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Chapter 1 
 

General introduction 

 

 

 

Articular cartilage is a connective tissue which has avascular, aneural and alymphatic characteristics [1].  

It is composed of a large amount of extracellular matrix (ECM) and sparsely distributed chondrocytes [2-4]. 

The main components of ECM are collagen type II and proteoglycans, which provide compressive strength 

and tensile strength (Figure 1.1) [5-7]. Chondrocytes maintain low metabolic activities in mature cartilage 

tissue, which leads to the slow turnover of matrix and low self-repair capacity [8-11]. Cartilage injuries occur 

due to trauma and degenerative pathologies, which result in joint pain, bone-to-bone contact and loss of joint 

function [12, 13]. Currently, surgical treatments, such as microfracture, mosaicplasty and tissue engineering 

strategies, have been broadly used to repair articular cartilage defects [14-16].  

Figure 1.1 Structure and composition of articular cartilage.  

1.1 Current treatments of articular cartilage defects 

1.1.1 Microfracture 

Microfracture surgery is a technique used to treat small cartilage lesions by stimulation of bone marrow 

(Figure 1.2) [15, 17, 18]. The awl is used to create channels from the debrided cartilage defect to subchondral 

bone. During this process, bone marrow is released from the cavity of the bone to cartilage defect area and 

forms blood clots [19]. It stimulates the migration of mesenchymal stem cells (MSCs), which results in the 

formation of fibrocartilage regenerative tissue [2, 20, 21]. Compared with hyaline cartilage, the fibrocartilage 

has inferior biomechanical, biochemical and durability[5, 22]. Many studies have reported initial functional 

improvement within 2 years after surgery [19, 23, 24]. However, typical deterioration of initial clinical 
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improvement has been observed during long-term follow-up after microfracture treatment [25, 26].  

Figure 1.2 Microfracture technique for articular cartilage regeneration. 

1.1.2 Mosaicplasty  

Mosaicplasty is usually applied for young patients with small or medium osteochondral defects [16, 27]. 

Osteochondral plugs are harvested from relatively low-weight-bearing regions of cartilage and transplanted to 

the chondral or osteochondral defect areas [28-31]. In order to maintain chondrocyte viability and remodel a 

smooth cartilage surface, the small size of osteochondral plugs is needed for success of the procedure [27, 32, 

33]. Mosaicplasty technique transfers osteochondral units to chondral defects, which can bear compressive 

loads in the early postoperative period [34, 35]. The availability of osteochondral grafts and morbidity of donor 

sites remain as the limitations of mosaicplasty [36]. 

 

Figure 1.3 Illustration of mosaicplasty technique. Osteochondral autograft is transferred from the low-weight 

bearing regions of the knee to the cartilage defect. 
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1.1.3 Autologous chondrocyte implantation  

Due to the limitations of traditional treatments, such as microfracture and mosaicplasty, cell-based 

cartilage tissue engineering has been developed to treat cartilage lesions [14, 37-39]. Autologous chondrocyte 

implantation (ACI) has been approved by US Food and Drug Administration (FDA), which is regarded as a 

treatment for large defects [40-42]. A small cartilage biopsy is harvested using biopsy punch from a low-

weight-bearing region of the knee and enzymatically digested to obtain chondrocytes during the first surgery 

[1, 2, 18, 21]. Chondrocytes are expanded in vitro to increase cell number, implanted into the debrided cartilage 

lesion and covered with a membrane during the second arthroscopic operation [43]. ACI has two major 

advantages: it avoids causing a potential immune response or viral infections from allogeneic chondrocytes by 

using patients’ cells; unlike mosaicplasty, the small amount of cartilage tissue biopsy for ACI minimizes the 

morbidity of the donor site [15, 17, 44, 45]. However, the implantation of autologous chondrocytes in 

suspension and the following operation by covering cartilage defect with a membrane may lead to uneven 

chondrocyte distribution and potential cell leakage [46, 47]. 

Figure 1.4 Autologous chondrocyte implantation involves chondrocytes isolation, in vitro expansion and cell 

implantation.  

1.1.4 Scaffold-based tissue engineering 

To address the problems of autologous chondrocyte implantation, 3D scaffolds are used to deliver 

chondrocytes into the cartilage defects (Figure 1.5) [48-50]. Cells are seeded into the scaffolds before 

implantation, which has improved surgical handling [51-53]. 3D scaffolds can support chondrocyte 

proliferation, guide the synthesis of cartilaginous extracellular matrix synthesis and the formation of 

engineering tissue [49, 54-57]. There are some advantages of scaffold-based tissue engineering. Firstly, it is 

possible to design the shape of scaffold to fill the defects with irregular shape using the scaffold-based approach 

compared with mosaicplasty and autologous chondrocyte implantation [58, 59]. Secondly, due to the 

introduction of supportive scaffold, the postoperative recovery time can be shortened and better outcome can 
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be achieved [21, 60]. Thirdly, chondrocytes are more prone to maintain phenotype and capacity to produce 

cartilaginous ECM when they are cultured in a 3D scaffold [47, 61-64].  

Figure 1.5 Scaffold-based cartilage tissue engineering combines cells and 3D supportive scaffold before 

implantation. 

 

1.2 3D scaffolds for tissue engineering 

1.2.1 Basic requirements of scaffolds 

Scaffold plays a pivotal role in tissue engineering since it can regulate cell functions and guide the 

formation of regenerated tissue [50, 60, 65-67]. In tissue engineering, 3D scaffold acts as a temporary 

replacement of extracellular matrix, which creates a permissive environment to support cell attachment, 

proliferation, differentiation and ECM deposition [66, 68-70]. An ideal scaffold should meet the following 

basic requirements:  

I. Biocompatibility 

The first criterion of scaffold is biocompatibility. A scaffold should support cellular activities, such as 

adhesion, migration and proliferation [71-73]. After implantation, scaffold and its degradation products should 

not cause local or systemic negative side effects in the body [74-78]. 

II. Degradability 

The purpose of tissue engineering is to promote cell proliferation and ECM secretion to regenerate tissues 

with the support of scaffolds [79, 80]. During the regeneration process, the scaffold is gradually degraded, 

absorbed by the body, and eventually replaced by neotissue [81-89]. Therefore, scaffolds must be degradable 

and the degradation rate should meet the regeneration rate of neotissue to achieve good structural integrity of 
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tissue [90-92]. 

III. Mechanical properties 

Ideally, scaffold should have suitable mechanical property to allow surgical handling and maintain the 

shape during in vitro culture and implantation [70, 81, 93-95]. The appropriate mechanical properties of 

scaffolds vary among different tissues [81, 96-102]. The efforts to obtain good mechanical properties by 

decreasing the porosity have failed due to the inadequate tissue ingrowth [103, 104].  The balance between 

mechanical property and porosity is the key for the design and preparation of scaffold [105]. 

IV. Scaffold architecture 

The porous structure is important to the success of tissue engineering [106-109]. Scaffolds with 

interconnected porous structure and appropriate porosity allow cellular penetration and sufficient supply of 

nutrients [110-113]. Interconnected pores in the scaffold can promote homogenous cell distribution and the 

formation of homogenous tissue [112, 114-118]. In addition, the interconnected structure is also beneficial for 

the diffusion of degradation products and wastes avoiding the interference of surrounding tissues [101, 119-

122].  

The pore size is another important parameter of scaffold. The pores in the scaffold should be large enough 

for cell penetration and migration while providing high specific surface for cell adhesion and proliferation 

[123-128]. The optimum pore size varies depending on different cell types and tissues, which can affect cell 

functions [129].  

1.2.2 Techniques for porous scaffold fabrication 

Numerous methods have been developed to fabricate porous scaffold for the application of tissue 

engineering. Ideally, the scaffold should have appropriate porosity, pore size, high specific surface area and 

interconnectivity, which provide suitable environment to sustain cell functions [130]. The most frequently used 

methods for the porous scaffold fabrication are shown as follows.  

1.2.2.1 Particulate leaching technique 

In this technique, the polymer melt or solution is mixed with porogen particulates. The 

polymer/particulates mixture is solidified and then the particulates are leached to form porous structures 

(Figure 1.6) [97, 131-135].    

Figure 1.6 Particulate leaching technique. 
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Scaffold is obtained by selectively leaching the particulates. The sacrificial agents, such as salt particles, 

gelatine beads, paraffine beads and polystyrene microspheres can be used as porogens.  The pore size, shape 

and porosity can be controlled by the size of particulates and the ratio of polymer and particulates[110, 136, 

137]. This method is easy to carry out and cost-effective. However, particulate leaching may result in the 

formation of closed pores in the scaffolds[138]. 

1.2.2.2 Electrospinning 

Electrospinning is a process to fabricate nonwoven fabric products (Figure 1.7) [94, 139, 140].  The 

polymer solution is injected into a capillary tube and forms a polymer solution droplet. During the 

electrospinning process, a strong electric field is applied and an electric charge is induced on the surface of 

polymer solution. Once the repulsive electrical forces overcome the surface tension forces, the polymer 

solution jet is ejected from the tip to the collector. The jet passes through the air condition, resulting in the 

evaporation of solvent. Eventually, nonwoven polymer fabric scaffold is formed on the collector [91, 141-

145]. The size and morphology of fibers can be affected by the molecular weight, concentration and 

conductivity of polymer, voltage, collector-to-needle tip distance and humidity [146]. However, the small 

pores formation in the electrospinning scaffolds hinders the cellular infiltration into the scaffolds [6].  

Figure 1.7 Electrospinning device 

1.2.2.3 Foaming 

Foaming technique combines polymers and gas to fabricate porous scaffolds. Traditional foaming 

technique uses foaming agent to form gas bubbles in the polymer matrix [147-150]. However, the residue of 

pore-forming agents may be toxic to cells. Supercritical fluid foaming has been developed to generate pores 

using a fluid state of carbon dioxide (CO2) (Figure 1.8) [121, 151]. This method can fabricate porous scaffold 

without using pore-forming agents and organic solvents [121, 148, 152, 153].  The disadvantages of foaming 

include the closed pore structures and dense polymeric skin layers. 
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Figure 1.8 Supercritical fluid foaming method. 

