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Abstract Magnetic particles (MPs) of nano/submi-
cron-scale have been widely used in biomedical appli-
cations and laboratory research. It is vital to evaluate
the performance and influence of MPs incubated with
cells. This study aimed to test the cytotoxicity of core-
shell polystyrene magnetic beads and explore the relat-
ed mechanisms for further use in cartilage regenera-
tion. Core-shell polystyrene magnetic beads at 0-2 ng/
cell were incubated with human chondrocyte cell line
C28/I2 for five days. Cell viability, proliferation, mor-
phology and expression of key genes that regulate the
cell function were evaluated. The results were compro-
mised in a dose- and time-dependent way. There were
visible cytotoxic effects at a high loaded dose of 2 ng/
cell, such as cell uptake, low viability, slow prolifera-
tion rate and poor cell morphology. Gene expression
was a balanced consequence between toxic factors and
cell repair performances. Core-shell polystyrene mag-
netic beads showed acceptable biocompatibility except
at higher doses (over 2 ng/cell) where low cytotoxicity
was apparent. These interferences were probably owing
to ROS (reactive oxygen species) generation, cytoskele-
ton architecture rearrangement, iron imbalance, modi-
fication detachment, etc. 
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In recent years, magnetic particles (MPs) of nano/sub-
micron-scale have been widely utilized in biomedical
research1, including in hyperthermia, high throughput
screening, labeling and tracking, Magnetic resonance
imaging (MRI) and Magnetic force microscopy (MFM),
drug delivery, etc2,3. Endowed with unique magnetic
properties and easily fabricated, MPs have become
promising candidates for biomedicine, biomechanics,
biotechnology and cell biology2,3. For clinical trials,
MPs in the nanos-cale order have been adopted to la-
bel, track, and image cells efficiently4. Additionally,
MPs are capable of inducing tumor degeneration thro-
ugh heated effects5. For research practices, proper ma-
gnetic forces can be applied to trigger physical stimuli
for promoting a biomimetic environment, inducing cell
differentiation and improving cell functionality6. MPs
are also used in techniques for manipulating and ana-
lyzing bioactive arrays, which are crucial to biochip
development and flow cytometry screening7,8. For in
vitro and particularly in vivo applications, the biocom-
patibility of MPs has attracted further attention.

Most MPs scale from nanometers to micrometers,
and their structures can be grouped into one of the three
categories: free particles, core-shell form, or embedd-
ed type9,10. A core-shell unit has an inorganic or organ-
ic core wrapped with numbers of magnetic metal oxide
and coated with a biocompatible surface outside, for
instance carboxyl or amino groups, dextran, albumin,
polyethylene glycolide (PEG), etc3. Core-shell MPs
are the most broadly used type for their low toxic and
easily fabricated properties. Embedded MPs are fabri-
cated by integrating polymers, hydrogels or amphiph-
ilic molecules with magnetic metal oxide with an aim
to increase size, stability and biocompatibility9,11,12.
These two strategies can prevent the agglomeration of
free particles and reduce direct contact between iron
and bioactive substances13. 
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The biocompatibility of MPs depends on multiple
parameters, including the fabrication process, shape,
size, surface modification and specific cell type3. Fer-
rous or ferric oxide is the main functional component
usually. Though most studies showed that coating or
embedding could improve biocompatibility of MPs14,
some others argued that these improvements were not
obvious15. MPs of bead-shape showed lower toxicity
than any other shape (rod, worm and sphere)16. Nega-
tive COOH-modified MPs performed better biocom-
patibility than positive NH2- or none modificatied
ones17,18. Apparent disparities could be observed among
various cell lines even with MPs of the same size, com-
position and modification19,20. Additionally, pronounc-
ed toxicity was only observed over 100 μg/mL, while
low or no cytotoxicity was found below, indicating a
dose-dependant way2. Thus, it is essential to investi-
gate the cytotoxicity of the core-shell polystyrene
magnetic beads and found safe dosage to the human
chondrocytes for further applications in cartilage re-
generative study.

