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Abstract 

Articular cartilage covers the bone heads of articulating joints to decrease the friction between 

bones. Unfortunately, articular cartilage has limited self-repair potential. Cartilage tissue 

engineering is a promising therapeutic approach, and its success strongly depends on our 

understanding and ability to mimic the complex three-dimensional microenvironment for cells 

and their surrounding native extracellular matrix (ECM) in articular cartilage. In particular, 

recreating the zonal organisation of articular cartilages makes the process more challenging.  

My PhD thesis aims to design and develop chitosan-based thermoresponsive matrices with 

tailored physical, mechanical and chemical properties to fulfill microenvironmental 

requirements of mesenchymal stem cells (MSCs) in order to promote functional articular 

cartilage regeneration. The matrices are then micro-manipulated for resembling the spatially 

varying architecture of articular cartilage zones.  

To achieve these aims, chitosan-g-poly (N-isopropylacrylamide) (CS-g-PNIPAAm) hydrogel 

with a random chain length of grafts was synthesized through free radical polymerization. The 

influence of various polymerization conditions on physical and mechanical properties was 

systematically investigated. Its suitability for mimicking microenvironment for MSC culture 

was studied using cell viability assays. The best CS-g-PNIPAAm in terms of its cell 

compatibility and cell culture performance was used in fabrication of microengineered 

constructs for regenerating the superficial zone and the middle zone of articular cartilage. 

Chondrogenic differentiation of embedded MSCs was evaluated through ECM components 

(glycosaminoglycan (GAG), total collagen and collagen type II) analysis. Cellular 

organisation and morphology within microchannels were determined using cell alignment and 

elongation quantification methods. To further control the chain length of PNIPAAm, well-

defined and narrow-dispersed molecular weights of PNIPAAm were synthesized through atom 

transfer radical polymerization (ATRP). Influence of the polymer molecular weight on 

cytotoxicity and the cell death mechanisms were investigated through standard assays. Finally, 

chitosan/well-defined PNIPAAm (CSNI) hybrids were prepared using low/no toxic 

PNIPAAms. MSCs mixed with PNIPAAm solution and were seeded in the voids of the 

chitosan scaffolds. The phase separation of PNIPAAm at 37 
o
C led to a hybrid matrix for 

MSCs. The structural characteristics of the hybrids were studied and chondrogenic 
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differentiation of incorporated MSCs was evaluated through measuring GAG and total 

collagen deposition.  

Various copolymerization conditions of CS-g-PNIPAAm have been optimised to obtain the 

best hydrogel for MSC culture with desired physical and mechanical properties. After MSC 

proliferation, MSCs can be recovered by separating cells from the polymer solution at room 

temperature using the sol-gel thermo-reversible property of the CS-g-PNIPAAm copolymer. It 

has been demonstrated that the CS-g-PNIPAAm copolymer hydrogel can provide an 

appropriate microenvironment for 3D cultivation of MSCs. 

Biochemical analysis demonstrates that the CS-g-PNIPAAm hydrogel can support the 

embedded MSCs differentiation into chondrocytes in 3D.  Histological and 

immunohistochemical stainings also confirm the increasing accumulation of GAG and 

collagen type II. The CS-g-PNIPAAm hydrogel with manipulated properties can be 

micropatterned for regenerating the superficial zone and the middle zone of articular cartilage. 

The cell-laden hydrogel micropatterned in 50-100 µm constructs can organize cells along the 

microchannel horizontal axis. The cell shape and alignment in the constructs is very similar to 

the superficial zone of chondrocytes of the native cartilage. Meanwhile, cells in the 

microchannel with the gap above 150 µm are randomly distributed which can be used to 

mimic the middle zone of the cartilage tissue.  

The cytotoxicity of PNIPAAm is molecular weight dependent, and varies with the PNIPAAm 

chain length. Low molecular weight PNIPAAm (degree of polymerization (DP) = 35) is 

inherently toxic to cells, and necrosis is the dominant cell death mechanism. Moderate-sized 

PNIPAAms with their DP between 100 and 200 are non-cytotoxic. For the PNIPAAm with a 

higher molecular weight (DP = 400, P-400), cell viability is dependent on the assay method. 

The P-400 hydrogel is detrimental to stem cells when the cells are covered with a thick layer 

of gel, and this layer may become a barrier for nutrient or oxygen delivery to cells. 

