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A Magnetically Actuated Microscaffold Containing
Mesenchymal Stem Cells for Articular Cartilage Repair
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Jong-Oh Park, and Sukho Park*
in knee and hip joints and accompanies
local inflammation and pain due to the
loss of articular cartilage or degenerative
change. In particular, because OA after its
mid-term stage inflicts damage or loss to
articular cartilage, it is difficult to introduce a conservative treatment, such as an
anti-inflammatory analgesic, hyaluronic
acid treatments, or physical therapy. The
damaged articular cartilage needs invasive
surgery, including artificial joint transplants and marrow stimulating techniques
(drilling and fracture).[2]
Recently, autologous cell-based therapy,
which uses chondrocyte or mesenchymal
stem cell (MSC), has attracted great
interest in articular cartilage repair.[3–5]
The autologous cell-based cartilage repair
as biomedical treatment help to slow
down OA rate of development and avoid
partial and total joint replacement.[6]
Especially, in autologous cell-based articular cartilage regeneration, a scaffold
with a porous structure has been used
to enhance adhesion and support of the
cells.[7–12] The scaffold consists of biocompatible and biodegradable materials, such as synthetic or
natural polymers. Thus, scaffolds implanted at the defect site
can degrade and disappear within several months; additionally, cells inside the implanted scaffold can form adult tissue
simultaneously with scaffold degradation. However, in the case
of millimeter- and centimeter-scale scaffolds, their implantation requires a surgical operation including a fixation process
(i.e., suture, fibrin glue) to secure the scaffold.[7,8] In addition,
scaffolds on the scale of millimeters can lead to cell necrosis
in the center owing to the difficulty of nutrient/oxygen supply
and metabolic waste transportation.[13] Alternatively, microscale scaffolds containing cells can approach to the joint cavity
through needle-based injection.[9–12] Although needle-based
injection clearly avoids invasive surgery, including incision,
the injected microscaffolds might be dispersed in the joint
cavity due to the absence of active locomotion of the microscaffolds.[14] Therefore, to treat damaged cartilage, large amounts
of cell-loaded scaffolds should be delivered to the joint cavity
with the cartilage defect.
To overcome the shortcomings of cell-based cartilage
repair, cells, or scaffolds with the capability of magnetic actuation have been studied for active targeting and fixation to the
lesions.[15–19] For cells or scaffolds with magnetic behavior,

This study proposes a magnetically actuated microscaffold with the capability of targeted mesenchymal stem cell (MSC) delivery for articular cartilage
regeneration. The microscaffold, as a 3D porous microbead, is divided into
body and surface portions according to its materials and fabrication methods.
The microscaffold body, which consists of poly(lactic-co-glycolic acid) (PLGA),
is formed through water-in-oil-in-water emulsion templating, and its surface
is coated with amine functionalized magnetic nanoparticles (MNPs) via
amino bond formation. The porous PLGA structure of the microscaffold can
assist in cell adhesion and migration, and the MNPs on the microscaffold
can make it possible to steer using an electromagnetic actuation system that
provides external magnetic fields for the 3D locomotion of the microscaffold.
As a fundamental test of the magnetic response of the microscaffold, it is
characterized in terms of the magnetization curve, velocity, and 3D locomotion of a single microscaffold. In addition, its function with a cargo of MSCs
for cartilage regeneration is demonstrated from the proliferation, viability,
and chondrogenic differentiation of D1 mouse MSCs that are cultured on the
microscaffold. For the feasibility tests for cartilage repair, 2D/3D targeting of
multiple microscaffolds with the MSCs is performed to demonstrate targeted
stem cell delivery using the microscaffolds and their swarm motion.

