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Abstract—3D tailor-made biodegradable scaffold integrated
with biological cells or molecules is of great importance for
tissue engineering. This paper addresses an improved method
for exploring magnetic tweezers in patterning and aligning
magnetic hydrogel fiber to fabricate large-scale engineered
cell-hydrogel constructs. Magnetic hydrogel fibers were
fabricated based on microfluidic device. The fabricated
hydrogel fiber is made of alginic acid sodium and with a
diameter of 34 um. Magnetic nanoparticles is added into the
alginic acid sodium solution to append magnetic material inside
the fibers. The magnetic material inside the hydrogel fiber is
regulated by the microfluidic device. Magnetic tweezers system
based on solenoid electromagnet is utilized to evaluate the
magnetic response of the magnetic hydrogel fiber. Evaluation
results show the hydrogel fiber can be maneuvered by the

proposed system with a positioning resolution of sub-micro level.

The cultivation results of hydrogel fiber with C2C12 cells shows
the potential for real applications of the proposed method in
tissue engineering.

I. INTRODUCTION

AGNETIC particles have been widely studied for the

applications on bio-sensing, cell sorting, drug and gene
targeting, cell enrichment, protein digestion, magnetic
resonance imaging and cancer therapy [1-3]. The advantages
lie in their controllability by using external magnetic fields
and stability for bearing chemical or biological function.
Magnetic force is used to assemble microparticles, also to
retrieve the particles from previously built structures. In a
previous study, magnetic hydrogel microparticles have been
fabricated for microRNA detection and manipulated inside
microwells [4].

Hydrogels are used as base material for many applications
in regenerative medicine due to their unique biocompatibility,
flexible methods of synthesis, range of constituents, and
desirable physical characteristics. Mass transport of oxygen,
essential nutrients, growth factors, metabolic waste and
secretory products can be realized by diffusion and
transportation across the hydrogel networks. Thus cell-seeded
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hydrogels hold dominant position in overcoming the
challenging issues in tissue engineering, such as generation of
vascularized tissues and mimicking the complex structure and
architecture of biological tissues [5-8]. Hydrogels have been
tailored to mimic natural tissues and employed to provide
bulk and mechanical constitution to tissue constructs as
engineered scaffold. Cells are cultured by adhering to or
suspending within the 3D hydrogel constructs [9-11].

To generate microengineered hydrogels and related
cell-encapsulated hydrogel complex, many techniques have
been investigated such as emulsification, photolithography,
micromolding and microfluidic synthesis [12-14]. A.
Winkleman et al demonstrated the fabrication and
manipulation of millimeter-scale spheres fabricated from
ionotropic hydrogels that are cross-linked with paramagnetic
metal ions. These ionotropic hydrogels introduce a force
under a magnetic field gradient that has close relationship
with the concentration of the paramagnetic -cations
cross-linking the polymer [15]. In an externally applied
magnetic field, the paramagnetic hydrogel spheres were
assembled into precisely patterned arrays or constrained its
geometrical structures in the regions with highest magnetic
field. These spheres can be separated from heterogeneous
mixtures of diamagnetic materials using a simple bar magnet.
[12, 16].

As for the hydrogel material, alginic acid sodium is
water-soluble, nontoxic, hydrophilic, biocompatible and with
a relatively low cost. The alginate gel can be formed in the
presence of divalent cations, such as Ca*, Mngr ions, and so
on, because the cations act as ionic bridges between
L-guluronic acid residues on adjacent chain segments. Due to
its ability to form gels under mild conditions with the divalent
cations, alginate has been utilized as gelling agent for
extruding wounds, dental impression, controlled drug
delivery, and the encapsulation of living cells [17, 18].

As most of human tissue is composed of three kinds of
cells, endothelial cell, smooth muscle cell, and collagen fiber,
our strategy for tissue regeneration is encapsulating these
cells inside hydrogel, and using cell-seeded hydrogel to
fabricate magnetic hydrogel fiber. We use 3D magnetic
tweezers to control and align the fibers to specific pattern.
Then these well-organized magnetic hydrogel fibers are kept
inside the incubator for tissue regeneration as illustrated in
Fig. 1.

