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1. Introduction 

1.1 Anatomy, biochemistry and function of the meniscus 

The menisci represent “C” shaped fibro-cartilage that performs important functions in 

the knee joint. Both the medial and lateral menisci distribute weight, stabilize the 

tibio-femoral joint 1, improve the joint congruency, enhance rotation of the opposing 

articular surfaces, and improve the nutrition of the articular chondrocytes 1-4. 

 

The lateral meniscus is more mobile compared to the medial one. It may displace up 

to 11 mm with knee flexion. This may explain why meniscal injuries occur less 

frequently on the lateral side. The posterior horn of the lateral meniscus is attached to 

the meniscofemoral ligaments, whereas the central region of the lateral meniscal 

posterior horn is attached to the popliteomeniscal fascicule 5, 6. Normally, the 

meniscofemoral ligaments or the popliteomeniscal fasciculi are not restored when 

lateral meniscus transplantation is conducted, which deteriorates the mechanical 

properties 7. In contrast, the medial meniscus is attached firmly to the coronary 

ligaments and the deep medial collateral ligament. In addition, the medial meniscus is 

attached to the capsule circumferentially 8. 

 

Meniscal fibrocartilage is rich in circumferentially- and radially-orientated collagen 

fibrils and extracellular matrix proteoglycans 9, 10. Under normal conditions, 

physiological loads of several times the body weight appears within the knee, 

50–100% of which can be transmitted by the menisci 11, 12 through its dense network 

of circumferentially aligned collagen fibers 13-16.  

 

Collagens make up about 90% of the meniscus 9, 17, while proteoglycans (PGs), which 

are deposited in the inner regions 18, comprise 2–3% of the dry weight, and play an 

important role in the compressive properties of the tissue. Meniscal fibrochondrocytes 

(MFCs), which are a heterogeneous cell population sparsely distributed throughout 

the tissue, generate and maintain the extracellular matrix (ECM) 17, 19.   

1.2 Methods for repairing the injured meniscus 

The meniscus is vascularized only in the outer third that is named red area and lesions 
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occurring in the inner two thirds rarely heal spontaneously 20. Some decades ago, 

partial or total meniscectomies were applied for patients whose menisci were 

sacrificed. More than 1 million patients are treated with the total or partial 

meniscectomy of the meniscus in the United States and Europe every year 21. Later, it 

was found that meniscectomy may be beneficial in reducing the acute symptoms of a 

meniscus lesion such as pain, swelling and mechanical blockade of the joint 22, but 

several chronic syndromes are likely to be present in the later years 23-25: chronic pain, 

biomechanical malfunction of the knee, mal-alignment of the limb 26, quadriceps 

atrophy 27, 28 or instability of the joint 24. What is worse, the meniscectomy would 

accelerate the developing process of osteoarthritis for the knee joint 29.  

 

Many more orthopedists advocated restoring and reserving the function of the 

meniscus rather than performing the meniscectomy. Thus, open sutures were widely 

used, which was followed by arthroscopic techniques. Inside-out and outside-in 

sutures became popular in this way. However, these technically difficult procedures 

would bring a significant risk for injury of the neurovascular structures to the patients 

30, and the outcome was always unsatisfying in white zone, the inner two thirds part 

of the meniscus 31.  

 

Some different types of autograft and allograft substitutes have been used to restore 

the shape and function of the meniscus, such as tendons 32, cartilages 33 and synovial 

flaps 34. Meniscal replacement with autologous cells has many advantages. However, 

the clinical and radiological evaluations showed that these meniscal substitutes had 

only a short-term effect in the prevention of degenerative cartilage changes 32, 35, 

because the material properties of these tissues is still far away from the 

biomechanical qualities of the natural meniscus. In addition, the following 

shortcomings do exist for allografts: graft processing changes its biological, chemical 

and mechanical proprieties 36, costs of processing and storing are high 37, difficulties 

in sizing and potential incongruence 38, 39, immunological reactions 40, 41, and 

shrinkage 42.   

 

Various types of meniscal prosthesis have been tested but most of them obtain 

unfavourable results. Messner et al. tried to repair the menisci of rabbits using 

Teflon® 43. The knees had osteoarthritic changes and synovitis, which were similar to 
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knees undergone meniscectomy only.  Kobayashi et al.44, 45 used poly-vinyl-alcohol 

hydrogel (PVA-H) with a high grade polymerisation and 90% water content to shape 

a meniscus implanted in rabbits. Both macroscopically and microscopically, slight 

osteoarthritic changes were found in the early stages, but there was no progression 

compared with controls during the observed two year period. 

 

The procedure of injecting mesenchymal stem cells (MSCs) selected from bone 

marrow (or simply bone marrow stromal cells - BMSC) obtained by bone marrow 

aspiration may be a very useful tool for healing an injured joint 46. Histology showed 

an extracellular matrix around the cells and chondrogenic differentiation was 

promoted. Unfortunately, the injected cells generated free bodies of scar tissue, which 

is a factor that limits its clinical application. 

   

1.3 Tissue Engineering of the meniscus   

As we known, the new frontier in medicine is the engineering of artificial organs in 

vitro or in vivo: tissue engineering. Laurencin et al.47 defined tissue engineering as 

“the application of biological, chemical, and engineering principles towards the repair, 

restoration or regeneration of living tissues using biomaterials, cells, and factors alone 

or in combination”. In orthopedics and trauma surgery this area has developed with 

impressive speed over the last decade. A great number of studies are focusing on 

creating artificial organic substitutes for injured menisci, bone and cartilage defects 

and even injured ligaments or tendons. An engineered meniscus is the result of a 

successful combination of cells, matrix and specific stimuli (media, cytokines, 

physical stimuli) 48. There are two main options for achieving this goal: 

- Implantation of an acellular matrix in vivo which attrackts native cells from 

the periphery; 

- Cell seeding of the matrix in vitro with further tissue maturation in vivo.  

In order to create a tissue engineered meniscus, some biological factors such as cell 

source, matrix scaffold, bioreactor design, and culture conditions should be 

considered 48. Moreover, cell source and scaffold are the two most essential 

parameters 20. 
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1.3.1 Cell sources 

The main cell sources for tissue engineering of a meniscus are meniscal cells 

(fibro-cartilaginous cells) or MCSs 49. Staining with the monoclonal antibody AS-02 

in meniscal cells confirmed their mesenchymal origin 50. MSCs have the best 

potential in regenerating the musculoskeletal tissue 51, but they need special stimuli in 

vitro in order to develop the proper phenotype. MSCs obtained from bone marrow 

aspiration are also named bone marrow stromal cells (BMSC) 49. BMSC were 

isolated for the first time by Friedenstein et al. 52. They are considered the progenitor 

cells for the musculoskeletal tissues 51, 53. Indeed BMSC are easy to obtain, 

fibroblastic in shape, and can differentiate along multiple lineages such as osteoblasts, 

chondrocytes, adipocytes, and hematopoiesis-supportive stroma 49. Other cells with 

similar properties are adipose derived stem cells (ATSCs) 54. Differentiated cells have 

been used for meniscus regeneration as well, including: fibrochondrocytes, 

chondrocytes, synovial membrane cells, fat pad cells and even allogenic chondrocytes. 

But still, there is no consensus concerning the best cell source for the regeneration of 

menisci. Zellner et al. 55 investigated the role of BMSC in tissue engineering of 

meniscus in a rabbit model. BMSC were seeded in hyaluronan-collagen scaffolds and 

implanted into punch defects in the avascular zone. After 12 weeks, meniscus-like 

repair tissue was observed, showing the necessity of BMSC for the repair of meniscal 

defects in the avascular zone. Pabbruwe et al. 56 cultured BMSC in collagen scaffold 

and composed a sandwich construct with 2 white zone ovine meniscus discs and the 

collagen scaffold seeded with cells, and subsequently the constructs were culture in 

vitro for 40 days. Biomechanical tests showed a significant increase in tensile strength. 

Marsano et al. 57 studied human inner meniscus cells, fat pad cells, synovial 

membrane cells and articular chondrocytes (AC). Results showed only that AC 

generated tissue contained relevant amounts of glycosamoniglycan (GAG) and cell 

phenotypes were compatible with those of the inner and outer meniscus regions. The 

other investigated cell sources only showed the phenotypes of the outer region of the 

meniscus. The ability of grafts based on AC to reach the complex structural and 

functional organization typical for meniscus tissue still has to be determined. 

 

Weinand et al. 58 grew articular and auricular chondrocyles as allogenic or autogenic 

chondrocytes on a vicryl mesh scaffolds for nine days and subsequently implanted the 
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scaffolds to repair bucket-handle lesions of the avascular zone of meniscus in swine 

models. After 12 weeks, menisci were harvested and evaluated. Completely or 

partially healed ones were observed in the autogenic and allogenic group, and there 

were no significant differences. However, no healing was seen in control groups. 

1.3.2 Scaffolds 

A very broad variety of scaffolds exist, ranging from synthetic to biological materials 

(Table 4). Stone et al. defined the basic requirements for scaffolds used to reconstruct 

menisci as follows 59: 

• Biocompatibility;  

• Physical shape similar to that of the normal meniscus or an ability to be shaped at 

the time of implantation 

• Porous structure that would facilitate cellular ingrowth 

• Initial mechanical strength suitable for fixation 

• Permeablity to macromolecules 

• Initial in vivo stability in order to function as a template 

 

One other prerequisite for an ideal scaffold is the creation of an optimal pore 

geometry and pore interconnectivity to facilitate tissue ingrowth and simultaneously 

to ensure adequate mechanical proprieties. Klompmaker et al. 60 demonstrated that 

macro pore sizes must be in the range of 150-500µm diameter to have a complete 

ingrowth and incorporation of a partial or total meniscus prosthesis. Buma et al. 61  

alluded to the need for large interconnectivity between macro pores in order to 

facilitate cellular and vascular penetration. Potential scaffolds for tissue engineering 

of menisci include biologic materials and synthetic materials such as hyaluronan 62, 

collagen 56, agarose 63, poly(lactic-co-glycolic acid) (PLGA) 64, and polyvinyl 

alcohol-hydrogel (PVA-H) 65. All of them could support 3-D culture environments 

and relatively good results were obtained with these materials. However, they still 

displayed some problems such as a lack of mechanical stability and fast-degradative 

nature. 
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1.3.3 Bioreactors 

For the cells growing in three-dimensional culture systems in vitro, the supply of 

oxygen, nutrients and biochemical factors is essential for the proliferation and 

viability of the cells. This is always a major problem in static culture conditions, as 

these important substances cannot permeate throughout the three-dimensional 

construct sufficiently only by diffusion. In the study of Ishaug et al., viable 

osteoblasts were supported for only about 200 µm after seeded into polymer 

constructs, while there was a necrotic area in the center of the construct in static 

culture 66. Therefore, altered culture conditions that improve the nutrient supply deep 

within the scaffolds are needed. Dynamic culture systems such as spinner flasks, or 

rotatory wall vessels perfusion, improve the movement of medium to transport 

nutrients to the cells inside the constructs and remove the toxic metabolic products 

out of the constructs. Studies have shown that medium perfusing through 

three-dimensional constructs directly can contribute to a homogeneous distribution of 

cells and matrix, and enhance the proliferation and differentiation of BMSC 67-69. 