The CSNI hybrid matrices composed of chitosan scaffolds and well-defined PNIPAAm with a 

degree of polymerization of 400 (CSNI400) can provide a supporting platform for 3D stem 

cell culture and cartilage tissue engineering. Matrix characterization shows improved 

structural properties of CSNI400 in comparison with CSNI100 and the chitosan-alone 

scaffold.  
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In conclusion, we are able to create and refine 3D microenvironment for stem cells through 

manipulation of matrices in order to enhance cell proliferation and chondrogenic 

differentiation. Our results reveal that graft copolymer of chitosan and PNIPAAm with 

tailored properties and microengineered architecture is appealing for zonal cartilage tissue 

engineering. The hybrid matrices from chitosan scaffolds with well-defined PNIPAAm 

hydrogels promote chondrogenesis, better than the graft copolymer.  

Graft copolymerization of chitosan and well-defined PNIPAAms (CS-g-W-PNIPAAm), 

microengineering of CSNI hybrids, and CS-g-W-PNIPAAm, stacking the microengineered 

constructs to form a macroscale 3D cartilage tissue, and in vivo implantation of engineered 

tissues should be addressed in future projects.  
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1.1 Background: cartilage failures and tissue engineering 

Cartilage-related diseases are one of the most reasons for disabilities around the world. 

Osteoarthritis is already one of the ten most disabling diseases in developed countries. 55.3 

million people are affected by arthritis diseases worldwide (1). 9.6% of men and 18.0% of 

women aged over 60 years have symptomatic osteoarthritis (2). In Australia, osteoarthritis 

is a major cause of disability, psychological distress and poor quality of life (3). In 2007-

08, 15% of people reported that they currently had arthritis (4). 62.5% of people with 

profound/severe disability and 32% of people without disability reported to have arthritis 

in the 75 and over age group (5). It was 4% of the disease burden in Australia in 2007-08 

and cost 7.5% ($4.0 billion) of total allocated health expenditure in 2004-05 (6). 4.6% of 

deaths registered in 2009 were due to arthritis and musculoskeletal diseases (underlying or 

associated) (7). Other countries also suffer from the same problem. These diseases cost 

$128 billion for US economy per annum (5). In Canada, a 2006 study found that for adults 

aged 15 years and over with disabilities, the most common issue was arthritis (1). On the 

other hand, cartilage can be damaged from accidents such as car crashes or work and sport 

injuries. Articular cartilage injuries of the knee are reported as the most common reason of 

permanent disabilities in athletes (8). According to the “Australian Safety and 

Compensation Council” report, over 76,000 compensation claims for acute and chronic 

musculoskeletal disorders in 2003 were made, representing 43% of all injuries and disease-

related claims (9). Unfortunately, articular cartilage has limited repair potential (10). Poor 

self-repair capacity of cartilages becomes the major challenge for the therapeutic strategy 

especially in young and active individuals, because they need to return to sport and 

working activities quickly.  

There are different approaches to repair a damaged articular cartilage. These therapeutic 

strategies can be divided into two major categories (11). The first category is “without 

biologic therapies”, such as lavage and arthroscopy, chondral shaving, laser abrasion/ laser 

chondroplasty, abrasion chondroplasty, pridie drilling and microfracture, spongialization, 

debridement and extensive surgical interventions e.g. osteotomy and distraction of joints. 

The second category consists of “with active biologic therapies”, such as autologous tissue 
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transplantation, osteochondral transplantation (mosaicplasty), allogenic osteochondral, 

chondral grafting, and tissue engineering.  

Tissue engineering is one of the most promising therapies for patients with organ failure 

and damaged or diseased tissues. The appropriate cells are incorporated within a three-

dimensional (3D) matrix and grown under a suitable condition to form the new functional 

tissue. There are two major elements to be considered in tissue engineering: cells and cell 

microenvironment. Matrices are the main component of the cellular microenvironment. 

They serve as artificial temporary scaffolds for cells. These scaffolds are often made by 

mimicking the native extracellular matrix (ECM). The cell-ECM interactions are essential 

requirements for cell and tissue functionality. Other signaling factors such as bioactive 

molecules and mechanical or electrical stimulations may also be considered in designing a 

microenvironment. Controlling the variables of microenvironment in order to provide 

mimicking physiological conditions in a 3D manner forms the key component of tissue 

engineering.  

