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Abstract The importance of the menisci to the well-

being of the normal knee is well-documented. However,

there is no ideal repair or reconstructive approach for

damaged menisci. Gene therapy provides one promising

alternative strategy, especially when combined with

injectable tissue engineering to achieve minimally invasive

clinical application. We asked whether the introduction of

human insulin-like growth factor 1 (hIGF-1) gene could

improve the repair of full-thickness meniscal defects. We

created full-thickness meniscal defects in the ‘‘white area’’

of the anterior horn in 48 goats. Bone marrow stromal cells

with the transfection of hIGF-1 gene and injectable calcium

alginate gel were mixed together to repair the defects; three

control groups included cells without transfection, gel

without cells, and defects left empty. After 4, 8, and

16 weeks, the animals were euthanized and the excised

defects were examined by macroscopic assessment,

histological analysis, electron microscopy, proteoglycan

determination, and MRI. Sixteen weeks after surgery the

repaired meniscal defects were filled with white tissue

similar to that in normal meniscal fibrocartilage. The repair

tissue was composed of cells embedded within matrix that

filled the spaces of the fibers. The proteoglycan content in

the gene-enhanced tissue engineering group was higher

than those in the control groups, and less than that in the

normal meniscus. The results suggest full-thickness meni-

scal defects in regions without blood supply can be

reconstructed with hIGF-1-enhanced injectable tissue

engineering.

Introduction

The meniscus, composed of fibrocartilaginous tissue, plays

important roles in the knee [6, 26, 50]. Because degener-

ative joint disease reportedly develops after meniscectomy

[2, 36], how to preserve meniscus function is currently an

area of great interest. The periphery of meniscus receives a

blood supply and tears in this location are reparable [1, 17,

27]. In contrast, the inner two thirds of meniscus is rela-

tively avascular [27]. The results of meniscal repair in this

zone are variable [7, 17, 20, 27, 35], although many

techniques have been developed in attempts to promote

healing in this region [7, 17, 20, 35, 50]. Results of surgical

meniscal repair are not always satisfactory [31] with the

failure rate ranging from 0% to 43.5%. Replacement of the

meniscus using allograft reportedly has different results

with the survival rate ranging from 50% to 82% [57–59]

and is limited by immunologic reactions and risks of dis-

ease transmission [12, 18, 43].

Growth factors, cell cultures, and scaffolds may be

combined to provide tissue-engineered meniscal repair
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[1, 21, 56, 60]. Alginates are naturally derived polysac-

charides that have been used in cell transplantation and

tissue engineering [3, 23, 34, 48]. Because solid grafts such

as collagen sponges lack the flexibility to fill narrow clefts,

one advantage of calcium alginate gel is that the cells-gel

mixture can be injected into irregular defects and injuries

without the disruption of scaffolds while gaining the

advantages of minimally invasive surgery.

Human insulin-like growth factor 1 (hIGF-1) is one of

the most critical growth factors in cartilage development

and homeostasis [24, 40, 47]. Exposing chondrocytes to

hIGF-1 in vitro enhances their metabolism while main-

taining the differentiated phenotype [8, 24]. Levels of

hIGF-1 in the synovial fluid increase in the patients with

osteoarthritis and rheumatoid arthritis (RA) whereas serum

hIGF-1 levels decrease in patients with juvenile RA [53]. It

could be speculated that elevating the level of hIGF-1

might accelerate the restoration and regeneration of the

meniscal tissue. However, any injected protein will be

cleared rapidly from the synovial joint; thus, it is difficult

to maintain a prolonged exposure to the chondroinductive

factor with a one-time delivery of the protein. Cells car-

rying a transgene for specific proteins may provide a

solution to this problem [9, 10, 41]. As an alternative to

meniscal fibrochondrocytes for this purpose, autologous

bone marrow stromal cells (BMSCs) may be better since

they are easy to harvest through a minimally invasive

procedure and simple to culture. Moreover, there is no

immunologic rejection [21, 29, 44, 61]. Further, in gene-

enhanced tissue engineering (GETE), the BMSCs provide

an additional advantage of implanting inducible chondro-

progenitor cells into the meniscal defects while introducing

exogenous cartilage inductive protein. Tissue engineering

has been already used to reconstruct the meniscus [28]. In

that research, seeding of the scaffolds with autologous

chondrocytes enhanced the extent of fibrocartilaginous

tissue repair. In another study, a marker gene was intro-

duced into meniscus tissue with a virus vector and the

cytokine gene was verified to enhance the synthesis of

proteoglycan and collagen in meniscal cells [15].

