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ABSTRACT: Tissue-engineered meniscus offers a possible solution to the
regeneration and replacement problem of meniscectomy. However, the
nonuniform distribution and declined proliferation of seeded cells on scaffolds
hinder the application of tissue-engineered meniscus as a new generation of
meniscus graft. This study systematically investigated the performances of
different seeding techniques by using the demineralized cancellous bone (DCB)
as the scaffold. Static seeding, injection seeding, centrifugal seeding, and vacuum
seeding methods were used to seed the meniscal fibrochondrocytes (MFCs) and
mesenchymal stem cells (MSCs) to scaffolds. Cell-binding efficiency, survival
rate, distribution ability, and long-term proliferation effects on scaffolds were
quantitatively evaluated. Cell adhesion was compared via cell-binding kinetics.
Cell viability and morphology were assessed by using fluorescence staining.
Combined with the reconstructed three-dimensional image, the distribution of
seeded cells was investigated. The Cell Counting Kit-8 assay and DNA assay were employed to assess cell proliferation. Cell-
binding kinetics and cell survival of the MFCs were improved via centrifugal seeding compared to injection or vacuum seeding
methods. Seeded MFCs by centrifugation showed a more homogeneous distribution throughout the scaffold than cells seeded by
other methods. Moreover, the penetration depth in the scaffold of seeded MFCs by centrifugation was 300−500 μm, much
higher than the value of 100−300 μm by the surface static and injection seeding. The long-term proliferation of the MFCs in the
centrifugal group was also significantly higher than that in the other groups. The results of the MSCs were similar to those of the
MFCs. The centrifugal seeding method could significantly improve MFCs or MSCs distribution and proliferation on the DCB
scaffolds, thus providing a simple, cost-effective, and effective cell-seeding protocol for tissue-engineered meniscus.
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■ INTRODUCTION

Meniscus plays a vital role in the biomechanical function and
stabilization of the knee joint. Meniscal injuries are commonly
associated with sports and age-related degeneration. Traditional
surgery of the damaged meniscus, either a partial or total
meniscectomy, or suture repair has been a challenge due to its
poor healing potential.1,2 Meniscus allograft transplantation
came as an alternative but with the limitations of availability and
possible disease transmission. Given the above situation, tissue-
engineering (TE) strategies, which aim to regenerate menisci,
offer a feasible solution.
Various strategies in tissue-engineered meniscus (TEM) have

been adopted using different seed cells and natural or synthetic
three-dimensional (3D) porous scaffolds, but problems in TEM
are considerable mainly due to the lack of biomechanical or
biocompatible performance.3−5 For native meniscus, which is a
thick and complex structured tissue, the initial hurdle in TEM is
the inability to distribute the seeded cells throughout the
scaffold. It has been found that there are not many cells in the
inner parts of the scaffolds as anticipated, and cell distribution is
not uniform throughout the scaffolds, where the center areas
contain few cells.6,7 Therefore, the premier allocation and

following diffusion of cells on scaffolds are a prerequisite for
successful TEM.
Seeding cells into 3D porous scaffolds is a passive process in

which the cells disperse into the scaffolds by diffusion and
attach through weak molecular level driven forces such as
adhesion.8 In contrast to simple monolayer culture, seeding
cells into the 3D scaffolds is difficult due to their complicated
structure. Moreover, highly efficient and uniform seeding could
achieve reliable consistency in cell number, which is essential
for functional tissue constructs.9 In conclusion, how to make
seeding cells efficient, uniform, and highly proliferative,
especially in the inner parts of porous scaffolds, is an urgent
need for TEM.
Seeding techniques have been classified into two categories:

direct and indirect. Direct loading includes incubation of cells
and scaffold in Petri dishes or injecting a small volume of cell
suspension on the surface or into the center of the scaffold,
which always results in unsuccessful synthesis.10,11 Indirect
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seeding techniques were based on the attachment of cells
suspended in a dynamic environment to improve their
diffusion. The spinner flask technique, involving movement of
the cells through the scaffold, has been demonstrated to
provide better cell coverage and subsequent growth than static
seeding.12 However, previous studies have also shown contra-
dictory results.13,14 Above all, while the method for tissue
engineering is extensive, the ideal technique has yet to be
determined.
The present investigation focuses on the distribution and