Perfusion not only enhances a better nutrient supply to the cells, but also creates shear 

forces, which present an important stimulus for the cells.  

 

There have been lots of previous compression studies performed on cartilage explants 

70, 71 and chondrocytes cultured in 3-D scaffolds 72-74. Cyclic compression is a 

well-established approach to investigate the capacity of BMSC in regenerating a 

tendon- or ligament-like tissue 75. Many studies investigated the biological behaviour 

of both meniscal fibrochondrocytes and articular chondrocytes cultured under 

mechanical stimulation conditions 76-82. To date, this data has not been entirely 

transferred for the mechanical stimulation of BMSC seeking to create a 

tissue-engineered meniscus.  

 

 1.4 Purpose and hypothesis 

The goal of this study was to investigate the biocompatibility of this scaffold on 

hBMSC in vitro and the effect of combined stimulation of perfusion with cyclic 

compression on the proliferation and fibrocartilaginous differentiation of hBMSC 

cultured in a three-dimensional polyurethane scaffold. Our hypothesis was that the 
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perfusion/mechanical stimulation would enhance the proliferation and differentiation 

of hBMSC and the mechanical properties of the scaffold would be improved by 

extracellular matrix production compared with controls cultured under static 

conditions. 
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2. Materials and Methods 

2.1 Media used in the experiment 

Table 1: Components of medium used for cell culture 

Ingredient Volume for 500 ml Concentration in medium 

DMEM and Ham´s F12 1:1   

Fetal calf serum 50 ml 10% 

Ascorbic acid 2.5 ml 2.5µg/ml 

Penicillin/Streptomycin 

(10000IE/10000µg/ml) 

5 ml 100IE/100µg/ml 

Amphotericin B (250µg/ml) 1 ml 0.5 µg/ml 

hFGF (1,5 µg/ml) 1 ml 3 ng/ml 

 

Table 2: Components of the stop medium  

Ingredient Volume for 500 ml Concentration in medium 

DMEM    

Fetal calf serum 50 ml 10% 

Penicillin/Streptomycin 

(10000IE/10000µg/ml) 

5 ml 100IE/100µg/ml 

 

2.2 Methods 

2.2.1 Cultivation of human bone marrow stromal cells (hBMSC) 

2.2.1.1 Isolation 

The Institutional Ethical Committee approved all procedures and written informed 

consent was obtained from all subjects (Ethik-Antrag Nr. 2562). Bone marrow 

aspirates were harvested from seven healthy donors (4 males, 3 females, median age: 

29 ± 3.5 years) by iliac crest aspiration during routine orthopedic procedures from 

February 2007 to March 2009. The characteristics of donors are given in table 3. The 

threshold for the age of donors was set at 45 years. 
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Table 3: Characteristics of the seven donors that contributed to the cell pool used for this study  

Donor  

number 

Gender Age Diagnosis Operative procedure Drugs involved at the time of 

harvesting 

1 Female 27 Burst fracture L3 Dorsal stabilization L2–4 Fentanyl  Sevoflurane  Droperidole 

2 Female 23 Burst fracture C5 Dorsal stabilization C4-6 Fentanyl  Sevoflurane  Droperidole 

3 Female 27 Burst fracture L1 Dorsal stabilization T12-L2 Fentanyl  Sevoflurane  Droperidole 

4 Female 30 Burst fracture L1 Dorsal stabilization T12-L2 Fentanyl  Sevoflurane  Droperidole 

5 Male 30 Osteochondritis dissecans Arthroscopic microfracturing NSAID (COX-2 selective) 

6 Male 31 Open fracture of the patella
 

Internal fixation NSAID 

7   Male 34 Tibial plateau fracture Internal fixation NSAID 

 

Isolation of hBMSC was done by Ficoll density gradient centrifugation 83. Briefly, 15 

ml Ficoll separating solution (density of 1.077 g / ml) were transferred into a 50 ml 

Falcon Laminated tube. Then, 10 ml bone marrow was mixed 1:1 with PBS and 

pipetted on the top of the solution carefully. After centrifugation at 1200 rpm and 4 °C 

for 20 min, the white blood cell ring fraction was transferred to a new 50 ml tube 

using a 10 ml pipette. After washing with PBS two times, the harvested cell pellet 

was resuspended with proliferation medium and transferred into a 75 cm2 cell culture 

flask. In order to allow the adherence of the hBMSC, the cells were cultured for 5 

days in an incubator under standard conditions (37 °C, 5% CO2, 95% humidity). After 

five days of incubation, the medium was completely changed and the non adherent 

cells were washed away with PBS. Afterwards, the medium was changed twice a 

week. After reaching 90% confluency between days 14 and 21, hBMSC were 

enzymatically released with 0.25% trypsin and passaged or frozen for later 

experiments.  

 

2.2.1.2 Cell Passage 

After adhesion, the cells will begin to proliferate exponentially and the proliferation is 

strongly influenced by contact inhibition. Therefore, subculture is required to 

periodically provide fresh nutrients and growing space for continuously growing cells, 

which is done as follows: After reaching 90% confluency, the cells were gently 

washed twice with PBS. 8 ml trypsin was added to the flask. When the cells rounded 

up and came off the plate, they were resuspend in 32 ml of serum containing stop 

medium and washed by centrifugation (1200 rpm, 4 °C, 10 min). The cell pellet was 

resuspended in proliferation medium and split into 2 cell culture flasks.  
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2.2.1.3 Cryopreservation 

To avoid differences between the individual donors, a cell pool of all donors was 

made and stored in liquid nitrogen until use. For cryopreservation, the cells were 

trypsinized as described, resuspended in 1 ml cryomedium consisting of fetal calf 

serum and 10% dimethyl sulfoxide (DMSO) and transferred into cryovials. The cells 

were stored in an isopropanol bath overnight at -80 °C before storing them in the 

liquid nitrogen. Before used in the experiment, the cells in cryovials were thawed 

slowly in a water bath at 37 °C, transferred into 9 ml stop medium, placed at room 

temperature for 10 min and centrifuged at 1200 rpm, 4 °C for 10 min. Then, the 

supernatant was discarded. After resuspension of the cell pellet with fresh 

proliferation medium, cells were transferred into new cell culture flasks and cultured 

in an incubator under standard conditions. Experiments were performed with a single 

cell pool of all donors after three passages. 

 

2.2.2 Characterization of meniscus scaffold  

In the present study, a clinically approved meniscus scaffold made of aliphatic 

polyurethane (PU) was used. The molecular structure of the polymer contains two 

components: soft segments that provide flexibility, and stiff segments that provide 

additional strength. The soft segments comprise ~80% of the polymer and consist of 

polycaprolactone (PCL), whereas the stiff segments comprise ~20% of the polymer 

and consist of urethanes made from 1-4-butanediisocyanate (BDI) and 1-4-butanediol 

(BDO) moieties. The scaffolds were manufactured and supplied by Orteq (Groningen, 

The Netherlands).  

2.2.2.1 Porosity  

To evaluate the porosity, dry weight (Wd) and apparent volume (Va) of each scaffold 

(n=6) was determined. Then these scaffolds were rinsed with 95% ethanol, washed 

with distilled water, and immersed in distilled water overnight. After these steps, the 

wet scaffold weight (Ww) was obtained. The scaffold porosity was obtained on the 

basis of the following formula: 

                      
dw

a

W  - W
Porosity (%) =   100

V
×   
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where the units of Ww, Wd and Va are gram, gram and milliliter respectively.  

2.2.2.2 Sudan Black B staining   

As described previously 84, Sudan Black B was used to stain the polymer grafts. 

Sudan Black B was dissolved in 70% ethanol to obtain a 0.3% (w/v) solution. After 

stirring for 2 h at room temperature, the solution was filtered before use. Scaffolds 

were embedded in OCTTM compound and sectioned at -20 °C to produce cross 

sections with a thickness of 80 µm. After rinsing the sections with water, they were 

stained with Sudan Black B solution for 2 min at room temperature, rinsed with 

distilled water, and then mounted in water mounting medium. Sections were observed 

using a light microscope at 100 × magnification. Images were acquired by a Nikon 

Coolpix 4500 digital camera connected with the microscope and the diameters of the 

pores inside the scaffolds were analyzed by Image-Pro Plus 5.0 (Figure 1).  

 

Figure 1: The measurement of the pores in the scaffolds with Image-Pro Plus 5.0. Sudan black 
staining shown macro pores varying from 80 µm to 400 µm and micro pores ranging from 0.3 µm 
to 9.0 µm were observed. Scale bars represent 500 µm and 30 µm in pictures (A and B) and (C 
and D) respectively. Asterisk: Macro pore; Red arrow: Micro pore. 
 

2.2.3 In vitro cytotoxicity tests 

2.2.3.1 Culturing cells with scaffold extraction   

The scaffold was soaked in 70mL culture medium with constant shaking. Culture 
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medium was replenished totally under sterile conditions. The medium was collected 

after 3 day, 7 days, 14 days and 21 days for the experiments. In all cytoxicity tests 

performed, latex rubber and standard culture medium were used as positive and 

negative controls, respectively. Latex rubber is known to have a strong cytotoxic 

effect leading to extensive cell death and lysis, and is commonly used as a positive 

control for cell death 85. The scaffold weight-to-extract fluid ratio was constant and 

equal to 0.03g/ml. Latex extraction of 21 days was used as a positive control. The 

ratio of latex outer surface to extraction fluid was 3.0cm2/ml. The extracts were 

filtered through a 0.45-µm-pore-size filter before use. Cells of the 3rd passage were 

used. As described above, the cells were trypsinized and counted after trypan blue 

staining in a cell-counting slide. Afterwards, cells were homogeneously resuspended 

in culture media and plated at a seeding density of 1×105 cells/well into 6-well plates. 

Subsequently, cells were incubated for 24 h at 37 °C in a humidified atmosphere of 

5% CO2 in air. Afterwards, the media were replaced by extracts previously obtained, 

using standard culture medium as negative control and latex extract (extraction period 

1 week) was used as positive control for cell death. After incubation of 48 hours, cell 

proliferation and viability assays were performed. 

