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a b s t r a c t

In this study, hMSCs encapsulated in a fibrin hydrogel containing heparinized NPs loaded with TGF-b3
(100 ng/ml), or TGF-b3 (100 ng/ml) alone, were subjected to growth factor release and denaturation tests
at one, two and four weeks in in vitro culture systems. Additionally, stem cell differentiation was assessed
via RT-PCR, real-time quantitative PCR (qPCR), histology, and immunohistochemical assays. In the in vivo
studies with nude mouse, when transplanted into nude mice, hMSCs embedded in fibrin hydrogels
survived and proliferated more readily in those samples containing TGF-b3-loaded NPs, or TGF-b3 alone,
compared to those containing only NPs or the fibrin hydrogel alone. Additionally, RT-PCR, real-time qPCR,
histology, Western blotting, and immunohistochemistry analyses revealed that chondrocyte-specific
extracellular matrix (ECM) genes and their proteins were expressed at high levels by hMSCs embedded
in hydrogels containing TGF-b3-loaded NPs. Finally, the results observed in the rabbit animal model
treated with hMSCs embedded in a fibrin hydrogel containing TGF-b3-loaded NPs were also evaluated by
the RT-PCR, real-time qPCR, histology, Western blotting, and immunohistochemistry analyses. The in
vitro and in vivo results indicated that transplanted hMSCs together with TGF-b3 may constitute a clin-
ically efficient method for the regeneration of hyaline articular cartilage.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cartilage performs an important role in defining facial structures
and aesthetics, as well as covering diarthrodial joints with nearly
frictionless gliding surfaces. Cartilage is primarily composed of chon-
drocytes that generate extracellular matrix (ECM) proteins such as
type II collagen, aggrecan, chondroitin sulfate, and other glycosami-
noglycans that provide significant tensile and compressive strength.

Tissue engineering provides a scientific framework for deter-
mining the appropriate cell populations, necessary cellular signals,
and suitable scaffolds for tissue development and organ replace-
ment strategies [1]. A broad array of synthetic polymers and natural
substrates has been used as scaffold material in tissue engineering,
for example, hydrogels are a class of biomaterials that provide
numerous advantages, including high, tissue-like water content,
efficient nutrient and waste transport, and the ability to effectively
and uniformly encapsulate cells [2,3]. Among them, fibrin has been
used for the cell delivery as form of 3D scaffolds which naturally
designed structure and can functioned ECM [4]. In the clinical
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application into in vivo system, the usage of fibrin alone left some
problems because transplanted cells have limited capability to
fabricate the target tissues.

In tissueengineeringapplications,chondrocytesandmesenchymal
stem cells (MSCs) are commonly utilized for cartilage regeneration,
and the choice of cell type determines the cartilage tissue engineering
strategy used in vitro [5,6]. MSCs have attracted a great deal of atten-
tion as unique sources of cells in tissue engineering because they are
multipotent cells capable of differentiating into cartilage, bone,
muscle, fat,marrowstromaandother typesof tissue in response to the
appropriate biological cues in vitro [7]. To induce chondrogenic
differentiation,MSCs require the appropriate signals. Several previous
studies have demonstrated that a variety of growth factors such as
bone morphogenic proteins and transforming growth factors 1 and 3
(TGF-b1 and TGF-b3) can induce the differentiation of mesenchymal
cells into chondrocytes under certain culture conditions [8,9].

Hydrogels containing heparinized nanoparticles (NPs) loaded
with growth factors have already been evaluated in several studies
[10,11].Heparin is a highly sulfated, anionicpolysaccharidecomposed
of repeating glucosamine and uronic acid residues, probably best
known for its anticoagulant properties [12,13].

Sulfated groups carrying heparin directly interact with a number
of growth factors, such as bonemorphogenic proteins (BMPs), basic
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fibroblast growth factors (bFGF), and transforming growth factor-
b (TGF-b) mediated by polyionic complex [14,15]. Through
complexation, heparin strongly complexed with growth factors to
form a stable state protected by proteolytic degradation which
results in the high ability of biological action and can delay growth
factor release [16e20].

In this study, we evaluated the efficacy of sustained growth
factor release growth factor release from nanoparticles for the
induction of human mesenchymal stem cell (hMSC) chondrogenic
differentiation. Hydrogels with nanoparticles containing TGF-b3,
provided a suitable niche for the formation via the differentiation of
transplanted hMSCs, which produced cartilage-specific ECM
proteins such as collagen type II and glycosaminoglycan (GAG). The
expression of these chondrocyte-specific ECM proteins, as revealed
by histological and immunohistological analyses using Safranin-O,
Alcian blue, and immunofluorescence staining, clearly showed that
hMSC chondrogenesis occurred when the stem cells were mixed
with growth factors. According to evaluations conducted via in vitro
studies and animal model studies using a nude mouse and a rabbit
osteochondral defect model, transplanted hMSCs mixed with
a fibrin hydrogel containing NP-loaded TGF-b3 functioned as
chondrocytes maintaining in the differentiated cell phenotype.

2. Materials and methods

2.1. Materials

Low-molecular weight heparin (LMWH, Fraxiparin�), with an averagemolecular
weight of approximately 4500 Da, was obtained from Sanofi Synthelabo Co. (Gen-
tilly, France). Fibrinogen and aprotinin were purchased from the Mokam Research
Center. Human MSCs (hMSCs) were purchased from Lonza Ltd. and then cultured
(Lot numbers: 7F3674, 7F3675, and 7F3677). TGF-b3 was purchased from R&D
Systems, Inc. (Minneapolis, MN). All other chemicals were of reagent grade, and
were used as received. Alpha-minimum essential medium (a-MEM), Trypsin-EDTA,
phosphate-buffered saline (PBS), fetal bovine serum (FBS) and penstreptomycin
were obtained from GIBCO BRL, Life Technologies (Grand Island, NY). The Pico
Green� dsDNA Assay Kit (Molecular Probes, Eugene, OR) and anti-collagen Type II
were from Chemicon International Inc. (Temecula, CA). All cell culture plastics were
purchased from Corning Costar (Bodenheim, Germany).

