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ABSTRACT 

 

 

POLY(L-LACTIC ACID) (PLLA)-BASED MENISCUS TISSUE 

ENGINEERING  

 

 

Bahçecioğlu, Gökhan 

M.Sc., Department of Biotechnology 

Supervisor: Prof. Dr. Vasıf Hasırcı 

Co-Supervisor: Prof. Dr. Nesrin Hasırcı 

 

December 2011, 112 pages 

 

Meniscus is a fibrocartilaginous tissue which plays an important role in 

joint stability, lubrication, and load bearing and transmission. Meniscal tears are 

commonly encountered in sports activities, or caused by degeneration of the 

cartilage with ageing. They lead to pain, loss of work, disturbed biomechanics of 

the knee and inability to walk or even move the legs. As the meniscal tissue is 

avascular in the inner portion, injury to this part does not heal by itself, and 

therefore treatments are needed. In some cases when complex tears occur, the 

tissue cannot be successfully treated with the conventional methods.  

Tissue engineering appears to be a promising alternative to treat such 

complex tears. It includes the application of cells on scaffolds (or cell carriers), 

and provision of bioactive agents to the site of injury in order to regenerate the 

damaged tissue. The cells and the bioactive agents are involved in the synthesis of 

the new tissue, while the scaffold acts as a support to guide the cells until the new 

tissue is formed, and it is slowly absorbed by the body leaving the new tissue 

behind. Thus, a natural tissue is generated at the end. Few studies have been 

reported on the tissue engineering of meniscus, but neither of them was able to 
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completely mimic the meniscus structure, nor could they succeed in constructing 

scaffolds with sufficiently high tensile properties.  

In the current in vitro study, a novel 3D construct was proposed, in which 

the natural tissue is perfectly mimicked. The 3D construct consisted of aligned 

collagen fibers embedded within a foam network which stabilizes the structure. 

The foam was prepared by freezing a polymer solution with a certain 

concentration, and lyophilizing it. Aligned fibers were aimed to improve the 

tensile properties. The construct was impregnated in alginate gel, which was then 

crosslinked, to improve the compressive properties.  

The foam was prepared from (poly(L-lactic acid)/poly(lactic-co-glycolic 

acid) (PLLA/PLGA) solutions of various concentrations (2%, 2.5%, 3%, and 4% 

w/v) and at different freezing temperatures (-20
o
C or -80

o
C) to select the best 

preparation condition. After analysis of the microstructure and mechanical 

properties, foams prepared from 3% polymer solution frozen at -20
o
C were found 

to be the most appropriate for use as scaffold for the 3D construct, since they had 

large pores, high and interconnected porosity, as well as high mechanical strength.  

The 3D constructs were seeded with human meniscus cells and incubated 

for 21 days. Cell behavior on the constructs was examined. Cell attachment and 

proliferation was found to be better with the constructs not coated with alginate. 

However, the constructs coated with alginate demonstrated higher compressive 

strength. It was also found that incorporation of collagen fibers significantly 

improved the tensile properties.  

All the constructs were shown to lead to the production of extracellular 

components specific for fibrocartilages, and thus it was concluded that they were 

promising for use in meniscal replacement.  

 

 

Keywords: Meniscus, Tissue Engineering, Poly(L-Lactic Acid), 3D Construct, 

Nano/Microfiber 
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ÖZ 

 

 

POLİ(L-LAKTİK ASİT) (PLLA)-TEMELLİ MENİSKÜS DOKU 

MÜHENDİSLİĞİ 

 

 

Bahçecioğlu, Gökhan 

Yüksek Lisans, Biyoteknoloji Bölümü 

Tez Yöneticisi: Prof. Dr. Vasıf Hasırcı 

Ortak Tez Yöneticisi: Prof. Dr. Nesrin Hasırcı 

 

Aralık 2011, 112 sayfa 

 

Menisküs diz eklemini sağlamlaĢtırma, kayganlaĢtırma, ve yük taĢıma ve 

dağıtmasında görev alan bir fibrokıkırdak dokusudur. Menisküs yırtıkları, 

sporcuların aĢırı yoğun çalıĢmaları, ya da genel olarak yaĢlılıkla beraber dokunun 

dejenerasyonu sonucunda karĢılaĢılan yaygın bir sorundur. Yoğun acı, iĢ kaybı, 

dizin biyomekaniğinde bozulma ve yürüyememe, hatta bacakları hareket 

ettirememe gibi sorunlara yol açabilir. Menisküsün iç kısmında damarlanma 

olmadığı için bu bölgede oluĢan yaralar kendiliğinden iyileĢemezler, bu nedenle 

bunlara müdahale yapılması Ģarttır. KarmaĢık yırtıkların olduğu bazı durumlarda 

geleneksel yöntemlerle yapılan müdahalaler baĢarılı olamamaktadır.  

Doku mühendisliği bu gibi yırtıkların tedavisinde umut verici alternatif bir 

yöntem olarak görülmektedir. Yöntem; hücre, hücre taĢıyıcısı ve biyoaktif 

moleküllerin kaybedilmiĢ dokunun olduğu bölgeye uygulanmasını ve yeni doku 

oluĢumunu içerir. Hücreler ve biyoaktif moleküller yeni dokuyu sentezlerken, 

taĢıyıcı da yeni doku oluĢuncaya kadar hücreleri yönlendiren destek görevi 

üstlenir, bu arada vücut tarafından yavaĢça emilip yerini yeni dokuya bırakır. Bu 

Ģekilde, sonunda yeni bir doğal doku oluĢması amaçlanır. Menisküs dokusunun 

tasarlanması hakkında literatürde az sayıda doku mühendisliği çalıĢması 
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bulunmaktadır ve bunlardan hiç biri ne menisküs dokusunu tam olarak taklit 

edebilmiĢ ne de yeterli gerilme gücüne sahip hücre taĢıyıcısı oluĢturmayı 

baĢarabilmiĢlerdir. 

Bu in vitro çalıĢmada, doğal dokunun mükemmel bir taklidi olan üç 

boyutlu bir yapı tasarlanmıĢtır.  Üç boyutlu yapı, sünger bir matris içinde, 

oluĢumu sağlamlaĢtıran yönlendirilmiĢ kollajen fiberlerinin gömülmesini 

içermektedir. Sünger, belli bir polimer konsantrasyonuna sahip çözeltinin 

dondurulup vakum altında liyofilize edilmesiyle oluĢturulmaktadır. Yapının içine 

hapsedilen yönlendirilmiĢ fiberlerin, çekme dayanımlarını artırması 

amaçlanmıĢtır. Basma dayanımını artırmak amacıyla, bu yapıya daha sonra çapraz 

bağlanan aljinik asit çözeltisi emdirilmiĢtir. 

En iyi sünger hazırlama koĢulunu seçmek için değiĢik konsantrasyonda 

polimer çözeltileri (%2, %2,5, %3 ve %4 w/v), değiĢik dondurma sıcaklıklarında 

(-20
o
C ve -80

o
C) dondurularak hazırlanıp incelenmiĢtir. Süngerlerin mikroyapısı 

ve mekanik özellikleri incelendikten sonra, iyi mekanik özelliklerinin yanı sıra 

büyük gözeneklere sahip olduğu, gözenekliliği yüksek ve bağlantılı olduğu için 

%3’lük polimer çözeltisiyle -20
o
C’de dondurulup hazırlanan süngerler, üç boyutlu 

yapıya en uygun iskeleler olarak seçilmiĢlerdir.  

Bu koĢullarda hazırlanan üç boyutlu yapılara insan menisküs hücreleri 

ekilip 21 gün kültür edilmiĢlerdir. Yapılar üzerindeki hücre davranıĢları 

incelenmiĢtir. Aljinat kaplı olmayan yapılarda hücre tutunması ve çoğalmasının 

daha iyi olduğu görülmüĢtür. Fakat aljinatla kaplı yapılar kaplı olmayanlara göre 

daha yüksek basma dayanımı özellikleri göstermiĢlerdir. Bunun yanında kollajen 

fiberlerin, çekme dayanımını anlamlı ölçüde artırdıkları gözlenmiĢtir.  

Bütün yapılarda fibrokıkırdağa özgü ekstraselüler matris görüldüğünden, 

bu yapıların menisküs doku replasmanlarında kullanılabilecek umut veren yapılar 

olduğu çıkarımı yapılmıĢtır.  

 

 

Anahtar Kelimeler: Menisküs, Doku Mühendisliği, Poli(L-Laktik asit), 3 

Boyutlu Yapı, Nano/Mikro fiber 
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INTRODUCTION 

 

1.1. Motivation 

Meniscus-related problems are commonly encountered during harsh sports 

activities or because of tissue degeneration with ageing. British Orthopaedic 

Sports Trauma Arthroscopy Association (BOSTAA) reported that 61 out of 

100,000 people complain about meniscal problems. Tears are the prevalent type of 

injury of the meniscus. Symptoms are characterized with swelling, locking of the 

knee joint, and a great deal of pain. In addition to health problems, meniscal tears 

lead to considerable loss of productivity and money. As meniscus is highly 

avascular, it has poor regenerative potential in response to injury (Arnoczky and 

Warren, 1983). Therefore, the tissue does not heal naturally, and needs to be 

treated. In Europe, each year more than 400,000 surgeries related to meniscus are 

performed (van der Bracht et al., 2007). In the USA, this number reaches to over 

than 1 million surgeries per year, according to American Academy of Ortopaedic 

Surgeans. Repair of the meniscus, on the other hand, leads to fibrous scar, which 

in turn results in alteration of the knee biomechanics. Meniscectomy, removal of 

the torn meniscus (partial) or of the whole meniscus (total), is a way used to 

reduce pain; however, it results in degeneration of the underlying articular 

cartilage which in turn leads to osteoarthritis (Roos et al., 1995). Transplantation 

has the disadvantage of donor tissue shortage, rejection, and the risk of disease 

transmission (Kuhn and Wojtys, 1996). Thus, no notable solution that restores 

functionality in the meniscus seems to be available.  

The aim of the current study was to develop a functional tissue engineered 

meniscus to replace the damaged tissue. For this, production of constructs with 
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satisfactory mechanical and regenerative properties, and their seeding with 

appropriate cells was contemplated.  

1.2. Structure-Function Relationship of the Meniscus 

Meniscus is a semilunar or semicircular fibrocartilaginous tissue that 

serves as a cushion between the femoral and tibial surfaces (Fig. 1.1). The main 

functions of the meniscus are load bearing and transmission, shock absorption, 

joint stability and lubrication (Fithian et al., 1990). The function of the meniscus 

is reflected in its organization and arrangement of the extracellular matrix (ECM). 

Thus, the tissue endures and conforms to all the compressive, shear, and tensile 

forces (Buma et al., 2004). In fact, meniscus is subjected to mechanical stimuli in 

the early developmental stages, which play a role in the maturation of the tissue 

(Setton et al., 1999).  

1.2.1. Anatomy of the Meniscus 

The meniscus is triangular in cross section; the superior surface is concave 

enabling the round femoral condyles to fit and function properly. The inferior 

surface, on the other hand, is relatively flat and conforms to the tibial plateau. The 

tissue is attached through its horns (anterior and posterior) to the tibial plateau. 

The perimeter of the meniscus is also attached to the tibial plateau via peripheral 

coronary ligaments; thus the anchorage of the tissue to the tibia is maintained. In 

addition, the convex peripheral surface of the meniscus is attached to the joint 

capsule, further stabilizing the structure.  
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Figure 1.1. Scheme of meniscus organization. (A) Side and (B) top view of the 

knee menisci (adapted from http://pages.uoregon.edu/esorens1/hphy362.pbwiki. 

com/Knee+and+Patellofemoral+Structural+Anatomy.html).  

 

There are two menisci, lateral and medial (facing inside of the leg), each 

corresponding to the related femoral condyle. The medial meniscus is semicircular 

in shape, while the lateral one is more like a crescent. Medial meniscus is attached 

to the collateral ligament which further stabilizes the tissue and limits its mobility. 

Lateral meniscus is twice as mobile as the medial one, and therefore, is less prone 

to injury.  

1.2.2. Histology of the Meniscus 

Meniscus is composed of 70% water and 30% organic matter (Fithian et 

al., 1990). Collagen, more than 90% of which is type I, accounts for 85-95% of 

the dry weight; the rest are type II, III, V, and VI collagens (Eyre and Wu, 1983; 

McDevitt and Weber; 1990; Messner and Gao; 1998). Type I collagen is a protein 

composed of three subunits (two α1 and one α2) coiled to form a triple helical 

structure of 300 nm in length. The collagen molecules (1.5 nm in diameter) in the 

extracellular matrix align laterally to form microfibrils (20 to several hundred 

nanometer in diameter) that form the fibril structure by adding end to end (several 

http://pages.uoregon.edu/esorens1/hphy362.pbwiki.%20com/Knee+and+Patellofemoral+Structural+Anatomy.html
http://pages.uoregon.edu/esorens1/hphy362.pbwiki.%20com/Knee+and+Patellofemoral+Structural+Anatomy.html
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hundred micrometers in diameter) (Birk et al., 1991; Lodish et al., 2000). This 

fibrillar structure contributes to the tensile strength of the meniscus (Fithian et al., 

1990). The main difference between the meniscus and the articular cartilage is the 

abundance of type I collagen in the meniscus, and type II collagen in articular 

cartilage. The remainder of the ECM of the meniscus is composed of 

proteooglycans (aggrecan, perlacan, biglycan, and versican), which constitute less 

than 2-3% of the dry weight, and other noncollagenous proteins (Fithian, 1990; 

McDevitt and Weber, 1990). Aggrecan, a large aggregating proteoglycan that is 

composed of glucoseaminoglycan (chondroitin sulfate and keratan sulfate) 

molecules bound to aggrecan core protein, is the main proteoglycan found in 

bovine meniscus (Messner and Gao, 1998). Glucoseaminoglycans (GAGs) are 

composed of negatively charged sulfate and carboxyl groups, and contribute to the 

mechanical properties of the tissues, such as hydration, compressive stiffness, and 

elasticity (Meyers et al., 1988; Adams et al., 1992).  

The collagen fibril organization in the meniscal tissue is complex (Fig. 

1.2) (Petersen and Tillman, 1998). In the superficial layer, there is a mesh of thin 

collagen fibrils that are organized randomly. In the underlying lamellar layer, a 

network of randomly and radially oriented fibrils is located. In the deeper layer, 

the collagen bundles are circumferentially oriented and linked with few radially 

oriented tie fibers (Ghadially et al., 1983; Petersen and Tillman, 1998). The 

organization of the collagen bundles is a key in the endurance of the tissue to 

tensile forces. Moreover, type I collagen is more abundant in the periphery (>99% 

of the collagen content), while type II (60%) is more abundant in the inner region 

(Cheung, 1987). This means the tissue is bizonal; the peripheral portion of the 

meniscus is more fibrous, while the inner two-thirds is more fibrocartilaginous. In 

parallel with this organization, the GAGs are found more in the inner region, 

providing endurance to compressive forces. 
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Figure 1.2. Collagen organization in the meniscus. (1) Superficial layer: with 

randomly oriented collagen fibers, (2) lamellar layer: with randomly and radially 

oriented thick collagen bundles, and (3) deep layer: with circumferentially 

oriented collagen fibrils. (Adapted from Petersen and Tillman, 1998). 

1.3. Vasculature and Cell Types in the Meniscus 

In the early developmental stages (up to 3.5 months of gestation), the 

meniscal tissue is entirely vascular (Athanasiou and Sanchez-Adams, 2009). 

Vascularity of the tissue diminishes rapidly with time. After birth, blood supply 

gradually diminishes until the vasculature is confined to the outer one-third of the 

tissue (at 11 years after birth) (Greis et al., 2002). Only 10-30% of the adult 

human meniscus is vascular (at the periphery, called the red-red zone), while the 

inner one-third is avascular (white-white zone), and the region in between has 

little blood supply (red-white zone) (Drengk et al., 2008). Therefore, the inner 

one-third of the meniscus has a limited reparative capacity due to absence of 

vascular tissue (Arnoczky and Warren, 1983).  

GAG deposition rate is fast at early ages (until age 20), but diminishes to 

one-twentieth of its initial rate with increasing age (McAlinden et al., 2001). The 

same is valid for collagen production. Collagen continues to increase in amount 

and get organized until age 30, and diminishes after age 80 (Ghosh and Taylor, 

1987).  
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Similarly, cellularity and cell types in the meniscus change with the 

progressing developmental stages. In early developmental stages, cellularity is 

high and all the cells in the meniscus are similar; all are round in shape and have 

high nucleic to cytoplasmic volume ratio. During embryonic development, cell 

number decreases and the fibroblast-like progenitor cells differentiate into the 

specialized meniscal tissue (Buma et al., 2004). The cells differentiate accordingly 

to their locations in the tissue. They tend to get fibroblastic phenotype with 

spindle-like appearance and little cytoplasm at the superficial layer, while get 

chondrocytic phenotype with round or polygonal shape and large cytoplasm at the 

deep layer (Hellio Le Graverand et al., 2001). 

Four cell types were identified in the adult meniscus as shown in Fig. 1.3 

(Webber et al., 1985; Hellio de Graverand et al., 2001; Kawamura et al., 2003; 

van der Bracht et al., 2007; Athanasiou and Sanchez-Adams, 2009). In the 

superficial layer spindle shaped cells are found.  

 

 

Figure 1.3. Diagrams showing cell types and collagen organization in different 

regions of the meniscus. Meniscus cells include (a) spindle-shaped cells in the 

superficial layer, (b) and (c) fibroblast-like cells in the vascular outer portion, and 

(d) chondrocyte-like cells in the deep inner portion of the meniscus. (A) (Adapted 

from van der Bracht et al., 2007), and (B) (adapted from Kawamura et al., 2003). 

B A 

(b, c) 

(a) 

 

Spindle-

shaped cells 

Chondrocyte-like 

cells 
Fibroblast-like cells 

Sindle-shaped 

cells 

Chondrocyte-

like cells 
 

 

(d) 
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In the inner portion of the meniscus, where no vasculature is present, 

chondrocyte-like cells with round or polygonal appearance are located. In the 

peripheral portion of the meniscus, fibroblast-like cells with long cell processes 

are present. These cells tend to get chondrocytic character towards the deep layer, 

and are called “fibrochondrocytes” because of both fibrous and chondrogenic 

phenotype they express (Webber et al., 1985). 

1.4. Meniscus Biomechanics 

During normal activities the knee joint is subject to a load 2.7-4.9 times of 

the body weight (Paul, 1976). Meniscus bears 45-75% of the load applied on the 

knee joint (Shrive et al., 1978). Upon application of this load, a force 

perpendicular to the superficial, concave surface of the meniscus is conveyed 

from the femoral condyle to the tissue. This force has two components: the first is 

the vertical component (Rv) corresponding to the compressive stress applied on 

the tissue, and the second is the horizontal (or radial, RR) component 

corresponding to the tensile stress as shown in Figure 1.4 (Sweigart and 

Athanasiou, 2001). Compressive stress is a result of the pressure exerted on the 

tissue due to the body weight. Tensile stress, however, is a result of the 

displacement of the meniscus due to the pressure applied on the tissue. The 

pressure conveyed by the femur results in a radial displacement of the meniscus 

which is opposed by the anchors in the anterior and posterior horns (Athanasiou 

and Sanchez-Adams, 2009). Thus, a tensile hoop stress is generated, which is 

reflected in the circumferential organization of the collagen within the tissue 

(Ghosh and Taylor, 1987).  
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Figure 1.4. Forces applied on meniscus result in compressive (R) and tensile hoop 

(F) stresses. (Adapted from Sweigart and Athanasiou, 2001).  