It is widely agreed that MPs can compromise cells
and tissues through three possible mechanisms. First,
the uptake and accumulation of insoluble particles and
their subsequent interaction with bioactive molecules
like medium or cellular components lead to cellular
stress and even necrosis21. Small MPs, especially small-
er than 100 nm22, can gather in the cytoplasm around
the nucleus through either endocytosis or passive dif-
fusion6,23. Second, the induced oxidative stress which
causes DNA damage, mitochondrial impairment, phos-
pholipids lesion and protein injury24 can lead to cyto-
toxicity and apoptosis. Thirdly, the ferrous or ferric
iron may harm cells through altering pH, ionic home-
ostasis, electric potential and protein function2,3. To
sum up, exposure to MPs can incur significant toxic
effects, such as inflammation, apoptotic bodies forma-
tion, impaired mitochondrial function, chromosome
condensation and DNA damage25,26.

Though the biocompatibility of MPs has been exten-
sively investigated, some questions remain unexplored.
Different units have been used to characterize the con-
centration of MPs, such as μg/mL, mM and pg/cell,
which makes the interpretation of results difficult. In
this study, a comprehensive in vitro experiment was
conducted to investigate the cytotoxicity of core-shell
magnetic beads of 100-500 nm with human chondro-
cyte cell line C28/I2 and to find the proper dosage for
further researches in cartilage regeneration. C28/I2 is
reported to be closest to primary chondrocytes with
respect to functional gene expression among the im-
mortalized human chondrocyte cell lines27. Cell viabi-
lity, proliferation, morphology, adhesion, and molec-
ular biocompatibility with sequential MPs/cell ratios
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Figure 1. MTT assay result used to investigate the cytotoxi-
city of incubation with magnetic beads. 0-2 ng/cell groups were
tested at 6h, 1d, 3d and 5d. OD value was normalized accord-
ing to the negative control (0 ng/cell) (%), at 6h and the latex
rubber cut into 0.5*0.5 cm as the positive control. There was
a visible dose- and time-dependent reduction of cell viability
between other groups and the negative control. At early stage,
the data among different experimental groups (0.5-2 ng/cell)
were similar to each other. As time progressed, especially after
3d, higher concentration group showed lower cell viability. A
significant difference at the same time point of each investi-
gated group (0.5-2 ng/cell, latex rubber) to the negative control
was denoted with asterisk (P⁄0.05, n=5).
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Figure 2. Cell size evaluated with Image Pro Plus 6.0 at 0, 0.5,
1, 1.5, 2 ng/cell at 6h, 1d, 3d and 5d. Cell size was evaluated
by an “Area” function in Image Pro Plus 6.0 with pixel as the
unit. Chondrocytes in other groups were compared to 0 ng/cell
group. Before 1d, there was instance of slower spreading un-
der higher densities of magnetic beads (101%-91% at 0.5-1 ng
/cell, 78%-76% at 1.5-2 ng/cell). After 3d, most of the cells in
all the groups showed no obvious differences in area (99%-88
% at 3d, 101%-95% at 5d). Significant differences between
investigated groups were denoted as asterisk (18⁄n⁄30, P⁄
0.05).
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Figure 3. Phase contrast micro-
scopic images of cell shape. (A-
D) cell images at 0 ng/cell (A), 0.5
ng/cell (B), 1 ng/cell (C) and 2 ng
/cell (D) at 6h. Higher concentra-
tion group showed smaller cell
size. (F-I) cell images at 0 ng/cell
(F), 0.5 ng/cell (G), 1 ng/cell (H)
and 2 ng/cell (I) at 3d. Most of the
cells in all the groups showed no
obvious differences in area. (E)
5d image of 0 ng/cell group. (J)
5d image of 1 ng/cell group. The
black arrows indicated the mag-
netic beads tended to gather aro-
und the cells and sometimes lo-
cated around the nucleus. No less
than 3 pictures were taken in each
group at each time point. Scale
bar=50μm. 

