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We devised and tested an in vivo system to monitor the 
migration of mesenchymal stem cells (MSCs) within the 
marrow cavity. In vitro studies confirmed that platelet-
derived growth factor (PDGF)-AA had the most potent 
chemotactic effect of the tested factors, and possessed 
the greatest number of receptors in MSCs. MSCs were 
labeled with fluorescent nanoparticles and injected into 
the marrow cavity of nude rats through osteochondral 
defects created in the distal femur. The defects were 
sealed with HCF (heparin-conjugated fibrin) or PDGF-
AA-loaded HCF. In the HCF-only group, the nanoparti-
cle-labeled MSCs dispersed outside the marrow cavity 
within 3 days after injection. In the PDGF-AA-loaded 
HCF group, the labeled cells moved time-dependently 
for 14 days toward the osteochondral defect. HCF-PDGF 
in low dose (LD; 8.5 ng/μl) was more effective than 
HCF-PDGF in high dose (HD; 17 ng/μl) in recruiting the 
MSCs to the osteochondral defect. After 21 days, the 
defects treated with PDGF and transforming growth 
factor (TGF)-β1-loaded HCF showed excellent cartilage 
repair compared with other groups. Further studies 
confirmed that this in vivo osteochondral MSCs track-
ing system (IOMTS) worked for other chemoattractants 
(chemokine (C-C motif) ligand 2 (CCL2) and PDGF-BB). 
IOMTS can provide a useful tool to examine the effect 
of growth factors or chemokines on endogenous carti-
lage repair.
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Introduction
Articular cartilage (AC) has very limited capacity for repair 
after injury, being poorly supplied by blood vessels, nerves, and 
the lymphatic system. Recently, several cell-based therapeutic 
approaches have been developed to repair AC, either with cells 
alone or with the composite of cells and scaffold, such as poly 
(ethylene glycol)-based hydrogel, alginate, agarose, and hybrid 
materials.1–4 These methods, however, are associated with prob-
lems, such as the dedifferentiation of cells with passaging and the 

donor site morbidity.5,6 Moreover, in these procedures, a culture 
period of 4–6 weeks is necessary to expand and differentiate the 
isolated cells before implantation into the defect. For this reason, 
a method that mobilizes the endogenous pool of mesenchymal 
stem cells (MSCs) would provide a less costly and less invasive 
alternative.

One traditional surgical strategy to treat cartilage defects is 
multiple drilling of the subchondral bone to allow the migra-
tion of endogenous pluripotent progenitor cells into the defects.7 
Although there is evidence that the resurfaced cartilage may 
change from fibrous to hyaline cartilage, the tissue generated 
thereby has very poor mechanical properties compared to nor-
mal cartilage,8 eventually leading to failure.9 The reasons for the 
failure are the inadequate number of available stem cells as well as 
the inability to contain the migrated cells in situ. A method that 
directs the migration of a copious number of autologous MSCs in 
bone marrow toward injury sites would be necessary to enhance 
the success of this endogenous repair. Although several chemot-
actic factors that induce the migration of MSCs have been found 
by in vitro chemotaxis analysis,10–14 it has not yet been examined 
which factor would most effectively promote the migration of 
MSCs within bone marrow toward injury sites in an in vivo osteo-
chondral defect model.

The migration and differentiation of transplanted cells in vivo 
has been principally analyzed by the histological findings.15 
However, these techniques are unsuitable for a dynamic evaluation 
of the proliferation, migration, and the final fate of transplanted 
cells because only one time point of data can be obtained from 
each experimental animal. In contrast, live cell imaging allows 
the real-time tracking of grafted cells and the monitoring of their 
migration. Recently, cell-labeling methods utilizing fluorescent 
nanoparticles were developed to overcome the disadvantages of 
traditional imaging methods, such as viral and nonviral reporter 
gene systems, and free organic dyes, etc.16–18 Quantum dots and 
a range of other nanomaterials that contain Resovist, a magnetic 
resonance imaging contrast agent comprising super paramagnetic 
iron oxide nanoparticles, have been used in stem cell research for 
in vitro and in vivo bioimaging.19–22

In this study, we devised and tested an in vivo osteochondral 
MSCs tracking system (IOMTS) to monitor the migration of bone 
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marrow-derived MSCs. First, the in vitro migration capacity of 
human MSCs in response to four chemokines and three growth 
factors were investigated and the best one was determined. The 
final candidate was loaded in heparin-conjugated fibrin (HCF) 
and placed in osteochondral defect of athymic nude rat to induce 
the migration of nanoparticle-labeled MSCs transplanted within 
the marrow cavity. Then, we examined if the in vivo migration 
of transplanted human MSCs into the marrow cavity could be 
detected by this system, and if the migrated MSCs could pro-
mote the healing of injured AC. In addition, we also investigated 
whether in vivo migration effects of other factors could be com-
pared quantitatively using this IOMTS.