1.2.2.4 Freeze-drying  

The polymers are dissolved in an appropriate solvent, such as water and organic solvents, and cooled 

under the freezing point. The ice crystals of the solvent are formed and served as porogens, which control the 

pore size of porous scaffolds by controlling temperature and polymer concentration [154].  The frozen solvent 

crystals are evaporated by sublimation under a negative pressure condition to prepare a scaffold with porous 

structures [155]. Freeze-drying is a quick and efficient technique to prepare 3D porous scaffolds, which can 

keep the activity of the integrated bioactive factors. The disadvantage of this technique is the generation of 

small and irregular pores. 

1.3 Motivation, objective and outline 

1.3.1 Motivation 

Pore interconnectivity is required for scaffolds in the application of tissue engineering. Lack of pore 

interconnectivity will lead to nonhomogeneous cell distribution in the scaffold and eventually result in the 

defects in the engineered tissues. Many methods have been developed to fabricate 3D porous scaffolds, such 

as solvent casting/particle leaching, electrospinning, foaming, phase separation and freeze-drying. These 

methods are difficult to generate interconnected pores. In recent years, some methods have been developed to 

improve pore interconnectivity. Sphere templating technique is employed to prepare porous scaffold by using 

specific temperature to sinter spheres as templates. After removing the templates, the interconnections are 

formed between two adjacent pores. Microfluidic approach is employed to produce scaffolds with 

interconnected porous structures. These methods may lead to local deficiency of the pore structures resulting 

in void regions in the engineered tissue. 

Although attempts have been made to improve the interconnectivity of porous scaffold for tissue 

engineering, it is still difficult to prepare a scaffold with integral and continuous interconnected porous 

structures. A method to prepare scaffold with well interconnected porous structure is desirable.  

1.3.2 Objective and outline 

In order to prepare scaffold with well-interconnected porous structure for cartilage tissue engineering, a 

porous template prepared by solution casting and particle leaching method was used to produce porous 

scaffolds with interconnected pore structures.  

In chapter 2, poly(D,L-lactide-co-glycolide) (PLGA) sponges were used as sacrificial templates to control 

the interconnectivity of collagen scaffolds. The interconnected porous structures of collagen scaffolds using 



 

 

 8 

 

 

 

porous PLGA sponges with different porosities and pore sizes were prepared and investigated.  

In chapter 3, bovine articular chondrocytes were cultured in the collagen scaffolds prepared in chapter 2 

to investigate the influence of their pore structures on cell distribution, cell proliferation, matrix secretion and 

cartilage tissue regeneration.  

In chapter 4, the collagen scaffolds were used for 3D culture of human bone marrow-derived MSCs 

(hMSCs) to investigate their effects on chondrogenic differentiation of hMSCs. In addition, the 

hMSCs/scaffold constructs were subcutaneously implanted into nude mice to evaluate the in vivo formation of 

cartilaginous tissue.  

In chapter 5, all the results are summarized. 
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Chapter 2 
 

Preparation of porous collagen scaffolds using sacrificial PLGA sponge 
templates 

 

 

 

2.1 Abstract 

Interconnected pore structures of scaffolds are essential to control cell functions for cartilage tissue 

engineering. However, it has been difficult to precisely control the interconnectivity of scaffolds. In this part, 

collagen scaffolds with interconnected pore structures were prepared using poly(D,L-lactide-co-glycolide) 

(PLGA) sponges as sacrificial templates. The PLGA sponge templates were fabricated by a solvent 

casting/particulate leaching method. PLGA/NaCl weight ratio at 10:90 and 5:95 and the size of salt particulates 

in the ranges of 150-250, 250-355 and 355-500 μm were used to control the porosity and pore size of the PLGA 

sponges. And then the PLGA sponges were hybridized with collagen to form the PLGA-collagen composite 

constructs. After selective removal of the PLGA sponge templates from the PLGA-collagen composite 

constrcuts, porous collagen scaffolds were prepared. The negative replica spaces of PLGA templates formed 

interconnecting channels in the collagen scaffolds. The interconnecting channels in the collagen scaffolds were 

large when the PLGA templates prepared with 10 wt.% PLGA and large salt particulates were used. The 

Young’s moduli of the PLGA-templated collagen scaffolds were higher than that of the control collagen 

scaffold in both dry and hydrated states. The Young’s moduli of the collagen scaffolds increased with 

increasing the porosity and pore size of the sacrificial PLGA sponge templates. 

2.2 Introduction 

Interconnected pore structures of scaffolds are required for cell penetration and immigration [1, 

2]. A variety of methods have been developed to prepare porous scaffolds [3-5]. Conventional methods such 

as solvent casting/particulate leaching, gas foaming, phase separation, freeze-drying and electrospinning can 

easily generate pore structures [6]. By these methods, however, it is difficult to precisely control pore structures, 

in particular, the interconnectivity of scaffolds. In recent years, some new methods have been developed to 

precisely control pore structures with high interconnectivity. For example, three-dimensional printing has been 

combined with directional freezing to control the scaffold micro- and macro-architectures [7]. Particulate 

leaching and electrospinning have been combined to introduce large pores in electrospun scaffolds [8, 9]. 

Particulate leaching and freeze-drying have been combined to introduce large pores and increase pore 

interconnectivity in pore scaffolds [10]. This technique uses pre-prepared ice particulates as porogen materials 

to create large pores with good interconnectivity [11]. Unidirectional freeze-drying has been developed to 

prepare unidirectional pore structures to facilitate cell seeding and tissue regeneration [12, 13].Cubic close-
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packed (ccp) lattices of monodispersed polymer microspheres have been used as sacrificial templates to 

prepare inverse opal scaffolds with well-defined pore structures and good interconnection [14, 15]. In this 

method, the pore structures are inherited from the ccp lattices of microbeads. Necking between adjacent 

microspheres by thermal annealing, mechanical compression or chemical fusion can control the 

interconnectivity of inverse opal scaffolds. Microfluidics has been used to generate air bubbles or liquid 

droplets with defined sizes and distributions that serve as templates to precisely control the pore structures of 

scaffolds [16-18]. Among these methods, the ice particulate method, ccp method and microfluidics can 

precisely control pore structures. However, some defects in the packing of sacrificial particulates, microbeads 

and bubbles may result in local deficiency of the pore structures. To solve this problem, templates with an 

integral and continuous templating structure and easy fabrication are desirable. 

In this part, PLGA sponges were used as sacrificial templates to precisely control the 

interconnectivity of collagen scaffolds. The PLGA sponges had an integral and continuous templating 

structure and could be easily prepared by the solvent casting/particulate leaching method. PLGA 

sponges with different porosities and pore sizes were used to prepare collagen scaffolds with different 

interconnected pore structures. An interconnected network was formed throughout the collagen 

scaffolds after leaching of the PLGA templates. 

2.3 Materials and methods  

2.3.1 Preparation of PLGA templates 

Poly(D,L-lactide-co-glycolide) (PLGA, Sigma-Aldrich, St. Louis, MO, USA) templates were 

prepared by a solvent casting/particulate leaching method. NaCl particulates with three different 

diameter ranges of 150-250, 250-355, 355-500 μm were obtained by sieving salt particulates with 

sieves having the respective mesh sizes. PLGA (1 g) was dissolved in 4.5 mL of chloroform and mixed 

with 9.0 g of NaCl particulates of different sizes. The PLGA/NaCl mixtures were molded in aluminum 

pans and the chloroform was evaporated by air-drying for 7 days. After the PLGA/NaCl constructs 

were detached from the aluminum pans, the NaCl particulates were removed by immersing the 

constructs in deionized water to obtain the PLGA templates. The PLGA templates were then freeze-

dried. Another set of PLGA templates was prepared by dissolving 0.5 g of PLGA in 4.5 mL of 

chloroform and mixing with 9.5 g of NaCl particles of different sizes. The six types of PLGA templates 

prepared with different PLGA/NaCl ratios and NaCl particulate sizes of 10:90 and 150-250 μm; 5:95 

and 150-250 μm; 10:90 and 250-355 μm; 5:95 and 250-355 μm; 10:90 and 355-500 μm; 5:95 and 355-

500 μm were referred to as PLGA-10-150, PLGA-5-150, PLGA-10-250, PLGA-5-250, PLGA-10-355 

and PLGA-5-355, respectively. The PLGA templates had a diameter of 5 cm and a thickness of 5 mm.  

2.3.2 Preparation of collagen scaffolds using PLGA templates  

PLGA-collagen constructs were prepared by introducing collagen sponges into the pores of the 

PLGA templates, followed by immersion in ammonia hydroxide solution to selectively remove the 

PLGA templates. To prepare the PLGA-collagen constructs, the PLGA templates were immersed in 1 

wt% collagen solution (Nippon Ham, Osaka, Japan) to allow all the pores of the PLGA templates to 

be filled with collagen solution by repeating vacuum and ventilation 5 times. The collagen solution-

impregnated PLGA templates were frozen at -80 °C for 6 hours and freeze-dried for 3 days with a 
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freeze-dryer (FDU-2200, Tokyo Rikakikai, Tokyo, Japan). The freeze-dried PLGA-collagen 

constructs were crosslinked by sequential immersion in 95 (v/v)%, 90 (v/v)% and 80 (v/v)% ethanol 

aqueous solutions containing 50 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Peptide 

Institute, Osaka, Japan) and 20 mM N-hydroxysuccinimide (NHS, FUJIFILM Wako Pure Chemical, 

Osaka, Japan), each for 3 hours. The PLGA-collagen constructs in each cross-linking solution were 

degassed under vacuum to ensure that the cross-linking agents entered all the pores of the constructs. 

After washing with deionized water 3 times, the cross-linked PLGA-collagen constructs were 

immersed in 0.1 M glycine aqueous solution for 12 hours for blocking. The PLGA-collagen constructs 

were immersed in 3 (wt/v)% ammonia hydroxide solution for 2 days under shaking to selectively 

remove the PLGA templates. The obtained collagen scaffolds were washed with deionized water 6 

times and freeze-dried for 48 hours. The six types of collagen scaffolds prepared from the PLGA-10-

150, PLGA-5-150, PLGA-10-250, PLGA-5-250, PLGA-10-355 and PLGA-5-355 templates were 

referred to as Col-10-150, Col-5-150, Col-10-250, Col-5-250, Col-10-355 and Col-5-355, respectively. 