 

1.2 Aims and objectives 

Many research groups and scientists have been working on regenerating functional 

cartilage tissues and implanting them into the patient body. Despite of many promising 

trials, there are still no off-the-shelf products in the market which can fully address all the 

clinical needs for treatment and many challenges remain to be resolved. Successful 

cartilage tissue engineering requires more efforts to control microenvironmental cues. 

Novel biomaterials with precisely engineered properties should be prepared to provide a 

suitable 3D microenvironment to regulate cell fate and cellular activities, including 

adequate proliferation to obtain sufficient homogenous cells, and differentiation toward the 

desired cell line and deposition of extracellular matrix with chondrogenic phenotype. 

Hence, in this PhD project, I aim to design and develop a serial of chitosan-based 

thermoresponsive matrices with controlled properties to fulfill microenvironmental 

requirements of mesenchymal stem cells (MSCs) in order to promote functional articular 

cartilage regeneration.    
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Specific objectives of my PhD project are: 

 To synthesize and characterize a range of chitosan-based thermoresponsive 

matrices with different mechanical properties for cartilage tissue engineering; 

 To correlate the synthesized polymer chemical structure and its physical, 

mechanical and biological properties with cellular responses, and to exploit 

matrices with tailored properties for recreating the most appropriate 3D 

microenvironment for cells;  

 To replicate the zonal structure of native cartilages using micro-engineered cell-

laden thermoresponsive hydrogels; 

 To evaluate the biological characteristics of engineered cartilages through standard 

assays. 

 

1.3 Thesis structure 

The thesis is written in a paper-based format. I start my thesis with the Introduction chapter 

to highlight the importance of my PhD work, and critically review the recent contributions 

to cartilage tissue engineering to identify research gaps in the second chapter. Major 

experimental results are written in Chapter 3 to 6. The thesis finishes with the conclusion 

and future directions derived from my experiments.  

In the first chapter of this thesis, the background, research gaps, aims and objectives, and 

the thesis outline are introduced. 

In the second chapter, the biological background of native articular cartilage structure and 

functions is described. Cells and their microenvironments are further discussed in cartilage 

tissue engineering. Biomaterials, particularly nanostructured biomaterials, developed for 

3D stem cell culture and expansion are reviewed. The effect of nanoscale features of 

microenvironment on stem cell infiltration, adhesion, migration and proliferation is 

discussed.  

In chapter three, based on the literature review, chitosan was selected as the base material 

for cartilage tissue engineering. Poly (N-isopropylacrylamide) was grafted onto chitosan to 
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make it thermo-responsive. These thermo-responsive hydrogels can be injected into 

cartilage defect sites in a minimally invasive manner. Therefore, chitosan-g-poly(N-

isopropylacrylamide) (CS-g-PNIPAAm) copolymers were synthesized. The influence of 

various polymerization conditions, such as acid concentration, reaction temperature and 

monomer feed, on the grafting parameters of this thermo-responsive hydrogel, was 

systematically investigated. In a physiological pH, optimized balance between the 

solubility (as the pre-requirement for cell dispersion and injectability) of copolymers at 

ambient temperature and enhanced gel mechanical strength (as the essential parameter of 

stem cell microenvironments) at body temperature was achieved through controlled 

reaction conditions. The viability and proliferation of mesenchymal stem cells (MSCs) in 

this hydrogel was investigated.  

In the fourth chapter, MSCs were incorporated within CS-g-PNIPAAm hydrogel and their 

chondrogenic differentiation was studied quantitatively by biochemical assays and 

qualitatively by histological and immunohistochemical assessments. Micropatterning was 

employed to mimic cellular shape and orientation within the superficial and middle zones 

of the natural cartilage. Thermo-responsiveness of CS-g-PNIPAAm was exploited to cast 

the cell-laden gels within micromolds. Cell alignment and elongation within three-

dimensional micropatterned cell-laden hydrogels were evaluated.  

In the fifth chapter, a serial of PNIPAAms with well-defined molecular weights were 

synthesized through atom transfer radical polymerisation (ATRP) and polymer molecular 

weight-dependent cytotoxicity was examined in order to obtain the less toxic PNIPAAm 

chain length for thermoresponsive scaffold design in the next chapter.  