2.2. Cell harvesting and culture

In brief, hMSCs were placed in a 50 ml tube containing 5 ml of a-MEM and
centrifuged for 10 min at 600 � g to obtain cell pellets. After removal of the
supernatant, the cells were resuspended in 10 ml of a-MEM containing 10% FBS and
1% antibiotics, after which 105 cells were plated and cultured in 10 cm dishes at 37 �C
in a humidified atmosphere consisting of 5% CO2 and 95% air. Non-adherent cells
were removed by exchanging the culture medium after five days of culture. After
two weeks of primary culture, each dish of cells was passaged into three 10 cm
culture dishes every seven days. In this study, hMSCs from passage six were used for
all analyses. In addition, hMSCs in each of the three dishes were tested for donor
variability in all experiments in this study using flow cytometry as described in 2.3.
To measure cell proliferation, 5-bromo20-deoxy-uridine (BrdU) can be incorporated
into DNA in place of thymindine.

2.3. Flow cytometry analysis

FACS analysis of hMSCs was performed at the sixth passage. Cells were detached
using citrate buffer (Sigma), rinsed and resuspended in PBS, pH 7.2 (Sigma) at
a concentration of 5 � 105 cells/100 ml, and were then directly stained with 10 ml of
FITC fluorochrome-labeled anti-human HLA-ABC (Immunotech, Marseille, France),
CD29 (Immunotech), CD44 (Immunotech), CD105 (Immunotech), CD166 (Immu-
notech), and phycoerythrin (PE)-conjugated anti-human antibodies to the progen-
itor markers CD45 (Immunotech) and CD34 (Immunotech). Cytometric analysis was
performed using a COULTER Epics XL-MCL cytometer (Beckman Coulter) and data
were processed using EXPO� 32 ADC software.

2.4. Preparation of growth factor-loaded heparinized nanoparticles and release test

TGF-b3 (1.44 mg, 58 nmol) was washed with 3 ml sterile 0.15 M NaCl solution
using Centricon filter units (MWCO 10,000). Finally, TGF-b3 was harvested in 1 ml
0.1 M sterile NaHCO3 buffer. Cy5.5 labeling was carried out following the manufac-
turer’s instructions. Briefly, a stock solution of Cy5.5-NHS (GE Healthcare) was
prepared in 1 ml anhydrous dimethyl sulfoxide (1 mg/ml), and 0.9 mg (290 nmol)
Cy5.5-NHS was added to the TGF-b3 solution. The reaction was performed for
30 min at �4 �C. During the reaction, the solution was briefly agitated every 10 min.
Using Centricon filter units (MWCO 10,000), the labeled TGF-b3 solution was
repeatedly washed with 2 ml of 0.15 M NaCl solution to eliminate ionic interactions
between Cy5.5 and TGF-b3 until the UV spectrophotometer (675 nm) was unable to
detect Cy5.5 in the filtrate. Finally, the Cy5.5-labeled TGF-b3 was collected in 1 ml
sterile PBS (pH 7.4), and the dye-to-protein (D/P) ratio was calculated (0.26) by
measuring the UV absorbance at 280 and 675 nm. Poly(L-lysine) (PLL) (MW: 4000)
was dissolved in distilled water (pH 7.4) to yield a 0.5 mg/ml solution. Mixtures
containing 100 ng/ml of TGF-b3 and 0.5 mg/ml of heparin (MW: 4000) were added
to the PLL solution, after which the solution was vortexed constantly for 15 s, then
incubated for 30 min at room temperature [19].

Fibrin hydrogels containing NPs loaded with TGF-b3 (100 ng) were then incu-
bated with 0.2 ml of PBS (pH 7.2) in capped tubes at 37 �C on a rotator. At each time
point (1, 3, 5, 7, 14, 21, 28 days), the samples were centrifuged for 5 min at
10,000 rpm, followed by removal of the supernatant. The samples were resuspended
in 0.2ml of fresh PBS and incubated until the next time point. The supernatants were
then stored at �80 �C until further analysis, ELISA (enzyme-linked immunosorbent
assay) was performed for TGF-b3 to determine the concentration of immunoreactive
proteinwhich consisted of heating the sample for 5 min at 95 �C followed by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Gel electropho-
resis was conducted on 12% acrylamide gels with a 5% stacking gel for 2 h at 100 V.
The gels were run until the tracking dye just exited the gel, after which the gels were
stained with Coomassie Brilliant Blue R-250.

2.5. Preparation of fibrin hydrogel constructs

To prepare the fibrin-composite gel, hMSCs were pelleted via centrifugation and
then resuspended in a solution of fibrinogen (9e18 mg/ml, Mokam Research Center,
Suwon, Korea)with TGF-b3 alone, orwith TGF-b3-loadedNPs (n¼ 5). Each suspension
of 1 � 106 cells/ml was then mixed homogenously with aprotinin (Mokam Research
Center), 60 U/ml of thrombin (1000 U/mg protein: Sigma, St. Louis, MO, USA), fibrin-
stabilizing Factor XIII, and 50 mM CaCl2. Then, 250 ml of the fibrin constructs were
dropped into a 15 ml polypropylene round tube to form a gel. Each dropped gel was
then transferred to a new 15 ml polypropylene round tube and cultured in a-MEM
supplementedwith 1% antibiotics (100mg/ml streptomycin,100 IU/ml penicillin). The
control group was prepared in accordance with the same procedure.

2.6. RNA extraction and reverse transcriptase-PCR (RT-PCR)

RNA extraction was conducted using Trizol (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. RNA pellets were dissolved in 20 ml of
RNase- and DNase-free water, and the RNA yields were estimated by measuring the
optical density at a wavelength of A260. Total RNA was measured using a NanoDrop
spectrophotometer (�ND-1000, Nanodrop Technologies, Wilmington, DE). Total
RNA (0.5 mg) was reverse-transcribed in a reaction volume of 20 ml using Moloney
Murine Leukemia Virus (MMLV) reverse transcriptase and random hexamers in
accordance with the manufacturer’s instructions (Invitrogen). One microliter of
cDNA was used for each RT-PCR reaction. The PCR reactions were conducted using
2X SeeAmp� ACP� Master Mix II (Seegene, Seoul, Korea) under the following
conditions: 1 cycle at 94 �C for 10 min, followed by 35 cycles at 94 �C for 30 s, 58 �C
for 45 s, 72 �C for 45 s, and a final extension at 72 �C for 7 min. The PCR products
were then electrophoresed on a 1.5% agarose gel and visualized by ethidium
bromide staining. Additionally, expression of the following genes was measured via
real-time QPCR in an ExiCycler (Bioneer, Daejeon, Korea, http://www.bioneer.com):
collagen type II (Col II), aggrecan and cartilage oligomeric protein (COMP). One
microliter of each RT reaction was amplified in a 20 ml PCR assay volume containing
2.0 mM MgCl2, 0.5 mM of each primer, and 2x SYBR� Green PCR Master Mix. Samples
in the ExiCycler were subjected to a 10 min initial denaturation at 94 �C, followed by
45 cycles at 94 �C for 10 s, 58 �C for 30 s, and 72 �C for 30 s. The relative quantities of
specific genes were then determined via the 2-DDCT methods in accordance with
the manufacturer’s recommendations. To confirm the amplification of specific
transcripts, melting curve profiles were generated at the end of each PCR by cooling
the samples to 40 �C and then slowly heating them to 95 �C while continuously
monitoring the fluorescence. The primers used in this study are shown in Table 1.