Meniscus is considered biphasic in terms of biomechanics; one phase is 

composed of the organic material (collagen and GAGs), and the other phase is 

composed of water molecules bound by GAGs (Favenesi, 1983; McDermott et al., 

2008). The two phases and the interaction between them combined, give the tissue 

its viscoelastic nature (Zhu et al. 1994). The reaction, i.e. deformation, of a 

viscoelastic tissue depends on the intensity and velocity of the force applied on it. 

GAGs bind water molecules, which results in a hydrostatic pressure against 

compressive loading, and if a sudden or a constant force is applied on the tissue, 

the initial response is an elastic behavior (Fig. 1.5) (McDermott et al., 2008; 

Athanasiou and Sanchez-Adams, 2009). With loading, water is extruded from the 

tissue leaving the solid, rigid matrix which is less deformative. When the load is 

removed, water returns to the tissue due to attraction by GAGs. Thus, the tissue 

returns to its original shape. 

 

 

F: Tensile hoop stress 

RV: Vertical component of the 

compressive force 

RR: Radial component of the 

compressive force 

 

F = Collagen force  
(Tensile Hoop Stress) 

Rv = Compressive Stress 
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Figure 1.5. Biphasic behavior of the meniscus. (a) GAGs (filled circles) bind 

water molecules (curved lines) in the tissue. (b) Upon loading, water molecules 

are expelled from the tissue leaving behind the organic phase which has a higher 

resistance against loading. (c) When the load is removed, GAGs pull water 

molecules back to the tissue (adapted from Athanasiou and Sanchez-Adams, 

2009).  

 

Biphasic behavior implies that the stress applied on the tissue is shared by 

the fluid and solid phases before all the stress is exerted on the solid phase 

(McDermott et al., 2008). Thus, compressive properties of the tissue are improved 

with the presence of the water which is attracted by the negatively charged GAGs.  

As previously mentioned, meniscus is exposed to compressive and tensile 

stresses originating from the body weight. Hence, many studies aiming to 

determine the compressive (Joshi, et al. 1995; Sweigart et al., 2004; Bursac et al. 

2009; Holloway et al., 2010) and tensile properties (Bullough et al. 1970; Proctor 

et al. 1989; Fithian et al. 1990; Setton et al. 1999; Holloway et al., 2010) of the 

meniscus were conducted on different species with different methods. 

Compressive modulus of the human meniscus was stated to be in the range of 

100-220 kilopascals (kPa) (Joshi et al. 1995; and Sweigart et al. 2004), whereas 

the tensile modulus in the range of 58-295 megapascals (MPa) (Fithian et al., 

1990; Tissakht and Ahmed, 1995).  

(a) (b) (c) 
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1.5. Meniscal Injury and Treatment  

1.5.1. Meniscal Injury 

Meniscal damage may occur due to abnormal development, disease, 

degeneration, and injury. Discoid meniscus, for instance, is an abnormality in 

which the inner portion of the meniscus is larger than normal and extends towards 

the axial center of the tissue covering more articulating surface area than normal 

(Athanasiou and Sanchez-Adams, 2009). Degeneration is another problem related 

to meniscus. With degeneration, meniscus becomes more vulnerable to injury. 

Osteoarthritis (OA) is a common disease resulting in extensive degeneration of the 

meniscus and hyaline cartilage. Meniscal tears are the prevalent type of injury to 

the meniscus, and occur primarily due to traumatic sports injuries in young 

people, and due to degeneration in people older than 40 years of age (Greis et al. 

2002). Symptoms of meniscal injury are characterized by swelling, locking of the 

knee joint, limited movement, and a great deal of pain. In addition to health 

issues, meniscal problems lead to considerable loss of working days and are 

economically costly. 

In the vascular peripheral region, healing may occur spontaneously, while 

the avascular inner region of the meniscus has no or limited healing capacity 

(Petrosini et al., 1996). 

1.5.2. Conventional Treatment Methods 

Research has been concentrated on developing treatment methods to (1) 

prevent or delay degeneration, (2) relieve pain, and (3) improve biomechanics 

(van der Bracht et al., 2007). As a result, various treatment methods have been 

developed.  

In some cases simple tears can be dealt with nonsurgical procedures. These 

include the injection of synovial fluid or hyaluronic acid into the knee joint. 

Complex tears disrupting the circumferential fiber organization, however, cannot 

be dealt with nonsurgically (Baker, 2010). In these cases surgical intervention is 
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necessary. When injuries cannot be repaired, partial or total resection of the 

meniscus may be required. However, if the meniscus is totally resected, it should 

be replaced with a transplant, prosthesis or substitute in order to restore the 

biomechanics of the knee. Otherwise, it will lead to pain and stress concentration, 

and eventual degeneration of the cartilage.  

1.5.2.1. Meniscal Repair 

Meniscal repair methods aim to augment the natural healing process. 

Especially when dealing with injuries in the avascular region, healing 

enhancement techniques may be applied (DeHaven, 1999), and increasing the 

vascularity is a widely followed strategy. For example, the synovial abrasion and 

meniscal rasping are the two methods used towards this end (Helming et al., 

1987; Okuda et al., 1999; Freedman et al., 2003). Another procedure is the 

trephination or creation of channels to promote blood vessel invasion (Arnoczky 

et al., 1983; Schoenfeld et al., 2007). The drawback of this procedure is that the 

collagen organization is disturbed and fibrovascular scars form. As a result, the 

new tissue has inferior mechanical properties (Newman et al., 1989).  

In addition, sutures, screws, arrows, darts, and fibrin sealants are used to 

stabilize a torn meniscus. These approaches require less time, are easier to 

perform, and have reduced surgical risk (Baker, 2010). Although useful for simple 

tears, these methods cannot be used for complex meniscal injuries where the 

tissue is largely degenerated. 

1.5.2.2. Meniscal Replacement  

As mentioned previously (section 1.5.2), complex tears that cannot be 

repaired through conventional approaches may require partial or total resection of 

the meniscal tissue. This procedure is called meniscectomy. Partial meniscectomy 

is applied when the injuries are close to the inner region of the meniscus. The torn 

portion of the meniscus is removed. Total meniscectomy, on the other hand, is 

applied for more complex tears. Then the whole meniscus is removed (McGinity 
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et al., 1977; Andersson-Molina and Karlson, 2002). Meniscectomy, however, is 

reported to result in stress concentration on the cartilage surfaces, and thus, in 

degeneration of the tissue, which leads to osteoarthritis in the long term (Baratz et 

al., 1986; Roos et al., 1995; Petrosini et al., 1996; Rath et al., 2000). Although 

partial meniscectomy is not as severe as total meniscectomy, it may still lead to 

cartilage degeneration (Birk et al., 1991). Replacement methods have, therefore, 

been employed in order to preserve the biomechanics of the tissue and prevent 

degeneration. Transplants, prostheses and tissue substitutes are used after 

meniscus removal. 

The first method used for meniscus replacement is transplantation. Tissue 

autografts (tissues derived from the patient) and allografts (tissues derived from 

human cadavers) are widely used in the event of the meniscectomy (Buck et al., 

1988; Arnoczky et al., 1992; Gao et al., 1998; Rodeo et al., 2000; Rath et al., 

2001; Cole et al., 2002; Dienst et al., 2007). The success of transplantation 

depends on many factors including proper tissue preservation, transplant integrity, 

and fixation method (Jackson et al., 1992; Rodeo et al., 2000; Rath et al., 2001). 

Poor integration, for example, leads to premature failure of the graft (Rath et al., 

2001). Tissue replacement surgery may raise complications because the human 

immune system antagonizes the tissues from the donor (Becker and Jakse, 2007). 

In addition to risks of disease transmission and donor-host incompatibility, 

transplants may fail to prevent degeneration of articular cartilage after 

transplantation in the long term (Kuhn and Wojtys, 1996; Gao et al., 1998).  

Decellularized tissue substitutes including periosteal tissue, perichondral 

tissue, small intestine submucosa, tendon, and meniscal grafts are used to replace 

meniscal lesions (Bruns et al., 1998; Walsh et al., 1999; Cook et al., 1999). These 

substitutes were, however, shown not to support new meniscal tissue growth 

(Johnson and Feagin, 2000). Moreover, calcification and poor initial mechanical 

properties of these substitutes, which foster fixation problems, render this method 

less preferable (Kohn et al., 1992; Bruns et al., 2000). 

Another method is the use of prostheses to replace the missing tissue. 

Natural (collagen) and synthetic materials (polylactic acid (PLA), polyvinyl 
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alcohol (PVA), polyurethane (PU), Teflon (poly(tetrafluoroethylene), PTFE), 

Dacron (poly(ethylene terephthalate), PET)),  have been used as meniscal 

prostheses (Veth et al., 1986; Stone et al., 1990; Sommerlath and Gillquist, 1993; 

Messner, 1994; de Groot et al., 1996; Kobayashi et al., 2003; Tienen et al., 2006). 

Collagen Meniscus Implant, CMI (ReGen Menaflex®) is a collagen/GAG-based 

prosthesis which so far produced the most promising results as a meniscal implant 

and is in phase II clinical trial (Stone et al., 1990; 1992; 1997; Steadman and 

Rodkey, 2005). CMI, however, has the problem of shrinkage after implantation, 

and expression of α-smooth muscle actin which is specific for muscular tissues 

rather than meniscus (Mueller et al., 1999). The main problem with prostheses, in 

general, is that their mechanical properties are inferior to the native tissue. 

None of the methods reported above offers a satisfying solution for the 

complex meniscal injuries. Tissue engineering appears to be a promising 

alternative for use in the replacement of damaged meniscus and offer the 

generation of new tissues.  

1.5.3. Tissue Engineering  

Tissue engineering is defined as “the persuasion of the body to heal itself, 

through the delivery of signals, cells and supporting structures to the appropriate 

sites” (Williams, 1999). It aims at improving or replacing the biological functions 

of a tissue (Langer and Vacanti, 1993). Tissue engineering “combines the 

principles and methods of the life sciences with those of engineering to elucidate a 

fundamental understanding of structure-function relationships of normal and 

diseased tissues, in order to facilitate the development of materials and methods to 

repair damaged or diseased tissues, and to create entire tissue replacements” (Da 

Sacco et al., 2010).  

The three components of tissue engineering are cells, cell carriers or 

scaffolds, and biochemical molecules or biomechanical signals to guide the cells 

in aligning and differentiation. Each of the components is selected based on the 

desired properties.  
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The strategy for engineering meniscal tissues is shown in Figure 1.6. First, 

a biopsy sample is taken from the patient’s meniscus with consent, and meniscus 

cells are isolated from the sample (otherwise stem cells are used). The cells are 

cultured in a tissue culture flask to increase the cell number.  

 

 

 

Figure 1.6. Strategy for engineering meniscal tissue. First, a biopsy sample is 

taken from the patient’s meniscus (1). Then, cells are isolated from the tissue, and 

cultured in a tissue culture flask to increase the cell number (2). After sufficient 

number of cells is obtained, cells are seeded onto or into the scaffold and 

biochemical signals are introduced by addition of biomolecules (3). Thus, new 

tissue formation is induced. After culturing for some time in flasks or bioreactors 

(4), the construct is ready for implantation (5).  

After sufficient number of cells is obtained, cells are seeded onto or into 

the scaffold which is previously given the shape of a meniscus, and biochemical 

(by addition of biomolecules) or mechanical signals (by mechanical stimulation) 
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are also introduced. Thus, new tissue formation is induced. After culturing for 

some time in a flask or bioreactor, the construct is implanted into the knee. Since 

the scaffold material is biodegradable, the construct leaves a space for the new 

tissue to grow as it degrades with time.  

1.5.3.1. Cells 

Cells are the most important elements of a tissue. They fulfill the 

requirements for the function of the specific tissue and they also excrete 

extracellular matrix (ECM) components in certain tissues to give the tissue its 

specific characteristic. Differentiated cells or undifferentiated progenitors can be 

used in tissue engineering for different purposes. Differentiated cells do not need 

any biochemical signal in order to function as the cells of the desired tissue, but 

they have to increase in number, spread, migrate, and populate the site. 

Progenitors or stem cells, however, need to be differentiated into the cells of the 

target tissue by using the appropriate differentiation or growth factors before they 

can be used. They can proliferate rapidly and indefinitely as long as they remain 

undifferentiated, which is advantageous for tissue engineering applications 

because large number of cells is required in tissue engineering applications. 

According to a report, in order to generate a tissue of 1 cm
3
, the number of cells 

used should be at least 2.5 x 10
7
 (Hoben et al., 2006).  

Various types of cells have been used to engineer the meniscus tissue. 

Meniscus cells, or fibrochondrocytes, are the most commonly used cell type 

(Vanderploeg et al., 2004; Pangborn and Athanasiou, 2005; Gruber et al., 2008; 

Gunja and Athanasiou, 2009; Mandal et al., 2011a). Fibroblasts, articular 

chondrocytes, and mesenchymal stem cells (MSCs) have also been used in 

meniscal repair or tissue engineering applications (Hoben et al., 2006; Marsano et 

al., 2006a; Mandal et al., 2011b). 

In the current study, human meniscus cells were chosen as the cell type, 

simply because they can be conveniently isolated from a biopsy and expanded in 

vitro, and do not require differentiation since they already are mature cells. 
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1.5.3.2. Biochemical and Mechanical Signals  

Cells should be in an appropriate environment to assume their phenotypes, 

and function and produce the ECM. The appropriate environment means proper 

type and sufficient amount of nutrients, biochemical and mechanical signals, and 

optimal oxygen concentration (Arnoczky, 1999).  

In the native tissue, the biochemical (biomolecular) and mechanical signals 

which lead the cells to function are already available. These include growth and 

differentiation factors, which induce vascularization, cell proliferation, spreading, 

migration and differentiation. Stem cells, for example, require differentiation 

factors to differentiate into the cells of the desired tissue. Mechanical signals 

include (dynamic) compression and tension, and surface topography. For 

fibrocartilaginous tissue formation, mechanical stimulation, in the form of cyclic 

compression and tension is needed. Dynamic compression and tension have been 

used in order to mechanically stimulate the cells to produce cartilaginous and 

fibrocartilaginous tissues (Imler, 2005; Mauck et al., 2007; Baker et al., 2011).  

Various growth factors have been used in order to repair or regenerate the 

meniscal tissue. Fibroblast growth factor (FGF), platelet-derived growth factor 

AB (PDGF-AB), bone morphogenetic protein 2 (BMP-2), human platelet lysate 

(Human PL), and hepatocyte growth factor (HGF) have been shown to stimulate 

or increase proliferation of the fibrochondrocytes (Webber et al., 1985; Bhargava 

et al., 1999). Interleukin 1 (IL-1), insulin-like growth factor 1 (IGF-1), epidermal 

growth factor (EGF), BMP-2, PDGF-AB, and HGF have been shown to stimulate 

cell migration (Bhargava et al., 1999). Transforming growth factor β1 (TGF- β1) 

has been shown to increase ECM production (Collier and Ghosh, 1995; Tanaka et 

al., 1999; Gunja et al., 2009). It should be kept in mind, however, that most of the 

growth factors have multiple effects. For example, FGF decreases GAG 

production when used in high concentration (Webber et al., 1985; Bhargava et al., 

1999).  

All of the biochemical and mechanical signals mentioned above can be 

used to produce a tissue engineered meniscus. However, no growth factors were 
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used in the current study, simply to eliminate the complexity of the engineering 

process and also because the cells used were already mature. 

1.5.3.3. Scaffolds 

As the mammalian cells are mostly anchorage-dependent, they need a cell-

adhesion substrate to survive (Atala, 2009), and scaffolds serve as a substrate for 

the cells to attach on. They also provide a 3D environment for the cells to produce 

a new tissue with the desired shape, structure and function. In doing so, they have 

to be able to allow the movement of the cells, biomolecules (growth and/or 

differentiation factors), and the waste products within it (Kim and Mooney, 1998).  

An ideal scaffold should (i) be biocompatible and bioresorbable with a 

controllable degradation rate that matches the regeneration rate of the new tissue, 

(ii) be three-dimensional and highly porous with an interconnected, sufficiently 

large pores to allow cell attachment and migration, new tissue ingrowth, and flow 

of the nutrients and waste products, and (iii) have mechanical properties matching 

the native tissue (Mikos et al., 1994; Hutmacher, 2000).  

Mostly biodegradable polymers are used to construct the scaffolds even 

though inorganic and metallic scaffolds are known (Dabrowski et al., 2010; Isikli 

et al., 2011). Two classes of polymers have been used to produce tissue 

engineering scaffolds: natural polymers, such as collagen, hyaluronic acid, and 

polyesters like polyhydroxyalkanoates, and synthetic polymers, such as poly(L-

lactic acid) (PLLA), poly(lactic-co-glycolic acid) (PLGA), and polyurethane (PU). 

Natural materials have the potential advantage and risk of biologic recognition. 

This could be a disadvantage when it leads to inflammatory and antigenic 

responses (Furthmayr, 1976). They have limited physical and mechanical 

properties, long isolation and purification procedures, and change of property with 

the source. Various researchers manipulated the natural polymers to design 

scaffolds for meniscus tissue engineering. Among these materials are fibrin gels, 

agarose, cellulose, hyaluronic acid, silk, gelatin, and collagen (Table 1.1) (Isoda et 

al., 1998; Mueller et al., 1999; Vanderploeg et al., 2004; Aufderheide and 

Athanasiou, 2005; Martinek et al., 2006; Marsano et al., 2006a;                 
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Marsano et al., 2006b; Bodin et al., 2007; Angele et al., 2008; Rodkey et al., 

2008; Gruber et al., 2008; Gunja et al., 2009; Mandal et al., 2011a; Mandal et al., 

2011b, Ndreu-Halili, 2011).  

Hydrogels are sometimes used as scaffolds to engineer chondrogenic 

tissues. For example, hyaluronic acid (or hyaluronan), a biocompatible, highly 

hydrophilic polymer which forms a hydrogel when hydrated, was used as a 

scaffold to produce an anisotropic bizonal tissue mimicking the nonuniform 

properties of the meniscus (Marsano et al., 2006a; 2006b). Promising results were 

obtained with higher chondrogenic tissue production in the inner portion, and 

higher fibrous tissue production in the outer portion of the constructs. In another 

study, mesenchymal stem cells were differentiated into chondrogenic cells, 

encapsulated in hyaluronan and implanted into the knees of rabbits with meniscal 

lesions (Angele et al., 2008). After 12 weeks, the new tissue presented properties 

closer to that of the native meniscus than the untreated controls. Agarose is 

another hydrogel widely tested in cartilage tissue engineering studies, but proved 

ineffective for meniscal tissue engineering because of poor mechanical properties 

and low ECM production (Aufderheide and Athanasiou, 2005). Another scaffold 

material is fibrin. Isoda and coworkers (1998) encapsulated fibrochondrocytes in 

fibrin gels and the construct was implanted into a rabbit model. Increased cell 

proliferation and GAG production was observed after 2 months. It can thus be 

concluded that hydrogels are good materials for tissue engineering of the 

chondrogenic tissues, because of their good compressive properties and 

biocompatibility, but their poor tensile properties are their main disadvantage.  