Results
Chemotactic activity of chemokines and growth 
factors in human MSCs
Although most of the tested chemokines and growth factors 
effectively increased the level of MSC migration above the basal 
levels (0.1% bovine serum albumin (BSA) only), platelet-derived 
growth factor (PDGF)-AA had the most potent chemotactic effect 
(Figure  1a,b). The number of the migrated cells was 3.1 times 
higher than the negative control (0.1% BSA) (P = 0.0355). When 
the dose-response effect of PDGF-AA was tested, no additional 
increase in MSCs migration was observed above a concentration 
of 50 ng/ml (Figure 1c).

PDGF receptors are highly expressed in human MSCs 
of the serum-free environments
To find a correlation between the chemotactic effect of the tested 
factors and gene expression levels of receptors on MSCs, real-

time PCR was performed for the receptors of the tested factors. 
Under serum-free conditions containing only 0.1% BSA, human 
MSCs from the three donors had relatively larger gene expres-
sion of receptors for growth factors than those for chemokines 
(Figure  1d). These findings were in line with the results of in 
vitro chemotaxis of MSCs, suggesting that the migration effects of 
growth factors were related to the high levels of their receptors in 
human MSCs. The PDGF receptor (PDGFR)-α messenger RNA 
(mRNA) levels were higher than those of the other receptors. In 
the case of PDGFR-α, the mRNA level was 97 times higher than 
C-X-C chemokine receptor 2 (CXCR2), receptor of chemokine 
interleukin (IL)-8 (P = 0.037). To determine if a change in extra-
cellular environment causes a difference in intracellular expres-
sion levels of chemokine receptors, an in vitro inflammatory 
condition was produced by a treatment with tumor necrosis factor 
(TNF)-α and IL-1β, based on a previous report23 and mRNA lev-
els of the chemokine receptors were reconfirmed. When treated 
with TNF-α or IL-1β, the mRNA expression levels of all recep-
tors were generally lower than the serum-free state. Under this 
condition, PDGFR-α still had the highest level of expression. 
The reverse transcription-PCR products of each receptor were 
analyzed by agarose gel electrophoresis to confirm the results of 
real-time PCR. As shown in Figure 1e, the PDGFR-α showed the 
strongest band intensities in all three donors.

Nanoparticle-labeled human MSCs can be traced  
to an osteochondral defect of nude rat models
The in vitro PDGF-AA release kinetics of two types of deliv-
ery systems (fibrin and HCF) was compared. During the first 
3 days, 71.5 ± 6.5% of the loaded PDGF-AA was released from 
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Figure 1 C omparison of the chemotactic activity of chemokines and growth factors in human MSCs. (a) Migrated cells stained with hematoxy-
lin and eosin. Bar = 400 μm. (b) The number of migrated cells. (c) The dose effect of PDGF-AA on MSCs migration. The bars represent the mean ± 
SD of migrated cells. n = 3, *P < 0.05 to the negative control. (d) Real-time PCR analysis of receptors. The bars represent the mean ± SD of normal-
ized ratio over the control. n = 3, *P < 0.05 to CXCR2. (e) Gel electrophoresis of the RT-PCR products of each receptor. BSA, bovine serum albumin; 
CCL2, chemokine (C-C motif) ligand 2; CXCL12, chemokine (C-X-C motif) ligand 12; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate 
dehydrogenase; HGF, hepatocyte growth factor; IGF, insulin-like growth factor; IL, interleukin; mRNA, messenger RNA; MSC, mesenchymal stem cell; 
PDGF, platelet-derived growth factor; RT-PCR, reverse transcription-PCR; TNF-α, tumor necrosis factor-α.
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fibrin. From HCF, in contrast, 61 ± 6.4% was released for 14 days 
(Supplementary Figure S1).

The potential of PDGF-AA to induce MSC migration was 
examined in vivo in an osteochondral repair model of immunode-
ficient rats (Figure 2a). The human MSCs were effectively labeled 
by incubating them with fluorescent nanoparticles. The Cy5.5 
fluorescence was strongly detectable in the cultured MSCs after a 
treatment with nanoparticles (Figure 2b).