2.7. Nude mouse implantation

The animal experiments were approved by the Animal Care Committee of CHA
University. BALB/c female mice (six weeks old) were divided into four groups. The
nude mouse experiments were performed at one week, with the remaining nude
mouse used to evaluate the stem cell differentiation at four weeks. In group I, the
control group (n ¼ 24), fibrin hydrogels (with cells) were injected into the subcutis
on the back of each mouse. In group II (n ¼ 24), fibrin hydrogels (with cells and
nanoparticles) were injected into the subcutis on the back of eachmouse. In group III
(n ¼ 24), fibrin hydrogels (with native TGF-b3 and cells) were carefully injected into
the subcutis on the back of each female mouse. In group IV (n¼ 24), fibrin hydrogels
(with TGF b3-loaded nanoparticles and cells) were carefully injected into the
subcutis on the back of each female mouse. At one and four weeks’ post-treatment,
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Table 1
PCR primers and product sizes.

Gene Sequence (50/30) Size(bp)

SOX-9 (Sense) TTCATGAACTTGACCGACGA 290
(Antisense) CACACCATGTTCGCGTTCAT

Col II (Sense) GCACCCATGGACATTGGAGGG 366
(Antisense) GACACGGAGTAGCACCATCG

COMP (Sense) CAGGACGACTTTGATGCAGA 360
(Antisense) AAGCTGGAGCTGTCCTGGTA

Aggrecan (Sense) CCTTGGAGGTCGTGGTGAAAGG 280
(Antisense) AGGTGAACTTCTCTGGCGACGT

GAPDH (Rabbit) (Sense) TCACAATCTTCCAGGAGCGA 293
(Antisense) CACAATGCCGAAGTGGTCGT

GAPDH (Human) (Sense) TCACAATCTTCCAGGAGCGA 366
(Antisense) CACAATGCCGAAGTGGTCGT
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the mice were sacrificed (n ¼ 4 for each time point) via an overdose injection of
anesthetic, and the skin around the injected site (2 � 2 cm2), was carefully excised
for subsequent biological examinations. Photographs of the skin flaps were taken to
record the appearance of the tissues around the treated sites.

2.8. Western blotting analysis

For blotting, the cells were lysed in radioimmunoprecipitation assay buffer (RIPA
buffer) (Pierce, Rockford, I-L) supplemented with complete protease inhibitor
cocktail (Roche Applied Science, Indianapolis, IN, USA). Approximately 10e30 mg of
protein were loaded onto 10e15% SDS polyacrylamide gels (SDS-PAGE) and trans-
ferred to Immobilon-P membranes (Millipore Corp., Bedford, MA). The membranes
were blocked in 5% skim milk in Tris-buffered saline (TBS)-Tween 20 (0.05%) and
incubated with primary antibodies: anti-aggrecan (Abcam, Cambridge, UK), anti-
collagen type II, anti-SOX-9 (Chemicon, Temecula, CA) and anti-b-actin (Sigma). The
blots were developed by chemiluminescence using Amersham ECL reagents (GE
Healthcare, Little Chlafont, UK).

2.9. BrdU imaging and immunohistochemistry

The injection site was excised completely and then processed for standard
histology. In brief, samples collected at each time point were embedded in O.C.T.
Fig. 1. FACS analysis of MSC characteristics at P6 for the positive chondrogenesis marke
compound (TISSUE-TEKs 4583, Sakura Finetek USA, Inc) and frozen. The cell-seeded
fibrin constructs were immersed in 4% paraformaldehyde solution for 30 min, to fix
the constructs to the slides.

For BrdU immunostaining, the sections were fixed in 4% paraformaldehyde and
washed in PBS. Non-specific antibody binding was blocked by 1% BSA (Sigma, USA)
and the slides were incubated overnight with mouse anti-BrdU antibodies (1:1000;
Sigma, USA) at 4 �C. The sections were then rinsed with PBS and incubated with
FITC-conjugated mouse IgG (1:2000; Sigma) secondary antibodies in PBS. After
several further washes in PBS, the sections were mounted, dehydrated, and cover-
slipped. All images were then acquired via confocal microscopy.

The specimens were sliced into 10 mm-thick sections at�20 �C, and then stained
with hematoxylin and eosin (H&E) for the nucleus and cytoplasm, respectively. The
hydrated cryosections were stained with Safranin-O and Alcian blue for histological
evaluation. Immunohistology was conducted using the following primary anti-
bodies: anti-aggrecan (Abcam, Cambridge, UK. Dilution factor 1:500) and anti-
collagen II (Chemicon, Temecula, CA. Dilution factor 1:500). All incubations were
conducted in a humidified chamber. The samples were then rinsed in PBS followed
by incubation with FITC-conjugated goat anti-mouse immunoglobulin G (Molecular
Probes, USA). The secondary antibody was then applied, followed by three PBS
washes and a subsequent 5 min incubation with 1:100 40 ,6-Diamidino-2-phenyl-
indole (DAPI, Molecular Probes) stain. Finally, the sections were examined using
confocal laser scanning microscopy.

Masson’s trichrome stainnig is used for the detection of collagen fibers in
tissues. The collagen fibers will be stained blue and the nuclei will be stained dark
red/purple and thecytoplasmis stained red/pink.

