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Abstract— Objective: Seeding and patterning of cells with an
engineered scaffold is a critical process in artificial tissue
construction and regeneration. To date, many engineered
scaffolds exhibit simple intrinsic designs, which fail to mimic the
geometrical complexity of native tissues. In this study, a novel
scaffold that can automatically seed cells into multi-layer
honeycomb patterns for bone tissue engineering application was
designed and examined. Methods: The scaffold incorporated
dielectrophoresis for non-contact manipulation of cells and
intrinsic honeycomb architectures were integrated in each
scaffold layer. When a voltage was supplied to the stacked scaffold
layers, three-dimensional electric fields were generated, thereby
manipulating cells to form into honeycomb-like cellular patterns
for subsequent culture. Results: The biocompatibility of the
scaffold material was confirmed through the cell viability test.
Experiments were conducted to evaluate the cell viability during
DEP patterning at different voltage amplitudes, frequencies and
manipulating time. Three different mammalian cells were
examined and the effects of the cell size and the cell concentration
on the resultant cellular patterns were evaluated. Conclusion:
Results showed that the proposed scaffold structure was able to
construct multi-layer honeycomb cellular patterns in a manner
similar to the natural tissue. Significance: This honeycomb-like
scaffold and the dielectrophoresis-based patterning technique
examined in this work could provide the field with a promising
tool to enhance seeding and patterning of a wide range of cells for
the development of high-quality artificial tissues.
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I. INTRODUCTION

ISSUE engineering is an interdisciplinary research that

aims to repair and regenerate tissues and organs by

transplanting artificial tissues fabricated outside the human
body. To construct these tissues, one common approach is to
harvest stem cells from the bone marrow of the patient and then
culture these cells on a biomaterial as the scaffold to facilitate
tissue development [1, 2]. Thus, the scaffold acts as the 3D
platform mimicking the structural characteristics of the native
tissue for cells to adhere, proliferate, and differentiate. Various
bio-mimetic scaffolds have been proposed for reconstructing
different functional tissues [3, 4]. Nevertheless, many of these
scaffolds exhibit relatively simple intrinsic designs with limited
control of cell distribution throughout the scaffold. In addition,
manipulating and migrating cells to the interior regions of the
scaffold remains technically challenging because cell seeding
efficiency highly depends on the micro-architecture of the
scaffold. The conventional, passive method could take hours
for cell seeding, and the cell distribution may not be uniform.
The use of vacuum to rapidly seed cells into the scaffold is
another method, but the effects on the cells and the scaffold are
not clear [5]. The microfluidic method could precisely define
the cell pattern to be constructed, but the size of the pattern is
constrained by the microfluidic chip and the pattern is relatively
two-dimensional (2D) [6].

A number of techniques have been identified to manipulate a
large group of cells for biomedical applications over the past
decades. For instance, optical tweezers use highly focused laser
beams to exert trapping forces on the dielectric particles for
manipulation [7-10]. However, the damage induced by the
trapping laser on the cell, also known as photodamage [11],
may need to be considered [12, 13]. Magnetic cell manipulation
uses magnetic fields to remotely manipulate magnetic
nanoparticles attached to cell surfaces. When the magnetic
nanoparticles are coated with an antibody that can only attach
to a particular cell type, high-throughput sorting of targeted
cells from a mixed cell sample can be achieved [14, 15]. The
biocompatibility and the toxicity of the nanoparticles need to be
considered when using this technique for tissue regeneration.
Other manipulation techniques based on the mechanical
properties of cells have also been investigated [16, 17].

Dielectrophoreis (DEP) is the movement of cells in
non-uniform electric fields, caused by the induced dipole
moment of the cells. Combined with microfabrication
technology, DEP has been widely used in cell sorting, trapping,
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fractionation, and cytometry [18]. DEP has also been used in
tissue engineering to create different cellular patterns for
culture and tissue development. Examples of these patterns
include dot array [19, 20], linear [21, 22], radial [23-25], and
interdigitated patterns [26]. Hydrogels are often used as the
substrate for immobilizing the cells, thereby allowing the use of
the patterned cells for subsequent culture. Owing to the
relatively soft nature of these gels, their applications are mainly
focused on soft tissue regeneration.