In the HCF-only group without PDGF-AA (the control group), 
the majority of the nanoparticle-labeled MSCs dispersed outside 
the marrow cavity within 3 days after the injection despite using 
matrigel. On the other hand, cells did not disperse in PDGF-AA-
loaded HCF group, remaining in the marrow cavity for 14 days. 
Interestingly, this group showed the time-dependant movement 
of injected cells toward the osteochondral defect from which 
PDGF-AA was released. On day 14, all the signals congregated 
at the osteochondral defect (Figure  2c). When only nanopar-
ticles were injected into marrow cavity and plugged with HCF-
PDGF-AA, the signal rapidly disappeared within 24 hours after 
injection (Supplementary Figure S2). To quantify the migration 
of MSCs by PDGF-AA released from the osteochondral defect 
site, the pixels of two specific sites within marrow cavity were 
counted by densitometric scanning using Maestro EX image soft-
ware (Cri, Hopkinton, MA). Site A represents the most proximal 
portion of the marrow cavity. Site B represents the osteochondral 
defect area releasing PDGF-AA (Figure 2d). The cell densities at 
site A decreased gradually with time. In contrast, those of site B 
increased, as expected. This increase reached the maximum levels 
at day 6 and decreased gradually until day 14 (Figure 2e). The 
densities of the two areas were significantly different at days 6 and 
14 (P = 0.014 and 0.010).

In vivo MSCs tracking patterns differed depending on 
the PDGF-AA concentration
To determine the optimal concentration of PDGF-AA, another 
in vivo tracking test of MSCs was performed using the HCFs 
conjugated with two different PDGF-AA concentrations, 17 ng/
μl (HCF-PDGF-high dose (HD)) and 8.5 ng/μl (HCF-PDGF-low 
dose (LD)). Transforming growth factor (TGF)-β1 was also co-
conjugated in both groups, based on previous studies demonstrat-
ing that PDGF-BB, one of the PDGF isoforms, had the potential 
for cartilage regeneration by suppressing endochondral matura-
tion and enhancing chondrocyte proliferation when treated along 
with TGF-β.24,25

The nanoparticle-labeled MSCs were detected for 21 days 
using the Maestro image system to investigate the distribution of 
the migrated human MSCs within osteochondral defect (Figure 3a 
and Supplementary Figure S3). Three days after injecting the 
cell–matrigel complex, the fluorescence intensities in the femur 
of groups HCF-PDGF-LD or HCF-PDGF-HD were similar. On 
the other hand, both groups showed significant differences since 
day 6. Quantitative region of interest analysis in the osteochondral 
defect area revealed ~1.5- and 1.3-fold higher fluorescence signals 
in the HCF-PDGF-HD group compared to the HCF-PDGF-LD 
group at days 6 (scaled counts/second = 3.17 ± 0.81, 2.12 ± 0.62) 
and 9 (scaled counts/second = 2.34 ± 0.26, 1.84 ± 0.43), respec-
tively. On days 14 and 21, however, the fluorescence signals from 
the osteochondral defect in this group were relatively lower than 
those in the HCF-PDGF-LD group. So HCF-PDGF-LD was 
more effective than HCF-PDGF-HD in recruiting the MSCs in 
the long term. After the animals were sacrificed at day 21, fem-
ora were removed from the bodies and the fluorescence signals 
were detected again to confirm the fluorescence signals of live 
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images from the rats (Figure 3b). Strong fluorescent signals were 
detected in the osteochondral defect area of both HCF-PDGF-HD 
and -LD groups, whereas they were not detected in HCF-only or 
HCF-PDGF-HD groups not injected with labeled MSCs. The total 
fluorescence signal of HCF-PDGF-LD in the femur was 3.4-fold 
stronger than that of HCF-PDGF-HD at day 21 (scaled counts/
second = 34.83 ± 8.73, 10.21 ± 2.73). This finding demonstrated 
that the patterns of the fluorescence signal between the postmor-
tem femur and live image were similar, even though the detec-
tion ranges of the signal intensities were different. The cause of 

the decrease in the fluorescent signal in HCF-PDGF-HD group 
was also investigated by confocal microscopy after paraffin sec-
tioning of each femur. The fluorescent signals were concentrated 
in high densities within the osteochondral defect area in the HCF-
PDGF-LD group (Figure 3c and Supplementary Figure S4b,d). 
On the other hand, the migrated MSCs in the HCF-PDGF-HD 
group, unlike the HCF-PDGF-LD group, were spread evenly in 
the broad area around the defect (Figure 3c and Supplementary 
Figure S4a,c).

Effect of migrated human MSCs on the healing of 
osteochondral defects
The osteochondral defect was also evaluated histologically by 
hematoxylin/eosin and Safranin-O/fast green staining 21 days 
after treatment (Figure  4a). In group 1 (HCF-only without 
MSCs), the defects were filled with fibrous tissue, the margins 
clearly demarcated. Their surfaces were totally irregular. In group 
2 (HCF-PDGF-HD without MSCs), the defects were largely filled 
with fibrous tissue as in group 1 and the margin of the defects 
was also clearly recognizable. In group 3 (HCF-PDGF-HD-TGF-β 
without MSCs), there were focal islands of cartilage regeneration 
although the margin of the defects was obviously noticeable and 
the defects were incompletely reconstituted. On the other hand, 
in group 5 (HCF-PDGF-HD-TGF-β with MSCs), the defects had 
become firm and smooth, and the matrices of the repair cartilage 
were stained with Safranin-O in a similar way to normal cartilage. 
The defect in the group 4 (HCF-PDGF-LD-TGF-β with MSCs) 
showed the best healing of all the groups, covered with hyaline 
cartilage-like tissue. The well-repaired cartilage had a relatively 
smooth surface with no depression. The thickness and appearance 
were also similar to that of normal cartilage. Groups 4 and 5 also 
had significantly higher International Cartilage Repair Society 
(ICRS) macroscopic score than group 1 (P = 0.0004 and 0.047, 
Figure 4b).