Nonspecific binding sites were blocked with normal horse serum diluted 1:10 in
0.3% bovine serum albumin for 30e60 min and then incubated for 2 h at 4 �C in
mouse antiserum against collagen type I and II (Chemicon) at 1:1000 in a humid
environment. After rinsing in Tris-buffered saline (TBS), the sections were incubated
in peroxidase-conjugated rabbit anti-mouse immunoglobulin G (Amersham Phar-
macia Biotech, Piscataway, NJ) for 30min. Peroxidase activitywas visualized using 3-
30-diaminobenzidine (DAB) as the substrate. The sections were incubatedwith 0.06%
DAB in 0.1 M TriseHCl (pH 7.5) containing 0.03% H2O2.

2.10. Creation of full-thickness articular cartilage defects

Six-month-old New Zealand white rabbits were used in this study. All surgical
procedures were conducted according to protocols approved by the CHA University
Animal Care and Use Committee and were based on a well-established bilateral
rabbit, osteochondral defect model. In this study, 4 groups were divided for the
chondrogenesis of implanted hMSCs.
rs, CD166, CD105, CD29, CD44 and the negative specific markers, CD45 and CD34.
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Eight of the 17 rabbits were used to examine tissue repair at one week, with the
remaining nine rabbits used to evaluate repair at six weeks. Prior to surgery, anes-
thesia was induced via an intravenous injection of Hypnorm (0.32 mg/ml fentanyl
citrate and 10 mg/ml fluanisone) and atropine. In an effort to reduce the risk of peri-
operative infection and minimize postoperative discomfort, antibiotic prophylaxis
(Baytril 2.5%, Enrofloxacin, 5e10 mg/kg) and Fynadyne were administered preop-
eratively to the rabbits. After the administration of anesthesia, the rabbits were
immobilized on their backs. The hair on both legs of each animal was then shaved,
and the legs were disinfected with povodine-iodine. Both knee joints were then
exposed via a medial parapatellar longitudinal incision, the capsule was incised and
the medial femoral condyle was exposed after lateral luxation of the patella. With
the knee maximally flexed, a full-thickness defect (3 mm in diameter and 3 mm in
depth) was created in the center of the condyle with a dental drill. To accomplish
this, a 2 mm drill bit was used to establish a 2 mm diameter defect, which was then
irrigated and gradually enlarged using drill bits with diameters of 2.8 mm and
3.0 mm. All bits were fashioned with a 3 mm stop to ensure a defect of precisely
3 mm in depth. All debris was then removed from the defect with a cuvette, after
which the edge was carefully cleaned with a scalpel blade. A fibrin hydrogel
including hMSCs and NPs loaded with TGF-b3 was then injected into the defect.
Subsequently, the patella was repositioned, and the capsule and muscle were closed
with a continuous 4-0 Vicryl suture. Finally, the skin was closed with single intra-
cutaneous 4-0 Vicryl sutures. This procedure was repeated for both knees of each
rabbit, with different scaffold formulations being implanted into the right and left
knees of each rabbit. To minimize postoperative discomfort, Cyclosporin A was
administered for two days after the operation. The animals were housed in
conventional rabbit cages that allowed for unrestricted weight-bearing activity and
were monitored for signs of pain, infection, and proper activity.
Fig. 2. Characterization of growth factor release and denaturation A: Cumulative NP-loaded
released from the fibrin hydrogel constructs as determined by enzyme linked immunosorbe
ml). B: Denaturation test for the release of free and NP-loaded TGF-b3 (72 kDa trimer) from fi

one, lane 3: day seven, lane 4; day 14, lane 5; day 21), and (C) confocal laser scanning m
conjugated TGF-b3-loaded NPs. The bar indicates 100 mm. Data shown represent the mean
In group I, the control group (n ¼ 4), fibrin hydrogels (with cells) were injected
into the defected osteochondral model of each rabbit legs. In group II (n ¼ 24), fibrin
hydrogels (with cells and nanoparticles) were injected into the defected osteo-
chondral model of each rabbit legs. In group III (n ¼ 4), fibrin hydrogels (with native
TGF-b3 and cells) were carefully injected into the the defected osteochondral model
of rabbits each rabbit legs. In group IV (n ¼ 4), fibrin hydrogels (with TGF b3-loaded
nanoparticles and cells) were carefully injected into the defected osteochondral
model of each rabbit legs. At one and six weeks’ implantation, the rabbits were
sacrificed (n ¼ 8 for each time point) via an overdose injection of anesthetic, and the
legs were carefully excised for subsequent biological examinations.

The regeneration of implanted hMSCs were evaluated by RT-PCR, real time-
QPCR, Western blot analysis, histological and immunohistological analyses using
Safranin-O, Alcian blue, and immunofluorescence staining.

2.11. Statistical analysis

Differences between experimental groups were assessed using ANOVA. p-values
<0.05 were considered statistically significant.
3. Results

3.1. Immunophenotypic characterization of hMSCs

To determine the phenotypes of the hMSCs, cultured cells were
characterized by flow cytometric analysis. In this study, typical
TGF-b3 release profiles for fibrin hydrogel constructs and the concentration of TGF-b3
nt assay (ELISA). (C): native TGF-b3 (100 ng/ml) and (B): TGF-b3-loaded NPs (100 ng/
brin hydrogel constructs over a 21 day period (lane 1: 10 ng native TGF-b3, lane 2; day
icrograph images of fibrin hydrogels containing Cy5.5-conjugated TGF-b3 and Cy5.5-
� the standard error of measurements collected in triplicate (*p < 0.05).
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patterns of mesenchymal characteristics were confirmed using the
following positive chondrocyte-specific markers: CD166, CD105,
CD29, CD44; and the negative markers: CD45 and CD34. In three
independent experiments with different donor types of hMSCs,
more than 90% of cells were positive for the chondrocyte-specific
markers (CD166, CD105, CD29 and CD44), while fewer than 10% of
cells expressed the negative markers (CD45 and CD34) after culti-
vation for six passages (Fig. 1).