In the present study, DEP was used as the mechanism to
promote cell seeding during the reconstruction of an artificial
bone tissue. Achieving a high density of spatially distributed
cells on a 3D scaffold is an essential process as it can lead to the
disposition of more homogeneous extracellular matrix by cells,
enhancing the quality and functionality of the tissues to be
developed [27]. Cells on the scaffold are automatically
patterned into multiple layers of honeycomb patterns so as to
mimic the architecture and complexity of native tissues for
improved tissue culture performance [28].

Stainless steel is considered as the scaffold material as it is
commonly used as the implanting material to replace damaged
bone or support bone healing [29]. In addition to its comparable
tensile strength to natural bones [30], stainless steel can provide
excellent electrical conductivity, which is an essential material
property in the present work. Although metallic scaffolds could
be prone to corrosion due to wear, surface medication or

coating could be used to overcome some of these disadvantages.

The proposed metallic scaffold consists of multiple layers
which serve as micro-electrodes to generate the required
electric fields for cell manipulation. In contrast to conventional
scaffolds with a uniform grid pattern or woven pore
architecture, including that in our earlier study [31], this
scaffold was designed with honeycomb-like pores to mimic the
geometry of native bone tissues. When a voltage was supplied
to the scaffold, the DEP effect induced the suspending cells to
manipulate and adhere to the multi-layer scaffold, thereby
forming multiple honeycomb cellular patterns for culture. In
[32], a preliminary design of the honeycomb-like scaffold
structure was reported and yeast cells were examined with the
scaffold as a proof of concept. In the present study, we extend
our research to the characterization of the proposed scaffold on
a number of aspects. First, three different mammalian cells
were considered and different factors affecting the formation of
the honeycomb patterns were identified by experimentation.
Computer simulation was performed to evaluate the optimal
frequency with respect to the cell type for patterning. Viability
tests were conducted to examine to the biocompatibility of the
material and the cell death associated with the DEP mechanism.

Il. MATERIALS AND METHODS

A. The Principle of DEP

DEP is among the most widely used methods for cell
manipulation because of its non-invasiveness and ease of
implementation. The application of DEP has been significantly
developed since its discovery by Pohl [33]. The DEP force is
the interaction of a non-uniform electric field with the dipole
moment induced on a polarizable particle. For a spherical
isotropic homogenous particle, the time-averaged DEP force is

given by [34], as follows:
12
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where & is the real part of the permittivity of the

suspending medium, I is the radius of the particle, V|E|2 is the

gradient of the square of the electric field, and Re[ fem (a))] is

the real part of the Clausius—Mossotti (CM) factor for a
spherical object (bounded between -0.5 and 1). The CM factor
is expressed as follows:
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where &, (@) and &, (@) represent the complex
permittivity of the cell and the medium.

The complex permittivity is related to the permittivity ( € ),
the conductivity (o), and the angular frequency (@ =271
of the applied electric field. For mammalian cells, the dielectric
properties can be formulated by the protoplast model. The CM
factor for live cells can be rewritten [34] as follows:
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the cell. C is the membrane capacitance. o, and &, are the

conductivity and permittivity of the cell, respectively.

t =crlo, and 7, =¢,/0, are the time constants for the

medium. ¢ and & are the conductivity and permittivity of

the medium, respectively. When the cell dies, the cell
membrane becomes permeable. The CM factor for dead cells
can be rewritten as follows [34]:
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In accordance with the CM factor, the cell is either trapped or
repelled by the induced DEP force. If the cell is more
polarizable than the medium, the CM factor becomes positive,
and the cell is attracted toward the high electric-field gradient
region known as the positive DEP (p-DEP). By contrast, if the
CM factor is negative, the cell is repelled to the electric-field
minimum region called the negative DEP or n-DEP.

Both positive and negative DEP phenomena have been
employed extensively to manipulate or pattern cells by using
electrode pairs with different geometries or configurations [35—
37]. The key requirement is that electric field maxima or
minima should be generated in the micro-environment so that
cells are directed to the designated regions accordingly. This
study proposed the development of a 3D multilayer scaffold to
generate the non-uniform electric field, and the p-DEP
mechanism was applied to attract cells towards the scaffold to
form 3D cellular patterns.