Control collagen scaffolds were prepared by the same procedure without the PLGA template.  

2.3.3 Characterization of scaffolds 

Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR) spectra of the 

PLGA templates, PLGA-collagen constructs and collagen scaffolds were measured using an FT-IR 

spectrophotometer (IR Prestige-21, Shimadzu, Kyoto, Japan) equipped with a DuraSamplIR II 

diamond ATR accessory in the range of 3200–600 cm−1 at a resolution of 4 cm−1 and 36 scans. 

The porosity of the collagen scaffolds was measured according to Archimedes’ principle by the 

formula porosity = Vpore/V = ((W2-W1)/ρ/V) × 100%, where Vpore is the volume of the pore, V is the 

volume of the scaffold, W1 is the dry weight of the collagen scaffold, W2 is the wet weight of the 

collagen scaffold, and ρ is the density of water [19]. Three samples were used for the measurement. 

For measurement of the compression strength, the PLGA-templated collagen scaffolds and control 

scaffold were punched into discs with a diameter of 6 mm and thickness of 3 mm. The compressive 

modulus of the scaffolds was measured in both dry and hydrated states. The scaffold discs were 

immersed in phosphate-buffered saline (PBS) for 2 hours at room temperature before testing in a 

hydrated state. Then, the scaffold discs were compressed at a rate of 0.1 mm/s using a texture analyzer 

(TA. XTPlus, Texture Technologies, Hamilton, MA, USA). The initial linear region of the stress-strain 

curve was used to calculate the Young’s modulus. Three samples of each group were tested for the 

measurement. 

Cross sections of the PLGA templates, PLGA-collagen constructs and collagen scaffolds were 

sputter-coated with platinum and then observed with a scanning electron microscope (JSM-6400Fs, 

JEOL, Tokyo, Japan) at an accelerating voltage of 5 kV. The interconnectivity of collagen scaffold in 

SEM images was analysed using the image analysis software Image J. Thirty images were used for 

image analysis. The total area of interconnecting pores was divided by the total area of cross-section 

to obtain the interconnectivity of collagen scaffold [20].  
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2.4 Results 

2.4.1 Morphology, porosity and interconnectivity of PLGA templates, PLGA-collagen constructs 

and collagen scaffolds 

The PLGA sponge templates were fabricated by a solvent casting/particulate leaching method 

(Figure 2.1a). Different ratios of PLGA/NaCl and different sizes of NaCl particulates were used to 

control the porosity and pore size of the PLGA sponges. SEM observation showed the porous 

structures of the PLGA sponges (Figure 2.1c). The pores were the negative replicas of the NaCl 

particulates and their size and shape were determined by the salt particulates. Pore size increased with 

increasing size of the salt particulates. The pore walls became thicker when a higher PLGA ratio and 

larger salt particulates were used. Hybridization with collagen resulted in the formation of collagen 

microsponges in the pores of the PLGA sponges (Figure 2.1c). After selective removal of the PLGA 

sponge templates, collagen scaffolds were obtained. The size of scaffolds became a little smaller after 

removal of PLGA templates and the collagen scaffolds had the same white appearance as that of the 

control (Figure 2.1b). Removal of the PLGA templates left negative replica spaces (see the red 

highlighted regions in the images of Figure 2.1c) in the collagen scaffolds, which formed 

interconnecting channels in the scaffolds. The interconnecting channels linked the pores of the 

collagen microsponges, making the whole pore structures well interconnected. The interconnecting 

channels in the collagen scaffolds were large when the PLGA templates prepared with 10 wt.% PLGA 

and large salt particulates were used. The interconnectivity of collagen scaffolds templated by PLGA 

sponge using 10 wt.% and 5 wt.% PLGA was about 17% and 13% (Table 2.1). In contrast, the 

interconnectivity of control collagen scaffold was 4%. The collagen scaffold prepared with PLGA-10-

355 had the largest interconnecting channels. The porosity of all the scaffolds was higher than 97% 

(Table 2.1). The PLGA-templated collagen scaffolds had a slightly higher porosity than the control 

collagen scaffold. Removal of the PLGA templates slightly increased the porosity of the scaffolds.  

 

Table 2.1 Porosity and interconnectivity of collagen scaffolds (mean ± SD, n = 3). 

 

Scaffolds Col-10-150 Col-10-250 Col-10-355 Col-5-150 Col-5-250 Col-5-355 Control 

Porosity (%) 98.1 ± 0.6 98.3 ± 0.9 98.5 ± 0.8 97.4 ± 0.7 98.0 ± 0.9 97.5 ± 1.4 97.1 ± 1.3 

Interconnectivity 

(%)  
17.7 ±1.5% 17.0 ±2.8% 17.5 ±2.6% 13.6 ±1.2% 13.0±1.9% 13.4 ±2.2% 4.0 ± 1.3% 

 

2.4.2 Infrared spectra and mechanical properties of collagen scaffolds  

FTIR-ATR spectra of PLGA sponges, PLGA-collagen constructs and collagen scaffolds were 

examined to confirm the removal of the PLGA template from the PLGA-collagen construct (Figure 

2.2a,b,c,d,e). The peak at 1745 cm-1 corresponding to the C=O stretch of the ester group in PLGA was 

detected in the PLGA sponge templates and PLGA-collagen constructs but did not appear in the 

collagen scaffold. The results confirmed that the PLGA templates were completely removed from the  

PLGA-collagen constructs and that no PLGA remained in the collagen scaffolds. 

The mechanical properties of the collagen scaffolds in both dry and hydrated states were measured using 
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a static compression test (Figure 2.2g). The Young’s moduli of the PLGA-templated collagen scaffolds were 

higher than that of the control collagen scaffold in both dry and hydrated states. The Young’s moduli of the 

dry collagen scaffolds were higher than those of the hydrated scaffolds. The Young’s moduli of the collagen 

scaffolds increased with increasing porosity and pore size of the sacrificial PLGA sponge templates. 

The collagen scaffolds were composed of collagen microsponges that formed in the PLGA sponge 

templates when collagen was introduced into the templates. The structure of collagen microsponges 

contributed to the increase in the Young’s modulus. SEM observation showed the homogenous 

formation of collagen microsponges in the PLGA-templated collagen scaffolds, while the control 

collagen scaffold had random pore structures with extremely large and small pores.  When the porosity 

of the PLGA template was increased from 90% to 95%, more spaces were present in the 95% PLGA 

sponge templates and more collagen could be introduced into the pores. The interconnected pores in 

the Col-10 scaffolds were larger than those in the Col-5 scaffolds. These two factors should explain 

the higher Young’s moduli of the Col-5 scaffolds.   

Figure 2.1 (a) Preparation scheme of interconnected collagen porous scaffolds. (b) The photomicrographs of 

PLGA-collagen constructs before removal of PLGA templates and the respective collagen scaffolds after 

removal of PLGA templates. (c) SEM images of the cross sections of PLGA templates, PLGA-collagen 

constructs (PLGA-col) and collagen scaffolds (Col). Red arrows indicate PLGA in the PLGA-collagen 
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constructs; red highlight indicates the negative replica space after the leaching of PLGA templates in the 

collagen scaffolds. Scale bar: 200 µm. 

Figure 2.2 (a), (b), (c), (d), (e), (f) FTIR-ATR spectra of each PLGA templates, PLGA-collagen 

constructs and collagen scaffolds. (g) Compression moduli of dry and hydrated collagen scaffolds. 

Data represent mean ± SD, n = 3. Significant difference: *, p < 0.05; **, p < 0.01; ***, p < 0.001.  

 

2.5 Discussion 

In this study, interconnected collagen scaffolds were prepared for cartilage tissue engineering. The 

control collagen scaffold was obtained by directly freeze-drying 1 wt.% collagen solution, which had 

a random pore structure and poor interconnectivity. The six types of collagen scaffolds were prepared 

using PLGA sponges as sacrificial templates. PLGA templates with different porosities and different 

pore sizes were prepared by controlling the PLGA/NaCl weight ratio at 10:90 and 5:95 and the size of 

salt particulates in the ranges of 150-250, 250-355 and 355-500 μm. The pore walls of the PLGA 

sponges were connected with each other as an integral and continuous structure.  Removal of the 

integral and continuous templating PLGA left negative replica spaces (highlighted red in the images 
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of Figure 2.1c) in the collagen scaffolds, which formed interconnecting channels in the scaffolds. The 

interconnecting channels were linked with the pores of collagen microsponges, making all the pores 

well interconnected. The interconnecting channels in the collagen scaffolds were large when the PLGA 

sponges prepared with 10 wt.% PLGA and large salt particulates were used as templates, and the well-

interconnected pore structures may facilitate homogenous cell distribution throughout the scaffolds.  

2.6 Conclusions  

Collagen scaffolds with high interconnectivity were prepared using sacrificial PLGA sponge 

templates. The pore structure of the collagen scaffolds was controlled by the porosity and pore size of 

the sacrificial PLGA sponges. These collagen scaffolds, in particular the Col-10-355 scaffold, had high 

interconnectivity with large interconnecting channels throughout the scaffolds. 
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Chapter 3 

 

Three-dimensional culture of chondrocytes in the porous collagen 
scaffolds for cartilage tissue engineering 

 

 

 

3.1 Abstract 

Chondrocytes isolated from patient cartilage biopsy are expanded in vitro and used for cartilage tissue 

engineering. In this part, bovine articular chondrocytes were seeded in the collagen scaffolds with 

interconnected pore structures for cartilage tissue engineering. Chondrocytes maintained high viability in all 

the PLGA-templated collagen scaffolds and the control scaffold. Nuclear staining showed that cells were 

densely distributed on the scaffold surface of the control collagen scaffold and fewer cells were distributed in 

the central regions. After 6 weeks of in vitro culture, the cell/scaffold constructs formed in the PLGA-templated 

collagen scaffolds had significantly higher Young’s moduli than that formed in the control collagen scaffold. 

PLGA-templated collagen scaffolds promoted chondrocytes proliferation and sGAG secretion comparing with 

control scaffold. Chondrocytes cultured in the PLGA-templated collagen scaffolds expressed significantly 

higher levels of collagen type II and aggrecan genes than the cells cultured in the control collagen scaffold.  