Other chemoattractants can be investigated using 
IOMTS
To examine the effect of chemoattractants other than PDGF-AA in 
this system, further in vivo experiment was performed under the 
same surgery condition as the preceding study except that only the 
fluorescence images of the removed femora were obtained 7 days 
after cell injection. Two chemoattractants were used in this experi-
ment. The first was chemokine (C-C motif) ligand 2 (CCL2), which 
was the most effective of all chemokines in our in vitro chemot-
axis screening. The second was PDGF-BB, which was one of three 
isotypes of PDGF. In the case of the HCF-only femur, most of the 
nanoparticle-labeled MSCs were spread out of the marrow cavity, 
showing reduced fluorescence intensity. On the other hand, strong 
fluorescence intensity was detected in the femora treated with 
CCL2 or PDGF-BB. This finding demonstrates that the diffusion 
of MSCs outside was prevented by CCL2 or PDGF-BB released 
from HCF. Interestingly, most of the fluorescence signals of the 
CCL2 femur were detectable in the head region of femur, whereas 
those of the PDGF-BB femur were only detectable in the osteo-
chondral defect region after 7 days of cell injection. This shows 
that PDGF-BB-HCF has a stronger chemotactic activity than 
CCL2-HCF (Figure 5a). In addition, the chemotactic activities of 
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CCL2 and PDGF-BB were compared quantitatively by reading the 
total fluorescence signals of the osteochondral region. As shown 
in Figure  5b, the total fluorescence signal in the osteochondral 
defect region from the PDGF-BB-HCF femur was 3.9 times stron-
ger than that from the CCL2-HCF femur (scaled counts/second = 
2.06 ± 0.48, 0.53 ± 0.41; P = 0.019). This shows that the chemotac-
tic ability of various cytokines can be examined by IOMTS.

Discussion
In this study, we first assessed the in vitro chemotactic potential of 
human bone-marrow MSCs. Seven factors were selected according 
to previous reports on the chemotactic activity to MSCs,10–14 and 
the Boyden chamber assay was used to choose a factor inducing 

the most effective migration of MSCs, which was PDGF-AA. 
PDGF-AA is a potent chemoattractant for fibroblasts, neutrophils 
and monocytes activated by lymphocytes or cytokines as well as 
for MSCs.26–28 Although the chemotactic responses of MSC to 
several migration factors had been compared previously,10,29 we 
thought that for a possible clinical application, further study was 
necessary to determine the best chemotactic factor.

Several studies have reported the key role of chemokines and 
their corresponding receptors in the migration of MSC.30,31 MSCs 
express the receptors for growth factors at a moderate to high level, 
including PDGFR and insulin-like growth factor (IGF)-1R.26,32 A 
previous study reported that the chemotactic response of MSCs to 
hepatocyte growth factor (HGF) could be regulated significantly 
by HGF-c-met signaling.11 That is, the endogenous level of recep-
tor can be crucial for the chemotactic response of MSC by each 
ligand. Our results demonstrated that mRNA of PDGFR-α, an 
endogenous receptor for PDGF-AA, was expressed at high levels 
from the MSCs either under serum-free conditions or in pres-
ence of TNF-α while the gene expression of CXCR4, the receptor 
for chemokine (C-X-C motif) ligand 12 (CXCL12)/stromal cell-
derived factor (SDF)-1, was not. This finding also additively sug-
gested that PDGF-AA was the best chemotactic factor for MSCs 
among the seven tested chemoattractants.