We therefore asked whether hIGF-1 protein could be

secreted by transfected BMSCs to a therapeutic level. We

further asked whether hIGF-1 gene transfection in BMSCs

combined with ex vivo injectable tissue engineering would

enhance the repair of a full-thickness meniscal defect.

Materials and Methods

The hIGF-1 cDNA was amplified from the human hepa-

tocyte cDNA library and then the bicistronic vector

pIRES2-EGFP- hIGF-1 was constructed. Bone marrow

stromal cells from goats were cultured in vitro and trans-

fected with the hIGF-1 gene by FuGene6. Then the

expression of the gene and secretion of the cytokine was

determined. Forty-eight adult male Chuandong white goats

(body weight, 18–25 kg; age, 1.5–2 years) were randomly

divided into four groups: (1) gene-enhanced tissue engi-

neering group (n = 12), which received the hIGF-1 gene-

modified BMSCs and calcium alginate gel to repair the

meniscal defects; (2) BMSCs group (n = 12), which

received the calcium alginate gel seeded with BMSCs; (3)

gel group (n = 12), in which only calcium alginate gel was

implanted; and (4) a control group (n = 12), in which the

meniscal defects were left empty. The full-thickness

meniscal defects were mechanically created in a nonvas-

cular area of the menisci penetrating the whole tissue. The

different results of repair were evaluated with macroscopic

assessment, histological analysis, electron microscopy,

proteoglycan determination, and MRI (Fig. 1). The study

protocol was approved by the Animal Review Board of the

University.

hIGF-1 cDNA clone

BMSCs culture and hIGF-

1 cDNA transfection

meniscal surgery
n=48

GETE group n=12

BMSCs group n=12

Gel group n=12

Control group n=12
evaluation

hIGF-1 detection ELISA

MRI
2 samples in each group

histologic evaluation
section staining

electron microscope examination
2 samples in each group

glycosaminoglycan assay
6 samples in each group

Quantitative histologic assessments
10 sections from five samples of each group

Fig. 1 A flow diagram of the procedure outlines the steps and the numbers of samples at each step.
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The hIGF-1 cDNA was amplified from the human

hepatocyte cDNA library (Clontech Company, Mountain

View, CA) using polymerase chain reaction (PCR). Then

the PCR products were purified and subcloned into the

PMD18-T vectors. Nucleotide sequence analysis was car-

ried out by the chain termination method. The correct

plasmids were selected out and cloned into the pIRES2-

EGFP plasmids (Clontech Company). To construct the

eukaryotic expression vectors, the PMD18-T-hIGF-1 and

pIRES2-EGFP were digested by Xho I and EcoR I and then

the corresponding segments were retrieved and inserted

into the multiple cloning sites of the pIRES2-EGFP vectors.

Bone marrow aspirates were obtained aseptically from

the iliac crests of the same 48 healthy goats mentioned

above. The aspirates were plated on 35-mm dishes (12

dishes per animal) and cultured as a monolayer at 37�C in

5% carbon dioxide. The cultured BMSCs were maintained

in a mixture of Dulbecco’s modified Eagle medium con-

taining 10% fetal bovine serum for 5 days. Then the cells

were transfected with plasmid pIRES2-EGFP-hIGF-1 at a

ratio of 3:1 using FuGene6 Transfect Reagent (Roche

Company, Basel, Switzerland) following the manufac-

turer’s instructions. To increase the efficiency, the cells

were treated with hyaluronidase at a density of 4 U/mL for

12 hours before and in the transfection procedure [31]. The

EGFP expression was observed under an inverted fluores-

cent microscope in a dark room and stimulated with 488-

nm ultraviolet light. The EGFP-positive cells were counted

in consecutive fields of vision to calculate the transfect

efficiency. The concentrations of hIGF-1 in supernatant

were determined using the enzyme-linked immunosorbent

assay kit and protocol (Diagnostics Laboratory Systems,

Webster, TX). The cells and scaffold complex were created

by vortexing an aliquot of the cell suspension with a

sodium alginate solution to yield a cellular density of

3 9 107 cells/mL in a 1.2% (weight/volume) sodium

alginate solution and were stored in an incubator tempo-

rarily for implantation.