In the sixth chapter, another form of chitosan and PNIPAAm was investigated. Non-toxic 

or low-toxic PNIPAAms were chosen based on the results of Chapter 5 for fabrication of a 

hybrid chitosan and PNIPAAm scaffold. The scaffold was characterized using thermal 

analysis, dynamic light scattering and swelling ratio measurement. The morphological 

structure of the scaffold was investigated in micro- and nano-scale. Influence of PNIPAAm 

molecular weight on cell viability and self-renewal in a 3D microenvironment was studied 

and the suitability of the hybrid scaffold for cartilage tissue engineering was evaluated 

using biochemical assays.  
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Chapter Seven comprises the conclusions and future directions derived from current 

findings in this PhD project.   
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2.1 Biology, structure and functions of native cartilage 

Cartilage is a connective tissue in human or animal bodies. Three different types of 

cartilages are distinguishable: hyaline cartilages (e.g. articular cartilages), elastic cartilages 

in epiglottis and eustachian tube, and fibrocartilages in intervertebral discs, 

temporomandibular joint and meniscus (1). Articular cartilage is a thin layer of hyaline 

cartilage covering the bone heads of articulating joints to decrease the friction between 

bones of a joint. These soft tissues have outstanding properties such as shock absorption, 

wear resistance and high lubrication (2). There are no blood vessels and nerves within 

articular cartilages. Articular cartilage is a multiphasic tissue consisting of chondrocyte 

cells (less than 10% of the total volume), interstitial fluid (approximately 80% by wet 

weight), which is mostly water, and solid phase or extracellular matrix (ECM) 

(approximately 20% by wet weight). ECM contains collagen fibers (approx. 60% of dry 

weight), proteoglycans (PGs) (10-15% of wet weight) and other protein and glycoprotein 

macromolecules (Fig.2-1). 90-95% of the collagen content is collagen type II and a minor 

amount of types V, VI, IX, X and XI are also present in articular cartilages (2). Collagens 

provide tensile stiffness of cartilage and proteoglycans are responsible for its compressive 

strength. 

Four zones or layers are identified in articular cartilages (2, 3) as shown in Fig.2-2. The 

superficial or tangential zone is the closest layer to the cartilage surface. This layer 

represents 10-20% of the total thickness. This zone is rich in water and PGs are at the 

minimum level. Chondrocytes are ellipsoidal and parallel to the surface. Collagen fibrils 

lie also parallel to the surface. The middle or transitional zone is laid under the superficial 

zone. Its thickness is 40-60% of the total thickness. Chondrocytes are rounder and collagen 

fibrils are larger in diameter in comparison to the superficial zone. Both chondrocytes and 

collagen fibrils are randomly aligned. The PG content is at its highest level. The deep zone 

is below the middle layer and contains the minimum water amount. Chondrocytes are 

spherical in shape and are aligned columnar and perpendicular to the tidemark which is a 

boundary line between the deep zone and the lowest layer (i.e. calcified zone) of the 

cartilage. Collagens are perpendicular to the tidemark too. The calcified zone anchors the  
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 Figure  2-2. Zonal organisation of articular cartilage.  (a) Chondrocyte shape and 

alignment, (b) collagen alignment. (Reproduced with permission from (3)) 

Figure  2-1. Structure of articular cartilage extracellular matrix. 

(Reprinted with permission from (3)) 
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hyaline cartilage to the subchondral bone. Chondrocytes are small and randomly 

distributed in a matrix of apatitic salts.  

Due to its avascular nature, articular cartilage has limited capacity for self-repair. Articular 

cartilage also contains a sophisticated zonal structure. To restore the normal functions of 

the cartilage, a myriad of issues have to be addressed for regenerating functional cartilage, 

especially on optimizing the microenvironment for stem cell culture and differentiation.  

The objective of this study was to regenerate articular cartilage by synthesizing 

biomaterials with tailored properties for 3D stem cell expansion and differentiation as well 

as cartilage formation. Therefore, we will discuss important features of biomaterials as cell 

matrices. Then we will review the literature on biomaterials and their nano-level aspects 

for 3D cell culture and expansion, followed by a specific focus on biomaterials for 

mimicking matrices for tissue engineering, especially cartilage tissue engineering. 