proliferation of meniscal fibrochondrocytes (MFCs) and
mesenchymal stem cells (MSCs), which were classical seed
cells for TEM, using four seeding techniques (static seeding,
injection seeding, centrifugal seeding, and vacuum seeding).
Demineralized cancellous bone (DCB) was chosen for the
scaffold, which has been used for repair of articular cartilage in
our previous studies but not seen in TEM.15 Cell-binding
efficiency, survival, distribution, and long-term proliferation on
the scaffold were quantitatively evaluated using a combination
of fluorescence cell staining and 3D image compilation. Our
goal was to assess the parameters influencing the seeding and to
offer insight into TEM.

■ EXPERIMENTAL SECTION
MFCs and MSCs Isolation and Culture. This study was

approved by the animal ethics committee. MFCs and MSCs were
isolated by using 3-month-old adult New Zealand White rabbits,
average weight approximately 3 kg. The DCB scaffolds were prepared
by using the extremities of large white pigs.
Both lateral and medial menisci were harvested from the knee joint

in a sterile manner. After removal of adherent synovium from the
meniscal rim, menisci were minced into 1 mm3 (1 mm × 1 mm × 1
mm) pieces and plated onto tissue culture plastic. MFCs were released
from these sections by incubation for 1 h at 37 °C in trypsin-EDTA
(EDTA, ethylenediaminetetraacetic acid, 0.25%; Gibco BRL Co. Ltd.,
Gaithersburg, MD, USA) followed by 6 h at 37 °C in type I
collagenase (0.2% w/v; Gibco BRL Co. Ltd.) in an expansion medium
composed of low-glucose Dulbecco’s modified Eagle’s medium (LG-
DMEM) containing 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 U/mL streptomycin.
About 3 mL of bone marrow aspirate was collected in a sterile

manner from the femoral shafts of the rabbits under anesthesia. Each
aspirate sample was diluted 1:1 with phosphate buffered saline (PBS),
then loaded into an equivalent volume of Ficoll solution (1.084 g/mL;
GE Healthcare, Uppsala, Sweden), and finally isolated using density
gradient centrifugation at 2000 rpm for 20 min. The collected cells
were resuspended in an α-minimum essential medium (αMEM)
complete medium with 10% FBS, 100 U/ml penicillin, and 100 U/ml
streptomycin and incubated at 37 °C with a 5% humidified CO2
incubator. A rabbit MSCs chondrogenic differentiation medium
(RBXMX-90041; Cyagen Biosciences Inc., Santa Clara, CA, USA)
was used for chondrogenic culturing. The trilineage differentiation
potential assay and immunophenotypic identification of MSCs were
described in our previous study.15

The protocols were the same in the following: medium change was
performed twice a week, and when cells reached confluence, first
passage (P1) cells were detached with trypsin-EDTA and split 1:2 to
produce second passage cells (P2) as previously described. MFCs and
MSCs were used between the second passage (P2) and third passage
(P3).
Scaffolds and Scanning Electron Microscopy. As previously

described by Urist et al.,16 cancellous bone at the metaphysis of
extremities in large white pigs from other unrelated studies was frozen
for 72 h with a temperature of −80 °C. The muscles and periosteums
were discarded, and the bone was decalcified in 5% HCl for 72 h, with
stirring every 12 h. Then the bone was defatted for 24 h in ether and
95% alcohol (1:1 v/v). After deproteinization for 4 h in 3% hydrogen

peroxide, the bone was rinsed and soaked in sterile distilled water until
the soak solution became neutral. Until now, the cancellated bone
looked like a white sponge, which can be deformed and self-recovered
to its original shape. The DCBs were sterilized by cobalt-60 for 24 h
and reserved under the condition of −80 °C. The scaffolds measured
10 mm in diameter and 1 mm thick (Figure 1). The minimum

porosity of these scaffolds was maintained above 80%, with the
measured mean pore size of 268 μm on a scanning electron
microscope (Figure 1). We chose the scaffolds with similar parameters
to allow comparison of all seeding techniques.