Each animal was anesthetized with an intravenous

injection of xylazine at a dose of 0.2 mg/kg. Arthrotomies

were performed on both knees under sterile conditions. The

medial menisci were exposed and full-thickness defects

were created with a 3-mm-diameter cutting cylinder at the

anterior horn of the menisci in an avascular area pene-

trating the whole tissue. The cells-calcium alginate gel was

formed by injecting the cells-sodium alginate solution and

102 mM calcium chloride simultaneously into the defects.

After 10 minutes of polymerization, the incision was closed

in layers and bandaged.

The knees were not immobilized after the operation and

the animals were allowed free cage activities. All of the

animals had free access to food and water. Four, 8, and

16 weeks after surgery, eight knees from each of the four

groups were harvested and were grossly evaluated to assess

the signs of infection, osteoarthritic changes, and the repair

outcomes.

Limbs of Week 16 were selected for MRI (two limbs in

each group). MRI scans were made on a high-resolution

1.5-Tesla scanner (Magnetom Vision; Siemens, Iselin, NJ).

The signal and appearance of the defects were reported by

a radiologist (WJX) experienced in MRI of the knees, who

was blinded to the groups. The menisci were fixed in 4%

paraformaldehyde for 12 hours and then embedded in

paraffin. Sagittal 4.5-lm sections of the specimens were

cut at the repair sites and stained with hematoxylin and

eosin, toluidine blue, and Masson’s trichrome. Three sec-

tions from each sample were deparaffinized by xylene,

passed through decreasing concentrations of ethanol, then

the samples were incubated with a primary rabbit anti-Type

I collagen IgG (Chemicon, Temecula, CA) diluted at a ratio

of 1:500 at 4�C overnight and exposed to a 1:1000 dilution

biotin-conjugated secondary IgG for 1 hour. Sections were

incubated with avidin-biotin-peroxidase reagent and

exposed to diaminobenzidine. Control tissue for the pri-

mary antibodies was bovine skin. As the control tissue for

the secondary IgG, sections were processed as stated pre-

viously with the omission of the primary antibodies. The

repair tissue (two samples from each group) was fixed in a

2% glutaric dealdehyde solution for 4 hours and was post-

fixed in 1% osmium tetroxide for 2 hours. The tissue was

then dehydrated in graded concentrations of ethanol and

embedded in Epon 812. Ultrathin (40–60 nm) sections

were cut and stained with uranyl acetate and lead citrate.

Transmission electron microscope examination was carried

out on an electron microscope (Hitachi 7100-B, Tokyo,

Japan). The tissues were dried by a critical point drier

(Quorum K850, Kent, UK, sputtered with BAL-TEC ion,

and observed on a scanning electron microscope (Quanta-

200; Philip, Zaterdag, Holland). Both the normal meniscal

tissue from additional healthy goats and the repair tissue of

GETE and BMSCs groups (six samples from each group)

at 16 weeks were prepared for glycosaminoglycan assay.

Fifty milligrams of the tissue were digested in lysate

solution, freeze-dried, and dissolved in 1 mL phosphate-

buffered saline solution. Fifty-microliter samples were

added into 750-lL dimethylmethylene blue solution and

the optical density of each sample was determined at

525 nm. Mixed isomer shark chondroitin sulfate was used

to construct the standard curve. The quality of repair was

assessed by three histopathologists (XMX, YZW, CYL) by

grading the histological sections of the middle of repair

areas from each group using a modified cartilage repair

scoring scale. Ten sections from five samples from each

group, 16 weeks after repair, were examined by an obser-

ver blinded to the groups (YZW) using histomorphometric

software (CMIAS pathologic image analysis system;
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BASU Co, Beijing, China) to measure the percentage of

repair tissue (pores within the tissue not included), the

number of fibrochondrocytes in per unit area of repair

tissue, the percentage of fibrocartilage-like tissue in per

unit area with Masson’s trichrome stain, and the intensity

of the collagen Type I stain. Some data were not deter-

mined because no fibrochondrocytes, cartilage-like tissue,

or positive coloration of Type I collagen stain were found

in the gel and control groups.