A F

B G

C H

D I

E J



were evaluated for a prolonged incubation time. The
expression levels of fibronectin (attachment), vimentin
(cytoskeleton28), cyclin D1 (CD1, proliferation), glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH, via-
bility), collagen II (COLII, functional differentiation)
and 18s rRNA (internal reference) were examined,
which reflected the crucial parameters to cell function-
ality. The acquired results set up a good basis for sub-
sequent experiments, further applications and toxic
mechanism studies in cartilage regeneration.

Cytotoxicity

The results from the MTT assay revealed visible dose-
and time-dependent reduction of cell viability between
the experimental groups and the negative control (0 ng
/cell) (Figure 1). The average percentage of all the ex-
perimental groups (0.5-2 ng/cell) to the 0 ng/cell group
decreased from 66% to 54% from 6h to 5d. After a
sharp drop to 51% at 1d, cell viability remained almost
stable thereafter (56% at 3d, 54% at 5d). Initially, the
effects of the concentration of the magnetic beads
could be disregarded, and the difference between the
experimental groups was lower than 20% (74%-55%
at 6h, 57%-49% at 1d). As time progressed, especially
after 3d, the various concentrations of magnetic beads
displayed a more diverse toxicity reaching a 25% dif-
ference (69%-44% at 3d, 68%-43% at 5d). The higher
the concentration of magnetic beads was employed,
the lower the cell viability showed (Figure 1).

In general, chondrocytes exhibited acceptable viabi-
lity with the polystyrene magnetic beads. However,
the cell viability dropped gradually with an increasing
concentration of magnetic beads and had a tendency
to stabilize as time progressed. 

Cell morphology

Chondrocytes at 0 ng/cell were assumed to be healthy,
thus cell area data was normalized to them (Figure 2).
The healthy cells attached and extended from round-
ness to a multi-polar shape within 6h. Before 1d (6h
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Figure 4. DNA quantization with Hoechst 33258 for cell atta-
chment and proliferation. 0-2 ng/cell groups were tested at 6h,
1d, 3d and 5d. Fluorescent OD value was normalized accord-
ing to the negative control (0 ng/cell at 6h). Before 1d, the sim-
ilar cell numbers among different groups indicated a non-de-
lay process on attachment. At 3d, although a decline trend of
cell number with increasing magnetic bead concentration (97
%-81%, compared to 0 ng/cell at 3d) was observed, no signi-
fications showed. At 5d, the other groups, except 2 ng/cell (81
% compared to 0 ng/cell), proliferated faster than the 0 ng/cell
group. Low concentrations might hinder cell proliferation at
early stages but promote cell division later, while high concen-
trations of magnetic beads might lead to compromised proli-
feration as time progresses. Significant variations of tested
groups did not occur until 5d and the differences were denot-
ed as asterisk in Table 2 (P⁄0.05, n==5).
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Table 1. Designed primers for PCR.

Gene name Primer sequence (5′→ 3′) Product length (bp)

Fibronectin Forward: CAGACGAGCTTC.CCCAACTGGT 241
Reverse: TGCCTTATGGGGGTGGCCGT

Vimentin Forward: TGGCCGACGCCATCAACACC 254
Reverse: CTCGACGCGGGCTTTGTCGT

Cyclin D1 Forward: GTAGCAGCGAGCAGCAGAGT 218
Reverse: CGGTCGTTGAGGAGGTTGG

GAPDH Forward: ACCCAGAAGACTGTGGATGG 200
Reverse: TTCTAGACGGCAGGTCAGGT

Collagen II Forward: CCACACTCAAGTCCCTCAAC 247
Reverse: GCTGCTCCACCAGTTCTTC

18s rRNA Forward: AAGTACGCACGGCCGGTACA 193
Reverse: AGAGGGGCTGACCGGGTTGG

The following gene profile was amplified with PCR: fibronectin (Fn, attachment), vimentin (cytoskeleton28), cyclin D1 (CD1, proliferation),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, viability), collagen II (COLII, functional differentiation) and 18s rRNA (internal
reference).