3.2. Analysis of growth factor release from fibrin hydrogel
constructs

To evaluate the release of growth factor from fibrin hydrogel
constructs (100 ng) in vitro, a cumulative release profile was
determined using 100 ng of TGF-b3 alone or 100 ng of TGF-b3-
loaded NPs (Fig. 2A). Both curves demonstrated the development of
a burst release profile during the initial stage. However, when the
Fig. 3. Mass growth of constructs mixed with hMSCs grown in vitro under different cultur
bution. A: Mass growth of fibrin constructs after one and four weeks of in vitro culture B: (a
weeks of in vitro culture. (a, e, & i) fibrin hydrogel with hMSCs alone; (b, f, & j) fibrin hydro
hMSCs plus native TGF-b3, (d, h, & j) fibrin hydrogel with hMSCs plus TGF-b3-loaded NPs.
release profile of constructs containing TGF-b3-loaded NPs were
evaluated over a longer time period of four weeks.

Western blot analysis was used to determine whether NP-TGF-
b3 and TGF-b3 released from the fibrin hydrogel constructs after 21
days had been denatured. Fig. 2B shows the release of TGF-b3 from
loaded NPs in the fibrin hydrogel constructs, and indicates that
protein denaturation had occurred. The Coomassie Brilliant Blue R-
250 staining of samples separated by SDS-PAGE revealed a major
band of 72 kDa (trimer),.

To verify the presence of TGF-b3-loaded NPs, the amounts of
TGF-b3 in the nanoparticles added to the fibrin hydrogel constructs
were determined via confocal microscopy. Fig. 2C shows the
amounts of Cy5.5-conjugated TGF-b3 and Cy5.5-conjugated TGF-
b3-loaded NPs present in the fibrin hydrogel constructs. The images
showed that Cy5.5-conjugated TGF-b3-loaded NPs and native
Cy5.5-conjugated TGF-b3 resident in the fibrin hydrogels for 28
days.
e conditions and hematoxylin and eosin staining to show cell morphology and distri-
ed) H & E staining, (eeh) Alcian blue staining, and (iej) Safranin-O staining after four
gel with hMSCs plus heparin NPs without TGF-b3, and (c, g, & k) fibrin hydrogel with
The bar indicates 100 mm.
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3.3. Gross mass and histology assay

Evaluation of the gross mass of hMSCs showed the overall
appearance occurred readily in the presence of TGF-b3-loaded NPs
over a period of four weeks during in vitro culture (Fig. 3). The
measurements showed that, after 28 days in culture, hMSCs
encapsulated in fibrin hydrogels containing TGF-b3-loaded NPs or
native TGF-b3 formed well, whereas the volume of the fibrin
hydrogel containing hMSCs alone (Control) was reduced by 20%
after four weeks of culture when compared to the volume after one
week of culture (Fig. 3A).

Hematoxylin and eosin (H & E) staining was also conducted to
evaluate cell morphology, distribution and viability in the fibrin
hydrogels (Fig. 3B). In the fibrin hydrogel mixture without TGF-b3
or TGF-b3-loaded NPs, the hydrogels showed degradation within
the construct and the hMSCs were a mix of fibroblast-like cells and
differentiated cells. On the other hand, the hMSCs in the fibrin
hydrogel constructs containing TGF-b3-loaded NPs showed differ-
entiated cell morphology and adequate cell distribution, as did the
fibrin hydrogel constructs carrying TGF-b3 alone, although there
were differences in both cell population and distribution between
the two groups (Fig. 3B).

A distinct, cartilage-specific morphological appearance, as well
as structural characteristics, such as the existence of lacunae, is
frequently noted during cartilage regeneration and in native
cartilage tissues. To confirm the specific morphological changes
that occurred during chondrogenesis, the implanted constructs
were evaluated following Safranin-O and Alcian Blue staining
(Fig. 3B e-h & i-l). MSCs that have differentiated into chondrocytes
show orange and blue coloration following Safranin-O and Alcian
Blue staining, respectively (Fig. 3B h & l), and such images were
clearly visible in the fibrin hydrogel containing TGF-b3 and TGF-b3-
loaded NPs (Fig. 3B h & l).
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Fig. 4. Chondrogenic differentiation of hMSCs cultured in vitro using RT-PCR and real time-Q
Total RNA was prepared from hMSCs grown on 3-D fibrin gels containing either NP, TGF-b3
internal control. B: Real time-qPCR of chondrogenic gene expression levels. Col II, Sox-9, a
shown represent the means � SD (n ¼ 3). *, p < 0.05.
3.4. RT-PCR analysis

To evaluate the chondrogenic differentiation of encapsulated
hMSCs, the changes in the chondrogenic marker mRNAs for
collagen type II, aggrecan, COMP, and Sox-9 in response to stimu-
lation with the different types of scaffolds were determined using
RT-PCR (Fig. 4A). To assess the effects of sustained TGF-b3 release
on chondrogenic differentiation, we analyzed hMSCs in basic media
after subjecting them to 28 days of different types of TGF-b3
release. As shown in Fig. 5A, collagen type II from hMSCs encap-
sulated in fibrin gel containing TGF-b3-loaded NPs was highly
expressed compared to the other scaffolds (NPs alone and TGF-b3
alone) and the control (hMSCs encapsulated in fibrin hydrogel
without growth factor or NPs). The chondrocyte-specific genes,
aggrecan and COMPwere also strongly expressed in the presence of
TGF-b3-loaded NPs, whereas the expression of these proteins was
lower in the absence of TGF-b3 (hMSCs only).

As shown in Fig. 4B, the results of real time-qPCR showed that
the expression levels of collagen type II, aggrecan, SOX-9, and
COMP in hMSCs co-encapsulated in fibrin hydrogels containing
TGF-b3 alone and in hydrogels containing TGF-b3-loaded NPs were
significantly higher than in hMSCs in untreated fibrin hydrogels
and those containing nanoparticles without TGF-b3 (Fig. 4B).
Between TGF-b3 alone and TGF-b3-loaded NPs, the levels of
collagen type II, aggrecan, SOX-9, and COMP were higher 2, 5, 1.6,
and 1.25 times than TGF-b3 alone.