1. Introduction
The onset of osteoarthritis (OA) has increased as our worldwide society ages; the World Health Organization (WHO)
announced that 40% of people over the age of 70 worldwide
are suffering from OA.[1] In addition, the WHO reported that
incidences of knee and hip OA, as the 11th most frequent
cause of disability, have increased steadily.[2] OA mainly occurs
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magnetic nanoparticles (MNPs) under
50 nm were adopted, where MNPs have
high effective surface areas for easier attachment of ligands and can label specific biomolecules or living cells.[20,21] In addition,
MNPs are also incorporated into iron store
into the body through metabolism in the
lysosome.[22] However, the proposed MNPloaded cells or scaffolds can have drawbacks, such as inaccurate targeting by the
control limit of the external magnetic field
generation system or invasive surgery from
the transplantation of the magnetic generation device. For example, Mahmoud et al.
proposed MNP-loaded MSCs, which were
guided to medial patella lesions in a rabbit
model using external magnetic fields generated in a superconducting magnet system.[18]
However, because the MSCs are propelled
along only one magnet orientation, it is difficult for them to be accurately guided to
cartilaginous defects located in the patellofemoral groove. Additionally, the MSCs far
away from the magnet system are difficult to
move quickly due to small amounts of MNPs
loaded in the MSCs with microscale. Next,
Panseri et al. reported that a collagen-based
scaffold containing ferromagnetic fluid or
MNPs was magnetically pulled to the defect
site through four permanent magnets that
were implanted in the lateral condyle of the
rabbit model.[19] However, this approach
for cartilage repair requires invasive surgical operations, such as implantation and
removal of the permanent magnets before
and after cartilage regeneration procedure.
This paper proposes a magnetically
actuated microscaffold carrying MSCs for
articular cartilage regeneration. The microscaffold is a 3D porous microbead that Figure 1. Concept of the magnetically actuated microscaffolds for targeted stem cell delivery.
is designed to not only support the adhe- a) Schematic diagram of the fabrication process: (i) W-O-W emulsion, (ii) removal of gelatin,
and (iii) amino bond formation. After fabrication, MSCs were cultured on the magnetically
sion and migration of MSCs but also be actuated microscaffold ((iv) MSC culture). b) Schematic diagram of articular cartilage repair
guided to a target site through the driving using the magnetically actuated microscaffold.
capability of external magnetic fields. The
body and surface of the microscaffold consist of poly(lactic-co-glycolic acid) (PLGA) as a biocompatible
targeting feasibility of multiple microscaffolds. In addition,
and biodegradable polymer and MNPs with superparamagthe cell support/adhesion/culture capability of the microscafnetic behavior, respectively (Figure 1a). The body of the 3D
fold was demonstrated through the proliferation, viability,
porous PLGA microscaffold is obtained via water-in-oil-inand chondrogenic differentiation of D1 mouse MSCs, which
water (W-O-W) emulsion and gelatin particulate leaching.
were seeded and cultivated in the microscaffold. Compared
Afterwards, the PLGA microscaffold is covered with polyethwith the current articular cartilage therapy, such as artificial
ylenimine (PEI)-coated Fe3O4 MNPs through an N-hydroxjoint implants and stimulating techniques using drilling and
microfracture, the proposed prototype using microscaffolds
ysuccinimide/ethyl(dimethylaminopropyl)
carbodiimide
carrying MSCs provides targeted stem cell delivery with minireaction. First, the magnetic actuation performance of the
mally or noninvasive surgery via a needle-based injection into
microscaffold was characterized with respect to the magnetisynovial fluid (Figure 1b). For a knee joint, microscaffolds
zation curve and the magnetic actuation response using a percontaining MSCs can be injected into the joint cavity through
manent magnet. We also tested the moving velocity and 3D
the needle of a syringe and then moved to the site of damaged
locomotion of a single microscaffold using an external eleccartilage using external magnetic fields.
tromagnetic actuation (EMA) system and evaluated the 2D/3D
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2. Results and Discussion
2.1. Fabrication of the Magnetically Actuated Microscaffold
The magnetically actuated microscaffold, which consists of a
PLGA porous body and Fe3O4 MNPs attached to the surface,
was fabricated by the emulsion templating method and protein
coupling using amino bond formation. The detailed fabrication
process of the magnetic actuated microscaffold is presented in
the Supporting Information. First, the PLGA microscaffold with
gelatin beads was obtained by double emulsion with a fluidic
device (Figure 1ai). After the formation of W-O-W droplets, the
gelatin beads within the PLGA microscaffold were removed
(Figure 1aii). In this process, it is important to obtain a PLGA
microscaffold with stable morphology because various factors
of porous scaffolds, such as surface openness, interconnectivity
of inner pores, porosity, and size uniformity can influence MSC
proliferation and differentiation. To find the proper morphology
of the PLGA microscaffold, we observed the PLGA microscaffolds and measured their porosity according to the volume
(0.55–0.85 mL, 0.1 mL interval) of the gelatin solution (Figure S1,
Supporting Information). As a result, the PLGA microscaffolds
using a small volume (0.55 mL) of gelatin solution have low
porosity of 42.88 ± 12.97% and narrow surface openness in
Figure S1a in the Supporting Information, and thus they are not
suitable for MSCs seeding. In addition, the PLGA microscaffolds
using high volumes (0.75 and 0.85 mL) have high porosity of
67.75%, but unstable morphologies, as shown in Figure S1c,d
in the Supporting Information. Therefore, we selected 0.65 mL
of the gelatin solution as the optimum volume for the proposed
PLGA microscaffolds. As shown in scanning electron micro
scopy (SEM) images (Figure 2a), the PLGA microscaffold using
the optimal volume of the gelatin solution has microbead morphologies such as the outer diameters of 269.83 ± 10.982 µm and