Seeding Techniques. For seeding efficiency, we developed a
novel protocol to avoid cells attaching to the Petri dishes using the
caps of 15 mL centrifugal tubes. Briefly, scaffolds were placed into the
sterile caps before seeding and culturing, and then the caps were
implanted into 12-well plates to prevent cells attaching to Petri dishes.
All the following seeding or culturing protocols were operated in this
way (Figure 2).

Static Surface Seeding. A 50 μL cell suspension containing 2.5 ×
105 MFCs or MSCs was loaded onto the top of the scaffold and then
incubated for 15 min in a 5% CO2, 37 °C incubator for attachment.
The uninfiltrated cell suspension (about half original volume) was
collected and loaded on the bottom of the scaffold when the scaffold
was subsequently overturned. After cell attachment, the seeded
scaffolds were cultured in 1 mL of LG-DMEM or αMEM containing
10% FBS.

Injection Seeding. Cell suspension injection was performed by
injecting a 50 μL concentrated cell solution (2.5 × 105 cells) into the
scaffold using a 25-gauge needle, as described in other reports.10

Briefly, the cells were injected into the top/bottom/side face of the
scaffold with a 25-gauge needle syringe.

Centrifugal Seeding. The cells were cytocentrifuged onto scaffolds
using an Eppendorf 5810 R benchtop centrifuge (radius = 17.6 cm).
The scaffold was placed at the bottom of the 1.5 mL centrifugal tube
and 50 μL concentrated cell solution (2.5 × 105 cells) was added. The
tube was centrifuged at 500 rpm (relative centrifugal force = 49.2g) for
2 min and then turned over for centrifuging as one cycle. The process

Figure 1. Macroscopic (A) and scanning electron microscopy (B)
images of demineralized cancellous bone (DCB). (A) Scale bar
represents 10 mm; (B) scanning electron microscopy of scaffold at
×50, and scale bar represents 500 μm.

Figure 2. Schematic illustration of seeding techniques.
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was repeated three consecutive times. The scaffold was then
transferred to a 12-well plate with a complete culture medium.
Vacuum Seeding. Seeding chambers were made from untreated 15

mL centrifugal tubes, rubber stoppers, and syringes. The tubes were
cut to create cylinders measuring 5 cm in length with rubber stoppers
that occluded each end. A 24-gauge needle was inserted into the
bottom stopper, with the needle tip barely emerging from the inner
surface of the stopper. A 21-gauge needle was implanted in the upper
stopper. The scaffold was then placed on the surface of the bottom
stopper in a sterile manner. A 1 mL negative pressure syringe was
placed on the upper needle, and 5 mL negative pressure syringe was
connected with the bottom needle to create a closed chamber. For
seeding protocol, a 50 μL cell suspension (2.5 × 105 cells) was slowly
injected into the upper surface of the scaffold and retrieved at the
bottom of the syringe. The medium was reinjected into the upper
surface of the scaffold through the upper needle. The cell suspension
was passed three times through the chamber, and then the seeded
scaffolds were returned and cultured in a 12-well plate.
Cell-Binding Kinetics Assessment in Scaffolds. Cell-binding

kinetics was evaluated according to the previous protocol.17 Briefly,
after the scaffolds were transferred to their respective culture
conditions with fresh complete medium (time 0), the cell
concentration in the medium was evaluated (C0). The concentration
of cells and their viability were detected every 1 h for the first 6 h, and
at 12 and 24 h, via Trypan blue exclusion. The formula used in
computing cell-binding kinetics is C/C0 in which C is the
concentration of the remaining live cells in the medium at each time
point and C0 is the concentration of the live cells at time 0.
Cell Viability and Morphology Assessment in Scaffolds. To