Collagen is another natural material widely used in meniscus tissue 

engineering studies. In a study, type I and II collagens were used as scaffold 

materials for meniscus tissue engineering (Mueller et al., 1999b). Bovine 

fibrochondrocytes were seeded on type I collagen-GAG or type II collagen-GAG 

scaffolds. It was reported that after 3 weeks of culture, constructs produced using 

type I collagen showed shrinkage of 53% of their original volume, but those 

produced from type II collagen showed less shrinkage (12%). 
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Table 1.1. Natural polymers used in meniscus tissue engineering scaffolds. 

 

Material(s) Cells Results References 

 

Type I collagen 

Type II collagen 

 

Bovine 

fibrochondrocytes 

 

Type II collagen-based 

construct showed less 

shrinkage, and more 

collagen and GAG 

production 

 

Mueller et al., 

1999b 

Collagen(I)-GAG 

(Regen 

Menaflex) 

Sheep 

fibrochondrocytes 

Improved ECM production, 

faster remodeling, and 

enhanced vascularization 

upon cell seeding  

Martinek et al., 

2006 

Collagen(I)-GAG Human 

fibrochondrocytes 

Improved tensile, 

compressive, and shear 

properties upon cell 

seeding, collagen type I 

and II, and GAG 

production 

Ndreu-Halili, 

2011 

Silk fibroin Center: human 

articular 

chondrocytes, 

Periphery: human 

dermal fibroblasts  

Improved compressive 

properties upon seeding, 

high collagen type I (higher 

at the periphery) and GAG 

(higher at the center) 

production, lower collagen 

type II production 

Mandal et al., 

2011a 

 Mesenchymal 

stem cells (MSCs) 

Further improvement in 

compressive properties 

compared to Mandal et al., 

2011a, high collagen, GAG 

and aggrecan production 

Mandal et al., 

2011b 

Hyaluronan 

(HYAFF-11) 

Articular 

chondrocytes 

 

Scaffold in dynamic 

cultures showed high 

collagen type I and 

versican production at the 

periphery, and type I and II 

and aggrecan production at 

the center 

Marsano et al., 

2006b 

Hyaluronan MSCs 

differentiated into 

chondrocytes 

Production of 

fibrocartilaginous tissue 

having properties closer to 

that of meniscus with the 

seeded constructs 

Angele et al., 

2008 
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Moreover, it was reported that collagen and GAG production was 

increased with the type II collagen-based constructs. A collagen-based meniscus 

implant (Regen Menaflex®) produced from collagen-GAG was seeded with 

autologous fibrochondrocytes and implanted in a sheep model (Martinek et al., 

2006). Improved ECM production, faster remodeling, and enhanced 

vascularization were observed with the seeded constructs when compared to the 

unseeded controls. Silk is another natural material used in the reconstruction of 

the meniscus. In a study, Mandal and coworkers (2011a) constructed a silk-based, 

multilayered scaffold seeded at the periphery with fibroblasts and at the center 

with chondrocytes to mimic the anisotropic nature of the native meniscal tissue. 

Results were good in terms of compressive properties, but poor in terms of tensile 

properties. When the same construct was seeded with mesenchymal stem cells, a 

further increase in compressive modulus and aggrecan production was observed, 

but no change in tensile properties was reported (Mandal et al., 2011b). 

Synthetic polymers, on the other hand, can be produced reproducibly on a 

large scale with controlled properties of strength, degradation rate, shape, and 

microstructure (Buma, 2004; Atala, 2009). Depending on the tissue to be 

engineered, these polymers can be manipulated so as to obtain the desired 

properties. Yet, synthetic polymers lack sites for biologic recognition, and the 

degradation products may elicit inflammatory response from the host tissue 

(Bostman, 1991). Common synthetic polymers used in the production of tissue 

engineering scaffolds for meniscus are PLLA, PLGA, PU, poly(ε-caprolactone) 

(PCL), polyesters, polyvinyl alcohol and combinations of these (Table 1.2) (Ibarra 

et al., 2000; Kobayashi et al., 2003; Pangborn and Athanasiou, 2005; Aufderheide 

and Athanasiou, 2005; Kang et al., 2006; Schoenfeld et al., 2007; Kon et al., 

2008; Gunja and Athanasiou, 2009; Holloway et al., 2010; Nerurkar et al., 2011; 

Baker et al., 2011).  
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Table 1.2. Synthetic polymers used in meniscus tissue engineering scaffolds. 

 

 

 

 

Material(s) Cells Results References 

 

PGA  

PLGA 

 

Bovine 

fibrochondrocytes  

 

Good GAG and collagen 

production and 

organization, tissue 

ingrowth 

 

Ibarra et al., 

1997 

PGA Rabbit 

fibrochondrocytes 

Good cell proliferation, 

and GAG and collagen 

production, but low 

compressive properties 

Aufderheide and 

Athanasiou, 

2005 

PGA/PLGA Meniscal 

chondrocytes 

Improved compressive 

properties, meniscal-like 

tissue formation, but low 

collagen and GAG 

production 

Kang et al., 

2006 

PLLA Meniscus cells 

(MCs) and/or 

articular 

chodrocytes 

(ACs) 

Increased GAG and 

collagen type II 

production with the 

increasing proportion of 

ACs.  

Gunja and 

Athanasiou, 

2009 

PCL  

(fiber mats) 

MSCs Increased tensile 

properties upon cell 

seeding; constructs 

cultured under cyclic 

tension showed improved 

tensile properties, higher 

collagen, and lower GAG 

production compared to 

those cultured under static 

conditions  

Baker et al., 

2004 

PCL-HYAFF-

PLA 

Sheep 

chondrocytes 

Good mechanical 

properties, but slow 

scaffold degradation, low 

GAG production, and 

poor cell and tissue 

ingrowth 

Kon et al., 2008 

PVA-PP 

PVA-UHMWPE 

- High tensile properties Holloway et al., 

2010 
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Ibarra and colleagues (1997) seeded fibrochondrocytes on scaffolds 

produced from PGA or PLGA and implanted them subcutaneously into nude 

mice. The results were promising in terms of tissue ingrowth, GAG production, 

and type I collagen production and organization. In the study conducted by 

Aufderheide and Athanasiou (2005), two types of scaffolds were seeded with 

fibrochondrocytes, and it was shown that the PGA-based scaffolds presented a 

higher degree of cell proliferation and ECM production (GAG and collagen 

synthesis) than the agarose-based scaffolds. However, compressive properties of 

the PGA-based constructs were poor. Kang and colleagues (2006) designed a 

scaffold using PGA fiber meshes which were reinforced with PLGA. Allogenic 

meniscal chondrocytes were seeded on these scaffolds, cultured for 7 days and 

implanted into rabbit models. The compressive modulus of the scaffolds 

significantly increased upon reinforcement with PLGA.  They reported that the 

new tissue was histologically similar to the native tissue, but low levels of type I 

collagen and GAGs were observed. Gunja and Athanasiou (2009) seeded PLLA 

scaffolds with meniscus cells, articular chondrocytes (ACs), or with their 

coculture in different ratios to produce a tissue similar to the native meniscus. 

They found increased GAG and collagen type II expression, and higher 

compressive modulus with increasing proportion of ACs.  

Another type of polymer used as scaffold material for meniscus tissue 

engineering is polyurethane. Although results using polyurethanes seem to be 

promising, the degradation products are carcinogenic. Heijkants and colleagues 

(2004) used a novel polyurethane scaffold (Actifit™, Orteq Bioengineering) 

based on PCL and 1,4-butanediisothiocyanate/1,4-butanediol which released 

biocompatible degradation products. The scaffold had good compressive 

properties and ECM (collagen type I and II, and GAG) production comparable to 

that of native meniscus. The scaffold proved to be non-cytotoxic and safe, and 

performed well in the preclinical studies (Welsing et al., 2008; Verdonk and 

Verdonk, 2009).  

Baker et al. (2011) designed a scaffold based on electrospun, aligned PCL 

fibers and seeded it with MSCs to produce fibrocartilaginous tissue. They cultured 
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the MSCs for 6 weeks under static culture conditions, and then under dynamic 

culture conditions in which cyclic tension was applied to increase the tensile 

properties of the construct. Tensile properties were found to be good. They 

reported an increase in tensile modulus of the scaffolds with increasing culture 

time. A higher increase was found with the constructs subjected to tensile loading 

compared to that with unloaded controls. They obtained higher collagen, but 

lower GAG production upon cyclic loading. The main drawback of this scaffold 

was that it could be produced with a thickness of only 600 μm, which is too thin 

for a 3D scaffold.  

Although the results were promising, the scaffolds mentioned above either 

had poor tensile properties or they (those which used fiber meshes) were not three 

dimensional. Few studies focused on developing 3D scaffolds with appropriate 

tensile properties. 

Kon and colleagues (2008) designed a scaffold based on a blend of PCL 

and HYAFF® (a hyaluronan-based material obtained by esterification of carboxyl 

groups with benzyl alcohol residues) (Fidia Farmaceutici SpA.) reinforced 

circumferentially with PLA fibers. The constructs were seeded with chondrocytes 

and used as implants for total replacement of the meniscus in a sheep model. 

However, slow degradation of the PCL, poor cell and tissue ingrowth into the 

scaffold center, and low GAG production were obtained.  

In another study, MSCs were seeded on aligned, electrospun PCL 

nanofibers (Nerurkar et al., 2011). The study aimed at analyzing the effect of 

GAGs and fibers on tensile and compressive properties of the scaffolds and the 

native fibrocartilaginous tissue. They showed that upon removal of GAGs by 

chondroitinase treatment, compressive properties of the scaffold and that of the 

tissue decreased substantially. On the other hand, this resulted in an increase in the 

tensile properties. When collagen was removed, the tensile properties significantly 

decreased. This indicated the important contribution that fibers made to the tissue 

and scaffolds.  
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The best results in terms of tensile properties were obtained with a 

polyvinyl alcohol (PVA)-based scaffold that was reinforced with polypropylene 

(PP) or ultrahigh molecular weight polyethylene (UHMWPE) (Holloway et al., 

2010).  The tensile modulus of the PP-reinforced scaffold was 8 MPa, whereas 

that of UHMWPE-reinforced scaffold was 258 MPa, which is in the range of the 

tensile properties of the native tissue in the circumferential direction (100-300 

MPa). However, this scaffold contains nondegradable (PP and UHMWPE) 

materials which would remain in the body for the rest of the patient’s life.  

The aim of the current study was to design a novel scaffold for meniscus 

tissue engineering which would have good mechanical (both compressive and 

tensile) properties, and that would support the production of fibrocartilaginous 

tissue.  

1.5.3.4. Scaffold Design 

Designing a scaffold that mimics the anisotropic characteristics of the 

meniscal tissue is challenging. Attempts to design scaffolds which support the 

production of anisotropic tissues would include the incorporation of hydrogels to 

improve the compressive properties, and/or fibers to improve the tensile 

properties.  

In the current study, a novel scaffold design which would achieve 

improved tensile and compressive properties is proposed. The design includes the 

incorporation of aligned fibers in a biodegradable polyester-based foam, and 

impregnating of the whole structure in a hydrogel.  

PLLA and PLGA are two biodegradable polymers approved by the Food 

and Drug Administration (FDA) for certain human clinical applications, and are 

widely used to construct 3D scaffolds due to their biocompatibility, good 

mechanical properties, a selection of degradation rates, and nontoxic degradation 

products (Chen et al., 2000; Lee et al. 2007). These polymers have also shown to 

be compatible with fibrochondrocytes (Pangborn and Athanasiou, 2005). 

Therefore, these two polymers were used as the materials of the foams. For foam 
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production a well established method was used: thermally induced phase 

separation (TIPS), in other words lyophilization.  

Since the meniscus is composed of circumferentially aligned collagen 

(mainly type I) fibers which improve tensile properties (Fithian et al., 1990), it 

was chosen as the material for the production of fiber mats to reinforce the foams. 

Collagen presents biologic recognition, and thus enables cell adhesion, and if 

processed into aligned fibers, it also enhances cell proliferation (Murugan and 

Ramakrishna, 2007). Since PLLA-based scaffolds have tensile properties far 

below those of the native meniscal tissue, the scaffold in the current study was 

designed to include aligned fibers within the structure. Many methods (self 

assembly, phase separation, electrospinning) are used to produce nano- and micro-

fibers (Murugan and Ramakrishna, 2007); however, aligned fibers at submicron 

scale are mainly produced via electrospinning (Matthews et al., 2002; Yang et al., 

2005; Zong et al., 2005; Zhong et al., 2006; and Jose et al., 2009; Yucel et al., 

2010).  

Alginic acid is a biocompatible and biodegradable natural polymer which 

can form a hydrogel when hydrated in the presence of calcium ions (Ca
+2

). 

Alginic acid is chosen to impregnate the foams mainly because it would be 

stabilized on the foam by a mild treatment, immersion into a solution of Ca
+2

 ions.  

In making the scaffolds, the electrospun, aligned collagen fibers were 

placed circumferentially in a mold into which PLLA-PLGA solution was added, 

and lyophilized. Thus, the collagen fibers were entrapped within the polymer 

foam structure.  

This design is unique in that it introduces both circumferentially aligned 

fibers, which were expected to improve the tensile properties, and a hydrogel 

(alginic acid) which was expected to improve the compressive properties of the 

foam structure. Thus, the bizonal anisotropic structure of the native meniscus was 

perfectly mimicked for the first time in the literature, and generation of a 

meniscus-like fibrocartilaginous tissue is provided.  
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CHAPTER 2 

 

 

 

 

MATERIALS AND METHODS 

 

1.6. 2.1. Materials 

Poly(L-lactic acid) (PLLA) with a viscosity of 3.2-3.8 dL/g was purchased 

from FORUSORB (China). Poly(L-lactic-co-glycolic acid) (PLGA, 50:50) was 

purchased from Boehringer Ingelheim (Germany).  

Calcium chloride (CaCl2), 1,4-dioxane, sodium phosphate monobasic and 

dibasic, ethanol, acetic acid (HAc), acetone, Tween-20, and Trizma base were 

purchased from Merck (Germany).  

Sodium alginate (low viscosity), Coomassie brilliant blue, amphotericin B, 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP), collagen Type I, collagenase Type II 

from Clostridium histolyticum, glutaraldehyde, paraformaldehyde (37%), sodium 

cacodylate trihydrate, FITC-labeled phalloidin, 4’,6-diamidino-2-phenylindole 

dihydrochloride (DAPI), silanized-prep slides, Tris-buffer saline (TBS), normal 

goat serum (NGS), hyaluronidase, rabbit anti-human collagen Type I and II, rabbit 

anti-human aggrecan, and CC/Mount® mounting solution were purchased from 

Sigma (USA and Germany).  

DMEM-High glucose, DMEM/F12 (1:1), DMEM-High glucose colorless, 

fetal bovine serum (FBS), trypsin-EDTA (0.25 %) (HyClone), multicolor broad 

range protein ladder (Fermentas), SnakeSkin pleated dialysis tubing, and freezing 

microtome blades were purchased from Thermo Scientific (USA).  

Penicillin/streptomycin (100 units/mL-100 μg/mL), and bovine serum 

albumin (BSA) were purchased from Fluka (Switzerland). 
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Dimethyl sulfoxide (DMSO) and Triton-X 100 were obtained from 

AppliChem.  

Tryphan blue (0.4 %) and Alamar blue® were purchased from Invitrogen 

Inc. (USA).  

Liquid diaminobenzidine (DAB) + substrate chromogen system, Dako 

Envision System horseradish peroxidase (HPR)-labeled polymer anti-rabbit were 

purchased from DAKO (USA). 

Tissue-Tek O.C.T Compound (tissue freezing medium) was purchased 

from Sakura (USA).  

Sprague-Dawley rat tails to extract collagen were kindly provided by 

GATA Animal Experiments Laboratory (Turkey). 

1.7. 2.2. Methods 

2.2.1. Preparation of Scaffolds 

1.7.1.1. 2.2.1.1. Preparation of Aligned, Electrospun Collagen Fiber Mats 

The collagen fiber mats were obtained using the electrospinning technique, 

and characterized with SEM and analyzed with ImageJ (NIH program).  

2.2.1.1.1. Isolation of Collagen Type I from Rat Tails 

Type I collagen was isolated from rat tails as previously described (Vrana, 

2008). Tail skins of the Sprague-Dawley rats were stripped off the tendons and the 

tendons were removed. Isolated tendons were then placed in 0.5 M acetic acid 

solution until all the collagen dissolved. To remove fatty tissues, the resulting 

solution was filtered through glass wool. The solution was then dialyzed against 

the dialysis buffer (5 L; 12.5 mM sodium phosphate dibasic, 11.5 mM sodium 

phosphate monobasic, pH 7.2) for 5 days using dialysis tubing (10000 CO), and 

with a daily change of buffer. The resulting milky collagen was centrifuged 
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(Sigma 3K30, Germany) at 4 
o
C (16,000 g, 10 min), and the supernatant 

discarded. With overnight stirring, the pellet was completely dissolved in 0.15 M 

acetic acid. The collagen was precipitated in NaCl solution (5% w/v) with 

overnight stirring, after a second centrifugation step (10 min at 16,000 g), the 

pellet was dissolved in 0.15 M acetic acid and dialyzed once more. Collagen 

precipitated in the dialysis tubing was centrifuged, and the pellet was maintained 

in 70% ethanol by stirring for 2 days. Lastly, the precipitate was centrifuged, and 

the pellet was frozen at -80 
o
C (Sanyo MDF-U53865, Japan) and lyophilized 

(FreeZone 6, Labconco Co., USA). The lyophilized collagen was kept at 4 
o
C for 

long term storage. 

2.2.1.1.2. Electrospinning of the Type I Collagen 

Collagen solution (10 % w/v in HFIP) was prepared and transferred into a 

10 mL plastic syringe that had a metal needle with blunt end (22-G x 1.25’’, 0.70 

mm inner diameter x 32 mm length). The syringe was placed in a syringe pump 

(New Era Pump Systems Inc., UK), and the tip of the needle was attached to a 

positive electrode connected to a high voltage-DC power source (Gamma High 

Voltage Research, USA). The voltage was set to 15 kV and the polymer solution 

was dispensed at a flow rate of 5 µL/min. For collecting aligned fibers a copper 

plate, with parallel grids and attached to a ground source was used as previously 

described (Yucel, et al., 2010). The distance between the collector and the tip of 

the needle was 10 cm.  

After electrospinning, the collagen fiber mats were dried under vacuum 

and crosslinked (through dehydrothermal treatment by incubation at 150 
o
C for 24 

h) to preserve the fiber structure, since fine collagen fibers are known to dissolve 

in water-based systems (Kinikoglu et al., 2011). The mats were stored in a 

desiccator until use.  
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2.2.1.2. Preparation of PLLA and PLLA-PLGA Foams 

Foams were prepared with the method, thermally induced phase separation 

(TIPS), and characterized using mechanical, SEM, and mercury porosimetry 

analyses. 