 

2.2.3.2 Cell proliferation assay   

2.2.3.2.1 Cell proliferation curve   

hBMSC of third passage were seeded in 96-well plates at six different densities: 

5×103/well, 104/well, 5×104/well, 105/well, 5×105/well and 106/well. After 4 hours of 

incubation at 37 °C in 5% CO2, the MTS assay was used to investigate the cell 

proliferation of hBMSC in terms of metabolic activity 86. This test is based on the 

bioreduction of the substrate, 3-(4,5-dimethylthiazol-2-yl)-5(3carboxymethoxy-phen 

yl)-2(4-sulfofenyl)-2H-tetrazolium (MTS) (Cell Titer 96® Aqueous Solution Cell 

Proliferation Assay, Promega), into a brown formazan product by dehydrogenase 

enzymes in metabolically active cells 83. In brief, the procedure was conducted as 

follows. Culture medium was removed and the cells were incubated with 1 ml MTS, 

the concentration of which was 0.5 mg/ml. After 2 h of incubation at 37 °C in 5% 

CO2, aliquots were pipetted into a 96-well plate and the reaction was stopped by the 

addition of 25 µl 10% sodium dodecyl sulfate (SDS) solution immediately, after 
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which optic density (OD) was determined at 490 nm using a 96-well plate reader. All 

results were normalized to those obtained from the blank wells (MTS solution, without 

cells). The proliferation curve was obtained according to the OD and the cell number 

with the Software of CurveExpert 1.3.  

 

2.2.3.2.2 Cell proliferation in the scaffold’s extract   

After incubating cells with the scaffold’s extract, the MTS assay was performed 

following the protocols described above. Cell number was determined from the 

proliferation curve. 

 

2.2.3.3 Cell viability assay.  

The LIVE/DEAD® Viability/Cytotoxicity Kit was utilized as a cell viability assay. 

Metabolically active cells permit calcein acetoxymethylester (calcein AM) to enter 

through the intact plasma membrane, where the dye is cleaved by cytoplasmic 

esterases yielding green fluorescence. In contrast, ethidium homodimer-1 (EthD-1), 

which is membrane-impermeable, binds to DNA of membrane-compromised cells, 

yielding red fluorescence. The test was performed according to the manufacturer's 

instructions. Succinctly, after cultured in different media for 48 h, hBMSC were 

washed with PBS two times. Then the cells in each well were incubated with 500µL 

PBS containing 2µL calcein AM and 5µL EthD-1 for further 20 min at 37 °C in a 

humidified atmosphere of 5% CO2 and 95% air. Afterwards, cells were washed with 

PBS two times, and were subsequently observed under a fluorescence microscope. 

Calcein AM and EthD-1 were excited at 645 nm and 530 nm, respectively. Images 

were viewed and photographed using a ColorView Soft/Imaging system connected to 

an Olympus CK40 microscope. Viable and nonviable cells were counted in each of 5 

random fields of view for each well at a magnification of ×200. Viable cells fluoresce 

green and nonviable cells fluoresce red.  
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2.2.4 Direct contact in dynamic culture system   

2.2.4.1 Cell seeding and culturing   

The scaffolds were soaked in culture medium over night. Afterwards, they were 

centrifuged at 500 rpm for 5 minutes to get rid of the liquid. The hydrated scaffolds 

were obtained in this way. 6×106 hBMSC of passage 3 were collected and 

resuspended in 1 ml culture medium and seeded onto one hydrated scaffold under 

static conditions. Then, the scaffolds were placed in a 5% CO2 incubator at 37°C and 

turned over every 20 min to obtain a homogeneous cell distribution throughout the 

scaffolds. After 4 h of attachment, the scaffolds were cultured under different 

conditions: static free swell culture group; perfusion culture group; mechanical 

stimulation I group; and mechanical stimulation II group (Table 4).  

 

Table 4: Groups and culture conditions investigated in this experiment: BMSC were stimulated 
by perfusion or a combination of perfusion and mechanical stimulation. Static cultures served as 
controls. 
 

2.2.4.2 Dynamic culture system   

For this study, a mechanical bioreactor was constructed in the Central Research 

Laboratories (Zentrale Forschungswerkstätten; Dean of Construction: Dipl.-Ing. J. 

Viering) of the MHH. The cell-loaded scaffolds were placed in a special cylindrical 

culture chamber (diameter: 45mm) in the center of the bioreactor. Silicone tubes were 

connected with the housing of the bioreactor and a medium bottle. A continuous 

circular flow medium system was created by a rolling pump. A filter on the medium 

bottle provided a continuous gas exchange between the medium and the environment 

in the incubator. A linear magnetic field motor provided adjustable compression 

(Figure 2). The bioreactor, rolling pump and the medium bottle were placed in a 5% 

CO2 incubator at 37°C (Figure 3). The bioreactor was continuously perfused with a 

Groups Perfusion rate 

(10ml/min) 

Mechanical Stimulation (10% cyclic 

compression at 0.5Hz) 

Static free swell culture group none none 

Perfusion culture group continuous none 

Mechanical Stimulation I continuous 1 time/day, 8 hours/time 

Mechanical Stimulation II continuous 4 times/day, 2 hours/time, 4 hours of rest 
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perfusion rate of 10ml/min by a rolling pump 83. The compression was monitored by 

an electronic length gauge. The bioreactor system is controlled by a CPU. The 

parameters were set according to table 2. Fifty percent of the culture media was 

changed every 3 days and the system was kept in an incubator at 37°C. After 24 hours, 

1 week and 2 weeks, the constructs were collected from the culture dishes and the 

bioreactor and analysed in further procedures.  

 

Figure 2: Schematic showing the perfusion/ mechanical stimulation bioreactor system used in this 
experiments. 
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Figure 3: Custom-made perfusion/mechanical stimulation bioreactor system. The compression 
changes and perfusion rate of the bioreactor system were controlled during the two week 
cultivation period (A and B). The compression of 10% strain was loaded on the polyurethane 
scaffolds (C). 
 

2.2.4.3 MTS assay   

After being harvested from the bioreactor, strips of 5 mm thickness matrix were cut 

through the intact constructs before the matrixes were chopped into 1mm3 cube lets 

with a blade. The cube lets were incubated with 0.5 mg/ml MTS as described above 

after being washed with PBS. After 2 h of incubation at 37°C, aliquots were pipetted 

into a 96-well plate and the reaction was stopped by 10% sodium dodecyl sulfate 

(SDS) solution immediately. Subsequently, optic density was determined at 490 nm. 

The cell numbers were compared among different groups. 

 

2.2.4.4 Live/Dead assay   

Specimens were cut into slices about 1mm thick with blades immediately after 

harvesting from the bioreactor. As described above, the live/dead staining solution 

was prepared. Samples were incubated with the stain for 20 min in an incubator after 

being rinsed in PBS. Subsequently, the samples were rinsed three times in PBS before 

using a fluorescence microscope. Viable and nonviable cells were counted in each of 5 

random fields of view for each well. 
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2.2.4.5 Biochemical analysis    

After the cell-scaffold constructs were collected, the synthesis of total protein was 

assessed. 24 hours and 7 and 14 days after seeding, cell-scaffold constructs (n=6) 

were washed in 0.15 M PBS two times, minced with a lancet and lysed in 1 mL of 

lysis buffer (20 mM Tris, 300 mM NaCl, 1% Triton X-100, 1% Sodium Deoxycholate, 

1 mM EDTA and 0.1% SDS) supplemented with 100 mM phenylmethylsulfonyl 

fluoride over night at 4 °C. Afterwards, scaffolds were removed and the resulting 

suspension was centrifuged for 10 min at 12,000 rpm and 4 °C at the end of which the 

pellet was discarded. The protein was obtained in the supernatant. For protein 

quantification, 100 µL of the protein extract was removed, diluted in 900 µL distilled 

water and added to 1 mL of Coomassie Plus Reagent. After mixing well, the reaction 

was allowed to incubate for 10 min at room temperature, at the end of which 

absorbance was measured at 595 nm with a spectrophotometer. The results were then 

plotted against a standard curve made with bovine serum albumin (BSA) ranging 

from 1 to 25 µg. Total protein concentration was then calculated for the 1 mL of 

protein extract solution.   

 

The rest of the protein extract solution was used to investigate the synthesis of 

collagen I and III by quantification of the procollagen type I N-terminal propeptide 

(PINP) and procollagen type III N-terminal propeptide (PIIINP). PINP/PIIINP levels 

were measured using a commercial radioimmunoassay that uses 125I-labeled 

PINP/PIIINP as tracer molecules and rabbit polyclonal antibodies against intact 

PINP/PIIINP. Second antibodies, directed against rabbit IgG and coated to kaolin 

particles, were used to separate the antibodies-bound PINP/PIIIP from free 

PINP/PIIIP. Activity counting was done with a gamma counter. The concentrations of 

PINP/PIIINP in all samples were obtained from a calibration curve, which is based on 

the concurrent testing of the UniQ PINP/PIIINP calibrators. The measurement ranges 

of the PINP and PIIINP were 5-250 µg/l and 1-50 µg/l respectively. The concentration 

of total protein was used to standardize the expressions of PINP/PIIINP, the unit of 

which was µg/mg protein.  
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2.2.4.6 Biomechanical analysis  

All specimens were soaked in standard medium containing 10% (v/v) dimethyl 

sulfoxide and stored at -70°C. Before biomechanical analysis, specimens were thawed, 

equilibrated in PBS, and tested within 1 hour. For equilibrium modulus determination, 

cylindrical disks of 6 mm in diameter and 1 mm thick were cut from the center of the 

cell-loaded matrixes using a blade and a 6-mm diameter dermal punch. Confined 

compression testing (n=6 samples/time point/culture condition) was performed for 

comparison of equilibrium modulus of constructs cultured under different conditions. 

Each disk was immediately mounted in a cylindrical confining chamber. The chamber 

was placed in a servo-controlled Dynastic mechanical spectrometer (Zwick Universal 

Testing Machine 1484 200 KN, Zwick GmbH &Co KG, Ulm, Germany) interfaced to 

a computer. The samples were equilibrated at 37 °C in 0.15M PBS, pH 7.4. Samples 

were compressed between a porous glass plunger and a porous glass base of the 

chamber. After mounting each disk in the confined compression chamber, the distance 

between the porous platen and the chamber was decreased until a signal of ~5 g (50 

mN) was detected by the load cell. This distance was taken to be the sample thickness. 

Individual disks were compressed by 10 sequential displacements of 50 µm. After 

each displacement, the load was recorded every 0.5 s for 100 s. All resultant loads 

were fit to a poroelastic model 87. The initial slope of the equilibrium stress-strain 

curve was used to determine the equilibrium modulus.  

