not sufficient to cope with mechanical
loads. As shown in Figure 1A, Gu et al. (2015) explored a new
biomimetic method to replicate the 3D bone network structure.

FIGURE 1 | Examples of microfluidic bone tissue model. (A) A 3D bone network structure was cultivated in a microfluidic chamber through microbead-guided
reconstruction. Reproduced with permission from Gu et al. (2015). Copyright 2015, Royal Society of Chemistry. (B) A microfluidic chip that measures cell invasion and
extravasation simultaneously. Reproduced with permission from Shin et al. (2011). Copyright 2011, Royal Society of Chemistry. (C) A 3D mineralized collagen bone
tissue chip for coculture of breast cancer cells and osteoblasts. Reproduced with permission from Hao et al. (2018). Copyright 2018, Wiley-VCH.
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They assembled biphasic calcium phosphate microbeads with a
size of 20–25 µm and murine early bone cells (MLO-A5) in a
PDMS microfluidic chamber to simulate the physiological
microenvironment of the 3D lacrimal duct structure. Bone
cells could be cultured by long-term microfluidic perfusion,
and finally, a dense and mechanically stable 3D network tissue
structure was obtained. This method is useful for observing the
mineral deposits of osteoblasts and has been widely used for the
study of in vitro mechanical transduction of osteocytes. George
et al. (2018) established a physiological lab-on-a-chip (LOC) to
integrate the three main types of bone cells (osteocytes,
osteoblasts, and osteoclasts) and eliminate space-time
constraints. The platform facilitated mechanical loading and
bone remodeling. To better observe the cells, Sheyn et al.
(2019) prepared a PDMS microfluidic bone chip, which
combined with optical imaging methods to monitor cell
survival, proliferation and osteogenic differentiation in real-
time. It proved that the osteogenic differentiation of cells is
higher under constant and continuous medium flow
conditions. This chip design can provide a platform for
in vitro testing of cell responses to the environment and
optical imaging of cells.

Furthermore, many 3D microsystems based on osteoblasts for
drug screening have been developed. As one example, Nason et al.
(2011) designed a microfluidic device for in vitro testing of
cellular pharmacology as a tool to distinguish the
concentration range that guarantees the effectiveness of the
drug for antiosteoporosis therapy with strontium ranelate.

EXPLORATION OF THE MECHANISM OF
BONE METASTASIS THROUGH
MICROFLUIDICS
Many cancers, including prostate cancer, breast cancer, multiple
myeloma, and lung cancer, have a high probability of bone
metastases in advanced stages, leading to a significant decrease
of survival rate (Hao et al., 2018). These metastases can cause a
range of bone-related diseases, such as spinal cord compression,
pathological fractures, hypercalcemia and bone pain. Despite
multiple treatment strategies, the metastatic bone disease has a
poor prognosis (Wu et al., 2017). Therefore, it is necessary to
construct a bone metastasis model of the bionic bone
microenvironment to better understand malignant bone
metastases and develop new effective bone metastasis treatment
methods. In the past few decades, research involving three-
dimensional cell culture has substantially reduced the gap
between in vitro cell culture models and in vivo animal models
(Chaicharoenaudomrung et al., 2019). In 1989, Stephen Paget
elaborated the "seed and soil" hypothesis, comparing the
metastasis of cancer cells to the spread of plant seeds. To
facilitate the formation of metastatic foci, the "soil" (i.e., the
meta-environment) must be able to nourish the "seed" (i.e., the
spreading cancer cells) (Paget, 1989). When bone metastasis occurs,
cancer cells extravasate and experience a continuous fluid
microenvironment. Therefore, the fluid pressure experienced by
cancer cells needs to be considered when modelling the metastatic

microenvironment. Therefore, microfluidic systems with high
throughput and lightweight characteristics have attracted the
attention of many researchers. This system can achieve high
analytical accuracy and sensitivity with very few reagents and
can construct a 3D flow environment similar to the body in vitro.