Differences between the total histological scores of the

sections from various 16 weeks samples were determined

by one-way analysis of variance. The differences of the

filling percentage of repair tissue among the GETE,

BMSCs, and gel group were compared using analysis of

variance. Newman-Keuls multiple comparison analysis

was performed to identify differences. Student’s t test was

used to determine whether the GETE group was better than

the BMSCs group in terms of fibrochondrocyte number, the

percentage of fibrocartilage-like tissue, and the absorbance.

The data were expressed as mean ± standard deviation

(SD) of separate experiments.

Results

Four hours after transfection, green fluorescence expressed

in part of the BMSCs with high intensity and gradually

increased to peak at 48 hours and then decreased. The

transfection efficiency was 22% ± 2.4%. The hIGF-1

concentration in the supernatants of untransfected cells was

1.667 ± 0.3 ng/mL and increased (p = 0.0001) to 3.28

ng/mL 4 hours after transfection. The peak concentration

was 34.75 ng/mL at 48 hours and then decreased to

16.39 ng/mL at Day 10.

The defects in GETE group were filled completely with

white and tenacious tissue, and the boundaries were diffi-

cult to discern (Fig. 2A), while margins of the defects in

the BMSCs group were recognizable and lacked continuity

between defects and host tissue (Fig. 2B). Repair tissue in

the gel group was tenacious and gray with clear margins

(Fig. 2C). The defects in the control group were filled with

little thin and soft fibrous tissue with clear margins

(Fig. 2D). In the GETE group, large numbers of cells were

distributed within gel fibers (Fig. 3A–B). The repair tissue

stained with metachromatic matrix intensely and evenly

(Fig. 3C). Cells distributed diffusely within the network

structure formed by gel fibers in the BMSCs group

(Fig. 3D). Cells aligned with the fibers and some space

among the fibers was filled with extracellular matrix

(Fig. 3E). In the gel group, an empty network formed by

gel fibers filled the deeper part of the defects without cell

deposition (Fig. 3F). However, cartilaginous tissue in

BMSCs group was less than that in GETE group

(Fig. 4A–B). The structure of adjacent fibrocartilage was

loose and full of multiple fissures. Scanning electron

microscope revealed regular fibers arranged in superficial

repair tissue of the GETE and BMSCs groups. The surface

was smooth with tiny fissures among some fibers (Fig. 4C).

Transmission electron microscope confirmed the existence

of round and oval chondrocyte-like cells in differently

oriented fibers (Fig. 4D).

Fig. 2A–D Macroscopic evaluation of the repair tissue (16 weeks) is

shown. (A) In the GETE group, the defects were filled completely

with white and rough tissue. The boundary between the host and

repair tissue was difficult to discern. (B) In the BMSCs group, the

material in the defect was white and almost filled the defects

completely with discernible margins. (C) In the gel group, the bottom

of the defects was covered with partial gel-like tissue incompletely

with discernible edges. (D) The defects were filled with thin and soft

fibrous connective tissue in the control group. GETE = gene-

enhanced tissue engineering; BMSCs = bone marrow stromal cells.
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On MRI, the surfaces of the anterior horn in GETE group

appeared smooth and continuous with small local high-sig-

nal regions (Fig. 5A). In the BMSCs group, a relatively

smooth surface was seen in the defects with local tiny,

superficial irregularities (Fig. 5B). Partial defects were filled

with high-signal material in the gel group (Fig. 5C) and local

high-signal existed in the anterior horn of the control

menisci (Fig. 5D). Glycosaminoglycan content in normal

meniscus was 14.69 ± 0.28 mg/g. In the GETE group, it

decreased to 14.20 ± 0.12 mg/g in repair tissue (p \ 0.01),

but was more than the BMSCs group (13.72 ± 0.18 mg/g)

(p \ 0.01). The repair tissue in the GETE group contained a

fibrocartilage-like matrix that stained greater (p \ 0.01)

than that in the BMSCs group (Table 1). More filling per-

centage of repair tissue (p \ 0.01) was observed in the

GETE group when compared with the percentage in the

BMSCs group or gel group. Quantitative histological

assessments followed the scale described by Schreiber et al.