2.2.1.2.1. Purification of PLLA 

Poly(L-lactic acid) (PLLA) was dissolved in chloroform (3% w/v). Using 

a burette, the solution was added dropwise into methanol and the polymer was air 

dried and placed in desiccators until use. 

2.2.1.2.2. Preparation of Foams 

Poly(L-lactic acid) (PLLA) solution (4% (w/v) in 1,4-dioxane) was 

prepared, frozen at -80 
o
C and lyophilized to obtain the macroporous foams (will 

be labeled as uncoated foams in the rest of the study). One set of PLLA foams 

(prepared from 4% w/v solution) was dip-coated in alginic acid solution (1%, w/v) 

which was later superficially crosslinked with 5% (w/v) CaCl2 solution and air 

dried (will be labeled as coated foams in the rest of the study). 

Uncoated and coated PLLA/PLGA (95:5, w/w) blend foams were similarly 

prepared using PLLA-PLGA solutions (2, 2.5, 3, and 4% w/v) in dioxane. First, 

foams were prepared by lyophilization after freezing at -20 
o
C or -80 

o
C. Then, the 

foams were divided into three groups: one set of the foams was O2-plasma treated 

(at 150W, 20 mTorr, 2 min discharge), and then dip-coated in alginic acid and 

crosslinked by dipping in CaCl2 solution (treated-coated, TC). Another set of 

foams was O2-plasma treated, but left uncoated (treated-uncoated, TUC). The 

third set was neither treated with O2-plasma nor coated with alginate (untreated-

uncoated, UTUC). The three types of foams were prepared at -20 
o
C (UTUC-20, 

TUC-20, and TC-20), or at -80 
o
C (UTUC-80, TUC-80, and TC-80).  
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1.7.1.2. 2.2.1.3. Preparation of the 3D Constructs 

 For 3D scaffold preparation the polymer concentration was chosen as 3% 

(w/v), and freezing temperature as -20 
o
C, because of the high mechanical 

properties, relatively large average pore size, and good proliferation of meniscus 

cells (fibrochondrocytes) on the foams prepared with this concentration.  

The design is illustrated in Figure 2.1. Two layers of collagen fiber mats 

were placed in a glass mold, or in a glass well, with the mats fitting the base of the 

dish. Then PLLA-PLGA solution (3% w/v) was added onto the mats in the dish or 

well, and allowed time for complete wetting. The air bubbles were removed, and 

the sample was frozen at -20 
o
C and lyophilized for 10 h to obtain the 3D-

constructs. The constructs were in the shape of a cylinder and had dispersion in 

the center. The center of the constructs was punched out using a tissue sampler (7 

mm diameter), and the remaining disk was cut into two to yield two semilunar 

structures mimicking the shape of a native meniscus. 

 

Figure 2.1. Preparation of the 3D constructs. First, collagen fiber mats are placed 

in a cylindrical, glass mold (1). Polymer solution is added onto the fiber mats (2), 

frozen at different temperatures (3), and lyophilized (4) to obtain the 3D construct. 

The construct is given the final shape (5) and coated with alginate (6). 

Placing the fiber mats in a 

glass mold 
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3 
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For compression tests, SEM and fluorescence microscopy analyses, 3D 

constructs with and without collagen fibers were used. The constructs were cut 

into square prisms (dimensions 5x5x3 mm
3
), and treated with O2-plasma (150W, 

2 min, at 20 mTorr). Some were coated with alginate, and then crosslinked with 

CaCl2. Hence, 4 types of scaffolds were prepared: (a) uncoated foams without 

collagen fibers, (b) uncoated foams with collagen fibers, (c) coated foams without 

collagen fibers, and (d) coated foams with collagen fibers. 

Samples for tensile tests and immunohistochemistry analyses were 

prepared exactly in the same manner as those for compression tests, except for the 

dimensions of the samples (30x10x3 mm
3
). 

2.2.2. Characterization Studies 

1.7.1.3. 2.2.2.1 Characterization of the Collagen Isolated from Rat Tails 

SDS-PAGE was done for characterization and assessment of purity of the 

collagen type I isolated from rat tails. The separating gel was prepared using a 

12% (w/v) acrylamide:bisacrylamide (37.5:1 w/w) solution, while the stacking gel 

was prepared using a 4 % (w/v) solution.  

 Isolated and commercial (BD Biosciences, USA) collagen samples (0.2% 

w/v in 0.05 M acetic acid) were denatured at 95 
o
C for 5 min and loaded into the 

wells. A protein marker was also loaded into a well for comparison. The system 

was run at 30 mA for 2.5 h (Bio-Rad Power Pac HC, Finland), the gel was stained 

overnight with a 0.2% (w/v) solution of Coomasie Brillant Blue (12:50:38 

HAc:MeOH:H2O). Finally, the gel was destained by immersion in destaining 

solution (10:50:40 HAc:MeOH:H2O). 
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1.7.1.4. 2.2.2.2. Surface Characterization  

2.2.2.2.1. Scanning Electron Microscopy (SEM) Examination 

The electrospun fibers, foams and 3D constructs were analyzed with SEM. 

The foams were sectioned horizontally and vertically with a razor blade, while the 

fibers were used as is. The samples were sputter-coated with 10 nm thick gold-

palladium and analyzed with SEM (FEI Quanta 200F, USA) under high vacuum 

at Bilkent University UNAM. 

SEM micrographs were analyzed with ImageJ (an NIH program) to 

determine average fiber diameter, average direction angle of the fibers, average 

pore size, and porosity.  

1.7.1.5. 2.2.2.3. Characterization of the Microstructure of the Foams and 3D 

Constructs 

Pore size distribution of the foams and 3D constructs was determined with 

mercury porosimetry and by analyzing SEM micrographs with ImageJ (NIH 

program). Porosity was determined by analyzing the SEM micrographs using 

ImageJ (NIH program). 

2.2.2.3.1. Mercury Porosimetry Analysis  

Mercury porosimetry analyses were performed using a porosimeter 

Poremaster 60, Quantachrome Corporation (USA) at METU Central Laboratory 

under 0-50 psi pressure, with surface tension (of mercury against the gas in the 

chamber) of 480 dyne/cm and a contact angle (of mercury on the polymer surface) 

of 140°. Pore diameters of the foams were calculated by the system using 

Washburn’s equation assuming the pores are cylindrical (Washburn, 1921). Pore 

size distribution of the foams up to a pore size of 200 µm was plotted (Figs. A1, 

A2, and A3 in Appendix A). 
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1.7.1.6. 2.2.2.4. Mechanical Characterization 

Mechanical tests were done using a mechanical testers Stable Micro 

Systems, MT-LQ, (UK) with a 5000 N load cell, and/ Lloyd LRX 5K Lloyd 

Instruments Limited, (UK) with a 100 N load cell. Five replicates were tested for 

each sample type. 

2.2.2.4.1. Unconfined Compression Tests 

For compression tests, alginate-coated and uncoated foams frozen at -20 or 

-80 
o
C were cut into square prisms (7x7x5 mm

3
). Compression tests of dry or wet 

(incubated in PBS at 37 
o
C for 24 h) foams, and wet constructs, were done with a 

displacement (compression) rate of 10 mm.min
-1

. Linear elasticity (Elastic 

modulus, E*), and the elastic compressive strength (σ*) of the foams were 

calculated according to Harley et al. (2007).  

2.2.2.4.2. Uniaxial Tensile Tests 

For the tensile tests foams or constructs were frozen at -20 or -80 
o
C and 

cut into rectangular prisms (30x10x5 mm
3
). Tensile tests for dry and wet foams, 

and wet constructs, were done according to ASTM D882-00 with a displacement 

(extension) rate of 0.5 mm.min
-1

 and with a sample gauge length of 10 mm. 

Young’s modulus (E) and ultimate tensile strength (UTS) of the foams were 

calculated.  

1.7.1.7. 2.2.2.5. In Situ Degradation Tests 

Degradation tests were conducted according to ASTM F 1635-04a 

‘Standard test method for in vitro degradation testing of hydrolytically degradable 

polymer resins and fabricated forms for surgical implants’. PLLA-PLGA foams 

were cut into square prisms (7x7x5 mm
3
) and placed in sterile phosphate buffer 

saline (0.01 M PBS, pH 7.2), and incubated for 8 weeks (4 time points: weeks 2, 

4, 6, and 8) on a rotary shaker at 37 
o
C and 50 rpm. PBS was not replaced with 
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fresh ones in order to mimic the conditions in the knee joint. At each time point, 

the samples were removed from the PBS, dried under vacuum, and weighed with 

a sensitivity of 0.1 mg. The pH of the PBS was also recorded at the end of each 

time point and at the end of the test and the pH profile was plotted. The test was 

performed with three samples of each foam type (UTUC, TUC, and TC). 

2.2.3. In Vitro Studies 

Two types of cells were used in the in vitro studies: L929 mouse fibroblast 

cell line (a gold standard used in the evaluation of cell-material interactions) was 

used to examine cell attachment and proliferation, and human meniscus cells 

(hMCs) from a human donor were used for seeding the constructs. 

1.7.1.8. 2.2.3.1. Isolation and Culture of Human Meniscus Cells (hMCs) 

Human meniscus cells (hMCs) were isolated in METU BIOMATEN 

(Ndreu-Halili, 2011) according to a modified version of a procedure described by 

Webber et al. (1985). Briefly, meniscus biopsies were obtained from a 56-year old 

volunteers with written consent at The Department of Orthopaedics at Hacettepe 

University, and incubated in PBS containing 0.1% penicillin/streptomycin (pH 

7.2) in a CO2 incubator (5% CO2 at 37 
o
C). Afterwards, the samples were chopped 

into small pieces, and treated with 0.3% collagenase type II in an incubator at 37 

o
C for 24 h to release the cells from the tissue. The cells were washed with 10% 

FBS and centrifuged (3000 rpm, 5 min). The cells were resuspended in 

DMEM/F12 (1:1) medium supplemented with 10% FBS, 1% 

penicillin/streptomycin, L-glutamine, and 15 mM HEPES buffer, and cultured in 

25 cm
2
 flasks in a humidified CO2 incubator (Heal Force®, China) for expansion. 

1.7.1.9. 2.2.3.2. Characterization of the Cells Isolated from Human Menisci  

Isolated cells were studied by flow cytometry at Kocaeli University 

KÖGEM for cell viability and cell phenotype (Ndreu-Halili, 2011). Briefly, the 

cells were resuspended in DMEM/F12 (1:1) such that 5x10
5
 cells/mL was 
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maintained. The target monoclonal antibody (mAb) (against the differentiation 

markers) was added onto the cells (2 µL mAb/100 µL cells) and the cells were 

incubated at 4 
o
C for 45 min. After a washing step with CellWash buffer (BD 

Biosciences, USA), the cells were analyzed with FACSCalibur (BD Biosciences, 

USA). Around 10,000 events per sample type were analyzed. 

Cell viability was assessed by staining with propidium iodide (PI). Cell 

Quest software (BD Biosciences, USA) was used to analyze the data. The 

meniscus cells were analyzed for the presence of various cell differentiation 

markers: CD14 (Phycoerythrin(PE)-labeled), CD15 (FITC-labeled), CD31 (FITC-

labeled), CD 34 (PE-labeled), CD 44 (FITC-labeled), CD 45 (FITC-labeled), and 

CD105 (FITC-labeled).  

2.2.3.3. Seeding and Culture of L929 Mouse Fibroblasts on PLLA-PLGA 

Foams 

L929 mouse fibroblasts (P17) were suspended at a concentration of 6 x 10
5
 

cells/mL in DMEM-high glucose containing penicillin (100 U/mL), streptomycin 

(100 µg/mL), and 10% FBS. Aliquots (50 µL) of the cell suspension were seeded 

on coated foams (5x5x3 mm
3
) such that 3 x 10

4
 cells/foam was achieved. The 

cell-seeded foams were incubated in a humidified CO2 incubator at 37 
o
C, and 

with 5% CO2 for 3 h to ensure attachment of the cells. Then, fresh medium 

(DMEM containing penicillin (100 U/mL), streptomycin (100 µg/mL), and 10% 

FBS) was added onto the foams in a 24-well plate. The plate was incubated again 

in a CO2 incubator for two weeks. Medium was refreshed every 2 days for the 

culture duration.  

After this 2 week culture, the medium on the scaffolds was removed, and 

the scaffolds were used to study cell proliferation, and morphology (SEM and 

fluorescence microscopy). 
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1.7.1.10. 2.2.3.4. Culture of hMCs on PLLA-PLGA Foams 

To study the proliferative potential of the meniscus cells (MCs) on 

different foam types, a preliminary study was designed. Four different scaffold 

types were selected to be used in this study by taking into consideration their 

porosity, pore size, and mechanical properties. The scaffold types were 1) 2% 

(w/v) PLLA-PLGA frozen at -80 
o
C prior to lyophilization, 2) 2.5% (w/v) PLLA-

PLGA frozen at -20 
o
C prior to lyophilization, 3) 3% (w/v) PLLA-PLGA frozen at 

-20 
o
C prior to lyophilization, and 4) 3% (w/v) PLLA-PLGA with collagen fiber 

embedded and frozen at -20 
o
C prior to lyophilization. The scaffolds were in the 

shape of prisms (5x5x3 mm
3
 for compression tests, and 30x10x3 mm

3
 for tensile 

tests). 

Meniscus cells were suspended in DMEM-F12 (1:1) containing penicillin 

(100 U/mL), streptomycin (100 µg/mL), amphotericin B (250 µg/mL), and 10% 

FBS at a concentration of 1 x 10
6
 cells/mL. Aliquots (30 µL) of the cell 

suspension were seeded on foams such that 3 x 10
4
 cells/foam was maintained. 

The cells were incubated in a humidified CO2 incubator at 37 
o
C, 5% CO2 for 3 h 

to ensure attachment of the cells. Then, fresh medium (DMEM/F-12 (1:1) 

containing penicillin (100 U/mL), streptomycin (100 µg/mL), amphotericin B 

(250 µg/mL), and 10% FBS) was added onto the foams in a 24-well plate. The 

plates were incubated again in a CO2 incubator for three weeks. Medium was 

refreshed every 2 days for the culture duration. 

After a 3 week culture, the medium on the scaffolds were removed, and 

the scaffolds were used to study cell proliferation and morphology (SEM and 

fluorescence microscopy), mechanical properties, and protein expression. 

1.7.1.11. 2.2.3.5. Culture of the hMCs on 3D Constructs  

 As previously mentioned, 3D constructs were examined in three groups: 

scaffolds for 1) Tensile testing, 2) Compression testing, and 3) 

Immunohistochemistry (IHC), SEM, and fluorescence microscopy. Each group 

had 4 subgroups: (a) uncoated foams without collagen fibers (UC- no coll),          
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(b) uncoated foams with collagen fibers (UC- w/ coll), (c) coated foams without 

collagen fibers (C- no coll), and (d) Coated foams with collagen fibers (C- w/ 

coll). Finally, each subgroup was either MC-seeded or left unseeded (control).  

Samples for tensile testing were larger in size and seeded with 9 x 10
4
 

cells/construct, while the samples for other groups were seeded with 3 x 10
4
 

cells/construct.  

Meniscus cells were suspended in DMEM-F12 (1:1) containing penicillin 

(100 U/mL), streptomycin (100 µg/mL), amphotericin B (250 µg/mL), and 10% 

FBS at a concentration of around 1 x 10
6
 cells/mL. Aliquots (around 30 µL) of the 

cell suspension with the calculated cell concentrations were seeded on scaffolds. 

The cells were incubated in a humidified CO2 incubator at 37 
o
C and 5% CO2 for 

4 h to ensure attachment of the cells. Then, fresh medium (DMEM/F-12 (1:1) 

containing penicillin (100 U/mL), streptomycin (100 µg/mL), amphotericin B 

(250 µg/mL), and 10% FBS) was added onto the foams in a 24-well plate. The 

plate was incubated again in a CO2 incubator for three weeks. Medium was 

refreshed every 2 days for the culture duration. 

After a 3 week culture, medium in the wells were removed, and the 

scaffolds were used for mechanical evaluation, proliferation, and 

immunohistochemistry (IHC), SEM, and fluorescence microscopy analyses.  

1.7.1.12. 2.2.3.6. Cell Proliferation on Scaffolds  

Cell proliferation was assessed by the Alamar Blue cell viability assay. 

Alamar Blue (AB) is a water-soluble dye the oxidized form of which enters the 

cytosol and is reduced by mitochondrial enzyme activity by accepting electrons 

from NADPH, FADH, FMNH, and NADH (Al-Nasiry et al., 2007). This redox 

reaction results in a shift in color of the culture medium from indigo blue 

(resazurin) to fluorescent pink (resorufin), the absorbance or fluorescence 

intensity is measured by UV-Vis or fluorometry.  

Cell-seeded and unseeded scaffolds were washed twice with DMEM-high 

glucose colorless, and incubated in Alamar Blue solution (1 mL 10% in DMEM-
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high glucose colorless supplemented with penicillin (100 U/mL), streptomycin 

(100 µg/mL), amphotericin B (250 µg/mL)) at 37 
o
C for 1 h. After this, the 

supernatant (200 µL) was transferred into 96-well plates, and the absorbances at 

570 and 595 nm were determined.  

Percent reduction was calculated as follows:  

Percent Reduced= 100
)A x )(( - )A x )((

 )A x )(( - )A x )((

12red21red

21ox12ox x









 

where,  

Aλ1= Observed absorbance reading for test well, 

Aλ2= Observed absorbance reading for test well, 

A’λ1= Observed absorbance reading for negative control well (blank), and 

A’λ2= Observed absorbance reading for negative control well. 

λ1= 570 nm                       λ2 = 595 nm 

(εox)λ2 = 117.216   (εred)λ1 = 155.677           

(εox)λ1 = 80.586   (εred)λ2 = 14.652  

Calibration curves with known number of cells (L929 mouse fibroblasts 

and human meniscus cells) were constructed to relate the cell numbers to percent 

reduction (Figs. B1 and B2 in Appendix B). 

1.7.1.13. 2.2.3.7. SEM Examination 

Cultured scaffolds were removed from media and washed twice with PBS, 

and then with cacodylate buffer (0.1 M sodium cacodylate, pH 7.4), and incubated 

in glutaraldehyde (2.5% v/v in cacodylate buffer) at room temperature for 2 h. 

After washing with cacodylate buffer, the scaffolds were air dried, freeze dried for 

2-3 h, and examined by SEM as described in section 2.2.2.2.1.  
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1.7.1.14. 2.2.3.8. Fluorescence Microscopy Analysis 

The cell-seeded 3D scaffolds were washed with PBS (10 mM, pH 7.4), 

fixed with 4% (w/v) paraformaldehyde at room temperature for 15 min, and 

treated with Triton X-100 (0.1% v/v in 10 mM Tris-HCl buffer) at room 

temperature for 5 min to permeabilize the cell membrane. After each step, the 

constructs were washed with PBS to remove any residual remnants of the 

treatment solutions. They were then incubated in BSA (1% w/v in PBS) at 37 
o
C 

for 30 min followed by incubation in FITC-labeled Phalloidin (0.5 μg/mL in 0.1% 

BSA in PBS) at 37 
o
C for 1 h, washed with 0.1 % BSA (in PBS), and incubated in 

DAPI (1/5000 dilution in PBS) at room temperature for 10 min. After a washing 

step with PBS, the constructs were analyzed with a fluorescence microscope 

(Olympus IX70, Japan). 