B. Scaffold Design
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To enable cell attachment and tissue ingrowth, the scaffold
used for tissue repair or regeneration usually has a porous
architecture with interconnected pores [38, 39]. The pore can be
randomly distributed or precisely controlled depending on the
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Fig. 1. Schematic of the multi-layer scaffold.

fabrication technique. Recent studies indicated that compared
with conventional scaffolds, scaffolds with honeycomb
architectures can more efficiently enhance cell proliferation,
viability, and survival rate [40]. Honeycomb architectures can
more efficiently mimic the morphology of the native bone
tissue while providing good mechanical stability to guide tissue
formation [41, 42].

In the current study, a 3D honeycomb-like scaffold prototype
consisting of five individual layers was designed and
fabricated. To utilize DEP for cell patterning, a voltage
opposite to the adjacent layers was applied to each layer so that
electrode pairs formed, thereby generating non-uniform electric
fields for DEP cell manipulation. Fig. 1 illustrates the
schematics of the scaffold. The scaffold layers connected to the
positive terminal of the sinusoidal function generator are shown
in red, whereas those connected to the ground terminal are
shown in blue.

Fig. 2 presents the operating principle of the cell-patterning
technique on one layer of the scaffold. When a cell droplet was
pipetted onto the scaffold, the pores of the scaffold were filled
with randomly distributed cells, as illustrated in Fig. 2(a).
When voltage was supplied to the scaffold, non-uniform
electric fields were established in the micro-environment,
where the gradients are highest at the boundaries of the
honeycomb patterns. The suspending cells were polarized and
manipulated toward the electrode layer to form honeycomb

patterns, as shown in Fig. 2(b).
Suspended cells

Fig. 2. Operating principle of cell patterning.
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Fig. 3. Electric field simulation of the multi-layer structure with 10 V input
in () 3D and (b) 2D [32].

To confirm the efficiency of the honeycomb patterns of the
multi-layer scaffold for DEP cell manipulation, the finite
element software COMSOL was used to simulate the electric
field strength and distribution at 10 V voltage input. The
simulation results presented in Fig. 3 indicates that the current
layer can be paired with the adjacent layers to establish highly
non-uniform electric fields. Similar simulation results (data not
shown) were obtained at different layers of the scaffold. Based
on the positive DEP effect, cells migrated from the lower
electric field regions (in blue) and were manipulated toward the
higher electric field regions (in red), thereby forming
honeycomb-like cellular patterns.

C. Fabrication

Polymeric scaffolds are widely used in tissue engineering
because they possess excellent biocompatibility, ease of
fabrication, and controllable mechanical properties [43-45].
Nevertheless, the elastic moduli of polymers are much lower
than those of natural bone tissues. Hence, the use of metallic
materials in hard tissue engineering is preferable because of
their strength and ability to withstand compressive loads from
daily activities after implantation [46-48]. Metallic scaffolds
are also suitable for current applications because they exhibit
high electrical conductivity, which can minimize Joule heating
and voltage drop. In the present study, medical stainless steel
was chosen to fabricate the multi-layer scaffold because of its
mechanical properties, biocompatibility, and corrosion
resistance [49]. The electrical conductivity of the stainless steel
is1.4x10*s/cm.

To construct the multi-layer scaffold, rectangular 10 mm x
10 mm scaffold layers were cut from the stainless steel by using
a commercial GSI laser machine. On each layer, multiple
honeycomb patterns were cut, with a positioning accuracy of 5
pm. The length and the width of the honeycomb pattern are 140
and 50 pm, respectively, with a mean pore size of 140 um.
Studies have indicated mean pore sizes ranging from 96 um to
150 pm to facilitate optimal attachment in bone tissue
engineering [50, 51]. The material was 50 pum thick to reduce
mismachining tolerance during laser cutting. Each layer was
coated with a 1 um thick silica by plasma-enhanced chemical
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vapor deposition to provide electrical insulation between layers
that are stacked together to form a 3D scaffold. This coating
could also enhance cell adhesion during seeding. Fig. 4(a) and
4(b) present the microscope image and the SEM image of the
stacked multi-layer scaffold, respectively.

Fig. 4. Microscope image (a) and SEM image (b) of the fabricated scaffold
structure.