3.2 Introduction 

Articular cartilage is avascular, aneural and alymphatic tissue with limited spontaneous healing 

capability [1-3]. Damaged articular cartilage leads to joint pain, immobility and breakdown, which can 

impair patient quality of life [4-6]. Due to the problems of traditional treatments such as microfracture 

and mosaicplasty, cartilage tissue engineering has been developed as a promising strategy for cartilage 

regeneration and joint function restoration [1, 7]. Three-dimensional (3D) scaffolds play an important 

role in cartilage tissue engineering because they can provide essential support for cell adhesion, 

proliferation, the secretion of extracellular matrix and cartilage formation [8-12]. Cartilage tissue 

engineering requires homogeneous cell distribution throughout the scaffolds to guarantee the 

regeneration of functional cartilage tissue [13-15]. Nonhomogeneous cell distribution may result in 

defects in the engineered tissues where void spaces are formed in regions without cells  [16]. 

Bovine articular chondrocytes were cultured in collagen scaffolds to investigate the influence of  

their pore structures on cell distribution, cell proliferation, matrix secretion and cartilage tissue 

regeneration. 
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3.3 Materials and methods 

3.3.1 Culture of chondrocytes in collagen scaffolds 

The collagen scaffolds were punched into discs with a diameter of 6 mm and a thickness of 3 mm 

for cell culture. The scaffold discs were sterilized with 70% ethanol for 30 minutes and washed with 

PBS 3 times and Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) once. Sterile silicone 

frames with holes 6 mm in diameter were used to constrain the cell suspension solution in the scaffold 

discs. The sterilized and medium-impregnated scaffold discs were put into the holes of silicone frames, 

and excess medium was removed, making the scaffold discs ready for cell seeding. Bovine articular 

chondrocytes were isolated from the articular cartilage of the knees of a 9-week-old female calf, which 

were purchased from a local slaughterhouse as previously reported [17]. The isolated chondrocytes 

were cultured in 175 cm2 tissue culture flasks in DMEM supplemented with 10% fetal bovine serum, 

4500 mg L-1 glucose, 100 U mL-1 penicillin, 4 mM glutamine, 1 mM sodium pyruvate, 0.4 mM proline, 

100 mg mL-1 streptomycin, 0.1 mM nonessential amino acids and 50 mg mL -1 ascorbic acid at 37 °C 

in 5% CO2. After three passages, chondrocytes were harvested and resuspended in culture medium at 

1.5 × 107 cells mL-1 for cell seeding. Then, 100 μL of cell suspension was dropped on top of scaffold 

discs and cultured at 37 °C in 5% CO2. After culturing for 6 hours, the scaffold discs were turned 

upside down, and another 100 μL of cell suspension was dropped on the other side of the scaffolds 

(200 μL cell suspension, 3 × 106 cell/scaffold). The cell/scaffold constructs in the silicone frames were 

cultured for another 6 hours and then moved into 75 cm2 tissue culture flasks for continual culture 

under shaking at 60 rpm. The medium was changed every three days. 

3.3.2 Nuclear staining of chondrocytes in collagen scaffolds 

After culture for one day, the cell distribution in the scaffolds was examined by nuclear staining. 

After one day of culture, the cell/scaffold constructs were washed with PBS three times and fixed with 

10% neutral buffered formalin (FUJIFILM Wako Pure Chemical) for 24 hours at room temperature. 

The fixed cell/scaffold constructs were dehydrated, embedded in paraffin and sliced to obtain vertical 

cross-sections at a thickness of 7 μm. The slices were incubated with 1 μg mL -1 4',6-diamidino-2-

phenylindole dihydrochloride (DAPI, Dojindo Laboratories, Kumamoto, Japan) for 10 minutes to stain 

the nuclei of the chondrocytes. The stained cross-sections were observed with a fluorescence 

microscope (Olympus, Tokyo, Japan). 

3.3.3 Quantification of DNA and sulfated glycosaminoglycan (sGAG) and compression test 

DNA and sGAG were quantified after culture for 1 day, 2 weeks, 4 weeks and 6 weeks. The 

cell/scaffold constructs were washed with PBS 3 times, freeze-dried and digested with papain solution 

for 6 hours at 60 °C under shaking. The papain solution was prepared by dissolving papain (Sigma-

Aldrich, St Louis, Missouri, USA) at 400 µg/mL in sterile 0.1 M phosphate buffer with 5 mM L-

cysteine hydrochloride monohydrate (Sigma-Aldrich) and 5 mM ethylenediaminetetraacetic acid 

disodium salt dihydrate (EDTA-2Na, Sigma-Aldrich) at a pH of 6. The papain-digested solution was 

used to measure the DNA amount with Hoechst 33258 (Sigma-Aldrich) using a spectrofluorometer 



 

 

 26 

 

 

 

(FP8500, JASCO, Tokyo, Japan). sGAG was quantified by using a BlyscanTM Glycosaminoglycan 

Assay Kit (Biocolor, County Antrim, UK). Three samples of each group at each time point were used 

for the measurements. The cell/scaffold constructs after culture for 6 weeks were washed with PBS 

three times and used for the compression test, which was carried out as described above. Three samples 

of each group were measured. 

3.3.4 Real-time PCR 

After 6 weeks of culture, the cell/scaffold constructs were washed with PBS, frozen in liquid 

nitrogen and pulverized into powders using an electric crusher. The powders of each sample were 

digested with 1 mL of Sepasol-RNA I Super G solution (Nacalai Tesque, Kyoto, Japan) and total RNA 

was extracted as previously reported [18]. Reverse transcription from RNA to cDNA was performed 

using a high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific). Real-time PCR was 

performed to amplify glyceraldehyde-3-phosphate dehydrogenase (GAPDH, a housekeeping gene), 

collagen type I (Col1a2), collagen type II (Col2a1) and aggrecan (Acan) using a QuantStudio® 3 Real-

Time PCR System (Thermo Fisher Scientific) with previously reported primer and probe sequences 

[19]. Relative gene expression was calculated with the 2−∆∆Ct method by using GAPDH as an 

endogenous control. Data were normalized to the expression of the respective genes of the cells 

cultured in the control collagen scaffold. Three samples of each group were used for the analysis (n = 

3). 

3.3.5 Histological and immunohistochemical staining 

After 6 weeks of culture, the cell/scaffold constructs were washed with PBS 3 times and fixed 

with 10% neutral buffered formalin for 24 hours at room temperature. The fixed cell/scaffold 

constructs were dehydrated, embedded in paraffin and sliced by a microtome to obtain cross-sections 

at a thickness of 7 μm. The cross-sections were stained with safranin O/light green. In addition, 

immunohistochemistry was performed to visualize collagen type II, collagen type I and aggrecan. 

Epitopes in the cross-sections were retrieved by treatment with proteinase K for 10 minutes. The cross-

sections were blocked with peroxidase blocking solution and 10% goat serum solution for 5 and 30 

minutes, respectively. Then, they were incubated with primary antibody (rabbit polyclonal anti-

collagen type II (AB746; Merck Millipore, Burlington, MA, USA), rabbit polyclonal anti -aggrecan 

(PA1-1746; Thermo Scientific) and rabbit monoclonal anti-collagen type I (PA1-26204; Thermo 

Scientific, Rockford, IL, USA)) at a 1:100 working dilution overnight at 4 °C. Next, the cross-sections 

were incubated with secondary antibody (peroxidase-labeled polymer-conjugated secondary antibody 

(DakoCytomation Envision+; Agilent, Santa Clara, CA, USA)) for 30 minutes at room temperature. 

Finally, the color was developed by using 3,3’-diaminobenzidine (DAB; Liquid DAB+ Substrate 

Chromogen System, Agilent) for 10 minutes and observed under an optical microscope (Olympus).  

3.3.6 Statistical analysis 

All quantitative analysis experiments were performed in triplicate. One-way analysis of variance 

(ANOVA) was used to calculate the significance of all the data using KyPlot 5.0 (KyensLab Inc., 

Tokyo, Japan). The results are reported as the mean ± standard deviation (SD). Significant differences 
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are shown as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). 

3.4 Results 

3.4.1 Cell viability, distribution and adhesion in the collagen scaffolds  

Bovine articular chondrocytes were seeded in the PLGA-templated collagen scaffolds and control 

scaffold. The cell seeding efficiency of all the scaffolds was higher than 95% (Table 1), which 

indicated that most of the cells were successfully seeded into the scaffolds. The cell seeding efficiency 

was not significantly different between the PLGA-templated collagen scaffolds and the control 

collagen scaffold. The cell seeding method using silicone frames could protect against cell leakage 

during cell seeding and allowed most of the cells to adhere on or in the scaffolds.  

Cell viability, distribution and adhesion were evaluated after one day of culture. Live/dead staining 

showed that almost all the chondrocytes were alive and very few were dead, which indicated that 

chondrocytes maintained high viability in all the PLGA-templated collagen scaffolds and the control 

scaffold (Figure 3.1a). Cell distribution in the scaffolds was visualized by staining cell nuclei in the 

sections of cell/scaffold constructs with DAPI (Figure 3.1b). Nuclear staining showed that cells were 

densely distributed on the scaffold surface of the control collagen scaffold and fewer cells were 

distributed in the central regions. On the other hand, cells were more homogeneously distributed in the 

PLGA-templated collagen scaffolds. From the top surface to the central region and bottom region, 

cells were detected at almost the same frequency. The dark holes in the central regions indicated the 

pores of the scaffolds and the cells were distributed on the pore walls.  The good interconnectivity of 

the PLGA-templated collagen scaffolds facilitated cell penetration and resulted in homogenous cell 

distribution throughout the scaffolds. Among all the collagen scaffolds, the cell distribution was most 

homogeneous in the collagen scaffolds templated by the PLGA sponge templates formed with 10 wt.% 

PLGA and large salt particulates. This should be due to the large interconnecting channels in these 

collagen scaffolds, as shown in Fig. 1b. SEM observation indicated that the cells adhered to all the 

scaffolds (Figure 3.1c). The pore structures of the scaffolds remained unchanged after one day of cell 

culture. 