observe the effects of varying seeding methods, cell viability in the
scaffolds was evaluated with a LIVE/DEAD Viability/Cytotoxicity Kit
assay (Invitrogen, Carlsbad, CA, USA) after 24 h of culture. Leica
TCS-SP8 confocal microscopy (Leica, Nussloch, Germany), was used
for image analysis. After being washed three times in sterile PBS for 2
min, each scaffold was sectioned perpendicularly into quarter slices.
Each slice containing the periphery and center part was immersed in
250 μL of PBS solution with 2 mM calcein AM and 4 mM ethidium
homodimer-1 reagents before incubation for 1 h at room temperature.
Excitation wavelength of 568 or 488 nm was used to detect the
visualization of ethidium homodimer-1 (labeling dead cells = red
fluorescence) or calcein AM (labeling live cells = green fluorescence).
Nonseeding scaffolds were also stained as blank control to avoid
scaffolds background effect.
The morphology of the cells in the scaffolds was also observed by

using confocal microscopy. Briefly, after 1 week of culture, the
scaffolds were washed with PBS, sectioned into slices, and fixed with
4% paraformaldehyde for 10 min. After utilization of 1% Triton X-100,
the nuclei were stained using Hoechst33258 (1:800; Fanbo, Beijing,
China). The cytoskeleton of the cells was stained by rhodamine
phalloidin (100 nM; Cytoskeleton Inc., Denver, CO, USA) for 30 min
at 37 °C.

Image Compilation and Data Analysis. The stained scaffolds
were imaged using Leica TCS-SP8 confocal microscopy. When the
focal plane was moved into the depth of the scaffolds surface,
consecutive series of sections were acquired at intervals of 10 μm to a
depth of approximately 500 μm. When the focus was horizontally
moved to the next adjoining regions, the whole distribution of seed
cells could be obtained. Finally, the 3D structure was obtained from
different planes and the total volume of each region of interest was
6550 × 5000 × 500 μm3 (x, y, z axes, respectively). The microscope
settings and optimal camera exposure settings were fixed and for all
scaffold groups and time points. Image z-stacks were stitched together
and converted to an 8-bit RGB stack, and then noise outliers were
removed. With use of Image-pro Plus software (6.0; Media
Cybernetics), the numbers of live cells and dead cells were quantified,
and then the percentage of live cells was calculated.

To quantitatively assess the distribution of live cells, the volume
data were used to create 3D renderings of the seeded scaffolds using
Imaris software (7.4.2; Bitplane). This software provides many means
to inspect the 3D arrangements of various cell types by measuring
spots which were manually created and placed in a volume image.
Briefly, the 3D structure was reconstructed from multispectral
fluorescence data using Imaris. Then the spots-creation algorithm
was utilized to locate live cells (green fluorescence) at intervals of 100
μm. The voxel intensities data were exchanged to spot coordinates
data to quantitatively assess the 3D cell distributions by using the
Imaris XT module which integrates MATLAB applications (R2014a;
MathWorks).

Seeded Cell Proliferation Analysis. The metabolic activity of
cells was quantified using a Cell Counting Kit-8 assay (CCK-8;
Dojindo Laboratories, Kamimashiki Gun, Kumamoto, Japan). At each
time point, the cell-seeded scaffolds were thoroughly washed in PBS
and then submersed in 20 μL of CCK-8 working solution with 200 μL
of fresh medium at 37 °C for 2 h. For the subtraction of medium
background, four wells were filled with 20 μL of CCK-8 working
solution and 200 μL of fresh medium only. The optical density was
then observed at 450 nm using a plate reader. The cell content was
normalized with each standard curve of seed cells.

The DNA content was measured using a fluorometric assay. For
each group, these specimens were weighed and then digested in a
preprepared papain solution (containing 0.5 M EDTA, 0.05 M
cysteine-HCl, and 1 mg/mL papain enzyme) (Sigma) at 60 °C
overnight. Aliquots of the sample digestion were stained at 37 °C for
20 min with 200 μL of Hoechst33258 working solution (2 μg mL−1).
The fluorescence intensities were then detected at 360 nm for
excitation and 460 nm for emission. The DNA content was normalized
with a standard curve of calf thymus DNA (Sigma).