the surface pores of 37.68 ± 7.55 µm (Figure S2a,b, Supporting
Information). In addition, through the cryosectional images of
the microscaffolds, we observed that they have inner pores of
40.12 ± 7.45 µm in diameter (Figure S2c, Supporting Information). We expected that the larger inner pore size relative to the
surface pores was caused by the aggregation of several gelatin
droplets during the W-O-W emulsion process. The fabricated
microscaffolds satisfy the conditions of porous scaffold beads as
a cell carrier, where the conditions dictate a bead diameter in the
range of 100–500 µm and pores sizes over 20 µm.[14] Furthermore, the large surface openness and high interconnectivity of
the microscaffold can help the transportation of nutrients and
oxygen and the cell migration in the microscaffold.
Next, to endow magnetic actuation to the PLGA microscaffold, amine-functionalized MNPs, which are composed of a
nanoscale Fe3O4 core and a PEI-coated surface, were chemically
bonded by protein coupling to the surface of the PLGA microscaffold (Figure 1aiii). Figure 2b shows the SEM images and
energy dispersive X-ray spectrometry (EDX) maps for the PLGA
microscaffold with amine-functionalized MNPs. In SEM images
of the PLGA microscaffold and the MNP-attached PLGA microscaffold, the presence of the micropores and the MNPs was verified based on the surface morphology. Additionally, through the
EDX maps of the magnetically actuated microscaffold, the C, O,
and Fe signals confirm the presence of PLGA and MNPs. Compared with the PLGA microscaffold, there were no significant
changes to the outer diameter and the pore diameters in the
MNPs attached microscaffold because the MNPs were thinly
distributed on the surface of the PLGA microscaffold.
2.2. Characterization of the Magnetically Actuated Microscaffold
The magnetically actuated microscaffold was characterized
through various basic tests, such as the magnetization curve,

Figure 2. a) An SEM image (left) of the PLGA microscaffolds after W-O-W emulsion templating with 0.65 mL gelatin solution, with enlarged images
(middle and right). b) An SEM image (left) and EDX maps (right) of a magnetically actuated microscaffold after the MNP attachment process.
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move along the direction of the gradient
magnetic fields as a group.
Third, for the manipulation of the microscaffold in 3D space, we introduced an EMA
system, which is composed of eight coils
with pure iron cores. The EMA system not
only provides a magnetic gradient pulling
motion to the microscaffold but also compensates for the gravitational force on the
microscaffold. Through the control of the
magnetic fields generated by the eight coils,
the microscaffold can be stably manipulated
in 3D space. Generally, because the synovial
fluid in the joint cavity of the normal human
body has high viscosity, the microscaffolds
cannot freely move by a high fluid drag force
in the normal synovial fluid.[23] However, in
the damaged joint, it is reported that the viscosity of the synovial fluid decreases to the
range of 20–30 cP by an inflammatory reaction around the cartilage defects.[24] Thus,
we adopted a glycerin (70% (v/v)) solution
at room temperature (25–26 °C), which has
a similar viscosity to the synovial fluid in a
joint with inflammatory disease (Figure S4,
Supporting Information). Using the EMA
system and the glycerin solution, we measured the moving velocities of the microscaffold according to the generated magnetic
Figure 3. Characterization of the magnetically actuated microscaffold. a) Magnetic hysteresis fields. Figure 3b shows that the moving
velocities of the microscaffold along the xof the MNP-attached microscaffold and PEI-coated MNPs. b) Velocity of the microscaffold
along the x- and z-axes (n > 3). c) 3D locomotion of a single microscaffold using an EMA
and z-axes linearly increased according to
system integrated with the operating microscope and an inclined DSLR camera. (i) Levitation
the fixed uniform magnetic field (45 mT)
of the microscaffold along z-axis; (ii)–(v) Locomotion of the microscaffold along rectangular and the varying gradient magnetic fields
path on the x–y plane.
(0.9–1.8 T m−1, interval 0.3 T m−1) by the
EMA system. And, to confirm the mobility
of the microscaffold with different viscosity values, we measthe magnetic actuation response using a permanent magnet,
ured its velocities at various glycerol solutions (70%–85% (v/v),
moving velocity and 3D locomotion of a single microscaffold
interval 5% (v/v)) (Figure S5, Supporting Information). As the
using the EMA system. First, the magnetically responsive pro
viscosity of the glycerol solutions increased, the moving velocity
perty of the microscaffold was measured through the magnetiproportionally decreased. In addition, the microscaffold has the
zation curve using a vibrating sample magnetometer (VSM),
lower moving velocity along z-axis rather than x-axis, which
which generates external magnetic fields ranging from −1
means that the gravitational force on the microscaffold can be
to 1 T at room temperature. The magnetization curve of the
attributed.
microscaffold showed a magnetic hysteresis loop with a saturaFinally, we demonstrated a teleoperated manipulation of
tion magnetization of 8.105 emu g−1 and near-zero coercivity
a single microscaffold in 3D space (Figure 3c and Video S2,
(Figure 3a), indicating that the microscaffold had one-fifth of
Supporting Information). As shown on the left of Figure 3c,
the saturating magnetization of the PEI-coated MNPs and simto observe the 3D locomotion of the microscaffold, an inclined
ilar superparamagnetic behavior without residual magnetism.
digital single lens reflex (DSLR) camera and an operating
Second, the basic magnetic actuation test of the microscafmicroscope were installed in the EMA system. Once the microfolds was performed using a permanent magnet (Figure S3
scaffold was positioned at the surface of the container filled
and Video S1, Supporting Information). With no exposure to
with the glycerin solution, the uniform magnetic field and the
a magnetic field, the microscaffolds dispersed in the deionized
gradient magnetic field were applied in the z-axis to levitate
water dropped downward due to gravitational force. With the
the microscaffold (Figure 3c-right i). After its levitation, the
approach of the permanent magnet, the microscaffolds were
presence of the gravitational force and the fluid flow acting on
attracted by external magnetic fields. When the permanent
the microscaffold was checked by the EMA system. Then, the
magnet was moved far from the microscaffolds, they sank to
microscaffold was moved again along the z-axis and steered
the bottom. Then, the microscaffolds could be dispersed again
along the rectangular path on the xy-plane through the gravity
through physical shaking. Through this test result, we concompensation of the EMA system (Figure 3c-right ii–v). Lastly,
firmed that the magnetically responsive microscaffolds could
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of microscaffolds. Additionally, at 3 d of culture, the number of MSCs inside the MNPattached microscaffold was higher over 26%
than the PLGA microscaffold.
Next, we evaluated the chondrogenic
differentiation of the MSCs in the PLGA
microscaffolds and the magnetically actuated microscaffolds by Alcian blue staining
of cartilage aggrecan,[25] collagen type II
antibody staining, and quantitative real-time
reverse-transcription polymerase chain reaction (qRT-PCR) of chondrogenic marker
genes such as Aggrecan (AGG), COL2A1, and
SOX9.[26,27] The MSCs cultured in both types
of microscaffolds, which were grown in an
appropriate chondrogenic medium over 21 d,
were stained with Alcian blue by proteoglycans synthesis (Figure 5a,b and Figure S7,
Supporting Information) and collagen type
II antibody (Figure S8, Supporting Information). Moreover, we found that the gene
expression level of the chondrogenic marker
genes AGG, COL2A1, and SOX9 were also
highly expressed (Figure 5c).