In this paper, we used fluidic chip and syringe connected
with micro pipette tip to generate alginate hydrogel fibers.
For the availability of control to the hydrogel fiber, MRI
contrast media was employed to add magnetism inside the

2059



Coiling of Hydrogel with Cells

) ) )=

Endothelial ith muscle cell Collagen
D 4 flber

cell

Fluidic chlps

(=) Temperature Control
(=) Humidity Control

_ EINSINe
3D Manipulator Cultivation Stage
Fig.1. Illustration of tissue regeneration with magnetic hydrogel fiber.

microfluidic chips. Electromagnet based magnetic tweezers
system was used to control the movement of hydrogel fibers.
The cultivation results of hydrogel fiber with fibrous C2C12
cells showed the potential for real applications of the
proposed method in tissue engineering.

II. MATERIAL AND METHOD

A. Preparation of the Fluidic Chips

A micro fluidic device which can generate laminar flow is
utilized for fabricating magnetic hydrogel fiber. 2% alginic
acid sodium (MP Biomedicals, France) is used as hydrogel
solution, 0.2% calcium chloride solution mixed with 10%
dextran is used to solidify the hydrogel, and 10% Dextran
solution (Dextran 200000, Wako Pure Chemical Industries,
Ltd. Japan) is used as the buffer flow to separate the alginic
acid sodium flow and calcium chloride solution. Magnetic
resonance imaging (MRI) contrast media solution (Resovist
Inj., Japan) is added into the alginic acid sodium solution to
append magnetic material inside. The pattern of the flow
channel is configured as shown in Fig.2(a). In this design, the
width of channel for alginate solution is 100 pm, which is
chose for generating a thickness of hydrogel fiber about 50
um. The size for other channels and the configuration of the
channels are shown in Fig.2 (b). We used the SU-8 3050 as
the mold materials with the consideration that it is a high
contrast, epoxy based photoresist designed for
micromachining and other microelectronic applications,
where a thick, chemically and thermally stable image is
desired. The fabricated SU-8 model is observed under surface
profiler as shown in Fig. 2 (b).

Microfluidic chip made of polydimethylsiloxane (PDMS)
is a key component for many microfluidic and lab-on-chip
applications. The fabrication procedure for PDMS (SILPOT
184 W/C, Dow Corning Toray) microfluidic chip with PDMS
coated bottom surface is shown in Fig. 3. Fabrication method
is based on photolithography. First SU-8 was spin-coated on
the silicon wafer with a speed of 2700 RPM for 30s; then after
baking it for 40 mins, UV light exposure was conducted
under specific shadow mask, the pattern used is the same as
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Fig.2. Hlustration of the fluidic chips used in the fabrication of magnetic
hydrogel fiber. (a) Pattern design of microfluidic chips with the exact size; (b)
SU-8 mold used for fabricating microfluidic device.
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Fig.3. Fabrication process for the microfluidic device. (a) SU-8 was
spin-coated on the silicon wafer; (b) UV light exposure under specific
shadow mask; (c) SU-8 model was achieved after development; (d) PDMS
was spin-coated on the SU-8 mold; (e) Peeling off the PDMS from the wafer
and bonding it on the cover glass.

mentioned above. SU-8 mold was achieved after PM thinner
development. Finally PDMS was spin-coated on the SU-8
and it solidified after 24 hours at room temperature. After
peeling off the PDMS from the wafer, it was bonded on the
cover glass after oxygen plasma treatment. The whole
fabrication process was as shown in Fig. 3. Holes were made
on the ends of the channel and the silicone tube was put in the
holes. All solutions were injected by the digitally controlled
syringe pumps (KDS 111, Muromachi Kikai Co., Japan).

B. Fabrication of Magnetic Hydrogel Fiber

MRI contrast media solution that is a hydrophilic colloidal
solution of superparamagnetic iron oxide coated with
carboxydextran was added into the alginic acid sodium
solution. Before the experiment we mixed the 4ml 4% alginic
acid sodium with equal amount of MRI contrast media. The
mixture was sonicated for 1 hour inside ultrasound device
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Fig. 4 Injection of magnetic alginate solution for solidification. A syringe is
connected with a micro pipette for achieving magnetic fiber with small
diameter of 0.8mm.

Fig.5. Magnetic tweezers system based on electromagnet. The magnet
consists of a single coil enclosing a soft iron core. The core is needle shaped
at the end, the magnetic flux is then bundled and the magnetic field reaches a
maximum near the tip. (a) device structure; (b) enlarged view of magnetic
tweezers.

under the temperature of 40 °C to help MRI contrast media
uniformly distributed inside the alginate solution. During the
mixing, aggregation of magnetic materials may happen;
therefore the mixture was filtrated before use in the case that
the aggregation blocks the microfluidic channels. Pressure
control for each channel of the fluidic chips is very important
to generate laminar flow and steady gelling of alginate. In
addition, during the experiment, calcium chloride solution
was avoided to meet the alginate solution directly inside the
channel. The buffer solution was injected first with the rate of
100 uL/h, and then the other two solutions were injected with
the rate of 50 uL/h. Tweezers were used at the output part of
the channel to collect the hydrogel fiber and assist the fiber
coiling.