[49] and were modified by the authors. Some items more

suitable for reflecting the biological repair of the meniscus

were added including bonding to the host tissue, overall

healthy fibrochondrocyte number, and the matrix porosity

(Table 2). The intraobserver estimations have 8.6% vari-

ability and interobserver estimations have 12.2% variability.

The histologic scores in the GETE group were higher

(p \ 0.01) those in the other groups and the differences

(p \ 0.01) among BMSCs, gel, and control groups. When

compared with the BMSCs group, larger fibrochondrocyte

numbers (p \ 0.01) and higher percentage of cartilage-like

tissue (p \ 0.01) were observed in the GETE group.

Discussion

Growth factor gene therapy and tissue engineering are

emerging fields that have promising application in muscle

Fig. 3A–F The histological

analysis for the sections of 16

weeks is shown. (A) In the

GETE group, the surface was

smooth and the cartilaginous

specific coloration existed bet-

ween fibers of the gel (Stain,

Masson’s trichrome; original

magnification, 9 100). (B) A

large amount of cells was inten-

sively distributed within gel

fibers uniformly (Stain, alcian

blue; original magnification,

9 200) and the matrix was

evenly stained (Stain, alcian

blue; original magnification,

9 400) (C). (D) The net-like

fibers in the BMSCs group were

relatively thick and the cartilag-

inous matrix was less than the

GETE group (Stain, Masson’s

trichrome; original magnifica-

tion, 9 100). (E) Many homo-

geneous cells distributed within

the net (Stain, hematoxylin and

eosin; original magnification,

9 100). (F) Empty network

formed by gel fibers existed in

the gel group without cell depo-

sition (Stain, alcian blue;

original magnification, 9 100).

GETE = gene-enhanced tissue

engineering; BMSCs = bone

marrow stromal cells.
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and skeletal repair [1, 10, 21, 22, 25, 37, 49, 51]. In theory,

cell-mediated gene transfer combines the supply of a

chondrogenic cell population with the production of

appropriate growth factors directly to the lesions. We

therefore asked whether (1) hIGF-1 protein could be

secreted by the transfected BMSCs with a therapeutic level,

and (2) hIGF-1 gene transfection could improve the results

of the BMSCs-based ex vivo injectable tissue engineering

to repair a full-thickness meniscal defect.

One major limitation of our study is the limited number

of goats, which was not large enough to provide definitive

conclusions, but rather preliminary ones. Second, long-

term studies are required to evaluate the fate of trans-

planted cells in terms of their viability and dedifferentiation

as well as the durability of the regenerated tissue to reduce

the risk of osteoarthritis. Third, only Type I collagen was

assessed in this study. Other extracellular matrix molecules

existing in fibrocartilaginous tissues should be taken into

account. For example, Type II collagen, which is also

important for tissue function, should be examined in future

studies. In this preliminary research, the repair results were

examined from several aspects, including histomorphom-

etry, electron microscope, glycosaminoglycan assessment,

and image analysis. The findings suggested some positive

aspects of this original ex vivo injectable gene-enhanced

tissue engineering in repairing a full-thickness model of

meniscal defect.

Few studies have focused on the application of growth

factors to meniscal tissue or cells [4, 15, 21]. In research

related to gene-modified bovine meniscal cells, adenovirus-

mediated hepatocyte growth factor gene therapy enhanced

blood vessel formation in the subcutaneous pouch of

athymic nude mice for 8 weeks [21]. We found medium

from transfected BMSCs we tested contained a hIGF-1

level as high as 34.75 ng/mL. Previous studies suggest

hIGF-1 at 50 ng/mL optimally stimulates matrix elabora-

tion and the development of a cartilage-specific matrix

structure, whereas as low as 10 ng/mL is sufficient to

produce stimulation of the proliferative and metabolic

actions of cultured chondrocytes [30, 42, 52].

Tissue engineering has been used to regenerate meniscal

tissue in the rat. Scaffolds derived from normal menisci of

rats seeded with bone marrow-derived stromal cells can

form meniscal tissues within 4 weeks [62]. In this study, the

volume of the repair tissue in the gel group decreased

gradually. This is probably because of the insufficient

intensity that could not bear stress. In groups with cell

transplantation, the secreted matrix occupied the residual

space after degradation. The configuration and texture of the

meniscus of the goat are similar to that of the human being.