2.4. 2D and 3D Targeting Tests
As feasibility tests for articular cartilage
repair, we demonstrated 2D and 3D tarFigure 4. a) A confocal image (top) of MNP-attached microscaffolds containing MSCs after
geting of multiple microscaffolds using
culturing for 5 d, with an enlarged image (bottom). Red and blue colors in the images were
the magnetic guidance of the EMA system.
obtained after cytoplasmic and nuclear staining, respectively. b) MSCs proliferation and viability
on the microscaffolds (PLGA microscaffold and MNP-attached microscaffold) by AlamarBlue First, the 2D targeting test was performed
assay after cell seeding on scaffolds for 3, 6, 9, and 12 d.
to show a targeted stem cell delivery using
the magnetically actuated microscaffolds
(Figure 6a–c and Video S3, Supporting Information). Prior to
the microscaffold was manipulated to the initial position. From
this test, the microscaffolds were cultivated with MSCs over
the 3D manipulation test, we confirmed that the microscaffold
5 d, and the cytoplasms of the cells were stained for fluorescan freely move in the 3D space by the external magnetic fields
cence assays. Then, ten microscaffolds containing the MSCs
generated in the EMA system.
were injected along with culture medium into the loading area
of a test chamber. The test chamber was fabricated through
a general molding technique using polydimethylsiloxane
2.3. MSC Proliferation, Viability, and Differentiation
(PDMS) and was divided into control, loading, and target areas.
in the Microscaffold
The microscaffolds loaded in the test chamber were placed in
the workspace of the EMA system integrated with an inverted
We adopted D1 mouse MSCs to verify the proliferation, viamicroscope, which enables the observation of both the optical
bility, and differentiation of MSCs cultured in the microscafimage of the microscaffolds containing the MSCs and the
folds. The MSCs and the microscaffolds were co-cultured
fluorescence image of the D1 MSCs in the microscaffolds. In
up to day 12 in cell culture medium containing fetal bovine
the initial state, the optical and fluorescence images show the
serum (FBS) (Figure 1aiv). A number of the MSCs existed
microscaffolds and the presence of the MSCs on the microscafinside the microscaffold and on its outer surface (Figure 4a).
folds, respectively (middle of Figure 6a and left of Figure 6c).
In particular, we confirmed that the MSCs were attached to the
Subsequently, the microscaffolds containing the MSCs were
inner wall of the microscaffold (Figure S6, Supporting Informagnetically guided to the target area by the magnetic field
mation). Through a quantitative cell proliferation assay, in the
control. As shown in Figure 6c, there was no loss of the MSCs
PLGA microscaffolds and the magnetically actuated microscaffrom the microscaffolds during the magnetic guidance. Addifolds (the PLGA microscaffold with MNPs), the MSCs showed
tionally, the microscaffolds moved at different speeds due to
similar viability and growth patterns, with a significant incretheir surface frictional forces, and one among the ten microment in cell quantities from day 3 to day 9 (Figure 4b). At day
scaffolds failed the targeted cell delivery.[28] The 2D targeting
9, significant increases of the MSCs (2.5-fold increase), in comparison with the cell numbers at day 3, showed in both types
test was repeated five times to obtain the statistical result of
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Figure 5. a,b) Optical micrographs of a cryosectioned MNP-attached
microscaffold containing the Alcian blue-stained MSCs, c) Expression of
cartilage-specific genes, AGG, COL2A1, and SOX9 after 21 d of incubation
in chondrogenic differentiation medium.