For the proof-of-concept experiments, another kind of
larger diameter of magnetic hydrogel fiber was fabricated by
wet spinning. A syringe was connected with micro pipette tip.
The magnetic alginate solution was injected with syringe
pump at a speed of 5 mm/min, then the fiber solidified inside
CaCl, solution. The diameter of magnetic fiber is about 0.8
mm. The experimental setup is as shown in Fig.4. Lower
injection speed results in that the solidified hydrogel
aggregates at the tip of the pipette and the diameter of the
fiber is non-uniform. On the contrast, higher injection speed
has little influence to the thickness of the fiber.

C. Magnetic Tweezers System for Manipulation

Magnetic tweezer is an electromagnetic device capable of
exerting a force of controlled magnitude and direction on
magnetic objects. Our magnetic tweezer is composed by a
solenoid electromagnet for aligning and patterning magnetic
hydrogel fiber as shown in Fig.5. Enameled wires were
winded on a cylinder soft steel rod. The delivering current
ranges from O to 0.5A. The soft iron was polished as a sharp
tip with a diameter of 0.2 mm, which is comparable with the
diameter of magnetic fiber. A three axial controllable micro
stage is mounted on the Jack and the petri containing the
magnetic hydrogel fiber was placed on the top of the micro
stage. The micro stage is with a precision of 0.1 micrometer
for precious alignment and control of the magnetic hydrogel
fiber. A programed power supply was used to control the
input current of the electromagnet for obtaining the desired
magnetic strength on the tip of the magnetic tweezer. A
clamper stage was used to hold the magnetic tweezer and
adjust the position, angle and orientation. Since the magnetic
field from a solenoid is inversely proportional to the coil
diameter, and the field gradient from a ferromagnetic tip is
inversely proportional to the tip dimensions, the minimization
of both of these parameters in the design of the magnetic
tweezer is needed. In our design, the diameter of soft iron is
0.8 mm and a pretightening force of coiling is 3N for
providing a higher current density along the soft iron.

D. Computational Model of Static Magnetic Fields

For the transient analysis of magnetic field generated by
the solenoid, electromagnetic conversion problem is
governed by Biot-Savart law:

Idixr (1

dB=&x >
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where g is the permeability of the vacuum, magnetic

constant, r is the displacement unit vector in the direction
pointing from the wire element towards the point at which the
field is being computed, dl is a vector, whose magnitude is the
length of the differential element of the wire, and whose
direction is the direction of conventional current, and B is the
magnetic flux density.

When placing a magnetic hydrogel fiber in magnetic field,
surface magnetization current and volume magnetization
current inside the ferromagnetic material is generated after its
magnetization in the magnetic field, the magnetic force is
interpreted as the magnetic force on molecular current. For
isotropic medium it can be calculated as:

F,=([[ (vxM)xBav. @)

E. Cell Seeding inside Hydrogel Fibers

We used the C2C12 cells for evaluating the cell
compatibility of alginate hydrogel. C2C12 is a mouse
myoblast cell and can easily cultivate. For the real cell
cultivation, alginate solution is needed to be treated by the
autoclave firstly and then filtrated with syringe filter. In order
to remove the cells from culture dish, the old culture media
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was discarded and 4ml PBS was injected near the edge of
culture dish so as to not flow directly to the cell surface, then
PBS was removed. 1.5mL of Trypsin EDTA was injected and
placed inside the incubator for 3 minutes to detach the cells
from each other. 3.5 mL of culture media was injected to stop
the reaction then 15mL tube was put with 4mL of any
solution inside centrifugal machine. Finally the dish was put
with new cultivation media and the dish was placed inside
incubator at 37 °C. The culture media was renewed in every 2
days. We observed the hydrogel encapsulated with C2C12
cells for three times, the first day, the second day and the
eighth day of cultivation. The results are explained below. As
during the observation, we cannot make sure the observation
area is same every time, we chose the observation site that has
an average cell number of all the hydrogel fiber. Through all
the process of cultivation and observation, the dishes were
sprayed with ethanol after every operation to avoid bacteria or
fungi proliferating inside or around the culture dishes.