Fig. 4A–D (A) Type I collagen stain for the repair tissue of

16 weeks. Deep-stained brown granules deposited in the matrix of

GETE group (Stain, type I collagen immunohistochemistry; original

magnification, 9 200), and the coloration was deeper than the

BMSCs group (Stain, Type I collagen immunohistochemistry;

original magnification, 9 200) (B). (C) Scanning electron micro-

scopic observation for the repair tissue in GETE group of 16 weeks

demonstrated regular fibers in similar diameters arranged superficially

with matrix filled between the fibers and covered the surface of some

fibers. (D) Transmission electron microscope analysis of samples

from 16 weeks confirmed round and oval chondrocyte-like cells in

differently oriented fibers with multiple cell processes and abundant

rough endoplasmic reticulum and ribosomes. GETE = gene-

enhanced tissue engineering; BMSCs = bone marrow stromal cells.
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Function and bearing of the fibrocartilaginous structure in

this animal enabled it to serve as the model for meniscal

repair and transplant in the literature [5, 11, 38, 39, 46].

Gene transfer provides a promising alternative strategy

for cytokine application [10, 25, 37, 41]. However, the

results of in vitro experiments suggested direct injection of

adenoviral vectors into the meniscus transduced only a few

cells. In some cases, this strategy provides no new cells to

repopulate the damaged areas [14]. Ex vivo gene-enhanced

tissue engineering has been applied to the repair of

Fig. 5A–D (A) Sagittal turbo T2-

weighted MRI images of 16 weeks

samples demonstrated the surface of

the anterior horn of the menisci in the

GETE group appeared smooth and

continuous with tiny locally high signal

regions. (B) In the BMSCs group, the

surface was relatively smooth with

local tiny superficial irregularities. Par-

tial defect was filled by high signal

material in the gel group (C) and

stripped high signal existed in the

anterior horn of the control meniscus

(D). GETE = gene-enhanced tissue

engineering; BMSCs = bone marrow

stromal cells.

Table 1. Results of histomorphometric and stereologic analyses

Variable GETE BMSCs Gel Control Normal p Value

Absorbance of Type I collagen stain 0.78 ± 0.03 0.57 ± 0.08 ND ND 0.89 ± 0.04 \ 0.01

Filling percent of repair tissue 0.95 ± 0.04 0.86 ± 0.08 0.62 ± 0.11 0.12 ± 0.03 1.00 \ 0.01

Histologic scores of the repair tissue 27.83 ± 1.08 22.33 ± 1.17 12.42 ± 1.96 8.08 ± 2.62 31.00 \ 0.01

Fibrochondrocytes number

of per unit area (9 104/mm2)

2.44 ± 0.36 1.48 ± 0.28 ND ND 0.82 ± 0.17 \ 0.01

Percent of cartilage-like tissue 0.92 ± 0.05 0.74 ± 0.09 ND ND 1.00 \ 0.01

GETE = gene-enhanced tissue engineering; BMSCs = bone marrow stromal cells; ND = not determined.
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cartilage. Gene encoding hIGF-1 was transfected by the

adenovirus to enhance cartilage healing in an equine

femoropatellar joint model. A single 15-mm cartilage

defect received AdIGF-1-modified chondrocytes under

arthroscopy [13]. The gross and histological appearances of

IGF-1-modified repair tissue were improved over control

defects. The entire procedure of the GETE method has not

been used in meniscal defects so far. In this preliminary

study, the repaired menisci in the GETE groups showed

few fissures and consisted of cells embedded in a matrix

containing Type I collagen. This indicated that the new

differentiated cells had synthesized appropriate matrix

components. The majority of the GETE was used as the

virus vector. Gene expression and transduction efficiency

are higher and can last longer in virus gene therapy than the

nonviral method. With retrovirus, the efficiency can exceed

92.3% in rabbit chondrocytes and 74.7% in human chon-

drocytes. In vivo expression within osteochondral defects

lasts more than 4 weeks [55]. With adeno-associated virus,

the efficiency was 81.6% in lapine meniscal cells in vitro.