 

2.2.4.7 SEM   

Morphology and distribution of the cells were observed by Scanning electron 

microscope analysis (SEM). For this purpose, after 4 hours, 1 day, 1 week and 2 

weeks, all samples were fixed with 2.5% glutaraldehyde (pH=7.3) for 24 h after being 

rinsed twice with PBS in order to remove non-adherent cells, and subsequently 

dehydrated in a graded ethanol series (20, 40, 60, 80 and 100%) for 10 min. Then 

samples were critical point dried, mounted on scanning electron microscope specimen 

stubs and coated with gold prior to SEM examination. In order to study the 

appearance of the scaffolds, the acellular scaffolds were examined with SEM as well 

with the same procedures.  
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2.2.4.8 Histology 

2.2.4.8.1 Cryosections and staining  

For the preparation of cryosections, the samples were embedded in OCTTM compound 

and sectioned at 20 µm to produce a cross section at -20 °C using standard 

histological procedures. Hematoxylin and eosin (H&E) staining, Alcian Blue staining 

and Masson Goldner staining were performed. The staining protocols were specified 

in the appendix part. After staining, the sections were examined via Olympus BX 41 

microscopy and images were collected with a Nikon Coolpix 4500 camera connected 

with the microscopy, with a total of six specimens per group. 

 

2.2.4.8.2 Immunohistochemistry  

The deposition of procollagen type I and type III was identified through 

immunohistochemistry staining. Goat ImmunoCruz™ Staining System (SC-2053) 

was employed in this procedure. The staining was performed according to the 

protocol described in appendix part. The labeled sections were examined via 

fluorescence microscopy (Olympus SZX16) and images were collected with SPOT 

Advanced imaging software and a camera (DP72), with a total of four specimens per 

group per antibody. The expression of the investigated molecules was subjectively 

scored as follows: slight (< 25% area of visual field positive) staining (-); focal (< 

50% area of visual field positive) staining (±); extensive (> 50% area of visual field 

positive) weak staining (+); extensive (> 50% area of visual field positive) strong 

staining (++). The positive area and the optical density were measured with Image-Pro 

Plus 5.0 as the illustration in figure 4. 

 

 

Figure 4: The illustration of the Region of Interest (ROI) used for optical density and area 
evaluation. A: original picture. B and C: pictures used for optical density and area evaluation. 
Red asterisk and white arrow: Region of Interest. 
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2.2.5 Statistical analysis 

All values are reported as mean values ± standard deviation and compared using a 

one-way analysis of variance (one-way ANOVA). If significant differences were 

observed, pairwise multiple comparison procedures were conducted with a post-hoc 

Tukey test. Statistical analysis was performed using the Statistical Package for Social 

Sciences (SPSS 15.0 for Windows; SPSS Inc.). A significance level of 95% with a p 

value of 0.05 was used in all statistical tests performed.  
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3. Results 

3.1 Scaffold characterization  

In this study, the foamy scaffolds (Figure 5) consisted of an interconnected network 

of pores with approximately 81% porosity. The Sudan Black B staining showed that 

the macro pore size varied from 80 µm to 400 µm, the average of which was 226±26 

µm. In addition, micro pores, the size of which ranged from 0.3 µm to 9.0 µm, were 

also observed (Figure 1). 

  
Figure 5: Gross appearance and SEM microphotographs of polyurethane scaffold, with 81% 
porosity. Scale bars represent 1 mm (A), 200 µm (B) and 50 µm (C) respectively. 
 

3.2 In vitro cytotoxicity tests (MTS tests and Live/Dead assays)   

There was no linear correlation between the optical density (OD) and the cell number. 

The cell proliferation curve was Y=22943-257438x+882886x2 (R2=0.99), which was 

obtained with CurveExpert 1.3. X meant the OD data, and Y meant the cell number. 

MTS results showed that there was no cell growth inhibition detected after being 

cultured in scaffold extract. And the number of hBMSC increased from 1×105/well to 

about 3×105/well after being cultured in scaffold extract (Figure 6). hBMSC were 

able to metabolize the MTS into a brown formazan product after a 24 h incubation 

period with the collected extracts, and there was no statistically difference in values 

obtained between extract groups and DMEM-F12 group (negative control). Contrarily, 

the toxic effect of the positive control (latex extract) was evident. Cells were almost 

dead completely in the positive control. This result was demonstrated in the Calcein 
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AM/EthD-1 staining as well (Figure 7 A, B). Few cells were stained by EthD-1 in the 

negative control and extract cultured groups. In addition, it was observed that the cell 

density and the morphology were very similar between the extract incubated cells and 

the cells grown in DMEM-F12. In summary, the polymer scaffold extract did not 

affect hBMSC proliferation and viability, so the scaffold can be considered 

noncytotoxic. 
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Figure 6: MTS evaluation for hBMSC cultured under six different conditions (negative control, 
DMEM/Ham’s F12 medium; positive control, latex extraction of 21 days; Scaffold extract of 
different intervals). No statistical difference in cell number was found between negative control 
and scaffold extract cultured groups. (* * * * = p<0.01 vs. all the other groups, Mean ± SD, n = 6) 
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Figure 7: (A)Representative Calcein AM/EthD-1 staining pictures obtained from negative control 
(NC), extracted culture groups (3d, 7d, 14d and 21d) and positive control (PC). Scale bar 
represents 200 µm (red: dead cells, green: viable cells). (B)Viable and nonviable cells were 
counted in each of 5 random fields of view for each group at a magnification of ×200. Cells were 
almost dead completely in positive control. Few cells were stained by EthD-1 in negative control 
and extracted cultured groups. (**** = p<0.01 vs. all the other groups, Mean ± SD, n = 6) 
 

3.3 Direct contact in bioreactor 

3.3.1 Cell adhesion and construct appearance 

After being cultured with cells for 4 and 24 hours, the scaffolds were examined by 

SEM. hBMSC were already found evenly distributed throughout the entire scaffold 

after cultivation in scaffolds for 4 hours. It was observed that the rounded cells 

became polygon after 24 hours and adhered on the wall of the pores in the scaffolds 

(Figure 8). All engineered constructs in all different groups retained wedge shape over 

the duration of culture (Figure 9). Visual inspection of the whole constructs and 

cross-sections showed a time-depend increase in tissue homogeneity. However, 

samples of the perfusion group and the mechanical stimulation II group at 2 weeks 

exhibited darker colour than the static and the mechanical stimulation I samples.  

 

3.3.2 Cell proliferation and cell viability   

The data obtained from the MTS assay demonstrated a significant increase in 
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proliferation after one and two weeks in all culture conditions except the  

mechanical stimulation I group (Week 1: static control: 8.98 ± 1.27×104 cells, 

perfusion 13.48 ± 0.76×104 cells, mechanical stimulation I: 6.56 ± 2.13× 104 cells, 

mechanical stimulation II: 12.58 ± 1.49×104 cells; 2 Week: static control: 11.55 ± 

0.51×104 cells, perfusion 18.99 ± 0.45×104 cells, mechanical stimulation I: 4.18 ± 

2.16 ×104 cells, mechanical stimulation II: 16.94 ± 0.82×104 cells). In addition, 

statistical differences were observed between the individual groups (Week 1: static vs. 

perfusion group and mechanical stimulation II, p < 0.05; mechanical stimulation I vs. 

perfusion group and mechanical stimulation II, p < 0.05; Week 2: static vs. perfusion 

group and mechanical stimulation II, p < 0.05; mechanical stimulation I vs. perfusion 

group and mechanical stimulation II, p < 0.01) (Figure 10). According to the result of 

the cell viability assay, it was obvious that there were much more unviable cells 

present in the mechanical stimulation I group. The live/dead assay showed the 

percentage of viable cells after 24 hours was about 82% in all culture groups and was 

altered to 58 ± 11% (static control), 83 ± 10% (perfusion), 52 ± 7% (mechanical 

stimulation I) and 76 ± 7% (mechanical stimulation II) after 2 weeks (Figure 11). 

 

 

Figure 8: Respective photographs of intact implant and cross-sectional view 4 hours after cell 
seeding. Scale bars represent 10 mm (intact implant) and 5 mm (cross-section). SEM 
micrographs of 4 hours and 24 hours of culturing, showing that hBMSCs were able to adhere and 
appear to remain viable within the scaffold structure. 
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Figure 9: Respective photographs of intact implants and cross-sectional views at 1 weeks and 2 
weeks for static and dynamic culture conditions. Scale bars represent 10 mm (intact implants) 
and 5 mm (cross-sections). 
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Figure 10: MTS proliferation assay of cell-constructs cultured under different conditions 
following 24 h, 7 and 14 days after cell seeding. Results are expressed as means ± standard 
deviation with n = 6 for each bar. Statistical differences were observed between the individual 
groups. (**** = p<0.05 vs. Static, # = p<0.05 vs. Mechanical stimulation I, & = p<0.01 vs. Mechanical 
stimulation I.)  
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Figure 11: (A) Cell viability of cell-culture in different groups was analyzed by Calcein 
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AM/EthD-1 staining after 24 hours, 1 week and 2 weeks. Scale bars represent 100 µm (red: 
nucleus of unviable cells, green: viable cells). (B)Graph of the cell viability of different groups. 
ANOVA, (**** = p<0.05 vs. Static, # = p<0.05 vs. Mechanical stimulation I, & = p<0.01 vs. 
Mechanical stimulation I. Mean ± SD, n = 6). 
 