D. Cell Culture

Both adherent and suspension mammalian cells were
examined for seeing onto the multi-layer scaffold. MC3T3-E1
cells are preosteoblast cells derived from mouse calvaria.
Human foreskin fibroblasts (HFFs) were isolated from neonatal
human foreskin. These two kinds of adherent cells were
cultured in 35 mm Petri dishes in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% (v/v) heat-inactivated fetal
bovine serum (FBS) and 1% (v/v) penicillin—streptomycin.
Leukemia cells (OCI-AML3) are suspension cells obtained
from peripheral blood extracted from a patient. The cells were
cultured using Alpha-MEM with 20% FBS and 1% penicillin—
streptomycin. All dishes were incubated at 37 °C with a gas
mixture of 95% air and 5% CO,; the culture media were
changed every two days. The diameters of HFF, MC3T3-E1,
and OCI-AML3 were approximately 20, 15, and 5 um,
respectively, as measured using an optical microscope.

E. Cell Preparation for DEP Manipulation

The two culture media (DMEM and Alpha-MEM) used for
the experiments exhibited high conductivity because of high
salt concentration, which made them unsuitable for DEP
manipulation. A low-conductivity medium (8.5% sucrose,
0.3% dextrose, 20 mg/L CaCl,), which was less polarizable
than the cells and could provide the necessary osmotic balance
to the cells, was used as the DEP buffer medium to enhance the

Function generator

Fig. 5. DEP manipulation system for cell patterning: (a) inverted
microscope; (b) assembled chip; and (c) function generator.

p-DEP force [52]. Prior to the experiment, MC3T3-E1 and HFF
were harvested from the dishes after 90% confluency was
obtained. The cells were washed with phosphate-buffered
saline (PBS) and then trypsinized using a 0.25% trypsin—-EDTA
solution. The cells were then detached from the Petri dishes and
then transferred to centrifuge tubes to obtain the cell pellets. For
suspension OCI-AML3 cells, the cell-containing medium was
directly transferred into a centrifuge tube. The cells were
resuspended in the DEP buffer medium at different
concentrations.

F. Experimental Setup for DEP-based Cell Patterning

.
/ "\
\
\
\

Dead cells ‘\\

1

\
\

I+ \
5 . \
g Live cells \
: 05 / \
g \
H
g \
; p-DEP \\_.__ )
R a——
]
n-DEP
5k
10° 10 3 10° 10"

10
Log Frequency (Hz)

Fig. 6. CM values for bone cells in sucrose medium at different frequencies.

The entire experiment was performed on a vibration isolation
table to minimize the influence of the external environment, as
illustrated in Fig. 5. The movement and the distribution of the
cells during DEP patterning was observed using the Eclipse Ti
inverted microscope from Nikon. Images were captured via a
digital CCD camera connected to a computer. The stacked
multi-layer scaffold structure was enclosed by two pieces of
PDMS that were bonded together via a plasma bonding
machine to form a chamber. The entire structure was bonded on
a 35 mm Petri dish and mounted on the stage-top incubator of
the inverted microscope. The sinusoidal voltage input applied
to the scaffold was provided by a functional generator (GW
Instek, GFG8255A) with a maximum voltage of 10 V and a
frequency range from 0 MHz to 5 MHz. Prior to the
experiments, the scaffold was sterilized with 70% ethanol for
30 minutes and then placed under UV light for 2 hours to allow
the scaffold to dry.

I1l. RESULTS AND DISCUSSION

A series of experiments were conducted to examine the
performance of cell manipulation via DEP with the proposed
3D honeycomb scaffold. First, the operating frequency range
that can maximize the induced DEP force was evaluated
through simulation. Second, cell viability was examined based
on two aspects: the biocompatibility of the selected material for
scaffold fabrication and the rate of cell lysis with the patterning
time. Finally, the cellular patterns constructed from the
proposed scaffold were assayed, and the effects of cell size and
concentration on the resultant pattern were examined.