0 ng/cell
0.5 ng/cell
1 ng/cell
1.5 ng/cell
2 ng/cell



and 1d), cells in all groups became stretched, but lower
concentration groups displayed stretching significantly
faster than higher ones (101%-91% at 0.5-1 ng/cell,
78%-76% at 1.5-2 ng/cell). Also, cells at higher con-
centrations showed less degree of a multi-polar shape
than lower ones. After 3d, most of the cells in all
groups showed no obvious differences in area (99%-
88% at 3d, 101%-95% at 5d) and appeared a normal
multi-polar shape (Figure 2 and Figure 3). 

The aggregation of magnetic beads could be observ-

ed. From 6h to 1d, the magnetic beads accumulated
slowly near the cells, which appeared independent of
the quantity of the loaded magnetic beads (Figure 3A-
D). Furthermore, there was an interesting phenomenon
that the magnetic beads gathered around the edge of
the nucleus after 3d (Figure 3F-I). This finding was
still apparent at 5d, which might indicate an uptake
process (Figure 3E, 3J)6.

In general, most chondrocytes showed healthy mor-
phology; however, there was instance of slower sprea-
ding under higher densities of magnetic beads (1.5-2
ng/cell). The magnetic beads tended to gather around
the cells and were found sometimes around the nucle-
us.

Cell attachment and proliferation

At 6h, each experimental group contained a similar
cell number normalized to the 0 ng/cell group (~100%)
except 88% at 2 ng/cell, which indicated a non-delay
process on attachment. However, there were no obvi-
ous discrepancies between different concentrations at
6h. As to cell proliferation after 1d, significant varia-
tion did not occur until 5d (Figure 4 and Table 2). The
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Table 2. Significant variation of DNA quantification with
Hoechst 33258 between two groups at 5d. 

Group 0 ng/cell 0.5 ng/cell 1 ng/cell 1.5 ng/cell 2 ng/cell 

0 ng/cell * *
0.5 ng/cell * * * *
1 ng/cell * *
1.5 ng/cell * *
2 ng/cell * * * *

The corresponding histogram was 5d data in figure 4. At 5d, a signi-
ficant difference of DNA quantification between specific two groups
was denoted as asterisk (P⁄0.05, n==5) in table 2, otherwise no aste-
risk was recorded. In table 2, the groups in column and row were ana-
lyzed in pair. 

Figure 5. Electrophoresis photos of Reverse transcription PCR at 2.5d and 5d. The marker sizes from down to top were 100,
250, 500, 750, 1000 and 2000 bp. Except 750 bp marker band was 150 ng, other bands weighed 50 ng. Semi-quantitation results
(1600, Tanon GIS) (n==3) compared to DNA marker (Takara, DL2000) were showed in Figure 6.
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2 ng/cell group only contained 81% cells compared to
the negative control at 5d. On the contrary, the other
groups except 2 ng/cell, proliferated faster than the 0
ng/cell group, especially the 0.5 ng/cell group exhibi-
ting a cell number of 1.4 times greater than the non-
magnetic beads group at 5d (Figure 4).

Exposure to magnetic beads under low concentra-
tions might hinder cell proliferation at early stages but
promote cell division later, while high concentrations
of magnetic beads might lead to compromised prolif-
eration as time progresses. Moreover, the core-shell
magnetic beads showed little detrimental effects on
cell attachment.

Gene expression

The levels of fibronectin (Fn, attachment), vimentin
(cytoskeleton), cyclin D1 (CD1, proliferation), glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH, viabi-
lity), collagen II (COLII, functional differentiation),
and 18s rRNA (internal reference) were examined
(Figure 5). At 2.5d (Figure 6A), there was a general
higher expression of Fn (61%-62% at 0-0.5 ng/cell,
98%-140% at 1-2 ng/cell), COLII (19%-33% at 1-2 ng
/cell) and vimentin (58% at 1 and 2 ng/cell) in higher
dose loaded groups, which might indicate a cytoskele-
ton remodeling correlated with cellular function. Fur-
thermore, GAPDH showed a ladder shaped decline
from 0 to 2 ng/cell (45%-22%, except 16% at 1.5 ng/
cell), which was in accordance with the MTT assay
data. At 5d (Figure 6B), the expression of vimentin
and CD1 in higher concentration groups (vimentin,
46%-33%, 1-2 ng/cell) (CD1, 88%-81%, 1.5-2 ng/cell)
became minor compared to lower dose ones (vimen-
tin, 56%-70%, 0-0.5 ng/cell) (97%-109%, 0-1 ng/cell).
Also, COLII (17%-29%) and Fn (96%-120%) levels
changed similarly among all groups. Whereas, the low-
er trend of GAPDH expression (73%-31%) in higher
dose groups remained the same. 