 

2.2 General features of biomaterials as cell matrices  

 The matrices should be biocompatible. Matrices and their degradation by-products should 

be safe to the host tissue with no inflammatory responses and they should be nontoxic to 

seeded cells. The matrices should be able to provide supports for cells to adhere and 

function. They need to provide the primary mechanical strength of the defect site during 

the tissue regeneration in vivo (4). Sufficient mechanical strength in highly stressed joints 

to match those of native tissue is another necessity (5, 6). They may also mediate 

mechanical signals to cells for stimulating cell proliferation and differentiation (7). Porous 

matrices are often required for regenerating cartilage tissues. Cartilage tissues are 

avascular. Hence, the matrix should have a suitable architecture to deliver nutrients and 

exhaust cell wastes. Porous structure provides essential pathways to deliver nutrients to the 

cells which are attached within scaffold pores. Moreover, pores allow cells to attach, 

spread, proliferate, migrate and produce extracellular matrix. Furthermore, 

biodegradability of the matrices is an important parameter. They need to be eliminated as a 

result of biological reactions in a timely manner that matches cell modeling/remodeling, 
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ECM production and neo-tissue formation (4). The matrices may also provide physical, 

mechanical, or biological cues for cells. The matrix-cell dynamic interactions can regulate 

cell behaviours and fate (157). Bioactive molecules may be encapsulated in the matrices 

and then released from them in a temporal and spatial way to induce cells to grow and 

differentiate into specific tissue with desired functionality (8). 

 

2.3 Structural features of matrices 

Tissue engineers have recognized that structural aspects can have profound influences on 

cell behaviours (9). Recent studies show that cell adhesion, migration, proliferation, 

differentiation, morphogenesis and apoptosis, not only depend on macrostructure of the 

microenvironment, but also rely on nano- and micro-scale features of the ECM in the 

microenvironment (10). Therefore, the success in tissue engineering strongly depends on 

our understanding and ability to mimic the complex 3D architecture of the native ECM in a 

multiple length scale (11). 

Macro-scale structure is important to make the desired shape and size of the defect site, 

and to offer enough mechanical strength for tissue formation. Micro-scale level of scaffold 

design is usually related to tissue architectures. For example, oriented parallel fibres are 

beneficial for reconstructing peripheral nerve (12), while random non-woven fibres may be 

more important for dermal replacement (13,14). Micro-structural features are also essential 

for ensuring cell adhesion and migration and determining the overall mechanical properties 

(15). Particular attention has been drawn to pore size, connectivity, and geometry of 3D 

matrices (16). Pore size should be relatively large because most of the adherent stem cells 

have a size ranging from 10 to 150 μm.  A large-pore structure allows delivering a 

sufficient number of cells and cell migration, while the inter-connected porosity offers 

efficient diffusion of nutrients and metabolic waste removal (17,18). 

The multi-scale requirements have motivated the development of new fabrication 

processes that can produce biomaterials with specific three-dimensional (3D) micro- and 

nanostructures in which pore structure, surface area to volume ratio, texture and surface 

topography can be manipulated to control cell-matrix and cell-cell interactions (9). 
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Microfabrication technologies such as emulsification (to produce microgels), 

photolithography, micromolding, microfluidics, 3D bioprinting are emerging approaches to 

replicate cellular microenvironment in vitro or to fabricate tissue engineering matrices with 

microscale resolutions (19-21). Microtechnologies can be employed in various orders to 

control individual cell-cell interactions, to control the structure of clusters of cells, or to 

control interactions between multiple cell clusters (21). For example, they can be utilized 

to generate microvasculature within scaffolds (22). Micromolded poly(glycerol sebacate) 

(PGS) (23) capillaries and cell-laden agarose microfluidic channels (24) were fabricated as 

vascularized scaffolds. Furthermore, in a bottom up approach, microengineered constructs 

can be assembled as building blocks to fabricate larger tissues with controlled biomimetic 

microarchitecture (25, 26).     

Microfabrication techniques can also be used to control the porosity and microarchitecture 

of pores (pore size, pore shape, interconnectivity and etc.) (27). These structural features 

play an important role in regulating engineered tissue properties. Various methods have 

been utilized to fabricate porous scaffolds, such as solvent casting/particle leaching, freeze-

drying, gas foaming, and electrospinning. Porosity and microarchitectural features of pores 

can be tailored by changing the preparation conditions in various methods (27). Scaffold 

nanopores are also important jn controlling over tissue architecture and they expand our 

ability to direct cell fate and improve tissue growth and function (28). Nanoporous 

structure of membranes has been shown to significantly affect cellular response (29). 