A. Effect of the Frequency of Input Voltage
As discussed in Section 11, the sign of the CM factor depends
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on the frequency of the voltage input. To ensure the maximum
DEP force to be generated for cell manipulation via p-DEP, the
CM factor should be set at a value close to 1. In accordance
with (3) and (4), the value of the CM factor for MC3T3-E1
(bone) cells in a sucrose medium was plotted using MATLAB,
as shown in Fig. 6. The properties of the cells for simulation are
summarized in Table | [34, 53-55]. The result clearly reveals
that a frequency range between 100 kHz and 1 MHz can yield
the maximum CM value. A higher frequency input can weaken
the DEP force, whereas a lower frequency input can change the
DEP effect from positive to negative. Based on the simulated
result, a voltage frequency of 500 kHz, which can provide the
maximum CM value, was considered throughout the
experiments.

mmedium only

78
mmedium with cells

76

“medium with cells on
stainless steel

pH value

74

72

Different conditions

Fig.7. pH values of the culture media after 3 days under different
conditions.

TABLE |
PROPERTIES OF BONE CELLS

Parameter Value

cell radius (r) 7.5 um

membrane capacitance (Cm) 1.72 Flcm?

Cell conductivity 0.4S/m

Cell permittivity 80¢o

Medium conductivity 1.76x103 S/m

Medium permittivity 78¢0

B. Effect of the Material on the Cell Culture

A material selected for cell culture in vitro is immersed in the
medium for a certain period. Metallic scaffolds can potentially

react with the culture medium and release toxic substances to
the medium. In this context, three groups of samples were
prepared in a 24-well culture plate, and the pH values of the
medium were measured for analysis. If the material degrades,
the metal ions react with water to form metal hydroxide,
thereby increasing the pH values [48]. For the first group, only
the culture medium was added to the wells and then used as the
control. For the next two groups, MC3T3-E1 cells from mouse
were seeded onto the wells. A piece of the fabricated scaffold
layer was immersed in the last group to examine the interaction
between the material and the culture medium. The pH values
obtained from the three groups after 3 days of culture are shown
in Fig. 7. The results reveal that the pH values from groups 2
and 3 are lower than group 1 (control), indicating the metabolic
activity of cells during the culture. Nevertheless, the pH value
itself may not conclude that the material is relatively inert and
optimal for in vitro cell culture. Other factors such as the
material hardness could also influence the condition and the
metabolism of the cells.
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Fig. 8. Cell concentrations (cells/mL) after days of culture.

To examine the cell-material interaction, MC3T3-E1 cells
were also seeded to the surface of the scaffold layer in the well
for culture. The initial cell concentration was measured, and the
concentrations after 1, 3, and 6 days of culture were measured.
As illustrated in Fig. 8, the cell concentration was increased
from 4.5 x 10% cells/mL to near 9 x 10* cells/mL after 1 day of
culture. This doubling time is similar to the others findings in
the literature, e.g., 20 hours in [56]. Cells on the material
continued to grow and proliferated exponentially after 3 and 6

Fig. 9. SEM images of the cultured cells on the structure after 6 days at (a) high magnification and (b) low magnification.
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days of culture.

The scaffold layer after 6 days of culture was inspected under
the scanning electron microscope (SEM). The cell seeded layer
was fixed with 4% paraformaldehyde, and the layer was dried
with an automated Critical Point Dryer (Leica EM CPD300).
The layer was coated with 10 nm of gold using a sputter coater
(Quorum Q150TS) to make the sample conductive for SEM
imaging. Fig. 9 illustrates the SEM images of the cultured layer
at different magnifications. After 6 days of culture, the surface
was mostly covered with cells, with some of them found near
the edges of the layer.

To further quantify the biocompability of the scaffold
material, MTT (3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide) assay was adopted to examine
the viability and proliferation of cells as cultured on the
material. The assay was conducted according to the 1SO
10993-5 standard. During the culture process, MTT is taken up
by cells due to its net positive charge and the plasma membrane
potential. The amount of formazan produced is related to the
number of living cells. A multi-well Tissue Culture Plate (TCP)
was used as the control group and compared with the scaffold
material. After 1d, 3d, and 6d of culture, five samples were
collected from each group and they were washed with PBS to
remove the unattached cells. Then, MTT solution was added to
each well at a concentration of 0.5mg/mL. The culture plate
was further incubated for 4h in the dark in 37°C. Afterward, the
culture medium was aspirated carefully to prevent distribution
of the cell monolayer and 600 puL of Formazan Solubilization
Solution was added in each well to dissolve the formazan
crystals. The absorbance of this solution was measured at 570

15 6d
’ MTT assay F3
6d
1.2 =
mld
0.9 1 m3d
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o
[o)}

<
w

Scaffold TCP

Fig. 10. MTT assay result of MC3T3-E1 cells on the scaffold and a
TCP at three different time points.

nm using a microplate reader. The final absorbance was shown
as mean value + standard deviation in Fig. 10. According to
ISO 10993-5, the reduction of cell viability in samples
compared to the blank (medium only) after 6 days of culture is
calculated as:
Viab.% = % (5)
OD57Ob

where ODs7ee is the mean value of the measured optical density
of the 100 % extracts of the test sample, which is 1.158; ODszop
is the mean value of the measured optical density of the blank,
which is 1.434.