the 2D targeting test. As a result, only two in thirty microscaffolds failed the targeted MSC delivery on the surface of the 2D
plane. In this test, we expected that the targeting accuracy of
the microscaffold can be improved in 3D space because the surface frictional force can be neglected.
Next, to verify the targeting feasibility of the magnetically
actuated microscaffolds to an articular cartilage defect, we performed a magnetic manipulation of the microscaffolds in a
3D knee joint phantom (Figure 6d,e and Video S4, Supporting
Information). As shown in Figure 6d, the phantom was fabricated by a 3D printer, and the target area was created in the
medial condyle of the femur in the knee joint phantom. The
phantom was fixed on the container filled with the glycerin
solution. Then, five microscaffolds were loaded into the intraarticular cartilage of the knee joint phantom and manipulated
to the target area through the magnetic fields of the EMA
system. Figure 6a and Video S4 in the Supporting Information show that the five microscaffolds were moved from the
injection point to the target area with similar velocities. Consequently, through these results on the 2D/3D targeting tests, we
expected that the magnetically actuated microscaffold will be
used for targeted stem cell delivery through the EMA system.

2.5. Discussion
In this study, we proposed a magnetically actuated microscaffold containing MSCs for cartilage repair. To mimic the
properties of natural 3D extracellular matrix, we fabricated a
biocompatible and biodegradable PLGA microscaffold. Additionally, PEI coated MNPs were attached to the surface of the
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PLGA microscaffold for targeted stem cell delivery using magnetic actuation. As basic fundamental tests, we analyzed characterization of the microscaffold through magnetization value
and moving velocity of the microscaffold. In addition, the
ability of MSCs to proliferate and differentiate in the microscaffold was investigated. Finally, we confirmed the feasibility of
the proposed microscaffolds by 2D/3D targeting test. However,
for in vivo application on a cartilage repair, we should consider
additional factors, such as the adhesion of the microscaffold to
the normal articular surface and the viscosity change of synovial fluid according to lesion status, which can affect the locomotion of the microscaffolds containing MSCs using the EMA
system.
First of all, the debris formed by degraded tissue in an osteoarthritic joint can affect the locomotion of the microscaffold.
When the size of the debris is smaller than the microscaffold,
we expected that the microscaffold can move in synovial fluid
without serious disturbance by debris. However, when the
debris is larger than the microscaffold, it can be an obstacle for
the microscaffold to be steered to cartilage defect. As an alternative, arthroscopic lavage and debridement can be applied
to remove the debris.[29] Through this procedure before injection of the microscaffolds, we cannot only remove the debris
and but also clearly observe the image of microscaffolds using
arthroscopy or X-ray.
In 3D targeting test, we used a glycerin solution of
20–30 cP to mimic inflamed synovial fluid. However, Jebens
et al. reported that the viscosity of synovial fluid in OA knee
joint was 80 cP.[23] Therefore, we need to consider the moving
velocity of the microscaffold in the synovial fluid with high viscosity. In the locomotion of a single microscaffold in 3D space,
the dynamics of the microscaffold with a uniform velocity can
be modeled as
Fmag − Fdrag − Fgravity = 0

(1)

where Fmag, Fdrag, and Fgravity are the magnetic force, fluidic
drag force, and gravitational force acting on the microscaffold,
respectively.[30] When the size of the microscaffold and the magnetic field generated in EMA system are fixed, the gravitational
force (Fgravity) and the magnetic force (Fmag) are constant, and
thus the fluidic drag force (Fdrag) is also constant. Based on the
spherical microscaffold, the drag force of a spherical object with
a low Reynolds number can be expressed as
Fdrag ≅ 6 πµRV

(2)

where R, V, and µ are the radius and moving velocity of the
microscaffold and the coefficient of viscosity, respectively.[31]
When the fluidic drag force (Fdrag) and the radius (R) of the
microscaffold are constant, the velocity of the microscaffold
is inversely proportional to the viscosity of the synovial fluid.
Therefore, we expected that the moving velocity of the microscaffold at a high viscous fluid (80 cP) will be reduced to one
quarter of that of the microscaffold at a low viscous fluid (20 cP).
In the velocity measurement test (Figure S5, Supporting Information), we confirmed that the moving velocity of the microscaffold proportionally decreased as the viscosity of the glycerol
solution increased. In addition, if we want to generate higher
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Figure 6. 2D and 3D targeting tests of the magnetically actuated microscaffolds. In the 2D targeting test: a) Optical images of a PDMS chamber and the
microscaffolds containing MSCs in the initial state. b) EMA system integrated with an inverted microscope. c) Fluorescence images of microscaffolds
containing MSCs during magnetic guidance to the target area. The time is indicated on each figure in the minutes:seconds format. In the 3D targeting
test: d) A 3D model of a knee joint showing the injection point and the target area. e) Time-lapse images of the magnetically actuated microscaffolds
during targeting using the EMA system. Arrow with red dashed line indicates the path of the microscaffolds.