The osteochondral defect model is a well-known in vivo 
system that has been used mostly to examine the effect of spe-
cific scaffolds, stem cells or both on cartilage regeneration.33–35 
In this study, IOMTS was applied to identify the in vivo migra-
tion of human MSCs as well as the repair of injured AC by the 
migration of cells into the defect. There are three essential com-
ponents in this system. The first is the use of athymic nude ani-
mals to investigate migration of human MSCs. Unusual athymic 
nude rats were needed because the femur of nude mouse was too 
small to create an osteochondral defect, and nude rabbits were 
unavailable to date. This animal has recently been used for in vivo 
osteochondral defect studies in spite of the high cost.36,37 The sec-
ond is HCF, which had been reported previously as a successful 
controlled release system for cytokines.38 The constant release of 
PDGF-AA for at least 14 days was possible with the application 
of PDGF-AA-loaded HCF. The period was sufficient to induce a 
chemotactic response from the MSCs injected inside the marrow 
cavity of rats. In addition, these results demonstrated that the pat-
terns of MSCs migration to an osteochondral defect area differ 
according to the dose of PDGF-AA. This suggests that the pres-
ent system can also be applied to determine the optimum in vivo 
dose of specific migration factor. The third is the labeling of MSCs 
with silica-coated magnetic nanoparticles incorporating Cy5.5. 
Previous labeling methods, including reporter gene systems com-
posed of viral and nonviral vectors, have several disadvantages 
and may draw confusing results that are unsuitable for the long-
term monitoring of stem cells.39–41 In addition, fluorescent materi-
als, such as GFP (green fluorescent protein), have photo-bleaching 
problems.42 Therefore, the fluorescence intensity and labeling 
specificity of these dyes are inappropriate for the long-term moni-
toring of stem cells after cell division. The performance of imag-
ing systems has been steadily improved with the advancements 
of cell-labeling techniques.43 Recently, Park et al. reported that 
silica-coated magnetic nanoparticles can be taken up by human 
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MSCs without cytotoxicity. Fluorescence was maintained up to 
passage 7, and the nanoparticles did not affect the expression of 
cell surface markers.22 However, to date, no group has attempted 
to monitor the movement of labeled cells inside the bone marrow 
cavity. We detected the time-dependent migration of MSC within 
the bone marrow to a defect as well as their destination after cell 
tracking for 21 days.

As we used human PDGF-AA for the chemotaxis of human 
MSCs in the nude rats, most of osteochondral healing is attributed 
to injected human MSCs although host cells certainly contributed, 
too. This point can be elucidated when we compared the much 
better quality of osteochondral repair in group 5 (HCF-PDGF-
HD-TGF-β with MSCs) compared with group 3 (HCF-PDGF-HD-
TGF-β without MSCs), which successively showed better healing 
than group 1 (HCF-only without growth factors or MSCs). As the 
nanoparticle can be maintained in cells after division or differ-
entiation and is nontoxic to the cells, it provides a useful tool for 
stem cell imaging. We had first anticipated to find many labeled 
cells inside the repaired osteochondral defect area on the patellar 
groove. However, contrary to our expectation, we found most of 
the migrated cells around defect area after 21 days. Nevertheless, 
good healing of the osteochondral defects was achieved with the 
quality of AC approaching that of normal cartilage. Therefore, 

we currently speculate that the migrated human MSCs may have 
induced the regeneration of rat cartilage in other ways, i.e., releas-
ing growth factors or matrix required in tissue regeneration, 
instead of direct differentiation into AC tissue.

This IOMTS also has some technical problems that require an 
elaborate in vivo works to solve. First, the high costs of each source 
including athymic nude rats, commercial nanoparticles, and in 
vivo image device etc., can impose a heavy burden on the users of 
this system. The required number of animals for statistical analysis 
would be very expensive. Second, the fluorescence detecting device 
used in this study, the Maestro system, has fluorescence detection 
limits. An equal fluorescence can be detected with different sig-
nal intensities depending on the individual difference in bone and 
skin thickness, and spreading status of labeled cells in the detec-
tion area. Sometimes, no fluorescence signals were observed in the 
animals after the labeled MSCs were injected into the marrow cav-
ity. On that occasion, the animals needed to be sacrificed, and the 
fluorescence images were taken directly from the denuded bone. 
Third, as in any experiment using MSCs isolated from patients, 
there are issues of inhomogeneity and batch-to-batch variations of 
MSCs as well as the need to define the responsible subpopulation 
that mediates the therapeutic effect in the given model. In addition, 
the off-target effects of a tested factor need to be considered, and 
separately evaluated depending on the model.

Although many in vivo monitoring studies have been per-
formed to detect the tracking of labeled cells from the subcu-
taneous, intravenous, and intraperitoneal route of the animal 
to another target site,22,44,45 this report is the first to show the in 
vivo monitoring of labeled MSCs from the marrow cavity to an 
osteochondral defect region using Cy5.5 tagged nanoparticles. 
Notwithstanding the limitations, the significance of this study lies 
in establishing a unique model to examine the migration of MSCs 
in response to a chemotactic signal. This study also showed that 
migrated MSCs could successfully promote the healing of injured 
AC and that the chemotactic effect of several migration factors 
can be compared directly with each other using the IOMTS.

In conclusion, the IOMTS can provide a very useful tool to 
investigate the effect of growth factors or chemokines on endog-
enous cartilage repair. This system is expected to have clinical 
applications and make a valuable contribution to basic research.