3.4.2 Gross appearance and mechanical property of engineered cartilage tissue  

Bovine articular chondrocytes were cultured in vitro in collagen scaffolds for 6 weeks. The 

engineered cartilage tissue after 6 weeks culture showed white glossing appearance (Fig. 4a). They 

showed the same round disc structure as those of the collagen scaffold discs except the control. The 

shape of the control scaffold changed. The size of engineered cartilage tissue using all the PLGA-

templated collagen scaffolds was almost the same as that of the scaffolds. 

The Young’s moduli of the engineered cartilage tissue were measured by a compressive test (Fig. 

4b). The cell/scaffold constructs formed in the PLGA-templated collagen scaffolds had significantly 

higher Young’s moduli than that formed in the control collagen scaffold. The cell/scaffold constructs 

formed in Col-10-250 and Col-10-355 had significantly higher Young’s moduli than that formed in 

Col-5-150. The Young’s moduli of cell/scaffold constructs increased in the collagen scaffolds 

templated by the PLGA sponges prepared with 10 wt.% PLGA and large salt particulates. By simple 

subtraction of the compression modulus of the respective hydrated scaffolds, the tissues formed in the 
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Col-10-150, Col-10-250 and Col-10-355 scaffolds had a higher compression modulus than those 

formed in the other scaffolds, particularly the control collagen scaffold. 

Figure 3.1 (a) Staining of live and dead chondrocytes cultured in PLGA-templated collagen scaffolds 

and control scaffold for 1 day. Live cells were stained green and dead cells were stained red. Scale bar: 

200 µm. (b) Nuclear staining of chondrocytes cultured in the scaffolds for 1 day. Cell nuclei were 

stained blue. Scale bar: 500 µm. (c) SEM images of the cross-sections of the cell/scaffold constructs 

after 1 day of culture. Scale bar: 200 µm. The inserts show the magnified SEM images. Scale bar: 50 

µm.  

3.4.3 Quantification of DNA and sGAG in the cell/scaffold constructs  

The DNA amount in the cell/scaffold constructs was measured to evaluate cell proliferation after 

culture for 1 day, 2 weeks, 4 weeks and 6 weeks (Figure 3.3a). Chondrocytes proliferated in all the 

scaffolds during 6 weeks of culture. The DNA amounts in the PLGA-templated collagen scaffolds 

were significantly higher than that in the control collagen scaffold after 2, 4 and 6 weeks of culture. 

Furthermore, the DNA amount increased when the cells were cultured in the collagen scaffolds 

templated by PLGA sponges prepared with 10 wt.% PLGA and large salt particulates. The results 

indicated that the collagen scaffolds templated by the PLGA sponges prepared with 10 wt.% PLGA 

and large salt particulates were more beneficial for cell proliferation than the other scaffolds.  

Quantification of sGAG showed that the sGAG amount increased during cell culture for all the 

scaffolds (Figure 3.3b). Chondrocytes secreted significantly more sGAG in the Col-10-150, Col-10-

250 and Col-10-355 scaffolds than in the respective Col-5-150, Col-5-250 and Col-5-355 scaffolds. 

The collagen scaffolds templated by the PLGA sponges prepared with large salt particulates promoted 

sGAG secretion more strongly than those prepared from small salt particulates. 

The amount of sGAG was normalized to the DNA amount (Figure 3.3c). The sGAG/DNA ratio 

was not significantly different among all the scaffolds after culture for 1 day and 2 weeks. However, 

after culture for 4 and 6 weeks, the sGAG/DNA ratio in the PLGA-templated collagen scaffolds was 

significantly higher than that in the control collagen scaffold. The sGAG/DNA ratio increased when 

chondrocytes were cultured in collagen scaffolds templated by PLGA sponges prepared with 10 wt.% 
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PLGA and large salt particulates. 

These results suggested that the collagen scaffolds supported chondrocyte proliferation and 

promoted ECM production. The collagen scaffolds templated by the PLGA sponges prepared with 10 

wt.% PLGA and large salt particulates were favorable for cell proliferation and the production of 

cartilaginous ECM.  

Figure 3.2 (a) Photomicrographs and (b) compression moduli of the cell/scaffold constructs after in 

vitro culture for 6 weeks. The Young’s moduli of the respective hydrated collagen scaffolds before 

cell culture are shown with the inserted narrow columns. Data represent mean ± SD, n = 3. Significant 

difference: *, p < 0.05; ***, p < 0.001. 

3.4.4 Expression of cartilaginous genes  

Collagen type II and aggrecan are two specific markers of articular chondrocytes, while collagen 

type I is a marker of dedifferentiation articular chondrocytes. The gene expression level of these three 

genes was analyzed by real-time RT-PCR after chondrocytes were cultured in the scaffolds for 6 weeks 

(Figure 3.4). The expression level of collagen type I was not significantly different among the PLGA-
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templated collagen scaffolds and the control collagen scaffold. However, chondrocytes cultured in the 

PLGA-templated collagen scaffolds expressed significantly higher levels of collagen type II and 

aggrecan genes than chondrocytes cultured in the control collagen scaffold. Chondrocytes expressed 

higher levels of collagen type II and aggrecan genes in the Col-10-150, Col-10-250 and Col-10-355 

scaffolds than in the Col-5-150, Col-5-250 and Col-5-355 scaffolds. The expression levels of these 

two genes increased when chondrocytes were cultured in the collagen scaffolds templated by PLGA 

sponges prepared with large salt particulates. 

 

Figure 3.3 (a) DNA amount, (b) sGAG amount and (c) sGAG/DNA ratio in the cell/scaffold constructs 

after in vitro culture for 6 weeks. Data represent mean ± SD, n = 3. Significant difference: *, p < 0.05; 

**, p < 0.01; ***, p < 0.001. 

Figure 3.4 Gene expression profiles of (a) collagen type I, (b) collagen type II and (c) aggrecan of 

chondrocytes cultured in the PLGA-templated collagen scaffolds and control collagen scaffolds for 6 

weeks. Data were normalized to the expression of the respective genes of the chondrocytes cultured in 

the control collagen scaffold. Data represent mean ± SD, n = 3. Significant difference: *, p < 0.05; **, 

p < 0.01; ***, p < 0.001. 

3.4.5 Histological and immunohistochemical staining  

Histological and immunohistochemical staining were carried out to investigate the secretion and 

distribution of cartilaginous extracellular matrix after in vitro culture for 6 weeks. Safranin O staining 

showed abundant cartilaginous extracellular matrix throughout the PLGA-templated collagen 

scaffolds and sparse cartilaginous extracellular matrix in the control collagen scaffold.  

Immunohistochemical staining showed that collagen type II and aggrecan were more strongly stained 

and more homogeneously distributed in the PLGA-templated collagen scaffolds than in the control 
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collagen scaffold. Their staining intensity was highest in the collagen scaffolds templated by the PLGA 

sponges prepared with 10 wt.% PLGA and large salt particulates. However, the immunohistochemical 

staining intensity of collagen type I was very weak for all the scaffolds. The results indicated that the 

PLGA-templated collagen scaffolds, in particular the collagen scaffolds templated  by the PLGA 

sponges prepared with 10 wt.% PLGA and large salt particulates, facilitated the secretion of 

cartilaginous extracellular matrix and its homogenous distribution throughout the scaffolds.  

Figure 3.5 Safranin O staining and immunohistochemical staining of collagen type II, aggrecan and collagen 

type I in the cell/scaffold constructs after in vitro culture for 6 weeks. Scale bar: 200 µm. 

3.5 Discussion 

The seeded chondrocytes could penetrate from the scaffold surface to the inner pores through the 

interconnecting channels. The cell distribution was more homogenous in the collagen scaffolds 

templated by the PLGA sponges prepared with a high PLGA/NaCl ratio and large salt particulates. Of 

all the scaffolds, the cell distribution was most homogenous in the Col-10-355 scaffold because the 

interconnecting channels in the scaffold were the largest.  

The proliferation, sGAG quantification, gene expression, histological staining and 

immunohistochemical staining results indicated that chondrocytes in the PLGA-templated collagen 

scaffolds, particularly Col-10-355, proliferated fast, expressed higher levels of cartilaginous genes and 

secreted more cartilaginous extracellular matrices. These results could be explained by the more 

homogenous cell distribution in these scaffolds. The homogeneous cell distribution allowed the cells 

to adhere to the pore walls and proliferate quickly to occupy the spaces of all the pores. The rapidly 

proliferating chondrocytes could form aggregates in the pores of collagen scaffolds, thereby promoting 

the expression of collagen type II and aggrecan and the secretion of cartilaginous extracellular matrix. 

However, the chondrocytes seeded in the control collagen scaffold accumulated mainly on the surface 

of the scaffold, which resulted in the formation of dense tissue on the scaffold surface and many void 

spaces inside the control collagen scaffold. Therefore, the control collagen scaffold showed 

inhomogeneous formation of the cell/scaffold construct after 6 weeks of culture, low expression of 

collagen type II and aggrecan and low secretion of cartilaginous extracellular matrix.  It has been 

reported that the aggregates or spheroids of chondrocytes promote the expression of cartilaginous 
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genes and the secretion of cartilaginous extracellular matrix [20-22]. In addition, good pore 

interconnectivity can facilitate nutrient transport and waste removal to supply sufficient nutrients 

inside the scaffolds [23-25]. However, the dominant cell distribution on the surface of the control 

collagen scaffold caused overpopulation on the scaffold surface, which might result in fewer cell -cell 

interactions and limit nutrient supply in the inner regions of the control collagen scaffold [23]. The 

homogenous tissue formation in the PLGA-templated collagen scaffolds, in particular Col-10-355, 

resulted in higher compression strength of the regenerated tissues in these scaffolds (Fig. 4b).  