3.5. Immunohistological assay of collagen type I and II

Masson’s trichromestainingrevealedabundantcollagenousfibrils
arranged in grossly parallel bundles (Fig. 5). The greatest amount of
collagen distribution was found in those scaffolds that included
hMSCs co-encapsulated with TGF-b3-loaded NPs (Fig. 5D).
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Toconfirmtheexpressionof collagen type II as a specificmarker for
chondrogenesis,we evaluated the immunohistological characteristics
andphenotype for collagen type II expression in cartilage tissues from
hydrogel constructs, both with or without TGF-b3, via immunos-
taining with collagen type II and type I antibodies, and by nuclear
stainingwithpropidium iodide (PI) (Fig. 5EeH& I-L). As shown, ahigh
level of collagen expression was detected. Additionally, all cells
showed diffuse positive staining for collagen type II when samples
from the hydrogel construct containing TGF-b3 were evaluated
(Fig. 5G and H). Collagen type I staining was not observed in samples
obtained from hydrogel constructs containing TGF-b3 (Fig. 5K and L),
Fig. 5. Immunohistological sections of neo-cartilage formed by TGF-b3-loaded NPs in fibri
tochemical and DAB staining in in vitro culture. (A, E, I, M, & Q) fibrin hydrogel with hMSCs a
K, O & S) fibrin hydrogel with hMSCs plus native TGF-b3, (D, H, L, P, & T) fibrin hydrogel w
although samples from constructs containing nanoparticles without
TGF-b3 did stain positive for collagen type I (Fig. 5I and J).

3.6. Nude mouse model test for chondrogenesis of transplanted
hMSCs

To determine cell viability under different conditions, MSCs
labeled with BrdU prior to the addition of cells to the gel mixtures,
were observed using fluorescence imaging techniques. BrdU is
incorporated into the nucleoli of cells; therefore, the BrdU incor-
porated into hMSCs prior to transplantation into nude mice could
n hydrogel cultures after 4 weeks as determined by Masson’s trichrome, immunohis-
lone, (B, F, J, N, & R) fibrin hydrogel with hMSCs plus heparin NPs without TGF-b3, (C, G,
ith hMSCs plus TGF-b3-loaded NPs.Each bar indicates 100 mm.
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be detected with a BrdU antibody following the transplantation of
hMSCs mixed with fibrin gel. As shown in Fig. 6A, we confirmed
that the greatest number of BrdU-positive hMSCs was observed in
themixed fibrin gels containing TGF-b3-loaded NPs (Fig. 6A d), four
weeks after transplantation of the hMSCs.

To assay the chondrogenesis of transplanted hMSCs, RT-PCR and
real time-qPCRmethods were utilized to evaluate the expression of
specific genes following stimulationwith growth factors by TGF-b3
(Fig. 6B and C). As shown, the production of collagen type II by
hMSCs embedded in fibrin gels containing TGF-b3 showed the high
levels. Other chondrogenesis-specific genes, including aggrecan,
COMP, and SOX-9 were highly expressed in the presence of TGF-b3,
but were not expressed in its absence.

In this study, histological staining with Alcian blue and Safranin-
Owas used to identify cartilage-specific ECM components produced
byhMSCsencapsulated infibringel constructs and transplanted into
nudemice (Fig. 6D a-h). Afibrinhydrogels containing TGF-b3 loaded
NPs were highly stained with positive colors of blue and orange as
representative polysaccharides and proteoglycans, which were
shown in the several parts of fibrin hydrogels (Fig. 6D d & h). Alcian
blue and Safranin-O staining of the TGF-b3-loaded NPs mixed with
fibrin hydrogels four weeks after transplantation into nude mice
Fig. 6. In vivo test of hMSC differentiation with, and without TGF-b3 in fibrin hydrogel const
of transplanted cells using immunohistochemical staining for BrdU. a: control, b: nanoparti
time-qPCR analysis of chondrogenic gene expression levels. D: Histological and immunohist
type II staining and (mep) Aggrecan staining. (a, e, i, & m) controls, (b, f, j, & n) nanoparticle
blot analysis. The bar indicates 100 mm (A and D).
revealed that the release of ECM components from the hMSCs was
markedly enhanced (Fig. 6D d&h); while ECM expression was not
clearly detected in the hMSCs alone (Fig. 6D a & e), or in NP-mixed
fibrin hydrogel constructs (Fig. 6D b & f).

For further evaluation of chondrogenesis in the transplants,
immunohistological characteristics, including the detection of
collagen type II and the aggrecan expression in hMSCs embedded in
hydrogels with, or without TGF-b3, were assessed via immunoflu-
orescence staining with collagen type II (Fig. 6D i-l) and aggrecan
antibodies (Fig. 6Dm-p). Many cells near the transplanted hMSCs in
fibrin hydrogels containing TGF-b3-loaded NPs stained positive for
collagen type II and aggrecan (Fig. 6D l & p), whereas the hMSCs
encapsulated in fibrin hydrogels without TGF-b3 and/or NPs did not
show positive staining for these chondrogenesis-specific proteins
(Fig. 6D i&m).

We used Western blot analysis to detect the proteins gener-
ated by the hMSCs that had differentiated into chondrocytes
(Fig. 6E). As shown, the levels of cartilage-associated specific
marker proteins, collagen type II, aggrecan and SOX-9 expressed
in hMSCs embedded in the fibrin hydrogel mixed with TGF-b3-
loaded NPs were highly expressed and clearly detected via
Western blotting.
ructs. A: Histological analyses of injected samples for the determination of the survival
cles only, c: TGF-b3 only, & d: TGF-b3-loaded nanoparticles B: RT-PCR analysis C: Real
ochemical analysis (aed) Alcian blue staining, (eeh) Safranin-O staining, (iel) Collagen
s only, (c, g, k, & o) TGF-b3 only, (d, h, l, & p) TGF-b3-loaded nanoparticles. E: Western
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3.7. Rabbit defect model

Western blot analysis revealed that the expression of aggrecan,
collagen type II, and SOX-9 differed following chondrogenesis
when the cells were transplanted into wound sites in rabbits
(Fig. 7A). Stimulation of chondrogenesis with TGF-b3 resulted in
the production of cartilage-related proteins at seven and 42 days
after the hMSCs were injected into the rabbit model (Fig. 7C). As
shown in Fig. 7C, the synthesis and production of newly formed
neo-cartilage, induced by the transplanted hMSCs in fibrin hydro-
gel containing TGF-b3-loaded NPs, induced high levels of expres-
sion of the cartilage-related proteins such as aggrecan, COL II, and
SOX-9, which increased in a time-dependent manner.