As a whole, magnetic beads indeed had effects on
the key gene expression of human chondrocytes. These
time and dose dependent changes were provided as
references for a possible mechanism explanation. Si-
gnificant variations displayed in Figure 6.

Discussion

The magnetic beads interacted with cellular membranes
in the study. Initially, the insoluble magnetic beads pre-
cipitated and formed aggregations due to gravity and
electrostatic interaction, respectively29. However, ma-
gnetic beads were prone to gather on the cells, which
could account for an affinity to cellular membranes.
Some evidences of this occurrence have been reported,
including a preferred bronectin adsorption of magne-
tic particles (MPs)1, integrins involved in endocytosis
of MPs30, and transferrin receptor (TfR) responsible
for transporting iron into cells31. Cells can uptake ma-
gnetic beads through three main ways: specific recep-
tor mediated internalization, non-specific phagocytosis
and pinocytosis (⁄150 nm) process1. The perinuclear
magnetic beads were presumed to be a sign of cell up-
take21,32. 

Cellular damage caused by magnetic beads can be
mainly attributed to the formation of ROS (reactive
oxygen species) through the Fenton/Haber-Weiss reac-
tions on mitochondrial membranes: Fe3O4++2H++→
γFe2O3++Fe2++++H2O     Fe2++++H2O2 → Fe3++++∙OH++
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Figure 6. Gene semi-quantitation results of chondrocytes
blended with magnetic beads. DNA quantitation (ng) was nor-
malized according to the internal reference (18s rRNA) (%).
Gene Fn, vimentin, CD1, GAPDH, COLII and 18s rRNA were
examined. (A) Distribution of gene profile at 2.5d. A general
higher expression of Fn, COLII and vimentin in higher dose
loaded groups might indicate a cytoskeleton remodeling cor-
related with cellular function. GAPDH showed a ladder shap-
ed decline from 0 to 2 ng/cell indicating cell viability. (B) Dis-
tribution of gene profile at 5d. Vimentin became lower in high-
er concentration groups. COLII and Fn levels changed simi-
larly among all groups. Only the lower trend of GAPDH ex-
pression in higher dose groups remained the same as 2.5d. Si-
gnificant variations of tested groups were denoted as asterisk
(n==3).
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OH-2. Mitochondria dysfunction can initiate cell apop-
tosis33,34. Imbalanced oxidation/reduction reactions in-
duce the peroxidations of DNA, lipids, proteins and
organelles35,36. It has been proved that the metabolic
enzyme glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in cytoplasm can be denaturized through
glycosylation by ROS37. The decreased cell viability
and GADPH expression corresponded with the afore-
mentioned explanation (Figure 1, Figure 6). DNA pero-
xidation (8-oxoguanine formation) can be recovered
by base excision repair (BER) with delayed cell cycle
progression34. However, insufficient, inaccurate or
excessive repair can lead to DNA lesion, slow division
or carcinogenesis38. Similar gene levels of cyclin D1
(CD1) and the slow cell proliferation at higher concen-
trations but fast cell division at lower ones could be
seen as a balance of those several described reasons
(Figure 4, Figure 6). 