Pore structures have different influences on cell functions through direct or indirect interactions 

with cells. Pore structures have been reported to directly affect cell adhesion, distribution, proliferation 

and differentiation and matrix secretion and distribution [24].  They have also been reported to affect 

mechanical properties and release of bioactive molecules, which in turn affect cell functions and tissue 

regeneration [16, 25]. Pore interconnectivity can affect not only cell distribution but also tissue 

infiltration, bone tissue regeneration and angiogenesis [26-28]. Porogens with defined shapes and sizes 

have been used as sacrificial templates to control pore size and interconnectivity [12, 29-32]. Methods 

using microsphere templates, air bubbles or liquid droplets have been used to precisely control the 

pore structures of porous scaffolds [33-36]. However, the microspheres, air bubbles or liquid droplets 

must be bound and connected before creating pore structures. When ccp lattices of monodispersed 

microspheres are used as sacrificial templates to prepare inverse opal scaffolds, the microspheres need 

to be pretreated with heat or other binding methods to allow the contact points of the microbeads to be 

bound and the structure is essential to create interconnectivity in the template-derived pore structures 

[29, 30]. However, the PLGA sponge templates in this study had an integral and continuous templating 

structure and did not need any other pretreatments. The integral structures of the PLGA templates 

could introduce a completely interconnected pore structure throughout the collagen scaffolds without 

any defects. The PLGA-templated collagen scaffolds promoted cell proliferation, secretion of 

cartilaginous matrices and regeneration of cartilage tissue. They should be useful for cartilage tissue 

engineering. 

3.6 Conclusions 

Chondrocytes adhered and distributed homogeneously in the collagen scaffolds and showed a high 

proliferation rate, high expression of cartilaginous genes and secretion of cartilaginous extracellular 

matrix. The collagen scaffolds, in particular, Col-10-355, facilitated the formation of homogenous 

tissue with high compression strength. The method using PLGA sponges as sacrificial templates 

should open a new avenue for the preparation of well-interconnected pore scaffolds for cartilage tissue 

engineering.  
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Chapter 4 

Chondrogenic differentiation of mesenchymal stem cells in the porous 
collagen scaffolds  

 

 

 

4.1 Abstract  

Interconnected scaffolds are useful for promoting the chondrogenic differentiation of stem cells. The 

PLGA-templated collagen scaffolds were used to culture human bone marrow-derived mesenchymal stem cells 

(hMSCs) to investigate their promotive effect on the chondrogenic differentiation of hMSCs. The cells adhered 

to the scaffolds with a homogeneous distribution and proliferated with culture time. The expression of 

chondrogenesis-related genes was upregulated, and abundant cartilaginous matrices were detected. After 

subcutaneous implantation, the PLGA-templated collagen scaffolds further enhanced the production of 

cartilaginous matrices and the mechanical properties of the implants. The good interconnectivity of the PLGA-

templated collagen scaffolds promoted chondrogenic differentiation. In particular, the collagen scaffolds 

prepared with large pore-bearing PLGA sponge templates showed the highest promotive effect. 

4.2 Introduction 

Cartilage tissue engineering has been developed as an attractive technique to heal cartilage defects [1, 2]. 

It has been broadly used for the regeneration of cartilage tissues to treat defects such as articular joint cartilage, 

nasal cartilage, auricular cartilage, tracheal cartilage, meniscus and intervertebral disc defects [3-6]. Different 

cell sources, such as chondrocytes and stem cells, are frequently used [7-9]. Chondrocytes isolated from patient 

cartilage biopsy are expanded in vitro and used for transplantation. The isolated chondrocytes have the 

advantages of a high level of matrix secretion and lack of hypertrophy. Autologous chondrocyte implantation 

has been clinically tried with good outcomes [10]. However, the use of chondrocytes relies on the availability 

of cartilage biopsy for chondrocyte isolation and involves chondrocyte dedifferentiation problems during in 

vitro expansion cultivation [11]. In addition to chondrocytes, stem cells, including bone marrow-derived 

mesenchymal stem cells (MSCs) and adipose-derived MSCs, are useful cell sources for the regeneration of 

cartilage tissues. [12]. Stem cells can be easily isolated and have high proliferation capacity and pluripotency 

[13-15]. When stem cells are used, chondrogenic differentiation to induce the stem cells to generate functional 

cartilage tissues is important [16]. 

Controlling cell functions such as the redifferentiation of dedifferentiated chondrocytes and chondrogenic 

differentiation of stem cells is pivotal for the regeneration of functional cartilage. A variety of factors and 

biomaterials have been investigated to control cell functions [17, 18]. As cell-supporting templates, scaffolds 

are critical for cartilage regeneration because they regulate cell adhesion, proliferation, matrix production and 

organization into functional tissues [19]. Scaffolds can provide a biomimetic microenvironment for three-

dimensional (3D) cell culture and easy surgical handling [20]. Although pellet culture and hydrogel culture are 

attractive methods to induce chondrogenic differentiation and the redifferentiation of dedifferentiated 
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chondrocytes, 3D culture in porous scaffolds is a useful and important strategy for cartilage tissue engineering 

[2, 21]. In particular, porous scaffolds are useful for the regeneration of large and shaped cartilage tissues [22]. 

Scaffolds prepared from biodegradable polymers, including collagen, gelatin and hyaluronic acid, and 

their composites have been frequently applied for cartilage tissue engineering [23-25]. Collagen is a structural 

component of the cellular microenvironment and has specific cell adhesion ligands, such as RGD triple 

peptides [26]. It has been widely used for the preparation of many scaffolds for cartilage regeneration [27-29]. 

Porcine collagen I and collagen III collagen membranes and hyaluronic acid derivative polymer scaffolds have 

been used for scaffold-induced autologous chondrocyte implantation [30-32]. 

Porous scaffolds need to have well-interconnected pore structures for smooth cell seeding, homogeneous 

cell distribution and good cell–cell interactions. Many techniques have been established to prepare porous 

scaffolds with good interconnectivity [33, 34]. 3D printing, unidirectional freeze-drying, cubic close-packed 

lattices of microbeads and microfluidics are useful techniques for the fabrication of highly interconnected 

porous scaffolds [35, 36]. Except for pore interconnectivity, scaffolds should have high porosity to provide 

more space for accommodating large numbers of cells and facilitating cell–cell interactions [37, 38]. In our 

previous study, we prepared well-interconnected collagen porous scaffolds with high porosity using integral 

PLGA sponges as sacrificial templates [39]. The collagen scaffolds were highly interconnected and had high 

porosity. They facilitated cell seeding, adhesion, proliferation and cell–cell interactions. In this study, porous 

collagen scaffolds were applied for the 3D culture of human bone marrow-derived MSCs (hMSCs). Their 

effects on in vitro chondrogenic differentiation and in vivo cartilage tissue regeneration were investigated. 

4.3 Materials and methods 

4.3.1 In vitro 3D culture of hMSCs in collagen scaffolds and measurement of cell seeding 

efficiency 

Scaffold discs cut into cylindrical discs (diameter: 3 mm and thickness: 3 mm) were used for 3D 

cell culture. After sterilization with 70% ethanol aqueous solution and three washes with PBS, the disc 

samples were washed once with DMEM. Silicone frames with holes were used to protect cell leakage 

during cell seeding. The holes had a diameter of 6 mm and a thickness of 4 mm. The silicone frames 

were placed in a cell culture dish. After the DMEM in each scaffold disc was removed, the scaffold 

discs were placed in the holes of the silicone frame. The subcultured hMSCs (P4, Lonza, Walkersville, 

USA) were harvested by trypsinization, and a suspension solution of hMSCs was prepared (5 × 10 6 

cells mL-1). MSCGMTM (Lonza, Walkersville, USA) was used as the culture medium, and the 

cultivation atmosphere was 5% CO2 and 37 °C. The cell solution was added to the scaffold discs in 

the silicone holes (100 μL/scaffold disc) and cultured for 6 h. Then, the medium in the disc samples 

was removed, and the scaffold discs were turned over. Another 100 μL of cell solution was placed on 

the scaffold discs. The total cell number seeded on each disc was 1 × 106 cells. After the second cell 

seeding, the disc samples remained in the silicone holes for an additional 6 h of incubation. After 6 h 

of incubation, the cell/scaffold discs were removed from the silicone frame, placed in T-flasks, and 

continually cultivated in serum-containing DMEM (10% fetal bovine serum) for 1 d. Dynamic 

cultivation at a shaking speed of 60 rpm was performed. The remaining cells in the culture dish and 

silicone frames (unattached cells) were collected and counted, and this information was used for the 

calculation of cell seeding efficiency (n=3). After 1 d of culture, the samples were washed once with 
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DMEM, and the cultivation medium was changed to chondrogenic induction medium, which was high-

glucose DMEM supplemented with L-glutamine (4 mM), proline (0.4 mM), nonessential amino acids 

(0.1 mM), ascorbic acid (50 mg mL-1), dexamethasone (10-7 M), TGF-β3 (10 ng ml-1) and 1% ITS. 

The samples were cultivated in chondrogenic induction medium for 2 w, and the medium was changed 

every 3 d. 

4.3.2 Investigation of adhesion, distribution and viability of hMSCs in collagen scaffolds 

After 1 d of cultivation in T flasks, cell/scaffold constructs were fixed with 4% paraformaldehyde 

for 2 h at RT. After fixation, the samples were washed with pure water, dehydrated and lyophilized. 

Cells adhered to the scaffolds were observed by SEM. 

Nuclear staining was conducted to examine hMSC distribution in the scaffolds. After 1 d of 

cultivation, the samples were washed and immersed in neutral buffered formalin (10%) for 24 h at RT 

to fix the cells. After hydration, paraffin embedding, cutting into 7 μm-thick slices and 

deparaffinization, staining with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI, 1 μg mL-1, 10 

m) was conducted. A fluorescence microscope was used to observe the stained slices. 

The viability of hMSCs after cultivation in scaffolds for 1 d was evaluated by live/dead staining. 

After two washes with PBS, the samples were incubated with calcein-AM- and propidium iodide-

containing serum-free DMEM for 15 min at 37 °C. The stained cell/scaffold constructs were examined 

with confocal laser scanning microscopy. 

4.3.3 In vivo subcutaneous implantation 

Approval for animal experiments was obtained from the animal experiment ethical committee of the 

National Institute for Materials Science. All experiments were conducted under the institute guidelines. The 

hMSCs (1 × 106 cells/scaffold) were cultivated in collagen scaffolds in chondrogenic induction medium for 2 

w before implantation. Nude mice obtained from Charles River Laboratories (Yokohama, Japan) were used 

for subcutaneous implantation of the samples. After subcutaneous implantation on the backs of the mice for 2 

w, the implants were collected, and their gross appearance was examined by optical microscopy. The size of 

the harvested implants (n=6) was measured. 