Nanoporous membranes can also provide an antigen barrier around encapsulated cells to 

prevent host immune rejection, while preserve their capabilities for nutrient and oxygen 

delivery and metabolic waste removal (30). Nanopores are useful for the crystallization of 

hydroxycarbonate apatite (HCA) and cell adhesion in bone tissue engineering (31). Change 

in nanoscale textural porosity of macropore walls can alter their mechanical strength which 

has a significant effect on cellular activity (32). Besides the nanoporous structures, some 

platforms with nano-scaled features such as nano-fibres, nano-composites and surface-

modified nano-structures are being used to control cell behaviors. We will describe these 

platforms as matrices for 3D stem cell culture in the following section. 
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2.4 Nanostructured platforms as matrices for 3D stem cell 

culture1 

Nano-scale elements of native cells and tissues have become more important for 

understanding stem cell behaviours. Especially, nano features of ECM have a big impact 

on stem cell adhesion, migration, proliferation and controlled differentiation. Fig. 2-3 

summarized the nano-level aspects of ECM and benefits of resembling these features using 

nano-structured matrices. 

 ECM consists of structural protein fibres (collagen and elastin), adhesive proteins 

(fibronectin and laminin), glycosaminoglycans (GAGs) and proteoglycans (PGs). These 

proteins have dimensions between 10 to several hundred nanometers (34).  

ECM nano-topology also regulates stem cell behaviours, ranging from changes in cell 

adhesion, cell orientation, cell motility, surface antigen display, cytoskeletal condensation, 

activation of tyrosine kinases, and modulation of intracellular signaling pathways that 

regulate transcriptional activity and gene expression (35). The nano-topology may include 

dimensional scale from nanometer to micrometer and types of topological forms such as 

ridges, steps, grooves, pillars and pits (35). Structural ECM features, such as fibrils and 

pores, are often of a size compatible with cellular processes involved in migration, which 

may influence the strategy by which cells migrate through ECM. This size ratio between 

cell (1 to 100 µm) and surrounding fibres (1-100 nm) enables the cell to be in direct 

contact with the fibres of the ECM thus creating a 3D orientation (34).  

 

                                                 

 

1
 The section was published as a book chapter in: Stem-Cell Nanoengineering (eds H. 

Baharvand and N. Aghdami), John Wiley & Sons, Inc., Hoboken, NJ. 

DOI: 10.1002/9781118540640.ch14 (33). It is partially reorganized to be adapted to this 

literature review. 
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Nano-scale ECM also plays a significant role in signal transduction. Stem cells respond to 

the ECM through nano-sized membrane receptors that connect the matrix to the 

cytoskeleton. Integrin is one of the main receptors which can recognise Arg-Gly-Asp 

(RGD) sequences of ECM proteins. After integrins bind to ECM proteins (such as 

fibronectin or vitronectin); the integrin ligation would activate focal adhesion kinase 

(FAK) signalling. The activated FAK undergoes auto-phosphorylation and triggers a 

downstream signalling of extracellular signal regulated kinase (ERK)/ mitogen activated 

protein kinase (MAPK) pathway to transfer mechanical information to the cell nucleus 

where the cell DNA reacts to extracellular stimulus by producing changes such as 

proliferation and differentiation to cells. Ras homolog gene family, member A (RhoA)/ 

Rho associated coiled-coil protein kinase (ROCK) pathway can also be triggered by 

activated FAK and subsequently activate ERK/MAPK pathway to influence stem cells. 

The schematic description of this process is shown in Fig. 2-4. The signaling pathways 
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matrice 
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High surface-to-
volume ratio 
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Figure  2-3 Advantages of nano-structured matrices for regulating stem cell 

behaviours 
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may be regulated from different ECM protein composition, and density and distribution of 

ECM ligands. Through these pathways, cells detect and respond to the mechanical, 

chemical and biological characteristics of their surrounding microenvironment (36). A 

variety of strategies have been formulated to engineering ECM ligands, such as RGD, in 

artificial 3D matrices through self-assembly of peptides and surface modifications.   