Low-fluid conditions have balanced fluid pressure, which helps
the fusion of the endothelial and functional microchannel lumen
and will provide nutritional support for malignant tumours.
Compared with those cultured on a 2D biological platform,
cancer cells cultured in a microfluidic biological system formed
spherical cell aggregates, the expression levels of epithelial markers
(e.g., CD326) of these aggregates were downregulated, and the
expression levels of interstitial markers (e.g., vimentin, N-cadherin,
and fibronectin) were increased (Kuo et al., 2012). During cancer
bone metastasis, osteoporotic cancer cells undergo transendothelial
movement (infiltration and exudation) and directional migration.
The speed of penetration across the endothelium is related to the
active interaction between stromal cells and cancer cells, and the
targeted migration of cancer cells depends on the chemical
attraction of the homing site. To date, many researchers have
used microfluidic systems to establish concentration gradients of
inducing factors, simulate the shear stress stimulus applied to cancer
cells by the endothelial network during transendothelial migration,
and more realistically simulate the state of cancer cells in the
circulatory system. Hydrodynamic models made with the help of
microfluidic chips can assess changes in morphology, genetic
material, and protein levels associated with tumour cell
migration. To simulate the microenvironment closer to in vivo
conditions, Huang et al. (2009) fabricated a parallel microfluidic
channel separated by linear arrays of regularly spaced posts that can
image real-time interactions between cells based on autocrine or
paracrine signal molecules in a 3D ECM environment. Vickerman
et al. (2008) developed a microfluidic platform for three-
dimensional cell culture in bioderived or synthetic hydrogels,
which can monitor cell dynamics in real-time. By regulating
stimulating factors such as epidermal growth factor (EGF),
CXCL12, and interstitial flow, Polacheck et al. (2011)
successfully migrated cancer cells across a single layer of
endothelial cells into a collagen gel in a microfluidic device,
indicating that the cancer cell exudation process was well
simulated. Besides, as shown in Figure 1B, Shin et al. (2011)
designed a microfluidic chip with two main culture chambers.
Chamber-I is an intravasation chamber for cell migration and
the invasion assay, and chamber-E is an extravasation chamber
for quantitative detection. The platform can simultaneously
simulate the process of invasion and extravasation in cancer
metastasis. This result shows that in the lumen of blood vessels,
cancer cells can be detached from the matrix gel under strong stress
and then adhere to the adhesion molecules in the extravascular
cavity.

Microfluidic devices can mimic the skeletal environment and
contribute to the dynamic bone metastasis process of cancer.
Hsiao et al. (2009) seeded a three-culture cell sphere containing
endothelial cells, osteoblasts and prostate cancer cells into a
microfluidic biochip. The microfluidic chip can monitor the
growth of cells in the sphere in real-time and can inhibit the
proliferation of prostate cancer cells without compromising the
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viability of other cells. Jeon et al. (2015) developed a PDMS
microfluidic 3D in vitro model through soft lithography
technology, cocultured endothelial cells and bone
mesenchymal stem cells (BMSCs) to establish a vascularized
bone-like microenvironment that can be used to study the
extravasation of breast cancer cells. Coincidentally, Bersini
et al. (2014) designed a vascularized microfluidic device for
endothelial cells and BMSCs, including three medium
channels and four independent gel channels, and introduced
breast cancer MDA-MB-231 cells to form a micrometastasis
model of extravasated cancer cells. As shown in Figure 1C,
Hao et al. (2018) designed a microfluidic bone chip, which
consists of a top medium reservoir and a bottom cell growth
chamber separated by a dialysis membrane. The bone chip can
spontaneously grow into mature 3D mineralized collagen bone
tissue with a thickness of 85 μm, which contains a large number of
mineralized collagen fibers. The collagen fibers formed naturally
within 720 h without the need for differentiation agents. They
also maximized the chance of cancer cells interacting with the
bone matrix and could be frequently observed. Because of
miniaturization, simple manipulation and ultralow unit cost,
this spontaneous 3D model will guide the study of cancer
bone metastasis in vitro.

CONCLUSION AND FUTURE
PERSPECTIVES

Microfluidic technology canmimic the dynamicmicroenvironment
of bone cells in vivo by combining functionalized cells, extracellular
matrix, cell growth factors, and other biochemical stimuli. This
technology helps to assess cell-to-cell interactions, thereby
elucidating the pathogenesis of bone-related diseases, such as
osteoporosis and bone metastatic cancer, and can lead to the
development of new treatment strategies.

However, this technology still has a long way to go before it can
be widely used in the field of orthopaedics. On the one hand, the
internal environment of the human body is complex and delicate,
and current models cannot simulate the entire system. In
particular, during bone metastasis, cancer cells undergo a
continuous and closely related multistep process, including

many inseparable cellular events (Qiao and Tang, 2018). On the
other hand, many microfluidic disease models now use
immortalized cell lines instead of patient-derived live cells.
Using personalized cells instead of cell lines can help develop
customized therapies that can guide patient treatment more
effectively. In the past decade, induced pluripotent stem cells
(iPSCs) have been extensively studied in regenerative medicine.
They are considered as effective cell sources of engineered bone
tissue and have strong bone regeneration potential in vitro studies
(Rana et al., 2019). Observation and evaluation of iPSCs interaction
with microfluidic technology is a new idea for future research,
which has great potential in the study of the pathogenesis of bone-
related diseases (such as osteoporosis and bone metastasis) and
contributes to the development of new treatment strategies. In
general, the use of microfluidic chip technology to generate bionic
bone microenvironments has made encouraging progress, and
researchers need to continue their efforts to better understand
the mechanism of bone diseases, cure bone-related diseases, and
improve the quality of life for humans.
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