4.3.4 Measurements of DNA amount, sulfated glycosaminoglycan (sGAG) amount and mechanical 

strength 

After in vitro cultivation for 1 d and 2 w and in vivo implantation for 2 w, the samples were washed 

and lyophilized. Papain solution was used to digest the lyophilized samples by incubation at 60 °C 

under shaking for 6 h. The papain solution contained µg/mL papain in 0.1 M PBS buffer, L-cysteine 

hydrochloride monohydrate (5 mM) and EDTA (5 mM). The solution pH was 6. The DNA and sGAG 

amount in the digestion solution was quantified with Hoechst 33258 and a BlyscanTM 

Glycosaminoglycan Assay Kit, respectively. Mechanical compression testing was applied to the 

samples after 2 w of in vitro cultivation and implants after 2 w of implantation to measure the Young’s 

modulus of compression. Triplicate samples were used for these measurements. 
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4.3.5 Real-time PCR 

After in vitro cultivation for 2 w and in vivo implantation for 2 w, the samples were washed and 

placed in liquid nitrogen for freezing. Pulverization of the frozen samples with an electric crusher was 

conducted to obtain the powers of each sample. After digestion of the pulverized samples with Sepasol-

RNA I Super G solution (1 mL), extraction of total RNA was performed according to the reported 

protocol [40]. After reverse transcription with a high-capacity cDNA reverse transcription kit, 

amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH, a housekeeping gene), 

collagen I (Col1a2), collagen II (Col2a1), aggrecan (Acan), SOX9 and collagen X (Col10a1) was 

conducted with a QuantStudio® 3 Real-Time PCR System (Thermo Fisher Scientific). The primer and 

probe sequences were as previously reported [40-42]: GAPDH: (forward) 5'-

ATGGGGAAGGTGAAGGTCG-3′, (reverse) 5′-TAAAAGCAGCCCTGGTGACC-3′, (probe) 5′-

CGCCCAATACGACCAAATCCGTTGAC-3′; collagen type I: (forward) 5′-

CAGCCGCTTCACCTACAGC-3′, (reverse): 5′-TTTTGTATTCAATCACTGTCTTGCC-3′, (probe): 

5′−CCGGTGTGACTCGTGCAGCCATC-3′; collagen type II: (forward) 

5′GGCAATAGCAGGTTCACGTACA-3′, (reverse) 5′-CGATAACAGTCTTGCCCCACTT-3′, 

(probe) 5′−CCGGTATGTTTCGTGCAGCCATCCT-3′; aggrecan: (forward) 5′-

TCGAGGACAGCGAGGCC-3′, (reverse) 5′-TCGAGGGTGTAGCGTGTAGAGA-3′, (probe) 5′-

ATGGAACACGATGCCTTTCACCACGA-3′; Sox9: (forward) 5′-

CACACAGCTCACTCGACCTTG-3′, (reverse) 5′-TTCGGTTATTTTTAGGATCATCTCG-3′, 

(probe) 5′-CCCACGAAGGGCGACGATGG-3′; collagen type X: (forward) 5′-

CAAGGCACCATCTCCAGGAA-3′, (reverse) 5′-AAAGGGTATTTGTGGCAGCATATT-3′, (probe) 

5′-TCCCAGCACGCAGAATCCATCTGA-3′. A 2−∆∆Ct method was used to calculate the relative 

expression of each gene with an endogenous control (GAPDH). The expression level of each gene by 

the P4 hMSCs was used for normalization of the gene expression by the cells in the samples. Triplicate 

samples were used for these analyses. 

4.3.6 Histological and immunohistochemical staining 

After in vitro culture for 2 w and in vivo implantation for 2 w, the samples were stained. After 3 

washes with PBS and fixation with 10% neutral buffered formalin for 24 h at RT, dehydration, and 

embedding in paraffin, 7 μm-thick slices were prepared. The slices were stained with 

hematoxylin/eosin (HE) and safranin O/light green. The slices were also immunohistochemically 

stained by incubation with antibodies against collagen II, collagen I and aggrecan as previously 

reported [39]. The stained slices were observed with optical microscopy.  

4.3.7 Statistics 

Statistical analysis of all the quantitative data was conducted by one-way analysis of variance (ANOVA) 

using KyPlot 5.0 (KyensLab Inc., Tokyo, Japan). The data are shown as the mean ± standard deviation (S.D.). 

* (p < 0.05), ** (p < 0.01) and *** (p < 0.001) are used to indicate significant differences. 
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4.4 Results 

4.4.1 Cell seeding efficiency, cell adhesion, distribution and viability 

The hMSCs were seeded and cultivated in the collagen scaffolds. More than 95% of the cells were 

successfully seeded in all the scaffolds (Table 4.1). All the scaffolds had almost the same level of seeding 

efficiency. The use of a silicone frame during cell seeding could constrain the cell suspension solution and 

cells in the frame holes, therefore allowing most of the seeding cells to adhere to the scaffolds. 

Cell adhesion, distribution and viability were investigated after 1 d of cultivation. SEM observation 

showed that hMSCs showed good adhesion to all the scaffolds (Fig. 4.1a). Nuclear staining with DAPI showed 

a homogeneous cell distribution in the PLGA-templated collagen scaffolds and a nonhomogeneous distribution 

in the control collagen scaffold (Fig. 4.1b). More cells were located on the surface of the control collagen 

scaffold. In particular, the collagen scaffolds prepared with the PLGA-10-355 sponge template showed the 

most homogeneous cell distribution. The homogeneous cell distribution can be attributed to the good 

interconnectivity of PLGA-templated collagen scaffolds. Live/dead staining showed that almost all the hMSCs 

were stained alive (green fluorescence) in all scaffolds, indicating high cell viability (Fig. 4.1c). 

Table 4.1 Cell seeding efficiency (mean ± S.D., n=3). 

There was no significant difference among the groups. 

 

Scaffold Cell seeding efficiency (%) 

Control 95.8 ± 2.1 

Col-10-150 96.4 ± 0.9 

Col-10-250 96.7 ± 0.5 

Col-10-355 95.9 ±1.4 

 

4.4.2 Gross appearance and mechanical properties of in vitro cultured cell/scaffold constructs and 

in vivo implants 

The hMSCs were cultured in vitro in collagen scaffolds for 2 weeks and implanted in vivo for 2 weeks. 

After in vitro culture for 2 weeks, the cell/scaffold constructs were white and soft (Fig. 4.2a). The constructs 

were slightly shrunken from the size of the scaffolds (Table 4.2). The Young’s modulus increased after hMSCs 

were cultivated in all collagen scaffolds for 2 w (Fig. 4.2b). The Young’s modulus of constructs generated in 

the PLGA-templated collagen scaffolds was significantly higher than that generated in the control. 

After 2 w of implantation, the implants were hard and looked reddish (Fig. 4.2a). The reddish color can 

be attributed to infiltration by blood cells. The implant showed 6~10% shrinkage (Table 4.2). The Young’s 

modulus further increased after implantation for 2 weeks (Fig. 4.2b). The Young’s modulus of all implants 

after 2 weeks of implantation increased to approximately 3.5 times the value before implantation. The implants 

regenerated in the PLGA-templated collagen scaffolds showed higher Young’s modulus values than the 

implants generated in the control scaffold. The implant generated in the Col-10-355 scaffold had the highest 

Young’s modulus. 
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Figure 4.1 (a) SEM images, (b) nuclear staining and (c) live/dead staining of hMSCs cultivated in different 

scaffolds for 1 d. Blue dots indicate the stained nuclei. Green and red fluorescence indicate live and dead cells, 

respectively. 

 

4.4.3 DNA and sGAG amounts in cultivated samples and implants 

The amount of DNA and sGAG was measured after in vitro culture for 1 d and 2 w and after in vivo 

implantation for 2 w (Fig. 4.3). The DNA amounts in all the scaffolds increased with cultivation and 

implantation time (Fig. 4.3a). At each time point, the DNA amounts in all the scaffolds were not significantly 

different. These results indicated that the cells could proliferate both on the scaffold surface and in the scaffold 

pores. The contents of sGAG also increased with cultivation and implantation (Fig. 4.3b). The cells produced 
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more sGAG in the PLGA-templated collagen scaffolds than in the control. The hMSCs in Col-10-355 showed 

the highest sGAG amount after 2 w of in vitro culture and 2 w of in vivo implantation. 

The ratio of sGAG/DNA increased after in vitro culture and in vivo implantation. (Fig. 4.3c). The ratio of 

sGAG/DNA in the Col-10-355 scaffold showed a significantly greater increase than that in the control collagen 

scaffold or in Col-10-150 after 2 w of in vitro culture. After in vivo implantation for 2 w, the sGAG/DNA 

ratios in the Col-10-150 and Col-10-355 collagen scaffolds were significantly higher than that in the control 

collagen scaffold. These results suggested that all the scaffolds supported hMSC proliferation and promoted 

ECM production. The collagen scaffolds fabricated with PLGA sponges showed a higher promotion effect 

than the control collagen scaffold. The Col-10-355 collagen scaffolds showed the highest promotive effect. 

 

Table 4.2 Table 2 Size of cell/scaffold constructs after 2 weeks of in vitro culture and of implants after 2 

weeks of in vivo implantation (mean ±S.D., n=3). There was no significant difference among the groups. 

Time point Control (mm) Col-10-150 (mm) 
Col-10-250 

(mm) 

Col-10-355 

(mm) 

Vitro 2W 5.9 ± 0.1 6.0 ± 0.1 5.8 ± 0.1 5.9 ± 0.1 

Vivo 2W 5.4 ± 0.3 5.5 ± 0.4 5.6 ± 0.2 5.6 ± 0.2 

 

Figure 4.2 (a) Gross appearance and (b) Young’s modulus values of samples after hMSCs were cultivated in 

the scaffolds for 2 w and of implants after 2 w of in vivo implantation. The Young’s modulus values of the 

wet scaffolds are shown for comparison. Data are shown as the mean ± SD, n = 3. Significant difference: *, p 
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< 0.05; **, p < 0.01; ***, p < 0.001. 