3.3.3 Biochemical analysis  

Total protein analysis showed a time-dependent increase of the concentration in the 

cell-loaded scaffolds, which remained significantly elevated in the static group, the 

perfusion group and the mechanical stimulation II group after 2 weeks (P < 0.05, P < 0.01) 

(Figure 12A). The protein concentrations of the different groups (static group, perfusion 

group, mechanical stimulation I and mechanical stimulation II) were 2.6-, 3.3-, 2.0-, and 

3.3-fold, respectively, compared to the expression levels of the baseline (cell-loaded 

scaffolds cultured for 24 hours). After 7 days of culture, the PINP expression level of 

samples collected from the different culture groups (static group, perfusion group, 

mechanical stimulation I and mechanical stimulation II) were 1.3-, 2.1-, 0.73-, and 2.45-fold, 

respectively, compared to the expression levels of the baseline. In addition, the on-off 

(mechanical stimulation II) compression stimulation resulted in the highest PINP expression 

among all experimental groups (p < 0.01), which was not observed in the longer-period (8 

hours/time) mechanical stimulation group. Unexpectedly, the PINP expression was not 

increased any more, even decreased slightly in the static and the perfusion groups (Figure 

12B), while the PINP content increased persistently up to 3.0- fold in the mechanical 

stimulation II group after 2 weeks compared to 24 hours. Different phenomena were 

observed concerning the PIIINP assay results. After 1 week, the PIIINP level was elevated 

significantly in the perfusion and the mechanical stimulation II groups compared to the 

static group (p < 0.05). There was no statistical difference among the perfusion and the 

mechanical stimulation II groups. After 2 weeks, the PIIINP level enhanced continuously, 

which was 2.2- fold compared to the baseline. However, the PIIINP content in the scaffolds 

of the mechanical stimulation II group decreased slightly (Figure 12C).  
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Figure 12: Biochemical assay results showing (A) total protein; (B) PINP/protein and (C) 
PIIINP/protein estimated in scaffolds seeded with hBMSCs and cultured under different 
conditions after 1 day, 7 days and 14 days. Data represents Mean ± standard deviation, n = 6. (§= 
p<0.05 vs. Static, △△△△= p<0.05 vs. Mechanical stimulation I, **** = p<0.01 vs. Static, # = p<0.01 vs. 
Perfusion, & = p<0.01 vs. Mechanical stimulation I, $= p<0.05 vs. Mechanical stimulation II.) 
 

3.3.4 SEM   

The interaction of the hBMSC with the scaffolds was further examined by SEM 

(Figure 13). The trend of cell morphology and distribution of cells on all scaffolds in 

the different groups were different. After one and two weeks of static and dynamic 

culture, cells were observed growing through the pores within the scaffolds, with the 

cells growing well and spreading uniformly and extensively (Figure 13 B, C). The 

lamellipodia and an interlaced fibrous network were observed, which demonstrated 

that the cells adhered on the scaffold well. Compared to static culture condition, cell 

density appeared to be higher in the perfusion and mechanical stimulation II groups 

after the same time interval. It was further observed that the cells formed long 

cytoplasmic branches and interacted with each other in the perfusion and mechanical 

stimulation II groups. After 1 week, cells and matrix had overlaid the wall of the 

pores in the perfusion and mechanical stimulation II groups (Figure 13 B), which 

appeared in static group after 2 weeks (Figure 13 C). And the pores were almost filled 

with cells and extracellular matrix in the perfusion and mechanical stimulation II 

groups after 2 weeks. However, SEM images showed that the cell density was much 
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lower in the mechnical I group compared with the other groups, and cells clustered 

together instead of expanding with cytoplasmic branches into the pores of the 

scaffolds. 

A 

 
B 
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C 

 
Figure 13: Scanning electron micrographs showing hBMSCs proliferation on polyurethane 
meniscus scaffolds under Static (a), Perfusion (b), Mechanical stimulation I (c) and Mechanical 
stimulation I (d) culture conditions after 24 hours (A), 1 week (B) and 2 weeks (C). Scale bar 
represents 20 µm.  
 

3.3.5 Histological and immunohistochemical analysis   

Sections were stained with H&E to reveal cell attachment and distribution within 

each scaffold pore suggesting growth and proliferation (Figure 14 A) and to 

determine the deposition of the extracellular matrix within the scaffolds. The 

histology assay confirmed the results observed by SEM. Compared to day 1, samples 

taken after 2 weeks were stained most deeply in all groups except the mechanical 

stimulation I group where sparse cells and little of extracellular matrix deposition 

were observed. In contrast, high density of cells was observed in the perfusion group 

and the mechanical stimulation II group, but being lower in the static group at the 

same time point. In addition, increased ECM production was observed in the 

mechanical II group. To investigate the production of cartilaginous matrix 

components, sections were stained with Masson Goldner Staining for total collagen. 

The Masson Goldner Staining appeared high positive under both perfusion and on-off 

mechanical stimulations, indicating the presence of collagen. Also, collagen was also 

detected in the static control group, even though it did not stain as positive as 
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dynamic culture groups. However, light density of collagen was observed in the 

mechanical II group (Figure 14 B).  

 

The accumulation of GAG was observed by histological staining of polyurethane 

sections with Alcian blue after different culture intervals (24 hours, 1 week and 2 

weeks) in all groups (Figure 14 C). After 1 week, staining of the perfusion group was 

similar to that of the static group, the intension of which was lower than the staining 

of the mechanical stimulation II group. And the intersion of the mechanical I group 

was least positive among all groups. After 2 weeks, faint positive staining of 

extracellular matrix in the static group was observed compared to the intense staining 

in the mechanical stimulation II group. In the perfusion group an apparent increase of 

GAG accumulation appeared after 2 weeks. In the mechanical stimulation II group, a 

very intensive blue staining, indicating strong GAG production was observed directly 

around the cells after 2 weeks. Contrarily, the sections of the mechanical stimulation I 

group were stained only slightly with Alcian blue.  

 

Immunohistochemical staining revealed the procollagen I and III within the scaffolds 

under different culture conditions, which was coincident with the radioimmunoassay 

results. Immunohistochemical characterization of the engineered constructs is 

summarized in table 3 and representative fields are presented in figure 15. After 1 

week, staining for type I procollagen was slight in the static group, whereas focal and 

extensive staining was observed in the perfusion and mechanical stimulation II groups. 

The deposition of type III procollagen was similar to the type I procollagen. After 2 

weeks, focal staining was observed for both type I and type III procollagens in the 

static group. However, a markedly different pattern was observed in the dynamic 

culture groups: the matrix in the mechanical stimulation II group was stained strongly 

for type I procollagen and weakly for type III procollagen, which was reversed in the 

perfusion group. The staining in the mechanical stimulation I group appeared to be the 

slightest among all experimental groups through the whole study intervals. 
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C 

Figure 14: Polyurethane scaffold histology sections showing hBMSCs growth and ECM 
deposition on polyurethane meniscus scaffolds under different culture conditions after 24 hours, 
1 week and 2 weeks. Hematoxylin–eosin staining (A); Masson goldner staining (B) and Sudan 
Black-Alcian Blue staining (C). Scale bars represent 300µm. 
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Figure 15: Immunohistochemistry of polyurethane-based engineered tissues. Representative immunohistochemical stain for procollagen type I (A, B, C, D) and procollagen type III 
(E, F, G, H) of the tissues cultured for 2 weeks statically (A, E), in perfusion group (B, F), in mechanical stimulation I group (C, G) and in mechanical stimulation II (D, H). Asterisk: 
scaffold; White arrow: nucleus; Triangle: Extracellular Matrix. Scale bar=50µm.  
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 Static  Perfusion  MS I  MS II  

 1 w 2 w  1 w 2 w  1 w 2 w  1 w 2 w  

Procollagen I  - ±  ± +  - -  + ++  

Procollagen III - ±  + ++  - -  ± +  

Table 5:  Immunophenotypic characterization of engineered menisci. Expression of procollagen 
types I and III was assessed in tissue constructs cultured statically, under perfusion condition 
and mechanical stimulation (MS) I/II conditions. Scores are based on the percentage of positive 
tissue as: slight (< 25% area of visual field positive) staining (-); focal (< 50% area of visual field 
positive) staining (±); extensive (> 50% area of visual field positive) weak staining (+); extensive 
(> 50% area of visual field positive) strong staining (++). 
 

3.3.6 Biomechanical analysis 

Differences in the equilibrium modulus between the different culture conditions in the 

course of time were revealed from confined compression testing (Figure 16). 

Increased compressive modulus was observed concerning the scaffolds after being 

cultured with hBMSC in all groups compared to acellular scaffolds. The value 

increased 1.02-1.81 fold during the course of 2 weeks culture compared to the 

acellular scaffolds. After 1 week of culture, the compressive equilibrium modulus of 

the samples was enhanced 1.47 ± 0.12 fold in the perfusion group and 1.52 ± 0.15 in 

the mechanical stimulation II group, respectively, compared to the static control 

(p<0.05). But no statistical difference was observed between the mechanical 

stimulation II and the perfusion groups (p>0.05). No change was demonstrated in the 

mechanical stimulation I group. After 2 weeks, the equilibrium modulus of the 

mechanical stimulation II group increased up to 1.8 ± 0.15 fold compared to the static 

control. A slight increase was demonstrated in the perfusion group. The difference 

between the perfusion and the mechanical stimulation II groups was significant 

(p<0.05). No more increase was found in the static culture group. However, the 

equilibrium modulus of the mechanical stimulation I group was raised up to 1.23 ± 

0.15 fold compared to the acellular scaffolds after 2 weeks. And there was no 

statistically signicicant difference between the mechanical stimulation I group and the 

static control at the time point of 2 weeks.  
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Figure 16: Biomechanical assay results showing compressive equilibrium modulus of the 
polyurethane scaffolds seeded with hBMSC and cultured under different conditions after 1 day, 7 
days and 14 days. Data represents Mean ± standard deviation, n = 6. (**** = p<0.05 vs. Static, △△△△ = 
p<0.05 vs. Mechanical stimulation I, # = p<0.05 vs. Perfusion, and & = p<0.01 vs. Mechanical 
stimulation I.) 
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4. Discussion  

4.1 The cellular compatibility of the porous polyurethane-based scaffolds used 
for engineered meniscus 

 

Menisci play an important role in the function of the knee joint. Meniscal tear 

pathology is one of the most common orthopaedic diagnoses in the United States, 

with knee arthroscopy being the most common orthopaedic procedure performed by 

orthopaedic surgeons. Approximately 800,000 meniscectomies and 100,000 meniscal 

repairs are performed each year in the USA 88. A damaged meniscus may cause 

progressive chronic joint degeneration and osteoarthritis (OA) 15, 16, 60, 89-91. Due to the 

fact that traditional therapy cannot bring ideal outcomes to the patients, current 

meniscus research efforts focus on tissue engineering, which is the new frontier in 

medicine today. As we know, the meniscus is a weight-bearing construct. Therefore, 

enlightened by bio mimic conception, a novel bioreactor that can produce cyclic 

compression was utilized in this study.  