There were other mechanisms besides ROS that caus-

ed cell damage, including the direct toxicity from ma-
gnetic beads and detrimental iron imbalance. (i) The
sudden load of magnetic beads may lead to unafforda-
ble cellular stress and even necrosis21. Multiple cellular
components are inactive or overactive for structural
alteration due to adsorption of magnetic beads through
electrostatic interactions, hydrophobic interactions,
and specific chemical interactions39,40. (ii) Iron is a
nutrient and regulatory factor for cells. Interruption of
the iron homeostasis has broad effects on cytoskeleton
structure, proliferation and metabolism41,42. Excessive
iron resulted in promotion of cyclins and cyclin-depen-
dent kinases (CDKs) through Wnt signaling43, which
was another cause for the cell proliferation findings.
(iii) MPs impinging on cells triggers the dynamic re-
modeling of the cytoskeleton40. Since one of the cyto-
skeleton’s main functions is intracellular transport, its
alteration has far reaching effects. In our study, the
slight poor morphology at higher doses and little effects
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Figure 7. Schematic graph describing the possible mechanism of cell behaviors. The side effects were presumed to be related
with ROS, iron imbalance, cytoskeleton remodeling, DNA damage, biomolecular adsorption and conformational changes. On
the other hand, cells can regulate themselves to compensate for such sudden stimuli, including DNA repair, peroxisome
clearance and lysosome enzymolysis. A balanced result presented finally.
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on cell attachment were associated with cytoskeleton
rearrangement (Figure 2). The gene expression of vi-
mentin showed a higher level early but decreased later
at higher doses (Figure 6). This indicated a remodeling
process involving uptake, vesicle formation and trans-
portation at early stages, but the processes were regu-
lated to stabilize later. 

On the other hand, cells can regulate themselves to
compensate for such sudden stimuli. Iron could be
consumed by metabolic demands31. In addition, the
DNA repair mechanism makes efforts to maintain
normal gene expression38. Peroxisomes are responsi-
ble for free radical clearance38. Lysosomes can elimi-
nate some deleterious byproducts. Since cell numbers
increased over time, the concentrations of magnetic
beads were diluted and their effects diminished40. 

As for cellular function, the results showed a promo-
tion at higher doses at 2.5d but a reduction at 5d. Some
research revealed human mesenchymal stem cells
(hMSCs) with MPs exhibited unaltered viability and
proliferation, normal adipogenic and osteogenic differ-
entiation but a marked inhibition of chondrogenesis at
7d. The down-regulation was presumed owing to a
specific iron related pathway not affecting viability
and proliferation44. In contrast, some others reported
no effects on chondrogenesis of hMSCs45. Our results
could be an inhibition of chondrogenesis related to
proliferation and viability pathway. At the beginning,
collagen II (COLII) gene expression was increased to
compensate for a shortage (Figure 6A). However, the
inhibition was so strong that the gene level decreased
later at higher doses. On the contrary, the lower dose
groups had a gradual enhancement as time progressed
(Figure 6B).

Previous research failed to reach an agreement about
the cytotoxicity of MPs. Both dose-independent14 and
dependent20 reduction of cell viability was proved.
Either decreasing40 or increasing proliferation41 was
observed. Some studies reported no effects on prolif-
eration or viability44. Cells increased in size because
of vesicle formation was recognized22, however cyto-
skeleton remodeling caused cell size small was also
observed40. 

Hence, in the study, a relatively intact study was con-
ducted to human chondrocytes. The core-shell magnet-
ic beads performed cytotoxicity in a dose- and time-
dependent way. And the acceptable biocompatible do-
sage was lower than 1 ng/cell. In addition, considering
the insoluble characteristic of MPs, the concentration
unit of mass/cell might be more reasonable than mass
/mL and mM, which seemed inaccurate after precipita-
tion. Some mechanisms for the cytotoxicity of magnet-
ic beads were concluded in Figure 6.

Materials and Methods

Magnetic beads

Bead-shaped superparamagnetic magnetic beads (10
mg/mL, 100-500 nm in diameter) were bought from
BaseLine Chromtech (3402). As a core-shell type, each
polystyrene ball was wrapped with multiple Fe3O4 na-
noparticles and modified with -COOH. Before being
co-cultured with cells, the solution of beads was pul-
sated for homogeneous distribution by ultrasonic oscil-
lation (KQ218, Kun Shan Ultrasonic Instruments) for
3 minutes. 