Figure 4.3 Quantification of (a) DNA amount, (b) sGAG amount and (c) sGAG to DNA ratio in the cultivated 

samples after in vitro cultivation for 1 d and 2 w and in the implants after in vivo implantation for 2 w. Data 

are shown as the mean ± SD, n = 3. Significant difference: *, p < 0.05; **, p < 0.01; ***, p < 0.001. 

4.4.4 Expression of cartilaginous genes  

 Aggrecan and collagen II are two markers of hyaline cartilage. SOX9 is a key transcription factor of 

chondrogenesis. Collagen X is a chondrocyte hypertrophy marker. Collagen I is a fibrous cartilage marker. 

The expression of genes encoding these markers was analyzed after hMSCs were cultured in vitro for 2 w and 

implanted in vivo for 2 w (Fig. 4.4). The genes encoding collagen II, aggrecan, SOX9 and collagen X genes of 

hMSCs in all the collagen scaffolds were upregulated after culturing in chondrogenic induction medium for 2 

w. However, the expression level of collagen I decreased after 2 w of cultivation in chondrogenic induction 

medium. The expression levels of collagen II and SOX9 decreased after 2 w of in vivo implantation. The 

expression levels of aggrecan and collagen X were almost the same before and after in vivo implantation, 

except for the expression of collagen X in the Col-10-150 scaffold. In contrast, the expression level of collagen 

I increased after in vivo implantation for 2 weeks. Among all the collagen scaffolds, the control collagen 

scaffold group showed the highest expression of collagen I. The cells in the Col-10-355 collagen scaffold 

showed the highest expression of collagen II, aggrecan and SOX9. 
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Figure 4.4 Expression of genes encoding (a) collagen II, (b) aggrecan, (c) SOX9, (d) collagen I and (e) collagen 

X of P4 hMSCs and hMSCs cultivated in vitro in collagen scaffolds for 2 w and implants after 2 w of 

implantation. The expression of each gene was normalized to that of the P4 hMSCs. Data are shown as ± SD, 

n = 3. Significant difference: *, p < 0.05; **, p < 0.01; ***, p < 0.001. 

4.4.5 Histological and immunohistochemical staining results 

The in vitro cell/scaffold constructs and in vivo implants were stained with HE and safranin O (Fig. 4.5). 

HE staining showed homogeneous cell and extracellular matrix distribution in the PLGA-templated collagen 

scaffolds. However, some void spaces were observed in the control. All the collagen scaffolds showed stronger 

staining of the extracellular matrix after 2 w of in vivo implantation compared with the in vitro cultivated 

constructs. Safranin O staining also showed a homogeneous distribution of cartilaginous extracellular matrices 

in the PLGA-templated collagen scaffolds. Immunohistochemical staining of collagen II showed dense 

staining in all the collagen scaffolds after 2 weeks of in vivo implantation. Collagen II and aggrecan showed a 

more homogeneous distribution in the PLGA-templated scaffold than in the control. Among all the PLGA-

templated collagen scaffolds, the Col-10-355 scaffold showed the strongest staining of aggrecan and collagen 

II. Collagen I was weakly stained in the PLGA-templated collagen scaffolds. In contrast, it was strongly stained 

in the control. The streaks observed in the control collagen scaffold can be attributed to the cells and matrices 

on the pore walls of the control collagen scaffold. More cells were present on the surface, and fewer cells were 

distributed in the inner pores of the control collagen scaffold, as shown in Fig. 3b. The nonhomogeneous cell 

distribution resulted in the formation of void spaces that were observed as streaks in the staining images. The 

histological and immunohistochemical staining results indicated that the PLGA-templated collagen scaffolds 

were beneficial for articular cartilage matrix secretion and homogeneous distribution. 

Figure 4.5 Photomicrographs of HE staining, safranin O staining and immunohistochemical staining of 

collagen II, aggrecan and collagen I after hMSCs were cultivated in vitro in the scaffolds for 2 w or implanted 

for 2 w. Scale bar = 200 µm. 
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4.5 Discussion 

The culture of hMSCs in 3D porous scaffolds has attracted broad attention for cartilage regeneration. The 

3D porous scaffolds can help to accommodate hMSCs homogeneously to accelerate cell–cell interactions for 

chondrogenic differentiation. Moreover, chondrogenic induction factors such as dexamethasone and TGF-

β3 are required to promote the chondrogenic differentiation of hMSCs [43]. Accordingly, here, collagen 

scaffolds with high interconnectivity were fabricated and used for the 3D cultivation of hMSCs. The channels 

in the PLGA-templated collagen scaffolds showed beneficial effects on homogeneous hMSC distribution 

throughout the scaffolds. The cells cultivated in the PLGA-templated collagen scaffolds showed higher 

expression of cartilaginous genes, higher secretion of cartilaginous matrices and higher Young’s modulus 

values than those cultivated in the control scaffold. In vivo implantation further showed cell proliferation and 

the production of cartilage-related matrices, consequently increasing the Young’s modulus. Specifically, the 

Col-10-355 collagen scaffold showed the highest promotive effect, which can be attributed to its large 

interconnecting channels that could facilitate cell migration, homogeneous cell distribution and cell–cell 

interaction more strongly throughout the scaffold. Interconnected pore structures have beneficial effects on 

chondrogenic differentiation [44, 45]. 

The cell/scaffold constructs were cultivated in chondrogenic induction medium supplemented with 

dexamethasone and TGF-β3. Dexamethasone and TGF-β3 have been reported to stimulate chondrogenesis and 

regulate chondrogenic genes [46, 47]. Chondrogenesis-related genes, such as collagen type II, aggrecan and 

SOX9, were upregulated after 2 weeks of in vitro culture in chondrogenic induction medium. The PLGA-

templated collagen scaffolds showed higher expression levels of chondrogenesis genes, especially the Col-10-

355 scaffold. The beneficial pore structure for cell–cell interaction, together with the chondrogenic induction 

factors, should stimulate the chondrogenic differentiation of hMSCs in the PLGA-templated collagen scaffolds 

more strongly than in the control. After in vivo implantation, the expression of the genes encoding collagen II, 

aggrecan and SOX9 decreased, which can be attributed to the use of chondrogenic induction factors during in 

vitro culture but not during in vivo implantation. Although 2 w of in vitro culture could significantly promote 

cartilaginous gene expression, the withdrawal of chondrogenic induction factors could affect the expression of 

these genes. Continual delivery of chondrogenic induction factors should be considered even after in vivo 

implantation to further promote the chondrogenic differentiation of hMSCs. 

The implants generated in the PLGA-templated collagen scaffolds showed stronger mechanical properties 

than those generated in the control. In particular, the Col-10-355 scaffold showed the highest promotive effect. 

The more homogeneous distributions of cells ECM and the higher secretion of cartilaginous matrices in the 

PLGA-templated collagen scaffolds should enhance the mechanical properties of regenerated cartilage tissue. 

The PLGA-templated collagen scaffolds, especially the Col-10-355 scaffold, would be useful for the 3D 

cultivation of hMSCs for cartilage regeneration. 

 

4.6 Conclusions 

The PLGA-templated collagen scaffolds were applied for the 3D cultivation of hMSCs for chondrogenic 

differentiation and cartilage tissue regeneration. The PLGA-templated collagen scaffolds facilitated 

homogeneous cell distribution and supported cell adhesion and proliferation. They promoted the expression of 

cartilaginous genes and the production of cartilage-related matrices. After in vivo implantation, the PLGA-

templated collagen scaffolds, especially the Col-10-355 scaffold, further promoted cartilaginous gene and 
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matrix expression. Tissue regenerated in the Col-10-355 scaffold had the highest Young’s modulus. The highly 

interconnected collagen scaffolds facilitated the hMSC chondrogenesis and cartilage regeneration. 
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Chapter 5 

General conclusions  

 

 

 

This dissertation describes a method to prepare collagen scaffolds with interconnected porous structure 

for the application of cartilage tissue engineering.  

Chapter 1 provides a general introduction of current treatments of articular cartilage defects and their 

limitations. Furthermore, the functions of porous scaffold in tissue engineering are outlined and fabrication 

methods are summarized. In order to solve the current problems of preparation methods, the objective and 

outline are defined. 

Chapter 2 describes the preparation process of PLGA templates using solvent casting and particulates 

leaching method. Collagen scaffolds with interconnected porous structures were obtained by using PLGA 

sponges as templates. The interconnecting channels were formed in the collagen scaffolds after selectively 

leaching PLGA templates. These collagen scaffolds, in particular the Col-10-355 scaffold, had high 

interconnectivity with large interconnecting channels throughout the scaffolds. 

Chapter 3 describes the 3D culture of bovine articular chondrocytes in the collagen scaffolds. 

Chondrocytes showed homogenous distribution, fast proliferation, high expression of cartilaginous genes and 

high secretion of cartilaginous extracellular matrix in the collagen scaffolds. In particular, the collagen scaffold 

templated by the PLGA sacrificial sponge that was prepared with a high weight ratio of PLGA and large salt 

particulates showed the most promotive effect on cartilage tissue formation. The interconnected pore structure 

facilitated cell distribution, cell-cell interaction and cartilage tissue regeneration. 

Chapter 4 describes the chondrogenic differentiation of human bone marrow-derived mesenchymal stem 

cells in collagen scaffolds both in vitro and in vivo. The hMSCs attached and distributed homogenously in 

these scaffolds, showed high proliferation and expression level of chondrogenesis genes and production of 

cartilage-related matrix. After in vivo implantation, these collagen scaffolds, especially the Col-10-355 scaffold, 

further promoted cell proliferation and regeneration of cartilage-like tissue. Tissue regenerated in the Col-10-

355 scaffold had the highest Young’s modulus. The highly interconnected collagen scaffolds facilitated the 

chondrogenesis of hMSCs and cartilage regeneration. 

In conclusion, PLGA sponges with different pore size and porosities were used to prepare collagen 

scaffold with interconnected porous structures. The PLGA-templated collagen scaffolds benefited 

homogenous distribution, fast proliferation, high expression of cartilaginous genes and high secretion of 

cartilaginous extracellular matrix when chondrocytes were cultured in the scaffolds. Furthermore, the scaffolds 

could promote chondrogenic differentiation of hMSCs. The PLGA sponge template method is a good method 

for preparation of interconnected collagen scaffolds. The interconnected collagen scaffold should be useful for 

cartilage tissue engineering. 
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