Materials and Methods
Procurement of samples, cell isolation, and cultivation. The bone marrow 
samples used to isolate the MSCs were obtained from three patients (mean 
age: 55 years, range: 38–73 years) undergoing a total hip replacement due 
to osteoarthritis. Informed consent was obtained from all donors. The 
MSCs were isolated from fresh bone marrow samples, and expanded as 
described previously.46 Passage 3 cells were used for experiments.

Chemotaxis assay. Chemotaxis assays were performed in a Boyden cham-
ber using 48-well chemotaxis chamber plates (Neuro Probe, Gaithersburg, 
MD) with polycarbonate PVP free membranes with 8 μm pores (Neuro 
Probe). The inserts were prepared before assay by incubating for 2 hours at 
room temperature with 3 μg/ml fibronectin (Sigma, St Louis, MO). Growth 
factors and chemokines (IL-8, CXCL12, CCL2, CCL20, PDGF-AA, IGF-1, 
and HGF: R&D System, Minneapolis, MN) were respectively diluted to 
50 ng/ml in Dulbecco’s modified Eagle’s medium/F12 supplemented with 
0.1% BSA (Sigma) which was also used as nonspecific chemoattractant, 
and 30 μl of the final dilution was placed in the lower chamber; 1 × 104 cells 
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Figure 5 T he effects of chemokine CCL2 and growth factor PDGF-BB 
treated in an osteochondral defect on the migration of MSC. (a) 
Fluorescence image of migrated MSCs in the removed femurs at 7 days 
post-cell injection. BFI and FLI represent bright-field image and fluores-
cent image, respectively. White arrow represents the migratory direction 
of labeled MSCs. Bar = 10 mm. (b) The total fluorescent intensity of a 
defect region in the removed femur. Bar = 5 mm. Bar graphs represents 
the mean ± SD of fluorescent signal intensity. n = 3, *P < 0.05. CCL2, 
chemokine (C-C motif) ligand 2; HCF, heparin-conjugated fibrin; MSC, 
mesenchymal stem cell; PDGF, platelet-derived growth factor.
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were allowed to attach to the top wells of the insert. The chambers were 
incubated in a humidified incubator at 37 °C in an atmosphere of 5% CO2 
for 17 hours. After incubation, inserts were removed carefully from the 
chamber and non-migrated cells on the upper side of inserts were removed 
with a rubber wiper. The migrated cells on the lower side of the inserts were 
stained with Diff-Quick staining kit (Sysmex, Kobe, Japan). The migrated 
cells were counted from three random fields per well under a light micro-
scope at ×100 magnification.

Reverse transcription and real-time PCR. The MSCs were incubated for 
4 hours in serum-free Dulbecco’s modified Eagle’s medium/F12 supple-
mented with 0.1% BSA to examine the expression levels of the receptors 
under serum-free culture conditions. The MSCs were also incubated for 
4 hours in Dulbecco’s modified Eagle’s medium/F12 containing 1 ng/ml 
TNF-α or 0.5 ng/ml IL-1β in order to simulate an in vitro inflammatory 
condition.23 The total RNA was isolated using an RNeasy Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instruction and quan-
tified using the Quant-iT RNA assay kit and Qubit Fluorometer system 
(Invitrogen, Carlsbad, CA). Using Sprint RT Complete-Oligo(dT)18 
(Clontech, Mountain View, CA) for reverse transcription-PCR, 500 ng 
of the total RNA was reverse transcribed. Real-time PCR analysis were 
performed on a LightCycler 480 system (Roche Diagnostics, Mannheim, 
Germany) in standard 15 μl reactions. The threshold cycle (Ct) value of 
each gene was normalized to that of GAPDH. The values thus obtained 
were again normalized against the control (CXCR2, serum free). The 
control PCR was performed with RNA extracts that had not undergone 
reverse transcription (Supplementary Figure S5). The PCR primers are 
listed in Table 1.

Fluorescent microscopy for labeled MSCs. Fluorescent silica nanoparticles 
for NEO-LIVET Magnoxide 675 cell labeling kit (Biterials, Seoul, Korea) 
were used to label the human MSCs. Biocompatible magnetic nanoparti-
cles contained Cy5.5 within a silica shell (50 nm size, biocompatible silica-

coated magnetic nanoparticles (MNP@SiO2)). The MSCs were treated with 
a solution containing 0.4 mg/ml of nanoparticles for 36 hours, as recom-
mended by the manufacturer. Labeling was stopped by washing the cells 
three times with phosphate-buffered saline (PBS). The cells were examined 
under a fluorescent microscope (Leica, Wetzlar, Germany) to detect the 
intracellular localization of MNPs@SiO2(Cy5.5).