Statistical Analysis. All data were expressed as mean ± standard
deviation (SD)/standard error of mean (SEM). All experiments were
repeated at least three times. The significance of the results was
determined by using ANOVA test and repeated measure tests with
Bonferroni correction. Data analysis was performed with SPSS

Figure 3. Cell-binding kinetics: (A) Seeded with mesenchymal stem cells (MSCs); (B) seeded with meniscal fibrochondrocytes (MFCs). The
formula used in computing cell-binding kinetics is C/C0, in which C is the concentration of the remaining live cells in the medium at each time point
and C0 is the concentration of the live cells at time 0. Data represent mean ± SEM.
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statistical software (15.0; SPSS Inc.). P < 0.05 was considered
statistically significant.

■ RESULTS

Cell-Binding Kinetics. The formula used in computing cell
binding kinetics is C/C0, in which C is the concentration of the
remaining live cells in the medium at each time point and C0 is
the concentration of the live cells at time 0. For example, after
seeding for 1 h, the ratio of the concentration of the remaining
live cells in the medium (C) to that of the live cells at time 0
(C0) was calculated as C/C0 at this time point. The number of
live cells in suspension in the four seeding techniques decreased
exponentially from 1 to 6 h and remained constant within a C/
C0 range of 1−5%. This indicates that a majority of seeded cells
attached scaffolds within 6 h with these methods (Figure 3).
However, the initial ratio (1 h) in injection or vacuum seeding
was significantly different compared with static surface or
centrifugal seeding, indicating a higher cell-binding efficiency in
centrifugal or static surface methods at the beginning. In
addition, after 12 h, though the C/C0 were similar in all groups,
the dead cells in the medium around the scaffolds were
increasing in the injection and vacuum groups (data not
shown), which could also indicate that the cells attachment
affected their survival.
Cell Viability Analysis. To determine the effects of the

seeding method on cell viability, the seeded scaffolds were
stained for live and dead cells. DCB has not marked with the
fluorescent dye, which indicates there were no residual cells
(data not show). The LIVE/DEAD assay showed that all four
seeding methods could support cell activity (Figure 4).
Scaffolds seeded with the centrifugal method sustained the
greatest amount of live cells in all four groups. Moreover, the
distribution of MSCs or MFCs was more even and extensive
using this method (Figure 4C,G).
The four seeding methods had different effects on the

survival of seeded cells (Figure 5). Scaffolds seeded using static
surface and centrifugal seeding methods resulted in approx-
imately 90% cell survival after 24 h. Rather unexpectedly, the
injection or vacuum seeding method led to significant reduction
in viability. Especially in seeding with MFCs, the cells death
rate was more than 40% because the injection damaged the fine
natural structure of the scaffold, compromised cell attachment,
and then led to cell death.
Cell Morphology in Scaffolds. Cytoskeleton immunos-

taining images were consistent with cell viability assay. The
number of seed cells in the centrifugal group was larger than
the other groups (Figure 6C,G). Moreover, the distribution of
cells in these groups was more even. Interestingly, seed cells in
the injection group showed a tendency to aggregate as a high
density of cells was present around the injection point (Figure
6B). In addition, after 1 week of in vitro chondrogenic culture,
MSCs in all four groups were transformed into round
chondrocyte-like cells, while MFCs typically showed fusiform
fibroblast-like morphology.
3D Cell Organization and Distribution in Scaffolds. A

dense layer of cells was found on the surface of the scaffold
(100−300 μm) while a few were found in the center (300−500
μm) in the static surface or injection seeding group (Figure
7A,B,E,F). Consistent with the 3D images, we detected a higher
percentage of cells in the top layer where the cells were seeded
(Figure 8). The density diminished significantly in the next
layers which indicated that these methods had poor cell
penetration into the center of the scaffolds.

In contrast to the static seeding methods investigated, the
centrifuge group distributed cells evenly throughout the scaffold
and all zones had an appreciable cell density (Figure 7C,G; P >
0.05). Although there was no significant difference among the
layers, the deep layer (300−500 μm) showed more seed cells,
which indicated that the centrifugal seeding method enhanced
the cell infiltration (Figure 8). Compared to the centrifugal
force, the vacuum method could also boost the cell penetration.
However, this seeding method caused the cell distribution to be