To determine whether hMSCs with TGF-b3 or hMSCs alone were
capable of stimulating the repair of a hyaline cartilage defect, cells
were implanted into an artificially-created partial defect in the
femoral condyles of rabbit knee joints. The cartilage defects treated
with mixtures of TGF-b3 and hMSCs (with and without NPs) were
determined to have filled with regenerated tissue within one to six
weeks after injection (Fig. 8A), whereas the defects treated with the
hydrogel scaffolding without TGF-b were not repaired (Fig. 8A).
Additionally, evaluation of the control defects, treated with cells
alone, revealed that the majority of the undifferentiated cells were
stained positive byH&E (Fig. 8A). Conversely, lacunaewere observed
in the majority of the differentiated cells from the hydrogels, con-
taining TGF-b3 and hMSCs, used to treat the defects. Finally, H & E
stainingof the surrounding tissues from the rabbit knees treatedwith
TGF-b3 mixed with hMSCs indicated that no severe inflammatory
response occurred in response to treatment (data not shown).
Fig. 7. Specific marker gene analysis in a rabbit defect model. A: RT-PCR analysis of Col II, So
on 3-D fibrin gels containing either NP, TGF-b3 (100 ng/ml), or NP-TGF-b3 (100 ng/ml) f
chondrogenic gene expression levels. Col II, Sox-9, aggrecan, and COMP P gene expression
The immunohistochemical images for type II collagen and
aggrecan staining were evaluated to determine the chondro-
genesis. At six weeks, the amounts of repaired tissue differed
between the samples from rabbits treated with growth factor and
those that were not (Fig. 8B). In particular, we observed more
profound healing in samples from wounds treated with hMSCs in
fibrin gels plus TGF-b3 alone and hMSCs in fibrin gel plus TGF-b3-
loaded NPs (Fig. 8B c & g, d & h).

4. Discussion

In neo-cartilage formation, several factors that are crucial for
cell differentiation are necessary for the stimulation of cultured or
transplanted cell differentiation. The use of these crucial factors
enhances the stimulation of human stem cells (hSCs) by various
drugs or proteins, which facilitate the regulation of various aspects
of cell proliferation and finely controlled cellular functions. There-
fore, successful stem cell therapy depends on the development of
adequate delivery vehicles carrying growth factors and drugs for
use in neo-tissue formation applications. The design of ideal vehi-
cles for delivering drugs or growth factors to wound sites will help
to provide an ideal micro-environment for novel tissue formation.

Among the several types of growth factors investigated, many
researchers have selected TGF-b for the differentiation of cultured or
transplanted stem cells into cartilage cells such as chondrocytes
[21e24]. Upon treatmentwith TGF-b, cultured or transplanted stem
cells easily differentiate into chondrocytes and form new cartilage
tissue in thewound site. However, since the half-life of TGF-b is very
short during delivery (it undergoes accelerated denaturation both in
x-9, aggrecan, and COMP gene expression. Total RNA was prepared from hMSCs grown
or seven or 6 weeks. GAPDH was used as an internal control. B: Real time-qPCR of
was quantified at days seven and 42. C: Western blot analysis.
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vitro and in vivo), specific types of delivery vehicle have been
designed and fabricated in order to increase its half-life.

The development of ideal vehicles for the delivery of growth
factors for stem cell differentiation has focused on nano-sized
materials. The advantage of such materials is that they allow the
long-term release of the growth factor during stem cell differenti-
ation [19]. In the design of nano-sized vehicles capable of carrying
growth factors, specificmolecules have been used to solve problems
such as the stabilization and bioactivity of TGF-b.Heparin, one of the
major components of cartilage, has been used for the development
ofpolyplexedvehicles throughchargeecharge interactionsbetween
negatively charged heparin and positively charged TGF-b [25].

Inprevious studies, growth factorsboundtoheparinnanoparticles
encapsulatedwith stem cells were tested for stem cell differentiation
in vitro and in vivo [26,27]. Circular dichroism (CD) and Coomassie
Blue staining revealed that the formation of a complex with heparin
increased the stabilization and bioactivities of TGF-b3 [26]. In addi-
tion, it was found that the stimulation of stem cell differentiation
increased when heparin nanoparticles, complexed with growth
factors, were used in vitro as well as in vivo. Specifically, chondro-
genesis and osteogenesis are easily induced by the addition of TGF-
b and BMP complexed with heparin [26,27]. The results of these
studies revealed that the use of growth factors complexed with
heparin increases their stability and activity, and thus enhances their
ability to inducehMSCs to differentiate along pathways important for
neo-tissue formation. The TGF-b and BMP for these previous studies
are well known for inducing the growth and differentiation of stem
cells into the desired cell types [28e30].

In this study, we investigated TGF-b-loaded NPs co-encapsu-
lated with hMSCs in fibrin scaffolds for the stimulation of chon-
drogenesis in vitro, and in vivo using a nude mouse model and
a rabbit arthritis defect model (Scheme 1). We have devised
a simple, yet highly efficient method for the complete stabilization
Fig. 8. Histological views and immunohistochemical staining for collagen type II and aggrec
A: H & E staining: (a, e, i, & m) fibrin hydrogels with hMSCs alone, (b, f, j, & n) fibrin hydrogels
plus native TGF-b3, (d, h, l, & p) fibrin hydrogels with hMSCs plus TGF-b3-loaded NPs. (ae
repaired by transplanted hMSCs. The bar indicates 100 mm. B: DAB staining for collagen type
hMSCs plus heparin NPs without TGF-b3, (c & g) fibrin hydrogel with hMSCs plus native T
100 mm.
by the formulation of TGF-b in an attempt tomaintain the biological
activity and structural integrity of the protein for long periods of
time. In this study, heparin was used in the preparation of the
matrices that carried the heparin-bound TGF-b3 to increase the
stabilization and bioactivity of the TGF-b3.

The growth factor, TGF-b3, exists as a trimer (75 kDa) when it is
active or not denatured; however, when not complexed with
heparin, native TGF-b3 loses its activity and the trimeric structure is
denatured rapidly to a dimer and monomer. Following complexing
with heparin, TGF-b3 exhibits a longer activity and greater stability
for the stimulation of hMSCs when mixed with the cells in a fibrin
hydrogel (Fig. 2B).

In addition, growth factors conjugatedwithCy5.5were tested for
long-term release when loaded on to the fibrin scaffolds (Fig. 3C).
This image clearly shows that there was a greater concentration of
Cy5.5-conjugated TGF-b3 resident in the fibrin hydrogel when
loaded on to nanoparticles, than in the gel containing native Cy5.5-
conjugated TGF-b3.These findings indicate that the heparinized
nanoparticles retarded the growth factor release profiles, resulting
in longer activity and stability of the protein (Fig. 2C).