The calculated viability is 80.7 %, which is more than 70%
of the blank. The material is not cytotoxic according to the ISO
standard.

The presented data in Fig. 10 can also be used to evaluate the
metabolic activity of the cells cultured on the scaffold material.
After 6 days of culture, the cellular activity continues to
increase over time; however, the rate is not as high as the
control group. One possible reason could be due to the surface
of the material [57]. The scaffold material used for the
experiment is untreated and stiffer, whereas the culture plate
has a coating which is more favorable for cell attachment and
culture. To enhance the culture performance, the scaffold
material could be coated with hydroxyapatite or polyvinyl
alcohol (PVA) [58].

C. . Cell Viability during DEP Patterning

To perform cell patterning via DEP, the cells are suspended
in the sucrose medium for a certain period, leading to cell lysis.
In addition, exposure of biological cells to electric fields can
cause power dissipation and temperature increase in cell
membranes [59-61]. In order to examine these effects with the
current scaffold design, a series of experiments were conducted
and the results from different experimental parameters were
summarized in Fig. 11. Patterned cells were collected from the
scaffolds, and cell viability was assayed using 0.4% Trypan
Blue solution. Input voltages of 0V (without DEP) and 10V
(with DEP) with 500kHz for 10 minutes was selected as the two
control groups. In the first set of the experiment, input voltages
of 5V, 10V and 20V were considered and the results indicate
that over 90% of cell viability can be achieved for input voltage
of 10V or below. However, as the input voltage increases to
20V, the cell viability drops to 60%, as shown in Fig 11(a). The
effect of patterning time was also investigated, and the DEP
patterning time was set to 5, 10, and 20 minutes, respectively.
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Fig. 11. Assessment of MC3T3-EL1 cell viability after DEP patterning with different voltages (a), time (b) and frequencies (c).
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Fig. 12. Microscope image at the bottom of the scaffold with cells
covering the surface of the Petri dish (OV voltage input)

After 5 minutes of DEP patterning, the cell viability was
comparable to that of the control group (Fig. 11a). When DEP
patterning was extended to 10 minutes, the cell viability
decreased but remained above 90%. When the procedure was
continued for 20 minutes, the cell viability decreased to only
50% (Fig. 11b). From the control group, an approximately 10%
drop in the cell viability from 5 minutes to 20minutes also
indicates that the use of sucrose medium also leads to cell
death. Comparing the two data obtained from the 20-minute
test, cell death due to the DEP effect was more severe. One
possible factor that caused the change in cell viability was the
generation of temporary pores, also known as electroporation,
on the cell membrane [62]. These pores allow the gradual
uptake of molecules from the DEP buffer medium into viable
cells, where large uptake of molecules is correlated to the loss
of cell viability [63, 64]. The effect of the operating voltage
frequency was also examined and no significant change in the
cell viability was noticed, as shown in Fig. 11(c). Based on the
results, the optimal setting for DEP patterning should be around
10V and 10 minutes to minimize cell death.

D. Patterning Efficiency

The number of cells as patterned onto each layer of the
scaffold high depends on the strength of the DEP force induced