moving velocity of the microscaffold, EMA system could be
enhanced to generate higher magnetic field.
In the proliferation and viability results, the MSCs aggregated
and maintained 3D structures in the two microscaffold groups
(PLGA microscaffold and MNP-attached microscaffold) with
highly proliferative properties up to at least 12 d, with no cytotoxic effects due to the MNPs. First, generally, because PLGA
has negative charge, the cell with negatively charged cell membrane is difficult to adhere on the surface of the PLGA microscaffolds.[32,33] However, because D1 cells were cultured with the
PLGA microscaffolds in a cell culture medium including FBS,
the specific proteins in the FBS were absorbed into the surface
of the PLGA microscaffolds and the D1 cell attachment was promoted through integrin receptors.[34,35] Next, in MNP-attached
microscaffolds, the use of positively charged PEI-MNPs enables
cells attachment to the microscaffold.[36,37] The PEI as a cationic
polymer can facilitate attachment between cell membrane and
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microscaffold. Thus, the D1 cells are attracted and adhered
to the MNP-attached PLGA microscaffold. Consequently,
D1 cell can adhere on PLGA microscaffold and PEI coated
PLGA microscaffold and there are no significant differences in
the viability test. In addition, at 3 d of culture, the number of
MSCs inside the MNP-attached microscaffold was higher over
26% than the PLGA microscaffold. However, after 6 d of culture, the number of MSCs in the MNP-attached microscaffold
was almost the same as that in the PLGA microscaffold. Therefore, at the initial culture time, we expected that the negatively
charged cell membrane of D1 cell could strongly interact with
the positively charged MNP-attached microscaffold.
It is important to know the acceptable dose of MNPs in
human body because high concentration of MNPs can potentially cause a toxic side effect. The acceptable dose of MNPs for
articular cartilage has not been determined yet. Alternatively,
based on the dose of MNPs used for MRI contrast, a small
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MNPs dose (≈50–200 mg per person) is administered, in comparison with total body iron stores (≈4000 mg in a normal male
adult).[38] Using the dose of MNPs for MRI contrast (125 mg)
and the weight of MNPs in the magnetically actuated microscaffold (≈0.133 µg), we estimated that ≈9.40 × 105 can be
injected into the articular cartilage in toxicity aspect. However,
the proposed MNPs attached microscaffold is required to be
magnetically targeted to articular cartilage defect. Thus, high
concentration of MNPs accumulated in localized area can lead
to toxic implications such as DNA damage, oxidative stress,
and inflammation.[39] In the future work, the toxicity due to the
accumulation of MNPs in a localized area will be confirmed
through in vivo test.
Additionally, chondrogenic differentiation of the MSCs on
the two types of microscaffolds was achieved in chondrogenic
medium including transforming growth factor-β1 (TGF-β1).
Chondrogenic nature of the MSCs in both types of microscaffolds were demonstrated by aggrecan staining, cartilage collagen II staining, and qRT-PCR of chondrogenic marker genes,
and showed similar chondrogenic differentiation capability.
As feasibility tests of our work, we conducted 2D/3D targeting tests using magnetically controlled manipulation of the
microscaffolds by the EMA system. However, in vivo models,
large number of microscaffolds should be injected and manipulated into joint cavity to fill the cartilage defect. Therefore, we
need to know how many microscaffolds are required to treat
cartilage defect of human or animal. In clinical test, the cartilage treatment method is determined by the location and
lesion size of cartilage defect, where the standard lesion size is
average 2.5 × 2.5 cm2.[40] Based on this average cartilage defect
size, about 8.57 × 103 microscaffolds should be injected into the
joint cavity. Therefore, the number of the microscaffolds can be
determined by the size of cartilage defect. In addition, microscaffolds can be injected into the joint cavity and then can be
moved freely to the desired direction in synovial fluid through
magnetic field generated by the EMA system. However, the
EMA system used in this work can generate magnetic field
along same direction in the workspace. Hence, the microscaffolds spreading in synovial fluid can only move in the same
direction and cannot be manipulated individually. Therefore,
contrary to manipulating a small number of microscaffolds,
it is difficult to delivery numerous microscaffolds to cartilage
defect. As an alternative, if microscaffolds were injected in
front of the target and at the same time a magnetic field was
generated along the target direction, most microscaffolds can
move to the target lesion. Through this microscaffold targeting
strategy, we expect to be able to transport microscaffolds to cartilage defect by a single injection.
Despite the powerful performance and functionality of the
proposed magnetically actuated microscaffolds, several considerations should be addressed in a clinical application for
an articular cartilage repair. First, TGF-β1 as a growth factor is
an important element for the chondrogenic differentiation of
MSCs from in vitro and in vivo environments. In an in vivo
application for cartilage repair, TGF-β1 is injected into the
joint cavity and spread to the whole of the articular cartilage,
including the damaged area. Thus, compared with the required
amount of treatment for a target lesion, a high amount of free
TGF-β1 can lead to severe side effects, such as osteophyte
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formation.[41] Therefore, in the future, we plan to study microscaffolds containing the proper amounts of TGF-β1, MNPs,
and MSCs for cartilage regeneration. Second, some studies
mentioned that the cartilage regenerated by autologous MSCs
implantation is very thin and thus not similar to mature cartilage tissue, and the hypertrophy of cartilage by MSCs implantation can cause the ossification of normal cartilage tissue.[42,43]
Recently, it was reported that the co-culture of chondrocyte
and MSCs can be used for articular cartilage defect to solve
the problems of conventional MSCs implantation.[44,45] Therefore, in a future study, we will conduct an experiment in which
MSCs and chondrocyte are co-cultivated in a scaffold. Third,
we observed the position of the microscaffolds using optical
methods, such as microscopes and a DSLR camera in real time.
However, for in vivo applications, a different position recognition method should be adopted because microscaffolds injected
into the synovial fluid of a joint cavity cannot be tracked using
optical methods. As an alternative candidate, an arthroscope,
which observes the insides of the knee and hip joints with small
incision through the skin and other tissues, can be applied to
view the microscaffolds in real time. In addition, an X-ray fluoroscope can be adopted in the tracking of the microscaffolds.
Fourth, after the targeting process using the EMA system, the
microscaffolds containing MSCs need to be fixed to the cartilage defects during the patient’s recovery period. However,
the EMA system is temporarily operated only for the targeting
process of the microscaffolds because the EMA system generally has a large volume and needs a high power supply for the
procedure. As a solution, a wearable magnetic actuation device,
which consists of an array of permanent magnets and a supporting frame, can be applied to maintain the delivered microscaffolds. The magnets of the wearable device can be arranged
according to the position and shape of the target lesion, and
the generated magnetic fields in the wearable device can help
securely fix the microscaffolds to the target lesion. Of course,
the wearable device should not be taken off during treatment
period because the microscaffolds that are not fully connected
to the cartilage defect might be detached from the targeted
area due to external impact. In addition, there are studies that
show that continuous static magnetic field exposure can assist
chondrogenic differentiation and chondrocyte cell growth of
MSCs.[46,47] Therefore, we expect that the magnetically actuated
microscaffolds containing MSCs can be applied to clinical articular cartilage repair, as shown in Figure S9 of the Supporting
Information; in the case of the knee joint, the microscaffolds
containing MSCs are injected into the joint cavity in an arthroscopic surgery via a minimal incision and are then magnetically
steered to the cartilage defect through real-time imaging using
the arthroscope or X-ray microscope. After the targeting process of the microscaffolds containing MSCs, a wearable magnetic device is applied to fix the microscaffolds to the lesion. In
future work, we will introduce the cartilage repair process to in
vitro and in vivo testing.