 

The ideal meniscus scaffold material is supposed to be biocompatible and 

biodegradable in a long period. What is more, the scaffold should allow nutrients to 

diffuse thoroughly. Furthermore, the mechanical properties should be desirable 

enough to withstand the force produced between the femoral condyles and the tibia 

plateau. Moreover, after implantation of the scaffold, the new tissue should grow into 

the scaffold when the degradation of the scaffold is developing. The remodelling of 

the new tissue is influenced by the load 61. There were a very broad variety of 

meniscus scaffolds, ranging from synthetic to biological materials. Scaffolds made 

from fibrin 92, polyglyolic acid 93, alginate 94, and collagen 95, 96 are investigated 

widely. But all of these showed some disadvantages, such as lack of mechanical 

properties and biocompatibility 97-99. As a degradable material, polyurethane has been 

used in the clinic for several years. However, commonly used polyurethanes based on 

aromatic diisocyanates lack biocompatibility, because degradation products from the 

aromatic segment are toxic 100, 101. In our study, a different kind of polyurethane was 

utilized due to its special materials and biological properties 102. The meniscus 

scaffolds are made from polyurethane that is based on 1,4-butane diisocyanate (BDI) 
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instead of aromatic diisocyanates. As the degradation products of BDI are non-toxic, I 

believed our meniscus scaffold is biocompatible, which has no negative effect on cell 

viability and proliferation. As seen in the results of my study, this hypothesis was 

proved through MTS assay and Calcein A/EthD-1 staining. The Calcein A/EthD-1 

staining result revealed the extract obtained from scaffolds did not affect the cell 

viability, which was further confirmed by the MTS test. Even though slightly lower 

proliferation was observed in the 3-day extract group compared to the other time 

points, there was no statistical difference. According to the Sudan Black staining and 

SEM assay, the porous polymer scaffolds consisted of a considerable interconnected 

network of macro-pores that presented a size between 20 and 200 µm, the average of 

which was 226±26µm. This pore size was supposed to be ideal for cells growth inside 

103. In addition, micro-pores ranging from 0.3 to 9.0 µm were also observed. It was 

reported that a 3-D structure is essential for cell proliferation and the synthesis of 

cartilage-specific matrix proteins and chondrocyte function 104, 105. The macro pores in 

3-D-scaffolds are essential for enhancing cell migration 106, on the other side, the micro 

pores with diameters less than 10 µm were reported to be helpful for nutrient 

transportation and fibrovascular colonization 107. What is more, we think that these 

micro pores could improve subcellular interactions within the construct, which lead to 

significantly improved formation of new tissues. SEM images showed cells interacted 

with each other by the formation of numerous long cytoplasmic branches, which was 

also reported by F. Grinnell 108. We surmise that these long branches will promote the 

substance transport between the intracellular and extracellular environment and help 

the cells to migrate through the polyurethane scaffolds by monitoring the extracellular 

environment.  

 

4.2 A promising cell source for tissue engineering of the meniscus 

With respect to the meniscus tissue engineering, investigations about different kinds 

of seed-cells have been performed. Autologous meniscus cells seem to be the optimal 

cell source for tissue engineering of meniscus tissue. However, cells in the meniscus 

are diverse and only the cells from the inner parts are considered to be competent for 

meniscal tissue engineering 109. Therefore, they are not available to be harvested 

numerously, and the capacity is compromised by the injury. Marsano et al. studied 

human inner meniscus cells, fat pad cells, synovial membrane cells and articular 
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chondrocytes 57. Results showed that only articular chondrocytes generated tissue 

containing relevant amounts of glycosamoniglycan (GAG). BMSC were isolated for 

the first time by Friedenstein et al.52. They are considered as the progenitor cells for 

the musculoskeletal tissues51, 53. BMSC have the advantage of being autologous and 

are available for harvest from the iliac crest in considerable amounts. Compared to 

chondrocytes, there are less studies using BMSC as seed-cells for meniscal tissue 

engineering. In the study of Baker et al, it was observed that BMSC yielded greater 

amounts of ECM than meniscal fibrochondrocytes and enhanced the mechanical 

properties of the constructs 110. All above is the main reason for why we chose BMSC 

as the seeding cells in this study. There are menopause-associated hormonal changes 

and decreases in bone mineral density occur in female patients older than , both of 

which may influence bone repair 111. Such kinds of patients were not selected as the 

donors in our experiment. 

 

4.3 Influence of perfusion and mechanical stimulation on the proliferation and 
fibrocartilaginous differentiation of human bone marrow stromal cells  

In the field of tissue engineering, dynamic culture is thought to be a promising 

method to build constructs with improved biochemical and biomechanical properties. 

Different dynamic stimulation protocols have been applied in order to obtain better 

proliferation, better differentiation of cells or higher amounts of extra cellular matrix 

(ECM). Aufderheide and Athanasiou76 applied mechanical stimulation on meniscus 

explants in order to analyses the ECM expression. Mechanical stimulation of 2% 

oscillatory strain, 1 Hz, 4 hours/day, was applied for 4 days to the explants. In medial 

meniscus samples, dynamic compression up-regulated aggrecan expression at 4 and 

76 h by 51%, but not collagen II expression, compared to static controls. No 

difference in gene expression was observed for lateral meniscus explants. In the 

current study of our group, a cyclic compression of 10% strain, 0.5 Hz, 4 times/day, 2 

hours/time was applied to polyurethane meniscus scaffolds laden with bone marrow 

stem cells. Results demonstrated that the proliferation of cells was enhanced by the 

mechanical stimulation II. Upton et al. showed that the meniscus responds differently 

to static and dynamic compression, with selective inhibition of mRNA levels for the 

extra cellular matrix proteins, decorin, types I and II collagen, but not biglycan, 

cytoskeletal proteins or aggrecan whose mRNA levels remained unchanged112. The 
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gene expression results presented by the authors also suggest that the transcription of 

types I and II collagens as well as decorin, which is believed to play a structural role 

in stabilizing the collagen fibril, may be regulated by common mechanical stimuli. An 

analysis of mechanical stimuli at both the transcriptional and posttranscriptional 

levels is crucial for elucidating regulatory mechanisms in meniscal cells and their 

ability to maintain and repair the extra cellular matrix. Some studies showed dynamic 

compression significantly increased total proteins, NO, PGE-2 and proteoglycan 

synthesis compared to uncompressed explants 113, 114. On the other side, Imler et al. 

reported that static mechanical compression shows inferior results compared to 

dynamic stimulation71. Static mechanical stimulation inhibits matrix production in the 

presence of each anabolic factor (bFGF, PDGF-AB, ILGF-I, TGF-β1). Mechanical 

stimulation in a rotating wall culture could not enhance the matrix production 

compared to a static culture when fibrochondrocytes were seeded on PGA or agarose 

scaffolds115. Bimen et al. investigated the effect of mix medium with different 

Reynolds number on alginate scaffold seeded with meniscal fibrochondrocytes. They 

found mix media stimulation could increase mechanical and matrix accumulation in 

constructs. The collagen accumulation and compressive modulus appeared to peak in 

Reynolds 2.9 group 116.  

 

In this study, the axial displacement about 800 µm was imposed on the constructs. 

The compressive strain experienced under this loading condition was 10%, which 

mimics the reported 10% compressive strain for a native meniscus in vivo 82. Since 

the scaffold chamber of our bioreactor could not store enough medium while the 

bioreactor was running, we thought it would not make sense to design one more 

group that was only imposed with mechanical stimulation without perfusion medium. 

A perfusion rate of 10 ml/min was applied because of our previous experience in 3-D 

cell culture systems 83. In our study, cell viability was not affected by the scaffold or 

on-off strain stimulation. The data suggest that the polyurethane network supported 

the long-term survival of the stem cells. Additionally, perfusion was demonstrated to 

be the most effective stimulus for the cell proliferation. Both SEM and light 

microscopy pictures showed that cells in perfusion culture conditions and the 

mechanical stimulation II group became confluent early compared to static culture 

conditions. In addition, cells from adjacent pores bridged with each other and formed 

mesh like networks within the scaffolds, while the amount of cells in the mechanical 
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stimulation I group decreased over time. Probably, the main reason for this is the 

longer-time deadly compression imposed on the scaffolds. These results are in 

accordance with what was demonstrated in the MTS assay and the Live/Dead assay. 

The proliferation of cells was enhanced most significantly in the perfusion group 

during the whole culture period. 

 

According to the biochemical assay, the amount of total protein increased 

time-dependently in all groups. And the proteins helped to establish a time-dependent 

cell proliferation and extracellular matrix formation. PINP and PIIINP contents were 

increased significantly in the mechanical stimulation group II compared to the other 

groups. Further, an increase in PINP at day 7, along with PIIINP expression, means 

that differentiation might have occurred due to the intermittent mechanical stimulation. 

In comparison, continuous mechanical stimulation for 8 hours each day has no obvious 

contribution to the proliferation and differentiation of cells. On-off mechanical 

stimulation increased the ECM formation and synthesis of PINP and PIIINP compared 

to the constructs cultured under static culture condition. This was possibly due to the 

fact, that the compression imposed on the scaffolds decreased the intercellular spaces 

which in turn could have increased the subcellular communication compared to the 

static condition. These results did demonstrate the potential of dynamic compression 

to enhance the formation of new tissues. Based on the immunohistochemistry staining, 

intensive aggregation of PINP and PIIINP further suggested that the dynamic culture 

conditions, especially the mechanical stimulation II, can enhance the 

fibrocartilaginous differentiation of hBMSC, which was in concordance with the 

radioimmunoassay results. However, it was surprising that the PIIINP content was 

decreased slightly in the mechanical stimulation II group after 2 weeks, instead of 

showing a persistent increase which was observed in the perfusion group. Ballyns et 

al. reported that prolonged dynamic compression decreased GAG content in 3-D 

scaffolds, and enhanced the loss of ECM to the culture media 117. We conjecture that 

this phenomenon occurred in our experiment also. Possibly, the speed of PIIINP 

synthesis was lower than the speed of loss after 2 weeks in the mechanical stimulation 

II group. On the other hand, it was reported that medium irrigation produces a special 

mechanical environment which is different from direct compression stimulation; and 

cells cultured under perfusion condition expose to a fluid-induced shear stress 118, 119, 

which can be influenced by many variables, such as the scaffold geometry. Although 
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slight in intension, that kind of shear force may activate some signal transduction 

pathway, which is essential for the fibro-cartilaginous differentiation of hBMSC 114. 

Based on these, we concluded that the shear stress causes the persistent PIIINP 

synthesis in the perfusion group. Also, it is possible that the capability of shear stress 

can be attenuated by direct compression, which might be another reason for the 

decrease of PIIINP in the mechanical stimulation II group after 2 weeks. 

      

Based on the intense Alcian blue, Masson goldner, and immunohistochemisty 

staining, the production of collagen and glycosaminoglycans (GAG) were detected in 

the static and dynamic culture groups, possibly due to the presence of hFGF in the 

culture medium. However, both the Alcian blue and Masson goldner staining showed 

that short-period mechanical stimulation (2 hours/time) could enhance the synthesis 

of collagen and GAG after 2 weeks, which is in discrepancy with the PINP/PIIINP 

assay results to some extent. A possible reason is that some other types of collagens, 

which we did not check yet, were produced in the mechanical stimulation II group.   