1.7.1.15. 2.2.3.9. Mechanical Characterization of the Scaffolds 

3D scaffolds seeded with human meniscus cells were subjected to 

mechanical testing as described in section 2.2.2.4. Unconfined compression tests 

and uniaxial tensile tests were performed on the scaffolds cultured for 3 weeks.  

1.7.1.16. 2.2.3.10. Immunohistochemistry Analysis 

For evaluation of adaptation of hMCs to their scaffolds and extracellular 

matrix production, immunohistochemistry was done. After a 3-week incubation of 

hMC-seeded 3D scaffolds, the constructs were removed from their media, and 

transferred into a tissue freezing medium (Tissue-Tek®), frozen at -20 
o
C, 

sectioned (5 µm) using a freezing microtome (Leica CM1510 S, Germany) and 

transferred to silanized slides. The sections were air dried and fixed with acetone. 

Afterwards, the slides were air dried again, treated with hyaluronidase (0.2 % w/v 

in Tris buffer saline (TBS)), and washed with TBS. Rabbit primary antibodies 

(anti-human collagen type I and II, and anti-aggrecan, diluted in 3% w/v BSA, 1% 

v/v NGS in TBS) were added onto separate sections and the slides were incubated 

overnight at room temperature. The slides were washed with 0.2% v/v Tween 20 
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in TBS, and incubated in 3% BSA, 0.9% w/v NaCl in TBS to block unspecific 

interaction of the proteins. The sections were treated with 3% BSA and H2O2 (500 

µL, 30%) solutions in TBS, and washed with TBS. The sections were incubated in 

the secondary antibody (anti-rabbit, horseradish peroxidase (HRP)-labeled 

polymer against all the rabbit primary antibodies used). After a second wash with 

TBS, the sections were incubated in DAB substrate solution (gives brown 

precipitates upon exposure to the enzyme HRP in the presence of hydrogen 

peroxide) and rinsed under tap water. The slides were mounted using mounting 

solution (CC/Mount, Sigma) and analyzed with light microscopy. As primary 

antibodies were used on different sections, the brown precipitates are expected to 

detect only the corresponding antigen (type I or II collagen, or aggrecan). 

2.2.4. Statistical Analysis  

Statistical analysis was performed using a Student’s t-test with a minimum 

confidence level of 95% (p value lower than 0.05) for statistical significance. All 

values were reported as the mean ± standard deviation of the mean (s.d.m). 
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CHAPTER 3 

 

 

 

 

RESULTS AND DISCUSSION 

 

1.8. 3.1. Characterization of Collagen Fiber Mats 

The purity of the collagen and various properties of the fiber mats prepared 

from this collagen were determined. They are presented below.  

3.1.1. Characterization of the Collagen Isolated From Rat Tails 

The purity of the collagen isolated from Sprague-Dawley rat tails was 

characterized with SDS-PAGE. The result for the isolated collagen is shown in 

Figure 3.1. Lane 1 contains the protein ladder (Fermentas), while lanes 2 and 3 

contain the commercial type I collagen (Sigma, Germany) and the isolated 

collagen, respectively.  

  

      

Figure 3.1.  SDS-PAGE result for type I collagen isolated from Sprague-Dawley 

rat tails. Lanes represent: (I) protein ladder (Fermentas), (II) commercial type I 

collagen (Sigma-Aldrich), (III) isolated type I collagen.  

260 kDa 

140 kDa 

70 kDa 

100 kDa 

50 kDa 

  I  II III 
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The isolated collagen presents 2 doublets, one around 260 kDa and another around 

140 kDa, the same pattern as commercial collagen type I, which shows the 

isolated collagen is also collagen type I. No other bands were observed, which 

shows that the collagen is pure. 

3.1.2. Characterization of Electrospun Collagen Fibers 

The type I collagen fibers produced by electrospinning according to 

section 2.2.1.1.2 are shown in Figure 3.2. It is observed that the fibers are aligned 

in the direction of the arrow (Fig 3.2A). ImageJ (an NIH program) analysis of the 

SEM revealed a porosity of 50 ± 4% (mean ± s.d.m) for the fiber mats. The fiber 

diameter was observed to range from 40 nm to 5 µm, and the average fiber 

diameter was 349 nm. Fine fibers (40-150 nm) were generally perpendicular to the 

thicker (0.8-5 µm) ones (Fig. 3.2A and B). Average direction angle of the fibers 

was 0
o
 ± 39

o
 (mean ± s.d.m). Low standard deviation implies good alignment. 

Although the alignment was not perfect, it might be useful to have perpendicular 

fibers connecting the aligned ones, because they might add to the stability of the 

fiber mats, mimicking the native meniscus where there are radial fibers, called tie 

fibers, which reportedly serve to provide compressive stability to the tissue 

(Ghadially et al., 1983).  

  

Figure 3.2. Aligned electrospun collagen fibers. (A) (x500), (B) (x10000). 

 

A B 
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As mentioned earlier, collagen molecules in the extracellular matrices are 

organized into fibrils, and fibril bundles (covering a fiber diameter range of 1.5 

nm to several hundred micrometer) (Birk et al., 1991). Even though the native 

collagen fibrils are larger than the aligned fibers obtained via electrospinning, it is 

important that the aligned fibers reflect the size range in the native ECM.  

1.9. 3.2. Characterization of the PLLA and PLLA-PLGA Foams 

3.2.1. Porosity and Pore Size Distribution of the Foams 

In the biomaterials and tissue engineering field, scaffold microstructure 

has a major effect on cell behavior, especially on their adhesion, spreading, 

proliferation, migration, and differentiation (Wake et al., 1994; Yannas et al., 

1989; O’Brien et al., 2005; O’Brien et al., 2007). Scaffold porosity also 

contributes to mechanical properties of the foams as well as to the transfer of the 

nutrients and metabolic waste. Therefore, analysis of the microstructure of the 

scaffolds is of great importance.  

1.9.1.1. 3.2.1.1. Effect of Alginate-Coating on Foam Microstructure  

Surfaces of the PLLA-based foams were examined by SEM and the data 

were processed by ImageJ (Fig. 3.3). The micrographs show that the foams have 

high porosity and interconnectivity. The average pore size of the uncoated foams 

(90 µm) was twice as large as that of the coated foams (47 µm). ImageJ analysis 

of the micrographs revealed that the uncoated foams have 72 ± 1 % porosity, 

while the coated foams have 70 ± 3 % porosity. Clearly, coating with alginate 

resulted in smaller pores, but not to a significant decrease in porosity. The images 

are of the vertical sections of the foams, and they show that alginate coat 

penetrated deep into the inner regions of the foam covering the surface of the 

walls, because the decrease in pore size is visible throughout the cross section of 

the foams (Fig. 3.3B).  
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Figure 3.3. SEM images of the vertical sections of 4% PLLA foams showing the 

influence of coating with alginate on pore size. (A) Uncoated foam, (B) coated 

foam. (x500). 

The relatively high porosity of both forms of foams indicates that the 

foams are suitable for cell seeding. The average pore sizes are small, but still 

within the acceptable range. Their being small is good for better mechanical 

properties. Therefore, in the final consideration, these foams are suitable for tissue 

engineering.  

1.9.1.2. 3.2.1.2. Effect of Freezing Temperature on Foam Microstructure 

Cell seeding efficiency and cell attachment on PLLA scaffolds are known 

to be poor (Moran et al., 2003). Therefore, to enhance cell attachment on the 

PLLA foams, a small amount of PLGA was added to the composition. Besides, 

the compliance of the foams is aimed to increase, since PLGA increases the 

plasticity.  

Foams prepared from 3% PLLA-PLGA solutions were used to study the 

effect of freezing temperature on foam microstructure (Fig. 3.4). The SEMs 

revealed that the pores of the foams frozen at -20 
o
C (Fig. 3.4A and C) were 

significantly larger than those frozen at -80 
o
C (Fig. 3.4B and D), both for the 

coated and uncoated samples, which is consistent with the finding in the literature 

(Haugh et al., 2010). 

B A 
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Figure 3.4. SEM micrographs of 3% PLLA-PLGA foams frozen at different 

temperatures prior to freeze drying. (A) Uncoated, frozen at -20 
o
C (UC-20); (B) 

uncoated, frozen at -80 
o
C (UC-80); (C) coated, frozen at -20 

o
C (C-20); and (D) 

coated, frozen at -80 
o
C (C-80). (Horizontal sections, x500). 

Out of the four types presented in Table 3.1, only the coated foams 

prepared at -80 
o
C seem to be too small for tissue engineering. Coated foams had 

lower interconnectivity, which is not desired because it prevents cell infiltration 

and new tissue ingrowth. ImageJ analysis of the SEM images revealed that the 

porosity decreased upon coating, but not so distinctly (Table 3.1). Results 

revealed that alginate coating leaded to smaller pores and lower interconnectivity. 

It should also be kept in mind that these are the data for dry foams, and the actual 

values when wet should be different, especially for the coated foams. Therefore, it 

can be concluded that higher freezing temperature (-20 
o
C) resulted in better 

scaffolds in terms of foam microstructure.  

A B 

C D 
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Table 3.1. Pore sizes and porosities of 3% PLLA-PLGA foams prepared at 

different conditions.  

Sample Treatment 

Pore Size Avr. Porosity (%) 

(mean ± s.d.m*) 
Range (µm) Average (µm) 

(mean ± s.d.m*) 

Uncoated 
-20 

o
C 30-300 162 ± 81 74 ± 8 

-80 
o
C 10-200 64 ± 38 74 ± 10 

Coated -20 
o
C 25-180 78 ± 42 68 ± 3 

 -80 
o
C 10-90 42 ± 27 70 ± 5 

*s.d.m: standard deviation of the mean 

Mercury porosimetry analysis revealed similar results (Figs. A.1 and A.2 

in Appendix A). Freezing the polymer solutions at lower temperatures resulted in 

smaller pores as reported in the literature (Haugh et al., 2010). The reason for this 

is explained as the faster phase separation that occurs at lower temperatures. 

Normally, during lyophilization, crystallization of the solvent is initiated at many 

points, causing a phase separation between the solvent and the polymer. When the 

solvent crystals are evaporated they leave behind the pores. It is stated that at 

lower temperatures crystallization is initiated at several points, which results in 

more pores, each having smaller diameter (Haugh et al., 2010).  

It was found that there were two distinct peaks in the pore size distribution 

profiles of the uncoated foams prepared at -20 
o
C: one at 45 µm, and the other at 

140 µm (Figure A.1 in Appendix A). The same trend was observed for the coated 

foams; porosimetry analysis revealed two mean pore diameters for the coated 

foams prepared at -20 
o
C either: one being 40 µm, and the other being 110 µm. 

1.9.1.3. 3.2.1.3. Effect of Polymer Concentration on Foam Microstructure 

The effect of polymer concentration, varying between 2-4%, on foam 

microstructure was examined (Figs. 3.5 and 3.6). Foams prepared from solutions 

with the lowest (2% solution) (Fig. 3.5A) and the highest (4% solution) (Fig. 

3.5D) concentrations and frozen at -20 
o
C had irregular pore shapes.  
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Figure 3.5. Effect of polymer concentration on foam microstructure. SEM of 

cross sections of uncoated foams prepared from PLLA-PLGA solutions of 

different concentrations and frozen at -20 
o
C. Foams prepared from (A) 2% 

solution, (B) 2.5% solution, (C) 3% solution, (D) 4% solution. (x500). 

The reason for this may be that at the lowest polymer concentration, pore 

walls tend to collapse during lyophilization because of low wall density or 

thickness. At the highest concentration, however, the solution might be too 

viscous to form well shaped pores. Irregular pore structure was observed, perhaps 

due to the fact that inhomogeneous phase separation (during lyophilization) 

occurs due to high viscosity, which in turn leads to inhomogeneous distribution of 

the solid phase throughout the foam structure.  

 

 

C 
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When the foams were prepared at -80 
o
C, pores were observed to be quite 

irregular (Fig. 3.6). No defined pores were obtained with foams prepared from 

2.5% solution; they were rather aligned tubular structures (Fig. 3.6B). This is 

undesired in tissue engineering applications, because the structure decreases 

interconnectivity and therefore cell penetration or tissue ingrowth. Long tubular 

structures also reduce the surface area of the foams. Foams prepared from 4% 

solution showed the same pattern, with the tubular structure being more defined 

(Fig. 3.6D). Pores of the foams prepared from 3% solution were too small (30 

µm) for meniscus cells to pass through and reside in (Fig. 3.6C).  

  

 

Figure 3.6. Effect of polymer concentration on foam microstructure. SEM of 

cross sections of uncoated foams prepared from PLLA-PLGA solutions of 

different concentrations and frozen at -80 
o
C. Foams prepared from (A) 2% 

solution, (B) 2.5% solution, (C) 3% solution, and (D) 4% solution. (x500) (inset: 

lower magnification (x200). 

A B 

C D 
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Therefore, foams prepared from solutions except with 2% were eliminated 

for use as a scaffold in this study. Even though these foams showed irregularity, 

pores were defined and regular. 

ImageJ analysis of the micrographs and mercury porosimetry results 

revealed porosity and pore size distribution of the foams, respectively. The results 

are presented in Table 3.2. ImageJ analysis revealed that all the foams, except that 

prepared from 2.5% solution frozen at -80 
o
C, had good porosity. Average pore 

sizes were higher with foams prepared at higher temperature (-20 
o
C); the largest 

pores were obtained with foams prepared from 2.5 and 3% solutions. Thus, the 

foams that are more appropriate were from 2.5 and 3% polymer solutions. 

Considering that optimal pore size range of a scaffold for the ingrowth of 

meniscal tissue is 150-500 µm and generally pore sizes smaller than 100 µm do 

not promote tissue ingrowth (Klompmaker et al., 1993), foams prepared at -20 
o
C 

seem to be more suitable as scaffolds for meniscal constructs. However, although 

foams prepared from 2% solution and frozen at -80 
o
C had small pores, they were 

also included in the following studies because of the regularity of the pore 

organization.  

Table 3.2. Pore sizes and porosities of foams prepared from different polymer 

concentrations at different conditions.  

Sample 

Treatment 

Pore Size Avr. Porosity (%) 

(mean ± s.d.m) 
Range (µm) Average (µm) 

(mean ± s.d.m) 

2% 
-20 

o
C 20-200 147 ± 98 71 ± 4 

-80
 o

C 10-200 84 ± 62 74 ± 8 

2.5% 
-20

 o
C 50-300 187 ± 119 71 ± 5 

-80
 o

C 10-70 38 ± 30 59 ± 7 

3% 
-20

 o
C 30-300 162 ± 81 74 ± 8 

-80
 o

C 10-150 64 ± 38 74 ± 10 

4% 
-20

 o
C 10-300 156 ± 93 68 ± 3 

-80
 o

C 10-300 101 ± 97 71 ± 7 

s.d.m: standard deviation of the mean 
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Maquet et al. (2003) found that with increasing polymer concentration, 

porosity decreases, while average pore size increases. In the present case, there 

was no such trend. Pores of the foams prepared from 2.5% polymer solution 

prepared at -80 
o
C were found to be small, most probably because of the irregular 

pore structure mentioned earlier.  

For foams prepared at higher temperature (-20 
o
C), the results conflict with 

the finding in the study done by Maquet et al. (2003), but are in parallel with the 

study done by Chan (2006), with an exception with foams prepared from 2% 

solution. However, for foams prepared at lower temperature (-80
 o

C), the results 

are in parallel with those of reported by Maquet et al. (2003). 

As foams with irregular pores are not suitable for tissue engineering, three 

types of foams were chosen for the in vitro studies: foams prepared from (a) 2% 

solution, frozen at -80 
o
C, (b) 2.5% solution, frozen at -20 

o
C, and (c) 3% solution, 

frozen at -20 
o
C. 

3.2.2. Mechanical Characterization 

Mechanical properties are of great importance in load bearing and also in 

cell attachment, spreading, proliferation, and migration within the scaffolds, 

because it is reported that stiff scaffolds provide a better environment for the cells 

(Pelham et al., 1997; Yeung et al., 2005; O’Brien et al., 2007).  

Menisci were reported to be subjected to joint pressures of up to 20 MPa 

(Hansen et al., 2006). The two main forces applied on the meniscal tissue within 

the knee joint are compressive stress and tensile stress. Body weight applies a 

substantial stress on the meniscus which has two components: the vertical force 

(compressive stress), and the horizontal force (tensile hoop stress) (Athanasiou 

and Sanchez-Adams, 2009). Besides, there is some shear component due to the 

wedge shape, too. The foams and the 3D constructs were subjected to the main 

components, compression and tension testing. 
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1.9.1.4. 3.2.2.1. Compressive Properties 

Compression tests of elastomeric foams with open cell structures show three 

regions in the stress-strain curve (Harley et al., 2007) (Fig. 3.7). The very first 

region along the stress-strain curve is linear and it is called the elastic modulus 

(E*). This corresponds to the linear elastic regime. The second region along the 

stress-strain curve shows a linear behavior, too, but with a much lower slope; it is 

the collapse plateau regime. This is where elastic buckling occurs. These two 

slopes intersect at a point where the pores begin to collapse. The stress at this 

point is the elastic compressive strength (σ
*
). The third and last region is the 

densification regime in which the collapsed pores become completely dense. 

Elastic modulus and elastic compressive strength are the two main compressive 

properties studied in this section.  

 

 

 
Figure 3.7. Typical stress-strain curve behavior of elastomeric foam with open 

cell structures upon compression. (Adapted from Harley et al., 2007). 
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3.2.2.1.1. Influence of Alginate-Coating and Freezing Temperature on 

Compressive Properties of Dry Foams 

The effects of alginate coating and freezing temperature on compressive 

properties of dry foams were examined. The polymer concentration was 3% 

PLLA-PLGA. The results are shown in Table 3.3. Compressive properties of the 

foams prepared at -20 
o
C showed a decrease, while those of foams prepared at -80 

o
C showed a significant increase upon coating. 

Moreover, foams prepared at -80 
o
C had higher compressive properties 

than those prepared at -20 
o
C, meaning that compressive properties increased 

when the freezing temperature was lowered. This increase may be explained with 

smaller pores obtained with foams prepared at the lower temperature. Pore walls 

around the smaller pores most probably are less prone to buckling in response to 

loading. That is, they remain unbent and continue to resist against the stress 

applied.  

 

 

Table 3.3. Effects of alginate coating and freezing temperature on compressive 

properties of dry foams prepared from 3% PLLA-PLGA solution.  

Properties 

Frozen at -20 oC Frozen at -80 oC 

Uncoated Coated Uncoated Coated 

Elastic Modulus  
(E*, kPa) 

1160 ± 100 880 ± 250 1240 ± 240 3300 ± 1220 

Elastic Compressive  
Strength (kPa) 

87 ± 19 55 ± 5 166 ± 38 263 ± 55 
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3.2.2.1.2. Influence of Alginate-Coating, Freezing Temperature and Polymer 

Concentration on Compressive Properties of Wet Foams 

Alginate is actually expected to increase the compressive properties by 

binding water. Therefore, compressive properties of dry foams do not reflect the 

compressive properties in vivo, and therefore, to properly mimic the physiological 

conditions, compression tests were also carried out on wet foams (after incubation 

in PBS at 37 
o
C for 24 h). 