3. Conclusion
In summary, we have reported the development of magnetically actuated microscaffolds containing MSCs for articular
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cartilage regeneration. The microscaffold as a targeting cargo
of MSCs consists of a biocompatible and biodegradable PLGA
porous body with an MNP-coated surface capable of magnetic
actuation using external magnetic fields. The magnetic actuation performance of the microscaffold was evaluated through
the magnetization curve, moving velocity, and 3D locomotion
of a single microscaffold. In addition, its role as a cell container
was verified based on the proliferation, viability, and chondrogenic differentiation of MSCs that were cultured on the
microscaffold. Finally, as feasibility tests for the application to
cartilage repair, we performed 2D/3D targeting of the microscaffolds, in which the microscaffolds containing MSCs can be
magnetically guided to the target area. Through the results of
this work, we expect that magnetically actuated microscaffolds
carrying MSCs have great potential for applications in articular
cartilage regeneration.

4. Experimental Section
A detailed description of the fabrication of the magnetic actuated
microscaffold can be found in the Supporting Information.
Experimental Setup for Magnetic Actuation Control: For the magnetic
actuation of MNPs attached to microscaffolds in 3D space, the EMA
system, which is composed of eight electromagnetic coils and pure
iron cores (JL Magnet, South Korea), was introduced (Figures S10
and S11a, Supporting Information). Through the current control of
the eight coils, the EMA system can simultaneously produce uniform
magnetic fields and gradient magnetic fields up to 45 mT and 1.8 T m−1
and can also realize the wireless locomotion of magnetic objects with
five degrees of freedom.[48,49] In addition, through the integration of
an operating microscope (f170, Carl Zeiss, Germany), a DSLR camera
(EOS 600D, CANON, Japan), and an inverted microscope (Eclipse Ti-U,
Nikon, Japan) with the EMA system, one can observe optical images
and fluorescence images of the microscaffolds containing D1 MSCs in
real time. The locomotive control of the microscaffolds using the EMA
system was performed by a joystick and a PC with LabVIEW software
(National Instruments, Austin, Texas, USA), where they were used for
the locomotive control of the microscaffold and the input current control
of the eight coils, respectively. The input currents of the coils were
applied by eight power supplies (each four sets of MX 15 and 3001 ix,
AMETEK, USA).
Characterization of the Magnetically Actuated Microscaffold: The
morphologies of the PLGA microscaffold and the MNP-attached
microscaffold were observed using an SEM (SU8010, HITACHI, Japan).
The C/O/Fe signals in the MNPs attached to the microscaffolds were
also investigated using EDX.
Based on the SEM images, the surface porosity of the PLGA
microscaffold according to the gelatin solution (0.55–0.85 mL,
interval 0.1 mL) for each 20 samples of the PLGA microscaffolds were
measured using ImageJ software (National Institutes of Health, USA).
Similarly, the PLGA microscaffolds using the optimal volume of gelatin
solution (0.65 mL) were fabricated, and the SEM images of 48 PLGA
microscaffolds were used to measure the outer diameters and surface
pore sizes and the cryo-sectioned SEM images of 8 PLGA microscaffolds
were used to measure the inner pore sizes.
The magnetization property of the MNP-attached microscaffolds was
evaluated by recording a magnetic hysteresis loop of samples, which
was measured using VSM (Lake Shore 7404, Lake Shore Cryotronics,
USA).
The basic magnetic actuation of the MNPs attached to the
microscaffolds immersed in the deionized water was tested using
a permanent magnet. The permanent magnet consisted of four
cylindrical neodymium magnets (diameter 10 mm × height 20 mm) with
955 kA m−1 of magnetization value.
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Materials for MSC Proliferation, Viability, and Cell Differentiation: For