Using histological methods in vitro and in vivo, we have shown
that tissue reconstruction was progressively enhanced via the
transplantation of hMSCs in fibrin hydrogels containing a polyionic
complex of growth factors. A distinct cartilage-specific morpho-
logical appearance and structural characteristics such as the pres-
ence of lacunae are frequently noted during cartilage regeneration
and in native cartilage tissues. The results of our analyses showed
that the MSCs encapsulated in hydrogels mixed with TGF-b3-
loaded NPs accumulated an abundant extracellular matrix that was
rich in proteoglycans and polysaccharides. In contrast, cells
encapsulated in hydrogels that did not contain TGF-b3, or that
contained TGF-b3 alone, only produced an extracellular matrix in
the immediate vicinity of each cell.
an produced by hMSCs cultured in fibrin gels containing TGF-b3-loaded NPs at day 42.
with hMSCs plus heparin NPs without TGF-b3, (c, g, k, & o) fibrin hydrogel with hMSCs
h) one week and (iep) six weeks after transplantation. Arrows indicate wound sites
II and aggrecan: (a & e) fibrin hydrogel with hMSCs alone, (b & f) fibrin hydrogel with

GF-b3, (d & h) fibrin hydrogel with hMSCs plus TGF-b3-loaded NPs. The bar indicates



Scheme 1. Schematic diagram of TGF-b3-loaded nanoparticles mixed with hMSCs in fibrin hydrogels.(A) Preparation of TGF-b3-loaded nanoparticles, (B) In vitro test, (C) Animal
test with nude mice and (D) Rabbit defect model.
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When fibrin gels containing TGF-b3 and TGF-b3-loaded NPs
were evaluated, the expression of the cartilage-specific markers,
collagen type II, aggrecan, Sox-9, and COMP by hMSCs encapsulated
in a fibrin gel containing TGF-b3-loaded NPs, wasmuch higher than
in the control groups. Also, in some cases, the NP without TGF-b3
showed the high amount of cartilagemarkers in this study. In many
studies, the polysulfate groups in heparin helps to promote the
proliferation and chondrogenic differentiation using mesenchymal
cells or chondrocyte [31,32]. This indicated that chondrogenesis
progressed as TGF-b3 was released from the fibrin scaffolds.

The possibility of producing explantable material that mimics
natural articular cartilage and has the potential to repair damaged
joints or resurface cartilage defects is an attractive proposition.
However, various efforts have been hampered by the behavior of
chondrocytes cultured in vitro, most notably the rapid loss of their
cartilage-specific phenotype and the assumption of a fibroblastic
pattern of growth [33e35]. Although extensive research into the
mechanisms responsible for the change in behavior when chon-
drocytes are cultured on plastic matrices has been undertaken
[36,37], the exact mechanisms responsible for these processes
remain unknown. To obtain direct evidence for the specific markers
of chondrogenic differentiation, transplanted cells have been sub-
jected to double-staining, fluorescent cytochemistry and confocal
microscopy analyses of immunofluorescence reactions using anti-
bodies against released type II collagen [38,39].
To assess the capacity of the TGF-b3-loaded NPs to induce neo-
cartilage tissue formation in the wound sites of a rabbit model, we
used RT-PCR to test the chondrogenesis-specific differentiation
markers, collagen type II, aggrecan, SOX9 and COMP for their ability
to induce chondrogenesis in transplanted hMSCs. As shown in
Fig. 7A B, the expression levels of these four genes generated by
hMSCs embedded in fibrin hydrogels containing TGF-b3-loaded
NPs were significantly higher than the levels produced by hMSCs
embedded in the other fibrin gel groups. These findings indicated
that different types of human antibody did not match the rabbit
chondrocytes, and that fibrin hydrogels containing TGF-b3-loaded
NPs are essential for stimulating the expression of specific chon-
drogenesis markers following the transplantation of hMSCs into
rabbit models.

In clinical applications, in vivo studies (using a rabbit model) of
osteoarthritisdefects revealed thatspecificmarkergenesandproteins
are produced during neo-cartilage formation. Similar to previous
studies, our RT-PCR, real time-qPCR, histological and immunohisto-
chemical analyses showedhighexpression levelsof specificgenesand
proteinsproducedbyhMSCsencapsulatedwithTGF-b3-loadedNPs in
fibrin scaffolds. Although the NP groups showed the strongest carti-
lage-related markers and staining, the phenotypes of chondrocytes
(lacunae formation) were shown in TGF groups. These specific genes
and proteins produced by hMSCs showed limited expression in the
scaffolds without TGF-b3. We were able to demonstrate that the
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transplanted hMSCs proliferated easily and reliably, and switched
without difficulty into differentiated chondrocytes capable of regen-
erating the wound tissue and finally remodeling the wound sites in
the animalmodel. The present study should help in the design of new
scaffolds for use as suitable vehicles for stem cell implant therapy.
Although this study would be satisfied with good results, clinical
approaches for repairing larger articular cartilage defects will require
further experimentation, as our system has certain limitations in
humanssuchasmasscultivation, concentrationof growth factors, and
regulation of fibrin degradation. It will be necessary to investigate
several time points and wound sites using our system in order to
developastemcell therapy that canberealisticallyapplied tohumans.

5. Conclusion

The results of this study have indicated that the chondrogenesis
of humanMSCs in fibrin hydrogels results inwell-oriented artificial
constructs when the gel harbors TGF-b3-loaded nanoparticles,
Evaluation of the three-dimensional cell culture in vitro and in vivo
without TGF-b3 revealed reduced cellular proliferation at all time
points tested, as well as reduced cell differentiation. These results
show that this combined (cell and protein) delivery system helped
to increase transplanted stem cell differentiation, thereby stimu-
lating regeneration cascade events both in vitro and in vivo in
a nude mouse and rabbit defect model.
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Appendix

Figures with essential colour discrimination. Figs. 1e3, 5, 6, 8
and Scheme 1 in this article have parts that are difficult to inter-
pret in black and white. The full colour images can be found in the
online version, at doi:10.1016/j.biomaterials.2010.11.003.
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