The compressive properties of the wet foams prepared from PLLA-PLGA 

solutions were examined (Figs. 3.8 and 3.9). Wet foams (Figs. 3.8 and 3.9) 

showed lower compressive properties when compared with the dry foams (Table 

3.3), with an exception with uncoated foams prepared from 3% PLLA-PLGA 

solution frozen at -80 
o
C. Compressive properties are expected to improve with 

the presence of a water phase; however, in this case water may also increase the 

plasticity of the foams which results in lower compressive properties.  

Elastic modulus (E*) of the PLLA-PLGA foams is observed to increase 

with lower freezing temperatures (or higher freezing rates) (Fig. 3.8). This was 

observed to be true regardless of the coating or polymer concentration. The 

reasons for this could partially be the tubular structures that form perpendicular to 

the plane of compression, and the smaller pores formed when foams are frozen at 

-80 
o
C. However, foams prepared from 4% polymer solution showed an 

exception; elastic modulus of the foams prepared at -20 
o
C was higher than those 

prepared at -80 
o
C. Here, the significantly higher concentration of the polymer 

could have been more effective on the foam microstructure than the freezing 

temperature.  

Moreover, increasing polymer concentration did not result in higher elastic 

modulus for all foams prepared at -80 
o
C (Fig. 3.8). The highest elastic modulus 

values were obtained with 2.5% foams frozen at -80 
o
C and 4% foams frozen at    

-20 
o
C. Elastic modulus of the foams prepared at -20 

o
C, however, was improved 

with increasing polymer concentration. This may be explained with the regular  
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Figure 3.8. Effect of freezing temperature, alginate coating and polymer 

concentration on elastic modulus of the wet foams prepared from PLLA-PLGA. 

pore structure of these foams, which left the only contribution to compressive 

properties: thicker pore walls resulting from higher polymer concentration leads to 

higher elastic modulus.  

Alginate coating slightly increased the elastic modulus of the foams except 

for those prepared from 2.5%, 3%, and 4% polymer concentration frozen at -80 
o
C 

(Fig. 3.8). The low level effect is to be expected because alginate is a weak 

hydrophilic biopolymer which cannot really contribute to the strength. So, the 

level of improvement is a promising change. The decrease with the two most rigid 

foams is interesting and must be studied.  

In a study conducted using PLGA and collagen based foams, it was found 

that mechanical properties of the wet foams were considerably lower than the 

same foams in dry conditions (Chen et al., 2000). This is in parallel with our 

results. 

Ma and Choi (2001) showed that compressive modulus does not 

necessarily improve with increasing polymer concentration. In their study they 

used PLLA foams prepared from different polymer concentrations (10-18%), but 
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having similar porosities. Foams prepared from 12% PLLA solution had the 

highest compressive modulus. They attributed this to the high viscosity of the 

highly concentrated polymer solutions which resulted in inhomogeneous 

distribution of the polymer solution during phase separation. This, in turn, resulted 

in weak areas throughout the foam structure. It was stated that modulus was 

improved with decreasing porosity.  

Similar trend was observed with the elastic compressive strengths (Fig. 

3.9). Elastic compressive strength slightly (statistically not significantly) 

improved with alginate coating, except for the foams prepared from 2.5% polymer 

solution frozen at -80 
o
C, and 3% solution frozen at -20 

o
C.  

Increasing polymer concentration resulted in improvement of the 

compressive strength in all the samples. Also, lower freezing temperature resulted 

in higher compressive strength in all the foams.   

 

 

Figure 3.9. Effect of freezing temperature, alginate coating and polymer 

concentration on elastic compressive strength of the wet foams prepared from 

PLLA-PLGA. 
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Considering the aggregate modulus value of the wet human meniscus 

(100-220 kPa) (Joshi et al., 1995; Sweigart et al., 2004) which corresponds to 

compressive elastic modulus in this study, all the foam types are suitable for use 

as scaffolds for meniscus tissue engineering. The foams prepared using 2.5% 

polymer solution had the lowest compressive properties of the three foam types 

selected in Section 3.2.1.3 and might not withstand the stress applied on the 

meniscus by the body weight (20 MPa) (Hansen et al., 2006). Keeping in mind 

the pore microstructure results, foams prepared from 3% PLLA-PLGA solution 

were selected as the most appropriate for meniscus tissue engineering. 

1.9.1.5. 3.2.2.2. Tensile Properties 

A typical stress-strain curve of a viscoelastic material upon tensile testing 

is shown in Figure 3.10. The first region along the curve is the linear elastic 

region. The second region is the plastic region where deformation is not linear.  

 

Figure 3.10. A typical stress-strain curve for a viscoelastic material upon tensile 

testing (Adapted from Callister, 2000). σys (yield stress): the maximum point at 

which linear curve is observed, σuts (ultimate tensile strength): the maximum 

stress the material can withstand, and E (Young’s modulus): the slope of the curve 

in the linear elastic region. 

E= slope 

Elastic region Plastic region 
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The slope of this curve in the linear elastic region gives the Young’s 

modulus (E). The maximum stress a material can withstand is the ultimate tensile 

strength (UTS).  

Tensile test results of the wet foams prepared from PLLA-PLGA solution 

are presented in Figure 3.11. As three foams were selected for in vitro tests after 

foam microstructure analyses, only these foams were tested. Foams prepared from 

2% solution had the lowest Young’s modulus values. Foams prepared from 3% 

solution and those prepared from 2.5% solution had similar Young’s modulus 

values. This was true whether the foams were coated or not.  

With the UTS, however, the 3% foams had slightly higher values than the 

2.5% foams. This increase was more distinct with the uncoated foams.  

 

 

Figure 3.11. Tensile properties of the wet foams of PLLA-PLGA with different 

concentrations, frozen at different temperatures and coated with alginate. C: 

coated with alginate, and UC: uncoated. 
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It was deduced that foams prepared from 3% solution and frozen at -20 
o
C 

are the most appropriate in terms of tensile properties. Considering the Young’s 

modulus of the human meniscus which may be as high as 295 MPa (Fithian et al., 

1990), these results are far from satisfactory, but the cell free system that was 

prepared was expected to improve upon cell seeding.  

Collagen fibers were introduced to the structure in order to improve the 

tensile properties of the final 3D construct. 

3.2.3. In situ Degradation of the Foams 

Tissue engineering scaffolds are expected to degrade at a rate similar to the 

rate of ECM production by the cells (Freed et al., 1999). Therefore, study of the 

degradation rate of the foams is important. Degradation test results of the PLLA-

PLGA foams are shown as the remaining foam weight and as pH change in Figure 

3.12A and B. The study revealed that the weight of all foams decreased somewhat 

in time (Fig. 3.12A). A total of 5% weight loss was observed at the end of the 8
th

 

week for all uncoated foam types, while 35% weight loss for coated foams. No 

difference between uncoated foams was observed independent of the polymer 

concentration or plasma treatment. Similarly, a slight difference in the degradation 

profile of the uncoated foams prepared at different freezing temperatures was 

observed. The profile for the change in pH shows a parallel relationship with that 

of weight loss (Fig. 3.12B). 

The distinctly higher weight loss in the coated foams relative to uncoated 

ones might be observed due to peeling off, and dissolution, of the alginate coat of 

the surface within the first 2-4 weeks. Dissolved alginate gel releases free alginic 

acid residues which lead to a drop in pH. This, in turn, contributes to the 

autocatalytic effect, which results in even faster degradation of the foams.  
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Figure 3.12. In situ degradation of the PLLA-PLGA foams. (A) The change in 

weight percent of foams with time upon incubation in PBS at 37 
o
C, and (B) pH 

change of PBS in time.  

T: plasma treated, UT: untreated; C: coated with alginate, UC: uncoated 

As the foams prepared at higher freezing temperature had larger pores, it 

was expected that degradation rate would be higher with these foams. The similar 

weight loss of the foams prepared at different freezing temperatures might be 

because the degradation test in this study was designed for 8 weeks, which may be 

too short for a distinction to be observed for PLLA-based foams that have low 

degradation rate. Lu et al., (2000) found that PLLA weight remained relatively 

R
em

ai
n

in
g 

W
e

ig
h

t 
(%

) 

Time (weeks) 

p
H

  

A 

B 

Time (weeks) 



60 
 

constant until week 24 throughout a 36-week degradation period. Wu and Ding 

(2005) reported that under a given porosity, which is the case in this study, larger 

pores result in faster degradation.  

1.10. 3.3. Characterization of the 3D Constructs 

The 3D construct consisted of embedding electrospun collagen micro-

nanofibers in the PLLA-PLGA foams. Two fiber mats (each with 100 μm 

thickness) were embedded in polymer solution (3%) which was then frozen at -20 

o
C and lyophilized to obtain the 3D constructs. The following sections present the 

SEM micrograph examination and mechanical property determination.  

3.3.1. SEM Examination 

The SEM micrographs of the 3D construct are shown in Figure 3.13. The 

fiber mats were embedded in the foam structure, and the foam and fiber regions 

are distinctly visible. The microstructure of the foam seems not to be disrupted 

upon incorporation of collagen fiber mats in the foam. The pores appear to be well 

preserved (Fig. 3.13D). However, pore sizes seem to be substantially decreased at 

the site of collagen fibers in particular (Fig. 3.13A and C). Especially the pores 

around the fibers within the foam structure were small. The mercury porosimetry 

revealed that the uncoated foams (25-300 µm) had larger pores than the coated 

foams (15-250 µm) (Figure A.3 in Appendix A). These values are quite close to 

the uncoated (30-300 µm) and coated (25-180 µm) foams of the same polymer 

concentration (3%) without collagen fibers (Table 3.1). Yet, average pore size 

decreased upon introduction of collagen fiber mats into the foams (from 162 ± 81 

to 133 ± 86 µm for uncoated foams, and from 78 ± 42 to 70 ± 42 µm for coated 

foams). This indicates that the pore size distribution of the 3D constructs was 

diverse, covering both very small and very large pores.  
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Figure 3.13. SEM micrographs with different magnifications of the vertical 

section of the final 3D composite construct (consisting of collagen fibers) 

showing collagen fibers embedded in the 3% PLLA-PLGA foam prepared at -20 
o
C. (A) x100, (B) x200, (C) x500, and (D) x75. 

Moreover, porosity of the composite was found to be 63 ± 4%, which is 

the same with those of the foams without collagen fibers (74 ± 8%). The reason 

for the smaller pore size and lower porosity for foams with fiber mats might be 

that the fibers affect the crystallization process during lyophilization. Moreover, 

the pores within the fiber structure also contribute to the decrease in the average 

pore size and porosity of the 3D construct, since fibers have smaller pores (19 ± 

22 µm) and lower porosity (50 ± 4%) due to alignment.  

Kon et al. (2008) prepared a similar porous meniscal construct via a 

lamination process using PLA fiber nets and polycaprolactone (PCL), with 

HYAFF acting as the filling material. The construct was made of PLA fibers 
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placed in a mold in a shape of meniscus, with a PCL-HYAFF paste (containing 

salt particles) used as the matrix to fill the mold. The porosity was achieved by 

salt leaching. They obtained constructs with larger pores (250 µm) and higher 

porosity (68%) compared to the results obtained in this study, because of the salt 

sizes used, and with slightly lower porosity. The advantage of the construct in this 

study is that collagen fibers were used to promote cell adhesion, and also higher 

porosity was achieved, something which is required for tissue ingrowth.  

3.3.2. Mechanical Characterization 

1.10.1.1. 3.3.2.1. Compressive Properties 

The 3D composite structures were subjected to compression tests in wet 

state and the results are shown in Figure 3.14. Elastic modulus values of the 

uncoated and coated 3D constructs were 438 ± 18 and 450 ± 10 kPa, respectively. 

No difference in elastic modulus was observed after coating with alginate. Elastic 

compressive strength values were 27 ± 12 kPa for the uncoated 3D constructs and 

45 ± 2 kPa for the coated ones. The increase in elastic modulus of 3D constructs 

upon coating was slight, whereas the increase in compressive strength was 

significant. The improvement in the compressive properties may be attributed to 

the water binding capacity of the alginate.  

Compressive properties were observed to slightly decrease upon 

incorporation of collagen fibers in the foams. Elastic modulus of the wet foams 

(without collagen fibers) was 586 ± 97 kPa for uncoated foams and 633 ± 105 kPa 

for coated ones (Fig. 3.8), while the compressive strength was 45 ± 11 kPa for the 

uncoated foams and 35 ± 5 kPa for the coated ones (Fig. 3.9). The reason for the 

decrease in the compressive properties might be the more diverse pore size 

distribution obtained with the 3D construct, which results in weak points at the 

site of very large pores. 
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Figure 3.14. Compressive properties of the wet 3D constructs obtained from 3% 

PLLA-PLGA consisting of collagen fibers. (*p< 0.05) 

1.10.1.2. 3.3.2.2. Tensile Properties  

Tensile properties of the wet 3D constructs are shown in Figure 3.15. 

Young’s modulus values of uncoated and coated composites were 2.3 ± 0.6 and 

1.4 ± 0.3 MPa, respectively.  The UTS values were 232 ± 69 kPa for uncoated 3D 

constructs and 193 ± 50 kPa for coated ones. Coated constructs were observed to 

have significantly lower Young’s modulus than the uncoated ones (Fig. 3.15). 

UTS values also decreased with coating but to a slight degree. Collagen fibers 

may have restricted the penetration of the alginate deep into the structure, 

confining it to the surface. This may have lead to an increased thickness of the test 

samples, which resulted in a decrease in calculated Young’s modulus values. 
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Figure 3.15. Tensile properties of the wet 3D constructs obtained from 3% 

PLLA-PLGA consisting of collagen fibers. (*p<0.05) 

The Young’s modulus was significantly improved with introduction of 

collagen fibers to the uncoated foams (1.3 MPa for foams, and 2.3 MPa for 3D 

constructs), while no difference was observed with the coated constructs upon 

collagen fiber addition (1.4 MPa) (Figs. 3.11 and 3.15). A slight decrease in the 

UTS values of the uncoated (from 259 kPa to 232 kPa) and coated foams (from 

259 kPa to 232 kPa) was also observed upon incorporation of collagen fibers. 

1.11. 3.4. In Vitro Studies 

3.4.1. Assessment of L929 Fibroblast Cell Attachment and Proliferation on 

Foams 

Cell attachment on PLLA-based foams was shown to be low due to the 

hydrophobicity of the polyester (Moran et al., 2003). Therefore, PLGA was 

introduced into the foams, as described in Section 3.2.1.2, to improve the cell 

attachment and proliferation on the foams. Lactic acid is more hydrophobic than 

glycolic acid due to the methyl side group of the lactic acid. To assess cell 

attachment and proliferation on 3% PLLA-PLGA foams, L929 mouse fibroblasts 
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(which are a gold standard used in the evaluation of cell-material interactions) 

were seeded on the foams. The results revealed that cell attachment on foams 

prepared at -20 
o
C (26%) was lower than that of -80 

o
C (40%).  

Fibroblast proliferation results (obtained using Alamar blue assay; 

calibration curve for absorbance versus cell number is presented in Figure B.1 in 

Appendix B) are shown in Figure 3.16. As shown in the figure, cell proliferation 

on both foams was substantially high in the first week, but then cell number 

remained almost steady in the second week of culture. This was probably due to 

the small size of the scaffolds; cells probably reached confluency on the scaffolds 

in one week. 

When the -80 
o
C and -20 

o
C foams were compared, it was observed that 

the cell number on foams prepared at -80 
o
C was higher than that of -20 

o
C. One 

reason for this may be the lower cell attachment on foams prepared at -20 
o
C, 

which may result in lower cell number at the end of 14 day-culture. Cell adhesion 

on foams with larger pores is known to be low (O’Brien et al., 2005).  

 

Figure 3.16. Cell proliferation profile of the L929 mouse fibroblasts on coated 

PLLA-PLGA foams.  
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Second reason for this difference may be the higher cell proliferation rate 

on -80 
o
C foams. As shown in previous sections, foams prepared at -80 

o
C are 

stiffer than those prepared at -20 
o
C, which may have lead to the higher cell 

number observed in the cell proliferation assay. In a study, cell proliferation was 

shown to be higher in stiffer scaffolds (Haugh et al., 2009), a finding in parallel 

with the results obtained from this study. 

Fluorescent micrographs of the surface of the L929 mouse fibroblast-

seeded foams after a culture of 14 days are shown in Figure 3.17. As shown in the 

figure, surface of the uncoated foams was completely populated by the cells, 

which means that these foams support cell attachment and proliferation. Cells 

equally populated both foams (Fig. 3.17A and B). Even though cell attachment on 

the foams was low, cell proliferation was satisfactory.  

Cells on alginate-coated foams could not be visualized by the fluorescent 

microscopy due to autofluorescence of alginate. Therefore alginate-coated foams 

were visualized only with SEM. 

 
Figure 3.17. Fluorescence micrographs of L929 mouse fibroblast-seeded foams. 

Nuclei (stained with DAPI) of L929 mouse fibroblasts on (A) UC-80 foam, and 

(B) UC-20 foam (surface view, scalebars: 100µm).  

UC: alginate-uncoated 

 

B A 
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Fluorescence micrographs of the cross sections of L929 fibroblast cell 

seeded foams after a culture of 14 days are presented in Figure 3.18. Due to 

autofluorescence of PLLA, cytoskeleton of the cells could not be observed in 

fluorescence microscopy, but the scaffolds are clearly visible (Fig. 3.18A and C). 

On the other hand, the nuclei of the cells were clearly visualized throughout the 

structure (Fig. 3.18B and D). Cross sectional image of the cells showed that cells 

penetrated the structure and migrated deep into the inner sections of the foams.  

 

 

 

 
Figure 3.18. Fluorescence micrographs of vertical cross sections of L929 mouse 

fibroblast-seeded (A, B) UC-20 foam, and (C, D) UC-80 foam. Foams were 

visualized after staining with (A, C) FITC-Phalloidin for the cytoskeleton (green), 

and (B, D) DAPI for the nuclei (blue). (Scalebars: 100 µm; T: top, B: bottom). 
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The SEM micrographs showing L929 mouse fibroblasts attached on the 

surface of the foams are presented in Figure 3.19. Cells completely populated the 

surface of the coated foams (Figs. 3.20B and C), as shown previously (Fig. 3.17). 

The micrographs show that cell attachment was good on foams prepared at -20 
o
C; 

cell protrusions were visible (Fig. 3.19B circle). However, cell attachment and 

proliferation on foams prepared at -80 
o
C seems to be better with higher cell 

number (cell nuclei are visible in Fig. 3.19C dashed circle) on these foams than on 

-20 
o
C foams. This in parallel with the cell proliferation results (Fig. 3.16). 

An interesting result was that cells on uncoated foams were not clearly 

visible (Fig. 3.19A), most probably because they deposited extracellular matrix 

(ECM) which surrounded the cells.  

  

 
Figure 3.19. SEM micrographs of L929 fibroblast-seeded foams. Cells on 

(A) UC-80; (B) C-20; and (C) C-80.  