Synthesis of HCF. Since normal fibrin releases cytokines only for a short 
term, heparin was conjugated to fibrin to prolong the release period of 
the specific cytokine. Heparin (molecular weight 4,000–6,000; Sigma) was 
covalently bonded to plasminogen-free fibrinogen (Sigma) as previously 
described.38 HCF was formed by mixing HCF (40 mg/ml) and normal 
fibrinogen (60 mg/ml) with factor XIII, aprotinin (100 KIU/ml), calcium 
chloride (6 mg/ml), and thrombin (500 IU/mg).

In vitro PDGF-AA release kinetics. The kinetics of PDGF-AA release 
from PDGF-AA-loaded HCF was determined with an enzyme-linked 
immunosorbent assay. Polyester cylindrical tubes (4.5 mm in inner diam-
eter and 3 mm in height) were used for fibrin gel formation. PDGF-AA 
(10 μg)-loaded HCF or fibrin were injected into the void space (50 μl) in 
the cylindrical tubes38 through a device designed for simultaneous injec-
tion of HCF and thrombin solutions. Each HCF or fibrin gel containing 
PDGF-AA (n = 3 per group) was immerged in a 2 ml microcentrifuge tube 
containing 1.5 ml PBS, and the tubes were incubated at 37 °C with continu-
ous agitation. At various time points, the supernatant was collected, and 
the microcentrifuge tubes were replenished with fresh buffer. The amounts 
of PDGF-AA in the supernatants were determined with an Quantikine 
human/mouse PDGF-AA immunoassay kit (R&D System).

In vivo injection of labeled hMSCs into marrow cavity of nude rats 
and the application of PDGF-AA-loaded HCF. The animal experiments 
conducted as a part of this study were approved by the Animal Research 
and Care Committee at our institution. Twelve-week-old male nude rats 

Table 1  Primers used for real-time PCR

Ligands Receptors Sequences (5′ to 3′) Accession number Product size (bp)

IL-8 CXCR1 F-CTGTCTATGAATCTGTCCCTGC NM_000634 120

R-CAACACCATCCGCCATTTTG

CXCR2 F-ACTCATCCAATGTTAGCCCAG NM_001557 140

R-GGTGAATCCGTAGCAGAACAG

CXCL12 CXCR4 F-CTTCATCTTTGCCAACGTCAG NM_003467 139

R-GGACAGGATGACAATACCAGG

CCL2 CCR2 F-GGCCTGATAACTGTGAAAGCA NM_001123041   80

R-CAGCAGTGAGTCATCCCAAGAG

CCR4 F-TGTATGAAAGTATCCCCAAGCC NM_005508 136

R-TTGAACAGGACCAGAACCAC

CCL20 CCR6 F-AGCCATCCGTGTAATCATAGC NM_004367   73

R-AAGCAGGACCATGTTATGAGG

PDGF-AA PDGFR-A F-TTCCTCTGCCTGACATTGAC NM_006206 149

R-GTCTTCAATGGTCTCGTCCTC

PDGF-BB, PDGFR-B F-CCACACTCCTTGCCCTTTAAG NM_002609 146

PDGF-AB R-CTCACAGACTCAATCACCTTCC

IGF-1 IGF-1R F-AGTTATCTCCGGTCTCTGAGG NM_000875 138

R-TCTGTGGACGAACTTATTGGC

HGF MET F-TCGTGCTCCTGTTTACCTTG NM_000245   76

R-ACATTCATCTCGGACTTTGCTAG

Abbreviations: CCL2, chemokine (C-C motif) ligand 2; CXCL12, chemokine (C-X-C motif) ligand 12; CXCR, C-X-C chemokine receptor; HGF, hepatocyte growth 
factor; IGF, insulin-like growth factor; IL, interleukin; PDGFR, platelet-derived growth factor receptor.
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(Athymic Nude Hsd: RH-Foxn1_rnu; Harlen Laboratory, Indianapolis, 
IN) were anesthetized with zoletil and xylazine. A 1.5 mm outer diameter 
trephine drill was employed to create osteochondral defects (2.0 × 2.0 mm) 
in the trochlear groove of the femur. A hole was created inside the defect 
using a 26-gauge needle, and deepened until blood gushed out; 1.0 × 106 
NEO-LIVET-675 nanoparticle-labeled human MSCs suspended in 10 μl 
PBS was mixed with BD Matrigel (BD Bioscience, Mississauga, Ontario, 
Canada) of the same volume to prevent the spreading of the injected cells 
by blood flow into entire body of the animal, thus allowing prolonged 
exposure of the injected MSCs to the released migration factors. The mix-
ture was then injected slowly into the marrow cavity through the hole 
using a Hamilton syringe with a 30 gauge needle. Two in vivo experiments 
were designed to examine the function of PDGF-AA-loaded HCF. In the 
first experiment, the osteochondral defects were managed using one of the 
following methods: filling with 3 μl of HCF only (group 1, n = 3) and filling 
with 3 μl of PDGF-AA (R&D system)-loaded HCF (group 2, n = 3). An 
equal volume of thrombin solution was injected simultaneously with HCF 
in all groups. A PDGF-AA dose of 17 ng/μl HCF was chosen based on 
the results of in vitro chemotaxis analysis. Two control groups without the 
injection of MSCs were also employed: filling with 3 μl of HCF only (con-
trol 1), and filling with 3 μl of PDGF-AA-loaded HCF after the injection 
of nanoparticles into the marrow cavity (control 2). In the second experi-
ment, the defects were also managed using one of the following methods: 
filling with 3 μl of HCF-only without labeled MSCs (group 1, n = 3); filling 
with 3 μl of PDGF-HD-loaded HCF without labeled MSCs (group 2, n = 
3); filling with 3 μl of PDGF-HD and TGF-β1 (R&D system)-loaded HCF 
without labeled MSCs (group 3, n = 3); filling with 3 μl of PDGF-LD and 
TGF-β1-loaded HCF after injection of labeled MSCs (group 4, n = 3); and 
filling with 3 μl of PDGF-HD and TGF-β1-loaded HCF after injection of 
labeled MSCs (group 5, n = 3). In this study, PDGF-AA dose of PDGF-HD 
was 17 ng/μl HCF. PDGF-LD contained PDGF-AA of 8.5 ng/μl HCF. TGF-
β1 dose of 8 ng/μl HCF was also chosen for groups 3–5.