Figure 4. Representative images of live and dead cells on scaffolds
using different cell seeding methods. (A)−(D) Seeded with MSCs;
(E)−(H) seeded with MFCs. (A),(E) Surface static seeding; (B),(F)
injection seeding; (C),(G) centrifugal seeding; (D),(H) vacuum
seeding. According to LIVE/DEAD assay, all four seeding methods
could support cell activity. Scaffolds seeded with the centrifugal
method sustained the greatest amounts of live cells. Moreover, the
distribution of MSCs (C) or MFCs (G) was more uniform.
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uneven throughout the scaffold at a very low density (Figure
7D,H).
In Vitro Cell Proliferation and DNA Analysis. The

proliferation and DNA assay results of seed cells cultured using
different seeding methods are shown in Figure 9. In the CCK-8
test, either the MSCs or MFCs in all four groups presented an
increasing tendency during the culture period of 1−5 days.
Consistent with the above data, the total cell numbers in the
centrifugal group were significantly higher than the other
groups (Figure 9A,B; P < 0.05). Similar to the cell proliferation
assay, assessment of DNA content showed that the centrifugal
group had larger cell numbers compared with the other groups
at 14 and 21 days (Figure 9C,D; P < 0.05). Either MSCs or
MFCs exhibited proliferative potential in the centrifugal group
or the static group, which indicated that seeding methods play
an important role in enhancing the cell penetration and
diffusion in the 3D microenvironment.

■ DISCUSSION
In the present study, we demonstrated that (a) cell-binding
kinetics and cell survival were improved via the centrifugal
seeding method compared to the injection or vacuum seeding
methods; (b) seeded cells were homogeneously distributed
throughout the scaffold by using centrifugation; (c) seeding
technique influences not only seed cells infiltration and
attachment onto scaffolds but also the cells proliferation.
Although numerous biomaterials with different properties

have been used to provide a substitute for TEM, the desirability
of having cells attach to the scaffold material is a common
goal.18 This study was designed to seed MFCs and MSCs on
DCB scaffolds by applying four different seeding techniques,
which provides insight into the design of future experiments in
TEM. Previous studies have demonstrated that the importance
of cell distribution and proliferative behavior on scaffolds
provides the key to ensuring the ultimate functionality in tissue-
engineered constructs.19,20 Therefore, a major aim in the
initiation of meniscal construct is the achievement of a uniform
distribution of cells in all three dimensions, as well as large
quantity both on the surface and within the inner part of the
scaffold. However, seeded cells tended to be concentrated on
the surface of scaffolds and rarely penetrated the center of the
scaffold.10 As meniscal constructs become a substitute after
partial or total meniscectomy, the issue of larger scaffolds and

corresponding seeding protocol will become more and more
significant.
A large number of centrifugal seeding approaches have been

applied to solve this problem with some degree of success.6,7,21

Although all of these have shown an improved ability to deliver
cells to the center of scaffolds, the choice of method would
probably be dependent on other factors including sterility, cost,
and simplicity. The centrifugal apparatus that we have used
offered many advantages over the other centrifugal approaches
described above: (a) The components are commercially

Figure 5. Effects of seeding methods on the survival of seeded cells.
There was no significant difference in the percentage of live cells
between surface static seeding and centrifugal seeding (n = 3, P >
0.05). The vacuum seeding method led to significant reduction in
viability (n = 3, **P < 0.05 versus centrifugal seeding). Especially in
seeding with MFCs, the cells death rate was more than 40% (n = 3, #P
< 0.05 versus centrifuge seeded scaffolds). Data represent mean ± SD.

Figure 6. Representative images of the cells morphology on scaffolds
using different cell seeding methods: (A)−(D) Seeded with MSCs;
(E)−(H) seeded with MFCs. (A),(E) Surface static seeding; (B),(F)
injection seeding; (C),(G) centrifugal seeding; (D),(H) vacuum
seeding. (Red, Rhodamine phalloidin stained cytoskeleton; blue,
Hoechst stained nuclei). Centrifugal group showed larger cell numbers
and more uniform distribution of cells (Figure 6C,G).
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available and constructed to a high standard. (b) There are
plenty of centrifugal tubes in a variety of sizes fit for different
scaffolds. This enables easy implantation and removal of
scaffolds before and after cell seeding in a sterile manner. In
addition, the ease of assembly and disassembly helps to
maintain sterility of the construct. (c) The application of a
centrifuge to seed MFCs and MSCs on DCB scaffolds provides
another method in solving the seeding problem in TEM.
It has been indicated that centrifugation caused a temporary