UC: alginate-uncoated foam 

C: alginate-coated foam 

C 

A 

B 
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3.4.2. Meniscus Cell Morphologic and Phenotypic Characterization 

Cells previously isolated from a meniscus biopsy of volunteers were 

characterized with flow cytometry (Ndreu-Halili, 2011). Cell viability was 

checked by staining with propidium iodide and 97% of the cells were found to be 

healthy (Ndreu-Halili, 2011). Human meniscus cells were previously 

characterized by Verdonk et al. (2004) as CD44 and CD105-positive, but negative 

for many other differentiation markers after 2 week culture. Therefore, the cells 

were characterized for the presence of a number of cell differentiation (CD) 

markers: (a) CD14, specific for monocytes; (b) CD15, found on myeloid cells; (c) 

CD31, specific for endothelial cells and cells of the leukocyte lineage; (d) CD34, a 

general marker expressed on embryonic fibroblasts, lymphohematopoietic stem 

cells, and small vessel endothelial cells; (e) CD44, hyaluronan receptor, a general 

marker expressed in many cell types; (f) CD45, specific for cells of hematopoietic 

lineages; and (g) CD105, a general marker expressed on many cells including 

articular chondrocytes, endothelial cells, and bone marrow mesenchymal stem 

cells. Flow cytometry revealed that isolated cells were: CD44 (99%) and CD105 

(93%) positive, and CD14 (0.37%), CD15 (1.33%), CD31 (0.72%), CD34 

(0.93%), CD45 (0.59%) negative. Thus, it was concluded that majority of the cells 

were healthy meniscus cells. As there are blood vessels and nerves in the 

meniscus, it is quite expected that cells extracted from the tissue also express 

smooth muscle cell, endothelial cell and nerve cell markers to a little extent.  

As previously stated, cells obtained from human meniscus consist of 

chondrocyte-like cells (round or polygonal in shape), fibroblast-like cells (with 

long cell processes), and cells of the superficial layer (spindle shaped) (Webber et 

al., 1986). Similar morphology was found in this study too; phase contrast 

microscopy of the hMCs cultured on TCPS showed that all the three cell types 

mentioned above are present (Fig 3.20), supporting the flow cytometry results. 
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Figure 3.20. Phase contrast micrograph of human meniscus cells (hMCs) isolated 

from tissues of volunteers and cultured on TCPS (scalebar: 50 µm). 

3.4.3. Cell Proliferation on 3D Constructs 

Fibrochondrocyte proliferation (evaluated with Alamar blue assay; 

calibration curve for absorbance versus cell number is presented in Figure B.2 in 

Appendix B) on different types of foams selected after foam microstructure 

analysis was studied. The results reveal that cell proliferation was highest with the 

foams prepared from 2.5% PLLA-PLGA frozen at -20 
o
C at the end of the 35 days 

incubation (Fig. 3.21). Cell proliferation was poorest on foams prepared from 2% 

PLLA-PLGA frozen at -80 
o
C. However, the 2.5% foams have poor compressive 

properties and foam microstructure, while 3% foams prepared by freezing at -20 

o
C have better foam microstructure (Figs. 3.5) and compressive properties (Figs. 

3.8 and 3.9). Besides, cell proliferation on the two foams was close. Therefore, 

3% foams were chosen to use in the final 3D constructs. 

After the decision on the preparation conditions of the foams for the final 

3D construct, the meniscus cells were cultured on alginate-coated and uncoated 

3D constructs (prepared from 3% PLLA-PLGA solution) with and without 

collagen fibers for 21 days. The proliferation profile of the cells is presented in 

Figure 3.22. Cell attachment (Day 1 data) was the lowest with the coated 

constructs composed of collagen fibers, and cell numbers remained the lowest for 

this construct throughout the 21-day culture period.  

Fibroblast-like cells 

Chondrocyte-like 

cells 

Spindle-like cells 
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Figure 3.21. Proliferation of hMCs on different types of foams and the 3D 

composite construct (Alamar blue results). 

 

 

Figure 3.22. Proliferation of hMCs on alginate-coated and uncoated 3D 

composite constructs with and without collagen fibers (Alamar blue results). 

Cell attachment and proliferation was lower on coated constructs 

throughout the study, due to the fact that alginate, which is a hydrophilic 

biopolymer, imbibes water and hydrates the construct such that the cells can 

hardly attach on the surface. Moreover, coating with alginate substantially reduces 

the pore sizes which would prevent the penetration of the cells deeper into the 

0

50

100

150

200

250

1 7 14 21 28 35

PLLA-PLGA 2% -80 PLLA-PLGA 2.5% -20

PLLA-PLGA 3% -20 Coll fib-PLLA-PLGA 3% -20

0

10

20

30

40

50

60

70

80

90

100

1 7 14 21

w/ Coll fiber, alginate uncoated w/ Coll fiber, alginate coated

no Coll fiber, alginate uncoated no Coll fiber, alginate coated

C
e

ll 
N

u
m

b
er

s 
(x

10
3 ) 

Culture Period (days) 

Culture Period (days) 

C
el

l N
u

m
b

er
s 

(x
10

3 ) 



72 
 

constructs, limiting the volume in which the cells can proliferate. This result is in 

agreement with a study where meniscus cell attachment was poorer on hydrophilic 

biopolymers than on less hydrated scaffolds (Aufderheide and Athanasiou, 2005). 

They found that cell attachment was significantly poorer on an agarose-based 

construct, which is a hydrophilic biopolymer, than on a PGA-based construct.  

Cell numbers decreased at the end of the first week for all constructs, most 

probably because of late adaptation of the cells to their new environment, but cell 

numbers continued increasing in the following weeks. The most promising 

construct in terms of cell proliferation seems to be the uncoated foam with the 

collagen fibers. Meniscus cells were shown to proliferate faster after a culture of 

10 days as observed in the present study (Gruber et al., 2008).  

It can be stated that the rate of cell proliferation is especially good on 

alginate free constructs and could be further improved if the constructs are seeded 

with higher number of cells, and maintained in culture for a longer period of time. 

3.4.4. Fluorescence Microscopy Analysis 

Fluorescence micrographs of the cell-seeded constructs are shown in 

Figure 3.23. The cells were stained with FITC-Phalloidin (green) for the 

cytoskeleton and with DAPI for the nuclei (blue). The green color observed with 

the unseeded control was coming from the scaffold itself due to the 

autofluorescence of the PLLA, but not from the cytoskeletons of the cells (Fig. 

3.23). No cells could be observed on the cell free construct (no blue color was 

observed with this construct, suggesting no cell nuclei could be observed). On the 

other hand, cytoskeletons and nuclei of the cells on the seeded constructs were 

clearly visible (Figs. 3.23B, C, D, and E). An interesting observation was that the 

cells align along the pore walls and assume the shapes of the pores, suggesting 

that cell adhesion was good.  
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Figure 3.23. Fluorescence micrographs of the 3D constructs. (A) Unseeded 

control and (B, C, D, E) hMC-seeded constructs. (B, C) Constructs with no 

collagen fibers, and (D, E) constructs with collagen fibers. (B, D) coated 

constructs, and (C, E) uncoated constructs. DAPI staining for the nuclei (blue) and 

FITC-Phalloidin staining for the cytoskeleton (green) (scalebars: 25 µm). 
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The most crowded scaffold was observed to be the uncoated construct with 

collagen fibers (Fig. 3.23E), while the least crowded was the coated construct with 

collagen fibers (Fig. 3.23D). This is in parallel with the cell proliferation results 

(Fig. 3.22). The poor cell proliferation on the coated constructs may be explained 

with the facts that (a) alginate hydrates the construct reducing cell attachment on 

the surface, and (b) pore size decreases upon coating with alginate, limiting the 

volume in which the cells can proliferate, and (c) alginate gel dissolves and/or 

peels off of the surface, which may result in detachment of the cells from the 

surface. Even though collagen fibers are expected to improve cell attachment 

because of the biologic recognition they present, together with coating they may 

reduce the pore sizes of the constructs such that cells hardly find volume to 

proliferate.  

3.4.5. SEM Examination 

The SEM micrographs of the alginate-coated 3D constructs are shown in 

Figure 3.24. Few cells were observed to be on the coated constructs (Figs. 3.24A 

circles), in parallel previous observations (Figs. 3.22 and 3.23). However, the cells 

had protrusions, suggesting cell adhesion on the constructs was good. Moreover, 

cells were visible in the cross sectional view of the constructs (Fig. 3.24B dashed 

circles), suggesting that cell penetration and migration deep into the construct was 

achieved. The roughness on the unseeded controls might be due to the remnants 

after culture or sample treatment (Fig. 3.24C). 
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Figure 3.24. SEM micrograph of alginate-coated 3D composite constructs 

incubated 21 days in culture. (A) Surface, and (B) cross sectional view of the 

hMC-seeded 3D composite construct. (C) Surface view of the cell free control. 

(x500). T: top, B: bottom (circles indicate the cell bodies) 

3.4.6. Mechanical Properties of the Seeded Constructs 

1.11.1.1. 3.4.6.1. Compressive Properties 

Since the foams prepared in this study were designed to use ultimately as 

meniscus substitutes, their compressive mechanical properties are important. 

Compressive properties of the unseeded (control) and hMC-seeded 3D constructs 

are shown in Figures 3.25 and 3.26, respectively.  
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When unseeded constructs are examined, it can be seen that coating with 

alginate increases the compressive properties of the constructs (elastic modulus, 

from 413 ± 150 to 583 ± 280 kPa for foams without collagen fibers, and from 290 

± 47 to 354 ± 29 kPa for constructs with collagen fibers) and this increase is 

significant for elastic compressive strength (from 37 ± 7 to 87 ± 36 kPa for foams 

without collagen fibers, and from 31 ± 12 to 72 ± 25 kPa for constructs with 

collagen fibers) (Fig. 3.25). Moreover, collagen fibers appear to have slightly 

lowered the compressive properties. This may be explained with the higher 

degradation rate of the collagen than of PLLA and PLGA. Moreover, collagen 

fibers limited the penetration of alginate deep into the construct, and reduced the 

strengthening effect of alginate observed for coated constructs. 

 

 

Figure 3.25. Compressive properties of the unseeded, wet 3D constructs 

(controls) cultured for 21 days. (*p<0.05) 
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When seeded constructs were examined, no regular trend was observed: a 

decrease in compressive properties due to introduction of collagen fibers was 

valid only for uncoated constructs (Fig. 3.26). Elastic modulus values changed 

from 519 ± 160 to 362 ± 170 kPa for foams without collagen fibers, and from 320 

± 170 to 381 ± 69 kPa for constructs with collagen fibers, while elastic 

compressive strength values changed from 42 ± 23 to 26 ± 20 kPa for foams 

without collagen fibers, and from 36 ± 24 to 50 ± 9 kPa for constructs with 

collagen fibers. Alginate-coated constructs did not have higher compressive 

properties than the uncoated ones. Most probably the cells accelerated the peeling 

of the alginate off the surface of the constructs. A major observation, however, 

was that the cell-seeded constructs had much lower compressive properties, 

regardless of the presence of fibers. 

 

 

Figure 3.26. Compressive properties of the hMC-seeded 3D constructs cultured 

for 21 days.  
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Cells are expected to improve the mechanical properties as a result of 

deposition of extracellular matrix (ECM) components such as aggrecan 

(hyaluronan, chondroitin sulfate), and type I and II collagen. However, cells also 

accelerate the degradation of the scaffold materials by the help of their enzymes, 

and this decreases the compressive properties. Therefore, the contribution of cells 

to the mechanical properties is the result of a balance between the ECM 

deposition and construct degradation rates.  

For example, when the effect of cells on the compressive properties of the 

constructs is examined, a slight increase in compressive properties of the uncoated 

construct without collagen fibers can be observed with the introduction of cells 

(elastic modulus increases from 413 to 519 kPa). As there are no collagen fibers in 

the structure of these constructs, degradation rate is low (due to PLLA-PLGA). 

Therefore, the effect of ECM deposition dominates in this case, which in turn 

results in the improvement of the compressive properties. For the uncoated 

constructs with collagen fibers, however, degradation rate is higher than that for 

constructs without collagen, and with the contribution of cells, degradation 

becomes even faster. This might explain the absence of a change in compressive 

properties of the seeded constructs relative to unseeded ones. In tissue engineering 

applications, it is of great importance that scaffold’s degradation rate should be 

compatible with the new tissue growth (or ECM deposition) rate (Freed et al., 

1999). Uncoated constructs of this study meet this requirement. For the coated 

constructs, however, cells might have dissolved the alginate by interfering with 

the calcium ions which hold the alginic acid residues together. This may have 

resulted in lower compressive properties after cell seeding. 

For the coated constructs, compressive properties of the seeded samples 

were lower than those of unseeded ones with one exception. Introduction of cells 

appears not to have any effect on the elastic modulus of the coated constructs with 

collagen fibers. These results may indicate that no significant GAG (such as 

chondroitin sulfate, keratan sulfate, or hyaluronan, the ECM components 

contributing to the compressive properties) synthesis was achieved by the 

introduced meniscus cells. 
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In a study in which meniscus cells were cultured for 5 weeks on PGA or 

agarose-based constructs, aggregate modulus (corresponding to elastic modulus in 

this study) was found to be between 3 to 11 kPa (Aufderheide and Athanasiou, 

2005). Higher aggregate modulus values were obtained with agarose-based 

scaffolds.  

Nerurkar and colleagues (2011) conducted an in vitro study in which 

MSCs were seeded and cultured for 120 days on scaffolds produced from aligned 

electrospun PCL nanofibers and GAGs, in order to analyze the effect of GAGs on 

compressive properties of the scaffolds and the native fibrocartilaginous tissue. 

When GAGs were removed by chondroitinase treatment, compressive properties 

of the engineered construct decreased substantially (from 12.5 kPa to 2 kPa).  

In another study conducted in vitro in which meniscus cells (MCs) and 

articular chondrocytes (ACs) were co-cultured for 4 weeks on PLLA scaffolds in 

different ratios, a fibrocartilage-like tissue was obtained and the AC-seeded 

constructs were shown to have significantly higher GAG and total collagen (type I 

and II) values than MC-seeded ones (Gunja and Athanasiou, 2009). Instantaneous 

modulus (corresponding to compressive elastic modulus in this study) was found 

to increase upon cell seeding (from 12 ± 4 kPa for unseeded constructs up to 63 ± 

12 kPa for seeded ones). The highest compressive modulus value was obtained 

with scaffolds cultured with articular chondrocytes (63 ± 12 kPa). The higher 

compressive properties of the AC-seeded constructs rather than MC-seeded ones 

were attributed to the better GAG production ability of these cells.  

Mandal and colleagues (2011a) obtained promising results in an in vitro 

study using a multilayered silk-based construct seeded with adult human articular 

chondrocytes in the inner region and with human dermal fibroblasts at the 

periphery. The construct consisted of three layers (top, middle, and bottom) and 

after a 4-week culture, the seeded layers had compressive moduli of 294, 348, and 

165 kPa, respectively. The results were better than those of native tissue (100 to 

220 kPa). Similarly, compressive strength values for the top, middle and bottom 

layers were 67.23 ± 27.30, 75.62 ± 15.76 and 70.44 ± 9.07 kPa, respectively. In 

another in vitro study, the same group used the same constructs but seeded them 
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with human mesenchymal stem cells (hMSCs) (Mandal et al., 2011b). After a one 

month culture, the unseeded three layers (top, middle, and bottom) had 

compressive moduli of 274, 297, and 150 kPa, while seeded constructs had 

moduli of 643, 542, and 424 kPa, respectively. Seeding the construct with stem 

cells resulted in considerable increase in the mechanical properties of the 

constructs. The tissues formed in both studies were shown to be fibrocartilage-

like.  

Comparable compressive properties were obtained in the present study. 

The elastic modulus of the seeded constructs was as high as 520 kPa.  

1.11.1.2. 3.4.6.2. Tensile Properties 

Tensile properties of the unseeded (control) and hMC-seeded 3D constructs are 

shown in Figures 3.27 and 3.28, respectively. When unseeded constructs are 

examined, it can be seen that coating slightly increased the tensile mechanical 

properties (Fig. 3.27). Young’s (tensile) modulus increased upon coating from 

0.70 ± 0.42 to 0.79 ± 0.13 MPa for the foams without collagen fibers, and from 

0.94 ± 0.20 to 1.25 ± 0.57 MPa for the constructs with collagen fibers, while 

ultimate tensile strength increased from 51 ± 29 to 71 ± 18 kPa for the foams 

without collagen fibers, and from 74 ± 27 to 90 ± 49 kPa for the constructs with 

collagen fibers. Incorporation of fibers to the constructs also resulted in slight 

increases in compressive properties of the constructs. This meets our expectations, 

because aligned fibers were introduced to the constructs for this reason: to 

increase the tensile properties of the foams.  
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Figure 3.27. Young’s modulus and ultimate tensile strength values of the 

unseeded 3D constructs (controls) cultured for 21 days. 

When the hMC-seeded constructs are examined, it can be seen that tensile 

properties, especially Young’s modulus, decreased upon coating, and improved 

upon addition of collagen fibers (Fig. 3.28). Young’s modulus decreased upon 

coating from 0.98 ± 0.36 to 0.67 ± 0.23 MPa for the foams without collagen 

fibers, and from 1.71 ± 0.81 to 1.32 ± 0.31 MPa for the constructs with collagen 

fibers, while ultimate tensile strength decreased from 98 ± 55 to 53 ± 20 kPa for 

the foams without collagen fibers, and from 129 ± 49 to 98 ± 38 kPa for the 

constructs with collagen fibers. Uncoated constructs with collagen fibers had the 

highest tensile properties. In contrast to the results obtained for the unseeded 

constructs, coated constructs had lower tensile properties than uncoated ones. The 

reasons for this might be (a) the high ECM (collagen components) deposition rate 

of the seeded constructs, which improves tensile properties; (b) removal of the 

calcium ions by the cells resulting in dissolution of alginate, which rules out the 

contribution of alginate-coating to the tensile properties, and (c) the lower cell 

number in the coated constructs relative to the uncoated ones for the seeded 

scaffolds. 
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Figure 3.28. Young’s modulus and ultimate tensile strength values of the hMC-

seeded 3D constructs cultured for 21 days. 

When the results of unseeded (Fig. 3.27) and seeded constructs (Fig. 3.28) 

are compared, an increase in tensile properties can be observed upon cell seeding, 

and this may indicate that cells improve the tensile properties either by expressing 

ECM components (type I and II collagens) responsible from the tensile strength of 

the tissues. Cells’ mechanical properties also may contribute to the mechanical 

properties of the constructs. 

In a study using scaffolds prepared from aligned electrospun PCL 

nanofibers seeded with MSCs, it was observed that Young’s modulus increased 

after 120 days culture (from 22 MPa for unseeded scaffold to 35 MPa for the 

engineered construct) (Nerurkar et al., 2011). It was shown that removal of GAGs 

from the engineered construct by chondroitinase treatment resulted in an increase 

in the Young’s modulus under tensile testing (from 35 to 40 MPa). When collagen 

was removed with collagenase treatment, the Young’s modulus significantly 

decreased down to the values obtained from unseeded scaffold (22 MPa).  
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Gunja and Athanasiou (2009) prepared PLLA scaffolds and cultured them 

with different ratios of meniscus cells (MCs) and articular chondrocytes (ACs) for 

4 weeks. They found the Young’s modulus under tensile conditions to be 690 ± 

220 kPa for MC-seeded scaffolds and 595 ± 200 kPa for AC-seeded ones. 