III. RESULTS AND DISCUSSION

A. Fabrication of Segmented Hydrogel Fiber

By using the fluidic chips with the fluidic pattern as shown
in Fig.2, the input solutions to all the channels were as shown
in Fig. 6. The magnetic section of hydrogel fiber can be
obtained by controlling the inputs of magnetic alginate
solution and nonmagnetic alginate solution at different time
sequence. At the central section of the channel, calcium
chloride solution, the dextran buffer and the alginate solution
will confluent. With the flow of all the solutions, the calcium
chloride solution diffuses inside the channel and solidifies the
alginate solution to become hydrogel fiber. The laminar flow
at the central part of the fluidic chip is as shown in Fig.6(b).
This laminar flow is important that turbulent flow can cause
the alginate solution solidify inside the channels and make
fiber jam inside channel, which finally makes the fluidic chip
blocked by the solidified fiber. Before the experiment, it is
also necessary to remove the air bubbles inside all the
solutions for 2 hours, as the small amount of air bubbles may
aggregate inside the fluidic chips and change the physical
properties of laminar flow, which results in non-uniform
thickness of the hydrogel fiber.

B. Magnetic Hydrogel Fibers

The magnetic hydrogel fiber fabricated with fluidic chips is
as shown in Fig.7 and the magnetic alginic acid sodium was
controlled with pressure control at the crossing of three
channels. By injecting the magnetic alginic solution, the
magnetic sections can be obtained. As the fluidic channel is
with a height of 100 pm, the size of hydrogel fiber fabricated
is about 100 pm in width and 40 pm in height. And from the
experiments, we prove the mechanical strength of hydrogel
fiber is enough for magnetic manipulation. The minimum
pitches of the magnetic hydrogel fiber are related to the
switching frequency of the magnetic alginate flow and
nonmagnetic alginate flow. It has been reported that
fibroblasts grow on scaffolds of pore sizes of between 5 and

Fig. 6. lustration of laminar flow at the central area of the fluidic chip during
the fabrication of magnetic hydrogel fiber. (a) Input of magnetic alginate.(b)
Input of nonmagnetic alginate.

Fig.7. Optical image of hydrogel fiber. (a) Nonmagnetic hydrogel fiber;
(b)magnetic hydrogel fiber.
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15 pum, hepatocytes on scaffolds with pores of approximately
20 pum, skin cells regenerate on scaffolds with pores of
between 20 and 150 pm and neovascularization occurs on
scaffolds containing pores of 5 um [19]. This hydrogel
microfiber can be used to encapsulate many kinds of living
cells and patterned as scaffolds in tissue regeneration.

C. Magnetic Tweezers System

Compared to other micro manipulation methods, such as
optical laser tweezers, acoustical standing waves, micro
pipette and dielectrophoresis techniques, magnetic approach
can satisfy the requirements of high forces, reduced charging
and heating of samples, and remote controllability[20, 21]. In
our study, a magnetic tweezers system based on
electromagnet is as shown in Fig.5 to control fiber in 3D
space. The magnetic tweezers system is mounted on a micro
stage for positioning the tip above the magnetic fiber and
manipulating the fibers. Polymer glue was covered on the
surface to make the device water-proof. When giving a
current of 0.2 A, the magnetic flux density at the tip of the
electromagnet is 30 mT. The magnetic field is used to control

2062



the magnetic hydrogel fibers and to align them with specific
shapes. Fig.8 shows the magnetic gradient changes as a
function of distance from the tip of magnetic tweezers. With
the given condition of magnetic alginate fiber fabricated in
this study, the minimum magnetic flux density at the tip of
magnetic tweezer is about 23.5 mT. This valve can be
obtained by adjusting the distance of tip and magnetic fiber
from Fig.8, or by regulating the input current. However it is
better to use the levitation force to manipulate the fiber
magnetically in order to avoid rigid contact between the fiber
and tip, as this rigid contact increases the risk of fiber rupture.

D. Manipulation of Magnetic Hydrogel Fiber

Magnetic alginate fiber fabricated by wet spinning was
used to prove the feasibility of the proposed method. The
thickness of the fiber is 0.8mm and can be attracted to the tip
of magnetic tweezer. As indicated in Fig.9, the fibers can be
manipulated and the speed and trajectory can be controlled by
the micro stage. The positioning resolution is under
sub-micro level. It is in principle possible to achieve stronger
magnetic forces on the alginate fiber by using higher input
current to the coil, winding additional coil turns, or improving
the percentage of MRI contrast media during the preparation
of magnetic alginate solution.