on the cells. As shown in (1), the strength is proportional to the
square of the electric field gradient, and a higher voltage input
can lead to denser cellular patterns constructed from the
multi-layer scaffold structure. In addition, with a higher voltage
input, the cellular patterns could be formed within a shorter
period and with better distribution [31]. In contrast, when a low
or zero voltage is applied to the scaffold, majority of the cells
could be sunk down to the bottom of the scaffold, covering the
Petri dish’s surface as illustrated in Fig. 12. Almost no cells
could be adhered to the sidewalls of different scaffold layers.
The presence of other cells can also affect the number of cells
being manipulated by DEP. When more dielectric cells are
placed in the micro-environment, the electric fields generated
by the multi-layer scaffold can be distorted. Therefore, regions
that are relatively uniform originally can become more
non-uniform because the nearby dielectric cells and DEP forces
can be induced on the cells in these regions to promote cell
patterning. To examine this effect, different cell concentrations
were seeded onto the proposed scaffold. Fig. 13 illustrates the
formation of the cellular patterns from three different cell
concentrations through the DEP force. A voltage of 10 V with a
frequency of 500 kHz was applied for 10 minutes for each test.
When a medium with low cell concentration (4.5 x 10*
cells/mL) was pipetted onto the scaffold, the structure was not
fully covered by cells after DEP patterning (Fig. 13a). When a
higher cell concentration medium (1.25 x 10° cells/mL) was
pipetted, more cells were manipulated by DEP to construct the
cellular patterns (Fig. 13b). Cells were adhered along the edges
of the structure to construct more uniform honeycomb-like
cellular patterns. Cell chains were formed under the DEP effect,
and cellular patterns formed on the adjacent layers
(out-of-focus). Increasing the concentration to 5 x 108 cells/mL
produced denser cellular patterns. Excess cells accumulated
and patterned on top of honeycomb-like cellular patterns (Fig.
13c). These excess cells did not adhere to the scaffold and could
be washed away because of medium exchange. Thus, proper
cell concentration should be used to minimize the use of cells in
forming the necessary cellular patterns for culture.

.

Fig. 13. Cellular patterns on the second scaffold layer with different cell concentrations: (a) 4.5 x 10* cells/mL, (b) 1.25 x 10° cells/mL, and (c) 5 x 10° cells/mL
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Fig. 14. Cellular patterns on the third scaffold layer with different types of cells: bright-field images for (a) HFF cells, (b) MC3T3-EL1 cells, and (c) OCI-AML3
cells; fluorescent images for (d) HFF cells, (e) MC3T3-EL1 cells, and (f) OCI-AMLS3 cells.

To examine the effect of cell size on patterning, three types
of cells with approximately the same concentration (1.25 x 10°
cellssmL) were manipulated by DEP with the multi-layer
scaffold. These cells were labeled with MitoTracker Red to
enhance the contrast between the background and the cellular
pattern. A voltage input of 10 V was supplied to the scaffold,
and cellular patterns were observed after 10 minutes, as shown
in Fig. 14(a) to 14(f). Among the three types of cells, HFF had
the largest diameter and the smallest number of cells patterned.
One possible reason for this phenomenon is that these cells
showed sufficiently increased resistance to pass through the
interconnected pores toward the interior part of the scaffold.
Thus, fewer cells were presented within the pores to construct
the patterns, which were scarce. As the diameter of the cell type
decreased, more cells passed through to form a pattern on the
scaffold, as confirmed by the intensity from the fluorescent
images. Leukemia cells, which have the smallest size, can
achieve more homogeneous, honeycomb patterns. Hence, cell
size can directly influence the formation of cellular patterns,
and the geometric design of the interconnected pores should be
adjusted accordingly for cells with larger diameters.

IVV. CONCLUSION

A novel multi-layer scaffold designed to mimic the
three-dimensional geometry of a native tissue was proposed.
While the conventional practice is unable to control the cells
distributed on the scaffold, this scaffold utilized DEP as the
mechanism to manipulate cells toward the intrinsic architecture
of the scaffold, thereby forming honeycomb-like cellular
patterns on different layers for culture. Experiments were
conducted to examine the performance of proposed scaffold on
seeding and patterning of cells. Computer simulations were

performed to confirm the electric field distribution as generated
through the scaffold for DEP manipulation. The optimal
operating frequency correlated to the selected cell type was
simulated. The biocompatibility of the fabricated material was
evaluated, and the change in the cell viability over different
operating periods was assayed. Three types of mammalian cells
were examined for patterning on the proposed scaffold, and the
results showed that cell size and the cell concentration
influenced the density of the constructed cellular patterns. On
the basis of the experiments conducted, the proposed scaffold
could be used to pattern a wide range of cells into
honeycomb-like cellular structures. The integrated DEP-based
cell patterning technique could enhance cell seeding for the
development of high quality artificial tissues.
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