 

The biomechanical properties of scaffolds could be increased notably due to the 

production of ECM120. In our study, the qualitative assessments of ECM revealed 

differences, which led us to seek a quantitative method that could identify alterations 

of mechanical properties in the presence of different cultural conditions. We 

hypothesized that the mechanical properties of the constructs would be affected by a 

stimulus. We tested this hypothesis by measuring the equilibrium modulus of the 

constructs following static or dynamic culture conditions. The results showed that the 

equilibrium modulus of the scaffolds seeded with hBMSC increased compared to 

acellular ones. The equilibrium modulus was enhanced with the time-depended 

accumulation of ECM, which was more obvious in the dynamic culture systems. 

After 2 weeks, we can find that on-off cyclic strain was the most effective stimulus, 

which was beneficial to an enhanced equilibrium modulus. The equilibrium modulus 

of the scaffolds in the mechanical stimulation II group was obviously higher than in 

the perfusion group after 2 weeks. Of course, the scaffolds will contribute good 

mechanical strength to the cell-seeded constructs, while the ECM produced by the cells 

enhanced the biomechanical properties of the constructs in other ways. Allowing for 

the higher accumulation of procollagen type I in the mechanical stimulation II group, 

we presume that procollagen type I contributes to the equilibrium modulus. However, 
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the equilibrium modulus in the mechanical stimulation I group increased 

unexpectedly after 2 weeks even though there was almost no ECM formation present 

in the scaffolds. A possible reason is that the long-term compression can squeeze the 

scaffolds, which leads to the change of biomechanical property.  

 

In order to explore the more effective mechanical stimulation model, we employed 

long-term cyclic compression (8 hours/time, 1 time/day) and on-off cyclic 

compression (2 hours/time, 4 time / day) in our study. It was concluded that long-term 

cyclic compression stimulation had a negative effect on the proliferation and viability 

of the stem cells. Little ECM was detected after 2 weeks of culture period. No 

significant alteration was observed compared to the static control in terms of the 

mechanical properties of the reconstituted tissue. These results suggested that 

long-term cyclic compression may not be an optimal stimulus factor for engineered 

menisci.   
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5. Summary 

 

The goal of tissue engineering is to produce artificial tissue graft by mimicking 

physiological conditions. Severe damage to the meniscus of the knee joint predisposes 

patients to osteoarthritis. A novel implant to repair the damaged meniscus is of a 

major interest in regenerative medicine. Meniscus is a dynamic tissue, of which the 

architecture should adapt to the mechanical requirements in vivo. Furthermore, 

perfusion and mechanical stimulations are essential factors employed in tissue 

engineering research. Therefore, we used a porous meniscal scaffold made from 

polyurethane -based 1, 4-butane diisocyanate, which provides a three-dimensional 

culture condition for human bone mesenchymal stromal cells (hBMSC) in this study. 

In addition, a bioreactor was utilized to produce perfusion and mechanical 

stimulations in order to mimic the physiological conditions in joint.  

 

In this thesis, bone marrow aspirates were harvested from seven healthy donors (4 

males, 3 females, median age: 29 ± 3.5 years) by iliac crest aspiration during routine 

orthopedic procedures. hBMSC was isolated and pooled for the experiment. The 

extract of the scaffold was collected and used for cell culture. Meanwhile, the cell 

proliferation and viability were investigated to determine the cytotoxicity of the 

scaffold. In the second part of the experiment, effects of perfusion and cycle 

compression stimulations on hBMSC growing in the three-dimensional were 

investigated. The perfusion rate was 10 ml/min, and the cycle compression was 10% 

strain, which mimics the 10% compressive strain for a native meniscus in vivo. The 

cell proliferation (MTS assay), viability (Live/Dead assay), fibrocartilaginous 

differentiation (expression of procollagen type I N-terminal propeptide and 

procollagen type III N-terminal propeptide) and biomechanical property (equilibrium 

modulus) were investigated after 1 day, 1 week and 2 weeks cultivation.   

 

We found that the proliferation and viability of hBMSC was not effected by the 

scaffold extract, which determined the meniscus scaffold was non-cytotoxicity. 

Perfusion was demonstrated to be the most effective stimulus for the cell proliferation 

among all experimental groups. The on-off dynamic compression (10% strain, 0.5 Hz,  
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4 times/day, 2 hours/time with 4 hours of rest thereafter) significantly increased 

extracellular matrix formation within the constructs, and yielded samples with a 

higher equilibrium modulus compared to the static culture condition, which was not 

observed in the long-term dynamic compression group (10% strain, 0.5 Hz, 1 

times/day, 8 hours/time).  

 

Conclusions  

1. Polyurethane scaffold used in this study are non-cytotoxicity, which suggested this 

scaffold could be used for tissue engineered meniscus. 

2. The bioreactor system manufactured in Institutional Central Research Laboratory of 

MHH is suitable for long-term cultivation of cell-matrix constructs under dynamical 

culture conditions.  

3. The combined application of perfusion and intermittent cyclical compression 

contributed more for the fibrocartilaginous differentiation of hBMSC than perfusion 

alone.  

4. We still have no idea about the biochemical and biomechanics values of the 

construct seeded with cells in longer culture period. What is more, it is still unknown 

that the functional outcomes, integration and degradation values about the constructs 

loaded in vitro after substituting for meniscus in vivo. All these will be concerned in 

our future studies. 
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6.2 Abbreviations 
 

PGs proteoglycans 

MFCs meniscal fibrochondrocytes 

ECM extracellular matrix 

ACL anterior cruciate ligament 

PVA-H poly-vinil-alcohol hydrogel 

MSCs mesenchymal stem cells 

BMSC bone marrow stromal cells 

ATSCs adipose derived stem cells 

AC articular chondrocytes 

GAG glycosamoniglycan 

PLGA poly(lactic-co-glycolic acid) 

PU polyurethane 

PCL polycaprolactone 

BDI butanediisocyanate 

BDO butanediol 

hFGF human fibroblast growth factor 

FCS fetal calf serum 

NSAID non-steroidal anti-inflammatory drug 

PBS phosphate buffered saline 

DMSO dimethyl sulfoxide 

SDS sodium dodecyl sulfate 

OD optic density 

AM acetoxymethylester 

EthD-1 ethidium homodimer-1 

EDTA ethylene diamine tetraacetic acid 

BSA bovine serum albumin 

PINP procollagen type I N-terminal propeptide 

PIIINP procollagen type III N-terminal propeptide 

SEM scanning electron microscope 

FITC fluorescein isothiocyanate 
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DAPI 4,6-diamidino-2-phenylindole 

MS mechanical stimulation 

OA osteoarthritis 

PGE-2 prostaglandin E2 

PDGF platelet-derived growth factor 

ILGF-I insulin-like growth factor-I 

TGF-β1 transforming growth factor-β1 

  
 
 
 

6.3 List of figures 

Figure 1: The measurement of the pores in the scaffolds ...........................................13 

Figure 2: Schematic showing the bioreactor system...................................................17 

Figure 3: Custom-made bioreactor system .................................................................19 

Figure 4: The illustration of the Region of Interest (ROI)..........................................21 

Figure 5: Gross appearance and SEM microphotographs of the scaffold...................22 

Figure 6: Proliferation of hBMSC in scaffold extract ................................................23 

Figure 7: Cytotoxicity analysis of the scaffold extract ...............................................24 

Figure 8: Macrograph and micrograph of the scaffold before cell seeding................26 

Figure 9: Macrograph of the scaffold after cell seeding .............................................26 

Figure 10: Proliferation assay of the cell in scaffold ..................................................27 

Figure 11: Viability assay of the cell in scaffold.........................................................29 

Figure 12: Biochemical assay of the cell-load scaffold ..............................................29 

Figure 13: Scanning electron micrographs of the cell-load scaffold ..........................31 

Figure 14: Histological assay of the cell-load scaffold...............................................34 

Figure 15: Immunohistochemistry assay of the cell-load scaffold .............................39 

Figure 16: Biomechanical assay of the cell-load scaffold ..........................................41 

 

 

 



Appendix 

64 

 

7. Appendix 

7.1 List of equipments and materials 

Lab Equipment 
Autoclave  Model 460 GVA Gössner Fritz GmbH & Co. KG, Hamburg 

Incubator  HERAcell 240 Heraeus / Kendro, Hanau, Germany 

Ice Maker   Ziegra GmbH, Isernhagen, Germany 

Freezing microtome  HM 500 OM MicromInternational GmbH, Walldorf 

Microscope BX 41 Olympus, Hamburg, Germany 

Microscope CKX61 Olympus, Hamburg, Germany 

Microtome  Type S/35  Feather Feather BLDG, Osaka, Japan 

pH electrode  SeriTix 21 WTW GmbH & Co.KG, Weilheim, Germany 

pH Meter  pH 539 WTW GmbH & Co.KG, Weilheim, Germany 

Pipette washing set EPS / D  H. Holzel Laboratory GmbH,  

Wörth / Hörlkofen, Germany 

Electrical pipette pump Pipetus® Battery  Hirschmann Gmbh & Co. Laboratory KG,  

Eberstadt, Germany 

Precision Balance  MC 210 S Sartorius AG, Göttingen, Germany 

Centrifuge  5415C  Eppendorf AG, Hamburg, Germany 

Centrifuge Labofuge® 400R  Heraeus / Kendro, Hanau, Germany 

Super clean bench HERAsafe®   Heraeus / Kendron, Hanau, Germany 

Digital Camera Coolpix 4500 Nikon, Tokyo, Japan 

Microplate reader  Infinite® 200 PRO  

NanoQuant 

Tecan, Männedorf, Switzerland 

Scanning electron  

microscope 

SEM 505 Philips, Eindhoven, The Netherlands 

SEM coating system  Polaron Instruments Inc., Hatfield, Pa. 