the proliferation, viability, and differentiation of MSCs cultivated in
microscaffold, cell culture medium, FBS, and phosphate-buffered saline
(PBS) were purchased from Lonza (Basel, Switzerland). Cell culture
plates were obtained from Corning Life Science, Inc. (Acton, MA, USA).
Cell Trace Far Red, AlamarBlue, 4′,6-diamidino-2-phenylindole (DAPI)
mounting medium and insulin-transferrin-selenium (ITS) were provided
by Life Technology (Carlsbad, CA, USA). TGF-β1 was purchased from
Bio Vision Inc. (Milpitas, CA, USA). Dexamethasone, l-ascorbic acid-2phosphate, sodium pyruvate, l-proline and Alcian blue were supplied by
Sigma-Aldrich, and optical cutting temperature (OCT) compound was
obtained from Leica Biosystems Inc. (Richmond, IL, USA).
MSC Culture on the Magnetically Actuated Microscaffold: The PLGA
microscaffolds and the MNP-attached microscaffolds were sterilized
with 70% ethanol for 30 min and washed with PBS two times. Then,
the scaffolds were transferred into the wells of an ultralow attachment
96-well plate at a density of ten scaffolds per well, and D1 mouse MSCs
were seeded on the scaffolds at a density of 1 × 106 cells per well. The
MSC-seeded scaffolds were cultured in a 5% CO2 incubator at 37 °C,
and the culture medium was replaced every 2 d.
MSC Proliferation, Viability, and Cell Differentiation Tests: To identify
the cell distribution of the PLGA microscaffolds and the MNP-attached
microscaffolds by confocal microscopy, the cytoplasms of MSCs were
stained with 10 µg mL−1 Cell Trace Far Red before the seeding of the
MSCs on the microscaffolds. After the seeding, the MSCs were cultured
on the microscaffolds for an initial 5 d, after which the microscaffolds
were fixed with 4% paraformaldehyde, embedded in compound,
and frozen at −20 °C. Then, the microscaffolds were cryosectioned
(10 µm in thickness) and counterstained with DAPI mounting medium
to visualize the nuclei. The sectioned samples were then observed
using a Leica SP5 confocal microscope. Quantitative evaluations of
MSC proliferation and viability on the microscaffolds were performed
using the AlamarBlue assay according to the manufacturer’s protocol
on days 3, 6, 9, and 12 after cell seeding.[50] Briefly, the microscaffolds
containing the MSCs were washed with PBS and incubated with 10%
AlamarBlue-supplemented Dulbecco modified eagle medium (DMEM)
at 37 °C and 5% CO2 for 24 h. Then, 200 µL of the medium was
transferred to a 96-well plate to measure the fluorescence intensity
on a microplate reader (Varioskan flash, Thermo Scientific, USA) at
an excitation wavelength of 550 nm and an emission wavelength of
590 nm.
Chondrogenic MSC differentiation in the PLGA microscaffolds and
the MNP-attached microscaffolds was achieved using chondrogenic
medium, which consists of DMEM with 4.5 g mL−1 glucose, 1%
ITS, 0.1 × 10−6 m dexamethasone, 50 µg mL−1 l-ascorbic acid-2phosphate, 100 µg mL−1 sodium pyruvate, 40 µg mL−1 l-proline, and
10 µg mL−1 TGF-β1. To assess the chondrogenesis by histological and
immunohistochemical analysis, at day 21, the microscaffolds containing
the D1 MSCs were embedded in OCT compound and frozen at −20 °C.
The frozen microscaffolds were cryosectioned (10 µm in thickness),
stained with Alcian blue in 3% acetic acid (pH 2.5) (Sigma, USA) and
observed in an inverted microscope (Eclipse Ti-U, Nikon, Japan). For
immunohistochemistry, the cryosectioned microscaffolds were incubated
with Anti-COL11A1 antibody (Abcam, UK) for 1 h at room temperature
and followed by incubation with Goat Anti-Rabbit IgG H&L Alexa Fluor
594, as a secondary antibody (Abcam, UK). For qRT-PCR analysis, total
RNAs were extracted from the microscaffolds using TaKaRa MiniBEST
Universal RNA Extraction Kit (Takara, Japan), the reverse transcription
(RT) using PrimeScript Master Mix (Takara, Japan), and then qRT-PCR
was performed using 5× HOT FIREPol, EvaGreen, and qPCR Supermix
(Solis BioDyne, Estonia).

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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