When the virus was injected into the meniscal tears in a

lapine model, transgene expression continued in cells

adjacent to the tear for at least 20 days [32]. Theoretically,

integrating exogenous gene into the genome of the undif-

ferentiated mesenchymal cells by virus confronts the risk

of insertional mutagenesis. Cationic liposomes and other

lipid-based systems have the advantage of being easy and

safe to prepare and they do not restrict the size of the DNA

delivered [19, 54]. Madry and Trippel [33] examined lipid-

mediated gene transfer methods of transfection for chon-

drocytes. FuGENE 6 transfection produced maximum

levels of transgene expression (7.8%–41%) compared with

other commercially available liposomes. After transplan-

tation genetically modified chondrocytes kept producing

beta-galactosidase for 2 weeks [33]. In our detection

in vitro, the transfection efficiency by using liposome was

up to 22% with a peak cytokine concentration of 34.75 ng/

mL, which was comparable to the efficiency reported.

Injecting transfected cells without a carrier causes wide

distribution of the cells instead of filling into the defects,

which may lead to quick degradation and limited number

of cells for reconstruction. Direct delivery of genes into the

living fibrochondrocytes alone will not provide the sharp

Table 2. Meniscal repair histologic scoring scale

Characteristics of the tissue repair Points

A. Nature of the predominant tissue

Typical fibrocartilage 5

Greater than 50% fibrocartilage 4

50% fibrocartilage/50% fibrous tissue or scaffold 3

Greater than 50% fibrous tissue 2

Fibrous tissue 0

B. Toluidine blue staining of matrix

Normal staining 3

Moderate 2

Slight 1

None 0

C. Surface

Smooth and intact surface 3

Superficial lamination 2

Slight disruption 1

Severe disruption 0

D. Integrity

Normal structure 2

Slight disruption 1

Severe disruption 0

E. Thickness

75%–100% of adjacent tissue 2

50%–74% of adjacent tissue 1

0%–49% of adjacent tissue 0

F. Bonding to host tissue

Bonded 2

Partially bonded 1

Not bonded 0

G. Repair tissue in the defect

Normal cell morphology and matrix staining 3

Cell clustering and normal matrix staining 2

Cell degeneration and decreased matrix staining 1

Severe cell degeneration, poor or no matrix staining 0

H. The adjacent host tissue

Normal cell morphology and matrix staining 3

Cell clustering and normal matrix staining 2

Decreased matrix staining 1

Poor or no matrix staining 0

I. Overall healthy cartilage cell number

Similar with normal fibrocartilage 3

Slightly less than normal fibrocartilage 2

Much less than normal fibrocartilage 1

Almost without cartilage cells 0

J. The matrix porosity

Thick matrix without pores 5

Thick matrix with some pores 4

Semithick matrix with many pores 3

Table 2. continued

Characteristics of the tissue repair Points

Porous matrix 2

Fibrous matrix 0

Maximum possible score 31
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increase in the number of intralesional chondrogenic or

meniscal cells, which are necessary to fill the defects. In

one study, adult human BMSCs were transduced with

adeno-associated virus containing transforming growth

factor beta-1 (TGF-b1) [45]. Then the cells were implanted

into the osteochondral defects of athymic rats. Improved

cartilage repair was observed after 12 weeks. The TGF-b1

gene-modified BMSCs with polylactide scaffolds have

been used in other research to repair cartilage defects in

rabbits with similar findings [16]. Although short-term

gene delivery may limit the repair results to some degree,

temporary gene expression is still ideal for some tissue

engineering, in which the process of new tissue formation

needs to stop after the repair has been completed. A few

BMSCs were transfected using the current method in this

research. Cells trapped within the scaffold expressed the

transgene and served as a local source of hIGF-1 synthesis.

The glycosaminoglycan assay and histological analysis in

this issue suggested there was more extracellular matrix

synthesized in the GETE group but the level was still lower

than that in normal tissue, indicating the limited but

effective stimulatory effect of the hIGF-1 protein secreted

by auto-BMSCs. Although fibrochondrocytes in the repair

tissue of the GETE and BMSCs groups were more pre-

valent than in normal tissue, a conclusion could not be

made that the repair results were better than normal.

This preliminary study demonstrated the efficacy of

liposomal transfection of BMSCs with the hIGF-1 gene to

deliver biologically effective concentrations of hIGF-1 and

suggested the value of liposome-mediated ex vivo gene

therapy for improving meniscus healing.
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