Ultimate tensile strength (UTS) values were 500 ± 250 for MC-seeded scaffolds 

and 300 ± 250 kPa for AC-seeded ones. Unseeded controls which were incubated 

under the same conditions had a Young’s modulus of 300 ± 60 kPa, and UTS of 

180 ± 80 kPa. Thus, cell-seeded constructs were shown to have higher tensile 

properties than unseeded ones. Also MC-seeded samples were shown to have 

higher tensile properties than the AC-seeded ones.  

Mandal et al. (2011a) observed the same pattern using silk-based, 

multilayered scaffolds seeded with fibroblasts in the periphery and chondrocytes 

in the inner region. They produced three layers of seeded scaffolds to be attached 

together in order to form the final structure, and the highest Young’s modulus 

value they obtained with seeded constructs was 1.41 MPa after 4-week incubation. 

The compressive properties of the unseeded scaffolds were not reported.  

Baker et al. (2011) obtained promising results using MSC-seeded aligned 

electrospun PCL scaffolds in dynamic culture. They applied cyclic tensile load to 

improve the mechanical properties of the construct by altering biochemical and 

gene expression of the cells due to loading. They precultured their seeded 

constructs for 6 weeks in static condition, and then cultured the precultured 

construct in dynamic condition for 4 weeks. The Young’s modulus of the seeded 

constructs (24 MPa) improved significantly with 6-week preculture (27.5 MPa).  

After a 6-week preculture the constructs were either transferred into dynamic or 

left in the static conditions and cultured for additional 4 weeks. The constructs left 

in the static conditions (no load applied) showed a Young’s modulus of 30 MPa, 

while those of exposed to dynamic stress showed a Young’s modulus of 35 MPa, 

which is a great achievement for a biodegradable scaffold. The disadvantage of 

this nanofibrous scaffold was that only 600 µm thick scaffolds could be obtained 

via electrospinning. 
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Holloway et al. (2010) used poly(vinyl alcohol) (PVA) based scaffolds 

which were reinforced with polypropylene (PP) and ultra high molecular weight 

polyethylene (UHMWPE) to increase mechanical properties. The Young’s 

modulus for PP-reinforced scaffolds was 8 MPa, whereas that of UHMWPE-

reinforced scaffolds was as high as 258 MPa, which is in the range of the tensile 

properties of the native tissue in circumferential direction (100-300 MPa). 

However, the drawback of this scaffold is that it contains nondegradable and 

hydrophobic (PP and UHMWPE) biomaterials which do not erode or dissolve 

away, but remain in the body and limit the meniscal tissue ingrowth.  

Compared to the results of the studies above, the results of this study are 

promising but still far below the values for the native meniscus. Young’s modulus 

values obtained for unseeded controls cultured for 3 weeks were in the range of 

0.70 MPa and 1.25 MPa, whereas for hMC-seeded constructs these values were 

between 0.67 and 1.71 MPa. Ultimate tensile strength (UTS) result were in the 

range of 51 kPa and 90 kPa for unseeded controls, whereas in the range of 53 kPa 

and 98 kPa for cell-seeded constructs.  

3.4.7. Immunohistochemistry Analyses 

Immunohistochemistry studies were done in order to assess the expression 

of type I and II collagens, and aggrecan which are normally expressed in the 

native meniscus tissue. Type I collagen is normally produced by fibroblasts and is 

abundant in fibrous tissues. Type II collagen is mostly present in the hyaline 

cartilage. Aggrecan is a proteoglycan composed of a protein domain and a 

carbohydrate domain including glucoseaminoglycans (GAGs) (mainly chondroitin 

sulfate (CS) and keratan sulfate (KS)), and it is normally produced in cartilaginous 

tissues. It is stained in this study for its carbohydrate nature. 

The immunohistochemistry results for the coated and uncoated constructs 

with collagen fibers are presented in Figures 3.29 and 3.30. Type I and II 

collagens, and aggrecan production are observed with the hMC-seeded constructs 

(Fig. 3.29A, C, and E), whereas no ECM production could be observed with the 

unseeded counterparts (Fig. 3.29B, D, and F).  
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Figure 3.29. Immunohistochemistry results of coated 3D constructs containing 

collagen fibers. (A, C, and E) seeded constructs, and (B, D, and F) unseeded 

controls. (A, B) collagen type I, (C, D) collagen type II, and (E, F) aggrecan. 

(DAB: brown chromogen to stain the HP-labeled secondary antibody against anti-

collagen type I and II, and aggrecan). 
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As all the tested proteins are present in the engineered tissue, it can be 

deduced that the tissue is fibrochondrocyte-like. Type II collagen production 

seems more abundant in comparison to type I collagen and aggrecan productions. 

However, it must be kept in mind that microscopy observation does not give 

quantitative results, and quantitative methods should be used to compare the type 

I collagen production with type II collagen and aggrecan productions.  

Normally, type I collagen is the main collagen found in the meniscus 

tissue (Herwig, et al., 1984). Moreover, meniscus cells cultured in vitro tend to 

express fibroblastic phenotype to a greater extent than chondrocytic phenotype 

(Gruber et al., 2008). In this case, however, chondrocytic phenotype seems to 

dominate because type II collagen seems more abundant than type I in the 

engineered tissue (Fig. 3.29C and E). This is supported by high production of 

aggrecan which is also a component of cartillaginous tissue. The reason for this 

may be the culture conditions. The cells may have been grown at low medium 

conditions as static culture was performed. 

The results for uncoated constructs with collagen fibers were also similar 

with those of coated ones in that all the tested ECM components were detectable 

(Fig. 3.30). Similarly, type I and II collagens, and aggrecan production are 

observed with the hMC-seeded constructs (Fig. 3.30A, C, and E), whereas no 

ECM production could be observed with the unseeded counterparts (Fig. 3.30B, 

D, and F). Type I and II collagens seem more abundant than aggrecan (a slightly 

higher production can be seen with the larger number of brown precipitates). 

However, these are microscopy results and quantitative analyses should be done 

to compare the produced amounts of the different ECM components. 

 

 

 

 

 

 



87 
 

 

  

  

  

Figure 3.30. Immunohistochemistry results of uncoated 3D constructs containing 

collagen fibers. (A, C, and E) seeded constructs, and (B, D, and F) unseeded 

controls. (A, B) collagen type I, (C, D) collagen type II, and (E, F) aggrecan. 

(DAB: brown chromogen to stain the HP-labeled secondary antibody against anti-

collagen type I and II, and aggrecan) 
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The immunohistochemistry results for coated constructs without collagen 

fibers are presented in Figure 3.31. All tested ECM components are visible. Type 

II collagen was more abundant than type I collagen and aggrecan, although 

production of type I collagen was also high. This is in agreement with the results 

for the coated constructs containing collagen fibers (Fig. 3.29). Alginate coating 

most probably induces the expression of chondrogenic phenotype in both types of 

constructs, but production was higher in the constructs containing collagen fibers. 

Type II collagen production was higher than type I showing that cells assumed 

chondrogenic phenotype, and the construct seems to be appropriate for meniscal 

tissue generation.  

When coated (Fig. 3.29) and uncoated (Fig. 3.30) constructs containing 

collagen fibers are compared it can be observed that type II collagen is more 

abundant in the coated constructs, whereas type I and II are both present with the 

uncoated constructs.  

Finally, the results for uncoated constructs without collagen fibers are 

presented in Figure 3.32. All the tested ECM components were expressed with the 

seeded constructs. Type I collagen and agggrecan productions were higher than 

that of type II collagen. These results conflict with those of uncoated constructs 

containing collagen, where aggrecan production was the lowest (Fig. 3.30). The 

presence of collagen fibers may limit the aggrecan production. In fact, aggrecan 

production was lower than the other ECM components with the constructs 

containing collagen fibers (Figs. 3.29 and 3.30).  
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Figure 3.31. Immunohistochemistry results of coated 3D constructs without 

collagen fibers. (A, C, and E) seeded constructs, and (B, D, and F) unseeded 

controls. (A, B) collagen type I, (C, D) collagen type II, and (E, F) aggrecan. 

(DAB: brown chromogen to stain the HP-labeled secondary antibody against anti-

collagen type I and II, and aggrecan) 
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Figure 3.32. Immunohistochemistry results of uncoated 3D constructs without 

collagen fibers. (A, C, and E) seeded constructs, and (B, D, and F) unseeded 

controls. (A, B) collagen type I, (C, D) collagen type II, and (E, F) aggrecan. 

(DAB: brown chromogen to stain the HP-labeled secondary antibody against anti-

collagen type I and II, and aggrecan) 

When coated (Fig. 3.31) and uncoated (Fig. 3.32) constructs without 

collagen fibers are compared, it can be observed that type II collagen production 

is high with the coated constructs, whereas aggrecan production is high with the 

uncoated constructs. Coated constructs seem to induce type II collagen production 
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(Figs 3.29 and 3.31). Alginate, which is a hydrophilic polymer, might have 

provided a better environment for the chondrocyte-like cells rather than fibroblast-

like cells, and thus induced type II collagen production. However, the uncoated 

constructs seem to have conflicting results, because aggrecan production is low 

with constructs containing collagen fibers (Fig. 3.30), but high with those of 

without collagen fibers (Fig. 3.32). 

In a study conducted using PGA and agarose-based constructs, it was 

found that GAG deposition was higher with PGA-based constructs rather than 

agarose-based ones (Aufderheide and Athanasiou, 2005). Presence of hydrophilic 

polymers was claimed to reduce the degree of GAG deposition. This is in 

agreement with the results obtained in this study where aggrecan production was 

low with the alginate-coated constructs. However, it must be kept in mind that cell 

attachment is significantly lower on hydrophilic polymers, which most probably is 

the reason for the lower GAG expression (Aufderheide and Athanasiou, 2005). In 

this study also, the cell numbers were lower with the alginate coated constructs. 

The results should be normalized to the cell numbers for proper conclusions. 

Similarly, collagen production was higher with the PGA-based constructs rather 

than agarose-based ones, but perhaps again due to the same reason. 

Mandal et al. (2011a) observed the production of both collagens, but type I 

collagen was more abundant in both chondrocyte- and fibroblast-seeded scaffolds 

after 4 weeks. It was also stated that GAG production was higher with the 

chondrocyte-seeded scaffolds, while type I collagen was higher with the 

fibroblast-seeded scaffolds.  

Kon et al. (2008) reported low GAG production with PCL-HYAFF 

scaffolds seeded with chondrocytes. This was not expected because chondrocytes 

produce high amounts of GAGs.  

Baker and colleagues (2011) conducted a study using MSC-seeded PCL 

based scaffolds on which they applied dynamic tensile loading. It was shown that 

type I collagen production increased with time while type II collagen production 
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decreased (Baker et al., 2011). As expected, GAG production was observed to 

substantially decrease with dynamic culture conditions.  

Our results are in parallel with the study performed by Gruber and 

colleagues (2008). The study was performed using 3D collagen sponge, and it was 

reported that production of type I and II collagens, and chondroitin sulfate (CS) 

was achieved after culture of meniscus cells for only 7 days. However, 2x10
5
 cells 

were seeded on the constructs. The results showed higher type I collagen 

production than type II collagen, and CS production was the lowest. The group 

also reported contribution of the growth factor TGF-β, which improved the 

results.  

Dry weight of the meniscus in the periphery mainly consist of type I 

collagen (>99%), however, type II collagen is more abundant (60%) than the type 

I collagen (40%) in the inner region (Athanasiou and Sanchez-Adams, 2009). 

Therefore, each of the constructs may be used for different regions of the 

meniscus as partial meniscus replacement. 

All these deductions should be reconsidered after a quantitative assessment 

of the production of ECM components. The results should be normalized to the 

cell numbers, since different cell numbers were observed with each construct. 

Once such an examination is made, the conclusions would be clearer. 

In this study, the constructs were seeded with significantly lower number 

of cells compared to other studies: 9 x 10
4
 cells/scaffold in the current study 

compared to 5 x 10
7
 cells/mL in the study of Aufderheide and Athanasiou (2005), 

4 x 10
7
 cells/scaffold in the study of Kon et al. (2008), 10

6
 cells/scaffold in the 

study of Gunja and Athanasiou (2009), and 2.4-7.2 x 10
6
 cells in the study of 

Mandal et al. (2011a; 2011b). This may explain the lower effect of cells on the 

improvement of the mechanical properties and ECM expression of the constructs. 

It is suggested that 2.5 to 3.7 x 10
7
 cells are required to generate a tissue with a 

volume of 1 cm
3
 (Hoben et al. 2006). Therefore, higher number of cells needs to 

be used to improve the results. 
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CHAPTER 4 

 

 

 

 

CONCLUSION AND FUTURE DIRECTIONS 

 

Meniscal tears are one of the most commonly encountered injuries in the 

knee. Due to lack of vasculature, tears in the inner portion of the meniscus hardly 

heal, which leads to degeneration of the articular cartilage and eventually to 

osteoarthritis. While simple tears can be healed via meniscal repair techniques, 

more complex tears cannot be treated. As injuries lead to nonfunctional knee and 

severe pain, the damaged tissue, or in some cases the whole meniscus, is resected 

through partial, or total, meniscectomy. Although the knee biomechanics is 

restored after meniscectomy, osteoarthritis remains to be a problem in the long 

term. Replacement methods, including the use of transplants, prostheses and 

substitutes, are applied. Each procedure has its pros and cons, but neither of them 

achieves the total regeneration of the natural tissue nor provides a satisfactory 

solution to osteoarthritis. Tissue engineering appears to be an alternative method 

for use in the replacement of the damaged tissues, which aims at regenerating the 

natural meniscus and thus solve for osteoarthritis.  

Few studies related to meniscus tissue engineering have been performed; 

however, a functional 3D construct mimicking the biphasic and anisotropic nature 

of the meniscus and having tensile properties comparable to that of the native 

tissue has not yet been achieved. 

Compared to studies performed by others, the current study is unique in its 

novel scaffold design which perfectly mimics the structure of the native meniscus 

and imparts to it improved mechanical properties. 

In the current study, PLLA-PLGA-based constructs reinforced with 

aligned collagen fibers, treated with O2-plasma and impregnated with alginic acid 
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were produced. The aligned collagen fibers were produced with electrospinning 

technique, and then crosslinked. They were then placed in a mold into which 

PLLA-PLGA solution was added. The solution was frozen and lyophilized to 

obtain the final construct. The constructs mimicked the anisotropic nature of the 

meniscus in that it included circumferential fibers improving the tensile properties 

and alginic acid improving the compressive properties.  

The constructs prepared with different conditions were tested. The tested 

parameters were the freezing temperature (-20 
o
C vs. -80 

o
C), concentration of the 

polymer solution (2, 2.5, 3, 4% w/v), alginate treatment (coated vs. uncoated), and 

incorporation of collagen fibers (including fibers vs. lacking fibers).  

The foams prepared by freezing at -20 
o
C were found to be better in terms 

of foam microstructure than those prepared at -80 
o
C. They had regular pores with 

larger diameters and higher porosity. Therefore, -20 
o
C was chosen to be the 

freezing temperature.  

Concentration of the PLLA-PLGA solution was chosen to be 3% (w/v), 

since foams prepared from this concentration were the most appropriate in terms 

of foam microstructure, mechanical properties, and cell proliferation. The foams 

prepared from 3% PLLA-PLGA frozen at -20 
o
C had pores in the range of 30-300 

µm and average pore size of 162 µm, and porosity of 74%. The elastic modulus 

was the highest (around 600 kPa upon compressive stress and 1.4 MPa upon 

tensile stress) for these foams.  

Coating with alginate improved mechanical properties of the dry foams, 

but no change was observed for wet foams.  

Compressive properties decreased upon incorporation of collagen fibers 

into foam (to around 450 kPa), while tensile properties significantly improved for 

uncoated foams (to around 2.3 MPa). Compressive properties of the composite 

constructs were higher than the native meniscus (100-150 kPa), but tensile 

properties were far below it (100-300 MPa).  
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Coated and uncoated 3D constructs containing collagen fibers were 

prepared from 3% PLLA-PLGA frozen at -20 
o
C. Coated and uncoated foams 

without collagen fibers (controls) were also prepared. All were seeded with 

human meniscus cells and cultured for 21 days. Highest cell proliferation was 

obtained with uncoated foams and constructs. Coating with alginate substantially 

reduced the cell proliferation. Compressive properties of the coated constructs 

appeared to have decreased upon cell seeding, which may be attributed to 

contribution of cells to dissolution of the alginate. Tensile properties appeared to 

have significantly improved with cell seeding (from 0.9 MPa to 1.7 MPa). Poorer 

mechanical properties were obtained with cultured constructs compared to 

uncultured ones due to degradation of the cultured constructs.  

Finally, type I and II collagens, and aggrecan synthesis were detectable in 

all the seeded constructs, suggesting that all the constructs induced the generation 

of fibrocartilage-like tissues. Therefore, it can be concluded that the construct 

design was appropriate for use as meniscus tissue engineering scaffold. In their 

current state, the constructs are suitable for use as partial meniscal replacements.  

The constructs are comparable with those of previous studies in the 

literature in terms of mechanical properties and ECM production but this still is 

not suitable for total meniscus replacement and they should be further improved 

before they are tested under in vivo conditions. Constructs may be seeded with a 

higher number of cells to obtain better results. Besides, mesenchymal stem cells 

may be considered as an alternative cell source. Moreover, growth factors could 

be used to induce cell proliferation, migration and differentiation.  
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APPENDIX A 

 

 

 

 

MERCURY POROSIMETRY RESULTS: PORE SIZE DISTRUBUTION  

 

 

 

 

 

 

 

 

Figure A.1. Pore size distribution of 3% foams without collagen fibers prepared 

at -20 
o
C. (A) Uncoated, and (B) coated samples.  

A 

B 

 
    0.0911 

0.0820 

0.0729 

0.0638 

0.0547 

0.0455 

0.0364 

0.0273 

0.0182 

0.0091 

0.0000 
3    5               10     20                         50               100      200 

Diameter (µm) 

Normalized Internal Vol vs Pore Size Histogram 

N
o

rm
al

iz
e

d
 V

o
lu

m
e

 (
cc

/g
) 

 
    0.0844 

0.0760 

0.0675 

0.0591 

0.0507 

0.0422 

0.0338 

0.0253 

0.0169 

0.0084 

0.0000 
3    5               10     20                         50               100      200 

Diameter (µm) 

Normalized Internal Vol vs Pore Size Histogram 

N
o

rm
al

iz
e

d
 V

o
lu

m
e

 (
cc

/g
) 



110 
 

 

 

 

 

 

 

 

 

 

 

Figure A.2. Pore size distribution of 3% foams without collagen fibers prepared 

at -80 
o
C. (A) Uncoated, and (B) coated samples.  
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Figure A.3. Pore size distribution of 3% PLLA-PLGA constructs prepared at -20 
o
C and containing collagen fibers. (A) Uncoated, and (B) coated. 
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APPENDIX B 

 

 

 

 

ALAMAR BLUE CALIBRATION CURVES 

 

Figure B.1. Alamar blue assay calibration curve for L929 mouse fibroblasts. 

 

 

Figure B.2. Alamar blue assay calibration curve for hMCs. 
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