Detection of in vivo fluorescence. After implantation of the PDGF-HCF 
or PDGF/TGF-β1-HCF complex, the animals were anesthetized with 
zoletil (40 mg/kg) and xylazine (10 mg/kg) for fluorescence imaging. The 
rats were scanned using the Maestro in vivo imaging system (Cri). Optical 
imaging was performed using a green filter set (excitation: 640–680 nm, 
emission: 700 nm approximately, long-pass filter). A camera was used to 
acquire captured images at constant exposure times (1 second). Each Cy5.5 
fluorescence spectrum in the rat carrying the NEO-LIVE-675 nanopar-
ticles was acquired by subtracting the autofluorescence spectrum from the 
mixed spectrum for the rat with the NEO-LIVE-675 nanoparticles.

Gross and histological analysis. The distal femurs were dissected and 
scored according to ICRS macroscopic score.47 After fixation in 10% neu-
tral formalin, the tissue was decalcified, embedded in paraffin, and sec-
tioned. Sections (4 μm thick) were stained with hematoxylin/eosin and 
Safranin-O/fast green for microscopic evaluation.

Confocal laser scanning microscopy. Three-dimensional image recon-
structions of the human MSCs labeled with NEO-LIVE-675 nanoparti-
cles were obtained using a Zeiss LSM 510 CLS microscope (Zeiss, Maple 
Grove, MN) equipped with a computer-controlled scan stage. For cell 
imaging, an argon laser was used for Cy5.5 excitation at 633 nm. For each 
cell, more than 10 optical planes were scanned by changing the focus to 
identify the nanoparticles at a variety of sites within the cell. For nuclear 
counterstaining, the sections were incubated for 10 minutes with 10 μg/ml  
4′,6-diamidino-2-phenylindole (DAPI) reagent (Sigma) in PBS.

In vivo chemotaxis assay of CCL2 and PDGF-BB. CCL2 and PDGF-BB 
(R&D system)–fused HCF were also synthesized for another in vivo 
experiment. Nine nude rats (n = 3, for each group) were used in this study. 
After injecting the nanoparticle-labeled MSCs, the osteochondral defects 
of each rat were sealed with HCF only, CCL2-fused HCF, and PDGF-BB 

fused HCF, respectively. The CCL2 and PDGF-BB doses were 17 ng/μl, as 
reported in the preceding animal experiments. At day 7, their distal femurs 
were dissected and scanned using the Maestro in vivo imaging system. 
Their total fluorescence intensities at the osteochondral defect region were 
compared with one another.

Statistics. Descriptive statistics were used to determine the group means 
and standard deviations for numerical data, and the analysis was performed 
using analysis of variance (ANOVA) followed by Bonferroni’s correction 
for multiple comparisons. A P value <0.05 was considered significant.

SUPPLEMENTARY MATERIAL
Figure  S1.  Profiles of PDGF-AA released from HCF and fibrin.
Figure  S2.  In vivo tracking of fluorescent nanoparticle-only controls.
Figure  S3.  Live imaging of fluorescent nanoparticle-labeled human 
BMSCs depending on PDGF-AA concentration in an osteochondral de-
fect of athymic rats.
Figure  S4.  Additional CLSM images of femur paraffin sections from 
HCF-PDGF-LD and HCF-PDGF-HD rats.
Figure  S5.  The control PCR of RNA extracts that had not undergone 
reverse transcription.
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