and reversible change in gene expression22 and cell
proliferation. Therefore, we analyzed cell development and
DNA content for a long time and lasting effect has been

demonstrated. In addition, the optimization of rotational speed
and duration was another controversial issue. The rotational
speed of 49.2g was optimal for seeding MFCs and MSCs into a
DCB scaffold, as a higher rotation speed could result in cell lysis
based on the observation of a large amount of cell debris in
supernatants (data not shown), which were similar to a
pioneering study.6 In contrast, a lower rotation speed could
lead to decreased seeding efficiency.9 Other pioneering studies
showed that the centrifugal forces of 52.5g was effective for
seeding human bladder smooth muscle cells into polyglycolic
acid scaffold.6 Therefore, we believe that the parameters of the
centrifugal method should be thoroughly optimized for

Figure 7. Representative 3D images of the cells distribution in scaffolds using different cell seeding methods. (A)−(D) Seeded with MSCs; (E)−(H)
seeded with MFCs. (A),(E) Surface static seeding; (B),(F) injection seeding; (C),(G) centrifugal seeding; (D),(H) vacuum seeding. (Red, 0−100
μm; yellow, 100−200 μm; green, 200−300 μm; blue, 300−400 μm; purple, 400−500 μm).

Figure 8. Analysis of the cells distribution in scaffolds using different cell seeding methods. (A) Seeded with mesenchymal stem cells (MSCs); (B)
seeded with meniscal fibrochondrocytes (MFCs). In the static surface or injection seeding group, more cells were found on the surface of the scaffold
(A, 0−300 μm; B, 100−300 μm) and a few in the center (300−500 μm); in the centrifuge group, there was no significant difference in each layer (n
= 3, P > 0.05), and the deep layer (300−500 μm) showed more seed cells. Data represent mean ± SD.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03129
ACS Appl. Mater. Interfaces 2015, 7, 15294−15302

15299

http://dx.doi.org/10.1021/acsami.5b03129


different kinds of cells and scaffolds, especially with distinct
pore sizes, which would be systematically investigated in our
future studies. Meanwhile, the scaffolds should also be taken
into account in optimization of the centrifugal technique. In the
case of previous work, the seeded scaffolds were centrifuged at
500 rpm for 2 min and then turned over for centrifugation as
one cycle and then this process was performed twice. The
seeded scaffolds were not damaged after cell distribution and
proliferation analysis.
The experiments utilized DCB as scaffolds because they have

been used in the field of TE to repair articular cartilage injury
for their favorable biocompatibility, biodegradability, and
nontoxicity.15,23,24 However, there are still no reports about
their application in TEM. The cancellous bone in large white
pigs from other unrelated studies was used for xeno-donor
because there was not enough cancellous bone in rabbit for
preparation of large scaffolds. In fact, lymphocyte infiltration
was rarely observed in meniscus transplantation of rabbits using
treated xenogeneic (pig) meniscal tissue as previously published
by us.25 In addition, collagen, which is the main component of
DCB, had low antigenicity and gamma irradiation and deep
freezing can further reduce its immunogenicity.26

The experiments were conducted using two different cell
types, MFCs and MSCs. MSCs are multipotent progenitor cells
that had a high proliferation rate. As different cell proliferative
activity directly affects migration rates under centrifugation,
different cell types need testing to detect the optimal
parameters for efficient seeding. This study demonstrated that
the centrifugal seeding method could improve not only MFCs
but also MSCs distribution and proliferation on scaffolds, which
reveal its potential in TEM.
Though most studies quantified the cell behavior on tissue-

engineered scaffolds using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide27 or CCK-8 assay,28 fewer
approaches could provide information on the distribution,
location, and infiltration of cells into scaffolds. By application of
fluorescent dye to image cell−scaffold interactions, this method