Cell culture

Human chondrocyte cell line C28-I2, kindly provided
by Mary Goldring at Children’s Hospital Boston, USA,
were cultured in Dulbecco’s modified Eagle’s medium
(12800-017, high glucose, Gibco) with 10% fetal
bovine serum (SV30087.02, Hyclone) and 100 U/mL
penicillin-100μg/mL streptomycin, at 37�C, under 5%
CO2. The cells were passaged with 0.25% trypsin
(27250-018, Invitrogen) plus 0.02%EDTA (34549,
Sigma) at 80% confluence. Magnetic beads were co-
cultured with cells at the following concentrations: 0,
0.5, 1, 1.5, 2 ng/cell.

Cytotoxic test

Cytotoxicity was measured using MTT [3-(4, 5-dime-
thylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide]
assay with 0 ng/cell group as a negative control and
latex rubber cut into 0.5 cm*0.5 cm as a positive con-
trol25. 3.0×103 cells with magnetic beads in 100 μL
of medium were seeded into 96-well culture plates
(3599, Costar). Magnetic beads were incubated with
cells for 6h, 1, 3 and 5 d respectively. Afterwards, 20
μL MTT (Sigma, 5 mg/mL in PBS solution) was added
into each well, incubated for 3 h and removed. 150μL
Dimethyl sulfoxide (DMSO, Merck) was added to
dissolve formazan before absorbance was measured
at 570 nm with a microplate reader (680, Biorad).
Data from the magnetic beads without cells served as
the background value. Five replicates were done.

Cell morphology

Chondrocytes with magnetic beads were seeded at 4.5
×104 cells/3 mL medium in 60 mm tissue culture poly-
styrene (TCPS, 430166, Corning) and were cultured
at 37�C in 5% CO2. Cell morphology was recorded by
phase contrast microscopy (CKX41, Olympus) at 6h,
1d, 3d and 5d. No less than 3 pictures were taken at
each time point. Cell morphology recorded in the pho-
tos was evaluated with Image Plus Pro 6.0 software46.
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The selected cell was drawn along its edge to form a
closed curve manually. After finishing enough curves,
an “Area” function was elected to produce the cell size
automatically with pixel as the unit. 18 to 30 replicates
were done.

Cell attachment and proliferation

Cell proliferation was measured through DNA quanti-
zation with Hoechst 33258 Dye (H6024, Sigma) at
6h, 1d, 3d and 5d 47. 0 ng/cell group was as a control.
Initial cell density was 1.5×103/100 μL in a 96-well
plate (3599, Costar) with different concentrations of
magnetic beads as indicated previously. After incuba-
tion, cells were disrupted in sterilized water and fro-
zen overnight at -20�C. Fluorescence intensity was
recorded by a microplate reader (190, Molecular De-
vices) at excitation and emission wavelengths of 360
and 465 nm, respectively. Five replicates were done. 

Reverse transcription PCR 

Cells were seeded at 4.5×104 cells/3 mL medium in
60 mm TCPS. Total RNA was extracted by Trizol Re-
agent (206101, New Industry) according to the manu-
facturer’s instruction after incubation for 2.5 and 5d.
The RNA samples were semi-quantified with Nano-
drop (NanoDrop1000, Thermo) to 500 ng. Subsequent-
ly, the total RNA was transcribed into cDNA with M-
MLV reverse transcriptase (C28025-011, invitrogen)
and oligo-dT (FSK-201, Toyobo). PCR (MyCyclerTM,
BioRad) of 30 cycles was performed to amplify the
genes. Primers were shown in Table 1. 0 ng/cell group
was as a control. Electrophoresis (Beijing Liuyi Instru-
ment Factory) with 1% agarose gel and semi-quantita-
tion (1600, Tanon GIS) (n==3) compared to DNA mar-
ker (Takara, DL2000) was performed then48. 

Statistical analysis

Statistical significances were evaluated with SPSS 13.0
(One-way ANOVA, LSD, P⁄0.05) and results were
expressed as mean±standard deviation. 
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