Multi-Crystal Counter  LB 2104 Berthold, Bad Wildbad, FRG 

Zwick Universal Testing 

Machine 

1484, 200 KN Zwick GmbH &Co KG, Ulm, Germany 

Microscope camera  DP72 Olympus, Hamburg, Germany 
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Bioreactors 

Filter Midisart 2000,  

0.7µm  

 Sartorius Stedim Biotech, Aubagne  

Cedex, France 

Glass frits  Research Workshop, MHH 

Lab View 7.1,   National Instruments, Austin, Texas, 

USA 

Medium bottles   Central Research Laboratory, MHH 

Pump cassette tapes  CA-cassette Ismatec, Glattbrugg, Germany 

Pump hose Pharmed Ismatec, Glattbrugg, Germany 

Peristaltic pump IPC 16 Ismatec, Glattbrugg, Germany 

Silicone rubber hose  Gummi-Wöhleke GmbH, Hildesheim,  

Germany 

Universal cable ties  Cimco, Remscheid, Germany 

Connector  Ismatec, Glattbrugg, Germany 

 

Consumables 

Coverslips, 24 × 40 mm, 24 × 50 mm Menzel-Gläser, Braunschweig, Germany 

Single-channel pipettes  

- Research 2.0-20µl  Eppendorf AG, Hamburg, Germany 

- Research 10-100µl  Eppendorf AG, Hamburg, Germany 

- Research 100-1000µl  Eppendorf AG, Hamburg, Germany 

Disposable needles  B. Braun AG, Melsungen, Germany 

Syringes 10 ml, 20 ml, B. Braun AG, Melsungen, Germany 

Centrifuge tube, 15ml, 50ml, sterile Greiner bio-one GmbH, Frickenhausen, Germany 

Filter  paper, Schleicher & Schuell, Dassel, Germany 

Gloves  

- Regent Biogel, sterile SSL International, Cheshire WA 16 ONL, UK 

- Safeskin satin, plus Kimberly-Clark Health Care, Roswell Georgia, USA 

Operative drapes, 37.5 x 45cm Mölnlycke Health Care 

Cryovials Nunc GmbH & Co KG, Wiesbaden, Germany 

Microwell plate, 96-well  Nunc GmbH & Co KG, Wiesbaden, Germany 

Pipette, 5ml, 10ml  Brand GmbH & Co KG; home Werth, Germany 

Multiwell plates, 6-, 12-well, sterile  Greiner-bio-one GmbH, Frickenhausen, Germany 
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Slides, Superfrost / Plus  Carl Roth GmbH, Karlsruhe, Germany 

Parafilm  Dixie / Marathon Greenwich, USA 

Petri dishes Nunc GmbH & Co KG, Wiesbaden, Germany 

Pipette tips Eppendorf type Sarstedt AG; Nümbrecht, Germany 

- Blue, 100-1000µl Eppendorf type Sarstedt AG; Nümbrecht, Germany 

- Yellow, 1-100µl Eppendorf type Sarstedt AG; Nümbrecht, Germany 

- White, 0.1-10µl Eppendorf type Sarstedt AG; Nümbrecht, Germany 

Centrifuge tubes 1.5 ml, 2 ml Eppendorf AG, Hamburg, Germany 

Cell culture flasks  

- EasyFlask 175 cm2 Nunc GmbH & Co KG, Wiesbaden, Germany 

- EasyFlask 75 cm2 Nunc GmbH & Co KG, Wiesbaden, Germany 

- EasyFlask 25 cm2 Nunc GmbH & Co KG, Wiesbaden, Germany 

 

Chemicals and reagents 

Acetone  J.T. Baker, Deventer, Netherlands 

Amphotericin B 250µg/ml  Biochrom AG, Berlin, Germany 

Ascorbic acid 2-phosphate Sigma-Aldrich, St. Louise, MO, USA 

Bicoll Separating Solution  Biochrom AG, Berlin, Germany 

DMEM/HAM's F12 1:1  Biochrom AG, Berlin, Germany 

DMSO (dimethyl sulfoxide) Sigma-Aldrich, St. Louise, MO, USA 

Dulbecco's modified Eagle medium,  Biochrom AG, Berlin, Germany 

Eosin  Sigma-Aldrich, St. Louise, MO, USA 

99% denatured ethanol  J.T. Baker, Deventer, Holland 

Fetal Bovine Serum (FCS)  Life Technologies (Gibco BRL),  

Gaithersburg, Maryland, USA 

Acetic acid   J.T. Baker, Deventer, Holland 

Glutaraldehyde, 25%  Agar Scientific Ltd,. Stansted, England 

Harris hematoxylin solution Merck AG, Darmstadt, Germany 

Na-cacodylate  Merck AG, Darmstadt, Germany 

Phosphate Buffered Saline (PBS) Sigma-Aldrich, St. Louise, MO, USA 

Penicillin/streptomycin, 

(10.000IE/10.000µg/ml) 

Biochrom AG, Berlin, Germany 

 

SDS / Natriumlaurylsufat  Sigma-Aldrich, St. Louise, MO, USA 
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Tissue-Tek ® O.C.T. TM Compound  Sakura; Zoeterwoude, Netherlands 

Triton X-100  Sigma-Aldrich, St. Louise, MO, USA 

Trypan Blue  Biochrom AG, Berlin, Germany 

Trypsin / EDTA (0.25% / 0.02%)  Biochrom AG, Berlin, Germany 

Xylene  J.T. Baker, Deventer, Netherlands 

Formaldehyde Otto Fischar GmbH & Co. KG, Saarbrücken,  

Germany 

Bradford AssayTM Reagent Thermo Scientific, Waltham, USA 

 

Growth factors 

    

Antibodies 

Pro-COL1A1 (N-17) PromoCell, Heidelberg, Germany 

Pro-COL3A1 (N-18) Santa Cruz Biotechnology, Inc., Heidelberg, Germany 

Donkey anti-goat IgG-FITC Santa Cruz Biotechnology, Inc., Heidelberg, Germany 

 

Assays 

BCA™ Protein Assay Kit  Pierce, Rockford, IL, USA 

CellTiter 96 Aqueous One Promega Corporation, Madison, WI, USA 

LIVE/DEAD® Viability/Cytotoxicity 

Kit  

Invitrogen 

UniQ® PINP RIA Orion diagnostic, Espoo, Finland 

UniQ® PIIINP RIA Orion diagnostic, Espoo, Finland 

Goat ImmunoCruz™ Staining System Santa Cruz Biotechnology, Inc., Heidelberg, Germany 

 

Software 

Image-Pro Plus 5.0  Media Cybernetics, USA 

CurveExpert 1.3  Hyams DG, Starkville, MS, USA 

SigmaPlot 10.0 Systat Software GmbH, Erkrath, Germany 

SPSS 15.0 SPSS Inc, Chicago, IL 

SPOT Advanced imaging software SPOTTM Imaging Solution, Sterling Heights, MI, USA 

rHu bFGF PromoCell, Heidelberg, Germany 
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7.2 Composition of the staining solutions  

Eosin Y solution: 

Eosin Y Stock Solution (1%): 

Eosin Y --------------------------------------- 10 g 

Distilled water ------------------------------- 200 ml 

95% Ethanol ---------------------------------- 800 ml 

Mix to dissolve and store at room temperature. 

Eosin Y Working Solution (0.25%): 

Eosin Y stock solution ------------------ 250 ml 

80% Ethanol ------------------------------ 750 ml 

Glacial acetic acid (concentrated) ----- 5 ml 

  

 

Alcian Blue Solution:  

Alcian blue, 8GX -------------------- 1 g 

Acetic acid, 3% solution ----------- 100 ml 

  

 

0.1% Nuclear Fast Red Solution:  

Nuclear fast red ------------------- 0.1 g 

Aluminum sulfate------------------ 5 g 

Distilled water ---------------------100 ml 

  

 

 

Weigert's Iron Hematoxylin Solution:  

Stock Solution A: 

Hematoxylin ----------------------------- 1 g 

95% Alcohol ----------------------------- 100 ml 

Stock Solution B: 

29% Ferric chloride in water --------- 4 ml 

Distilled water ------------------------ 95 ml 

Hydrochloric acid ---- 1ml 
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Weigert's Iron Hematoxylin Working Solution: 

Mix equal parts of stock solution A and B.  

 

Azophloxine Solution: 

Azophloxine ------------------------ 0.5g  

Acetic acid ------------------------ 0.6ml  

Distilled water ------------------------ 99.4ml 

  

 

Tungstophosphoric acid orange G solution:  

Tungstophosphoric acid ------------------------ 6g  

Orange G ------------------------ 4g  

Distilled water ------------------------ 1000ml 

  

 

Light green solution: 

Light green ------------------------ 2g  

Acetic acid ------------------------ 2ml  

Distilled water ------------------------ 1000ml 

  

 

7.3 Stainings protocols 

H&E Staining Protocol    

1. Fix the sections in Aceton (-20 °C) for 8 min.  

2. Wash briefly in distilled water.  

3. Stain in Mayer hematoxylin solution for 10 min.  

4. Wash in warm running tap water for 10 min.  

5. Counter stain in eosin Y solution for 2 min.  

6. Dehydrate through 95% alcohol, 2 changes of absolute ethanol 5 min each.  

7. Clear in 2 changes of xylene, 5 min each.  

8. Mount with corbit-balsam. 

 

Alcian Blue Staining Protocol 
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1. Fix the sections in Aceton (-20 °C) for 8 min. 

2. Hydrate with distilled water.  

3. Rinse the slides in 50 % ethanol. 

4. Stain in Alcian blue solution for 30 min.  

5. Wash in running tap water for 2 min.  

6. Rinse in distilled water.  

7. Counterstain in nuclear fast red solution for 5 min.  

8. Wash in running tap water for 1 min.  

9. Mount with corbit-balsam.  

 

Masson Goldner Staining Protocol 

1. Fix the sections in Aceton (-20 °C) for 8 min. 

2. Stain in Weigert's Hematoxylin for 5 min. 

3. Wash in running tap water for 5 min. 

4. Rinse in 1 % acetic acid for 30 sec. 

5. Stain in Azophloxin solution for 10 min. 

6. Rinse in 1 % acetic acid for 30 sec. 

7. Stain in Tungstophosphoric acid orange G solution for 1 min. 

8. Rinse in 1 % acetic acid for 30 sec. 

9. Stain in Light green for 2 min. 

10. Rinse in 1 % acetic acid for 30 sec. 

11. Dehydrate with 95% ethanol, 2 changes of absolute alcohol, 5 min each.  

12. Clear in 2 changes of xylene, 5 min each. 

13. Mount with xylene based mounting medium. 

 

Immunofluorescence Staining Protocol 

1. Heat the sections at 60 °C for 30 min. 

2. Wash in distilled water for 2 min. 

3. Incubate specimens for 5 min in 1-3 drops peroxidase block and rinse with PBS for 

2 min. 

4. Incubate specimens for 20 min in 1-3 drops of serum block (5% normal donkey 

serum). 

5. Incubate specimens for 2 h in primary antibody (diluted with 5% normal donkey 

serum to 1:100) and rinse with PBS for 2 min. 
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6. Incubate specimens for 1 h in FITC-labeled second antibody (diluted with 5% 

normal donkey serum to 1:100) in 37°C and rinse with PBS twice for 2 min each. 

7. Counter stain with DAPI (diluted with PBS to a final concentration of 1:10000) for 

15 min. 

8. Rinse with PBS and wash with distilled water. 

9. Add 1-2 drops of water mounting medium and cover with glass cover slip. 
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7.5 Ethik-Antrag 
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