Fig. 10(a) shows when three steel pillars are placed on a
larger magnet, the electromagnet could be used to coil the
alginate fibers along the three pillars. The illustration of the
hydrogel constructs is as shown in the dash box. For
fabricating complex hydrogel constructs, more magnetic
pillars are needed to achieve arbitrary shape hydrogel
constructs. As shown in Fig. 10(b), a conventional patterning
device, comprising poly(methyl methacrylate) (PMMA) with
a thickness of 5 mm and steel wires with a diameter of 0.7 mm,
and an interval of 3 mm, is utilized to generate dot pattern of
magnetic field on the surface. A neodymium magnet with the
surface magnetic flux density of 0.035 T is mounted under the
patterning device. Around the cylindrical steel area, the
magnetic gradient is higher and with maximum value of
magnetic gradient at Y direction of 48.6 mT when a
neodymium magnet with the surface magnetic flux density of
0.38 T is placed under the patterning device. As the tip of the
electromagnet is 0.8 mm in diameter, it is convenient to use
the magnetic tweezer to pattern the magnetic hydrogel fiber
on the surface of the patterning device. In the experiment, we
cut the magnetic hydrogel fiber into pieces beforehand, then
put all the small pieces of magnetic hydrogel fiber inside the
calcium chloride solution. By adjusting the position of micro
stage, the relative position of magnetic tweezer and the
patterning device will change. The magnetic hydrogel fiber is
attracted on the tip of the magnetic tweezer and moved inside
calcium chloride solution.

E. Cell Cultivation inside Hydrogel Fiber

C2C12 cells are a mouse myoblast cell. Under appropriate
conditions, these cells differentiate into contractile myotubes
and produce -characteristic muscle proteins. The cell
cultivation results in 8 days are as shown in Fig. 11. The three

Fig.9. Experiments for manipulating magnetic alginate fiber at different
time.(a) at time 0; (b) at time 1s; (c) at time 2s;(d) at time 4s.

. SR . LI,
Fig.10 Manipulation of magnetic hydrogel fiber with magnetic tweezers
system. (a) coiling magnetic hydrogel fiber on three steel pillar; (b) aligning
magnetic hydrogel fiber on a patterning device.

figures present the cell cultivation condition in the first day,
the second day and the eight days respectively. Compared the
cell number in the image, cells grow well inside the hydrogel
fibers. Fibroblast structures are shown in the figures. Due to
the sterilization during the operation, there is no other cells
pollute the C2C12 cells. In the experiments, we also confirm
the hydrogel degrade and its mechanical properties become
weaker after 8 days cultivation inside incubator. The C2C12
cells grow healthily inside the hydrogel fiber and take up
most of the hydrogel. Apart from these, it is good to show that
the alginate hydrogel fiber is biocompatible, biodegradable
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Fig.11. Cultivation results of C2C12 cells after a week inside the hydrogel
fibers. (a) on the first day; (b) on the second day; (c)-(d) on the eighth day.

and with good cytocompatibility. These properties are crucial
for the hydrogels as base material in the engineered scaffold
fabrication.

Therefore, the proposed method is useful for fabricating
segmented magnetic hydrogel fiber used for tissue
regeneration by in-vitro cultivation. However there still exist
some limitations in this study, such as 3D structure
construction is inaccessible due to magnetic support is needed
for aligning the patterning the magnetic hydrogel fiber in 3D
space. Future challenges of this research will include the
thickness control of the segmented hydrogel fiber, the
manipulation of magnetic hydrogel fiber for constructing 3D
complex assembly and cell cultivation in 3D complex
hydrogel construct.

IV. CONCLUSIONS

An improved method for fabricating segmented magnetic
hydrogel fiber based on microfluidic device was proposed for
the scaffold application in tissue regeneration. The fabricated
hydrogel fiber was made of alginic acid sodium and with a
diameter of 34 um. MRI contrast media solution was added
into the alginic acid sodium solution to append magnetic
material inside fiber. The magnetic material inside the
hydrogel fiber was successfully regulated by the microfluidic
chip and controlled at desired length with syringe pump.
Magnetic tweezer system based on solenoid electromagnet
was utilized to evaluate the magnetic response of the
magnetic hydrogel fiber. Evaluation results showed the
magnetic hydrogel fiber could be patterned and aligned under
the constructed magnetic control system. The cultivation
results of hydrogel fiber with C2C12 cells shows the
proposed methods hold great potential in tissue engineering.
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