not only analyzed live or dead cells density by calculating each
cell numbers but also detected cells distribution in each layer of
the construct combined with the technique of reconstruction of
scaffolds to 3D images. In addition, Figure 3 showed that
scaffolds seeded with the centrifugal method sustained most
amounts of live cells in all four groups which were discordant
with our CCK-8 assay in 5 days (Figure 9B). This may be due
to the fact that the seeded cells in the static surface group were
mostly on the top and bottom layers of the scaffold, which were
as far as CCK-8 solution could reach and react. CCK-8 solution
would not be able to access the cells infiltrating deep in the
scaffold in the centrifuge group.
The above seeding techniques have their unique advantages

and drawbacks (Table 1). Static surface seeding has been the

most commonly used in TE for its easy application.10,28

However, the 3D images and the cells distribution data have
demonstrated that seeded cells tend to locate on the surface
and barely penetrate the scaffolds. Injection was proposed as a
method of delivering cells into a specific area within the
scaffold,10 but the needle has to be inserted nearly half depth
into the scaffold instead of staying on the surface of the scaffold.
This may lead to damage of the fine natural structure of the

Figure 9. In vitro cell proliferation and DNA analysis: (A),(C) Seeded with MSCs; (B),(D) seeded with MFCs. (A),(B) Cell proliferation analysis:
the total cell numbers in the centrifugal group were significantly higher than that in the other groups (n = 3, *P < 0.05 versus static seeding; n = 3, #P
< 0.05 versus injection seeding; n = 3, **P < 0.05 versus vacuum seeding). (C),(D) DNA analysis: centrifugal group had larger cell numbers
compared with the other groups at different time points (n = 3, *P < 0.05 versus static seeding; n = 3, #P < 0.05 versus injection seeding; n = 3, **P
< 0.05 versus vacuum seeding). Data represent mean ± SD.

Table 1. Summary of Advantages and Drawbacks of
Different Cell Seeding Methods

advantages drawbacks

static surface
seeding

common and
simple

seeding on scaffold surfaces; poor cells
penetration

injection
seeding

seeding in specific
area of scaffolds

nonuniform; diminished cell attachment
and increased cell death due to
damage of the scaffolds

centrifugal
seeding

homogeneous
distribution;
favors
proliferation

parameters of centrifugal method affect
the seeding efficiency

vacuum
seeding

penetrated inner
part of scaffolds

heterogeneous distribution and
increased cell death

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03129
ACS Appl. Mater. Interfaces 2015, 7, 15294−15302

15300

http://dx.doi.org/10.1021/acsami.5b03129


scaffold, and the diminished attachment of MFCs onto the
scaffold, resulting in increased incidents of cell death (Figure
4F). Although MSCs had a higher proliferation rate than MFCs
due to the varying cell proliferative activities, the survival of
seeded MSCs also decreased with the injection method (Figure
5). Our results suggest that the injection method may produce
variable results, and therefore it could not be applied in a
standardized way. The vacuum method meets the requirement
of seeding cells penetrating the inner part of the scaffold as
presented in previous research29 and our data, but the vacuum
seeding method showed a heterogeneous distribution of cells in
large density because the initial distribution of cells by the
vacuum method is nonuniform. Although the vacuum could
deliver the cells into the inner part of the scaffold, the low
pressure may also suck the cell solution out of the scaffold and
lead to cell accumulation at the bottom. After 12 h, the
unattached cells resulted in increased cell death because of their
properties of anchorage-dependent growth.30

The major limitation of the present study is that we did not
investigate the different material scaffolds with various mean
pore sizes using the above seeding methods. Although we have
used MFCs and MSCs as the seeding cells, we would
investigate other kinds of cell lines in further research. In
addition, for the limited visual depth of a confocal microscope
at about 500 μm,31 we ought to seek another imaging technique
for thicker scaffolds. Moreover, further work is also required to
evaluate the centrifuge method for TEM in vivo.

■ CONCLUSIONS
The centrifugal seeding method could improve cells distribu-
tion and proliferation on the DCB scaffolds. This information
furthers our understanding of the MFCs and MSCs seeding
protocol in our TEM research, which provides insight into the
design of future TEM experiments.
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