 

 

 

Nature manages to make structures with the minimum amount of essential chemicals. The 

natural ECM includes less than 1% solid materials, yet they are mechanically strong and 

have various functionality. Nature regulates the mechanical characteristics of a biological 

tissue by fine adjustment of its composition with alteration of its nano-scale structure from 

molecular level up to macroscopic scale (37).  

Investigators have tried to engineer artificial matrices that resemble the nano-scale features 

of the natural ECM. The matrices with nano-scale features can be categorized into nano-

fibres, nano-composites, and nano-structured surfaces. 

 

Figure  2-4 Schematic pathways involved in the interaction of stem cells and nano-

structured matrices: After integrins on the cell membranes bind to nano-structured 

ECM components, cascades of signal transduction occur for translating physical 

contact with nano-structures into biological responses, such as cell morphological 

change, proliferation and differentiation. (Reprinted from (36) with permission) 

 



 

 

19 

 

2.4.1.1 Nano-fibres 

Nano-fibres, diameters ranging from 1 to 1000 nm, are the most popular nano-structured 

biomaterials which have been widely used in tissue engineering due to the similarity 

between nano-fibre structures and ECM fibres diameter size scales, and large surface area 

which is favorable for cell adhesion and bioactive factor encapsulation.  

There are three commonly used methods to produce nano-fibres: electrospinning, self-

assembly and phase separation (38), and the fibre composition, alignment, diameter, 

degradation, and mechanical characteristics can be controlled for different types of tissue 

regeneration. Fibres have been fabricated for stem cell expansion using self-assembly 

peptides and a range of polymers such as Poly (ε-caprolactone) (PCL), Poly (lactic acid) 

(PLA), Poly (D, L-lactide-co-glycolide) (PLGA), and other synthetic or natural polymers 

and also their blends or copolymers (Table 2-1). 

 

2.4.1.1.1 PCL 

PCL is widely chosen as a FDA-approved model polymer due to its low toxicity, low cost 

and ease of fabrication. Disadvantages of unmodified PCL are slow degradation rate 

(weeks to months), weak mechanical properties, non-reactivity and hydrophobicity. 

Intensive attempts have been made at fabricating PCL fibres for tissue engineering based 

on mesenchymal stem cells (MSCs) (39,40-42), ESCs (43), somatic stem cells (SSCs) (44) 

and neural stem cells (NSCs) (110) . 

In 2003, Yushimoto et al. explored PCL nano-fibre matrices for expanding MSCs. 

Penetration of cells and abundant ECM were observed in the cell-fibre constructs after 1 

week. SEM images showed that the surfaces of the constructs were covered with several 

layers of cells at fourth weeks (40). Ruckh et al. further quantified cell growth along with 

live cell imaging. After a short-term (7 days) culture of MSCs in PCL nano-fibres, live cell 

fluorescence staining and MTT assay showed significantly higher proliferation of MSCs 

on nano-fibres than 2D control surfaces. SEM analysis also supported the fluorescence 

microscopy results that the  
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Table 2-1- Nano-fibres for stem cells expansion 
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ic

 P
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er
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PCL
b
 

MSC
a
 SEM images showed good cell attachment (40) 

MSC 
successful 7 days cell proliferation before adding 

differentiation medium 
(39) 

MSC 
surface modification led to improved cell adhesion and 

proliferation 
(42) 

CSC
c
-

MSC 

the higher the scaffold thickness, the more the cell 

proliferation 
(41) 

ESC
d
 ESCs successfully cultured (43) 

SSC
e
 SSCs successfully cultured (44) 

NSC
f
 NSCs successfully cultured (110) 

PCL 

nano/microfibre 
MSC 

multilayer of nano(for higher ECM mimicary) and 

micro(for better cell migration) fibres 
(45) 

PCL nano-fibre/ 

PCL strands 
MSC 

combining  good architecture control of strands with good 

cell attachment of nano-fibres 
(47) 

 Poly (lactic acid) 

NSC Cell adhesion is near TCPS
g
 

(50), 

(49) 

MSC 

Microfibre constructs:cells were aggregate within the larger 

inter-fibre space- Nano-fibre constructs: cells spread across 

multiple nano-fibres 

(54) 

TSC
h
 

Effect of fibre orientation on cell morphlogy and 

orientation- Increased cell proliferation 
(55) 

PLGA
i
 

MSC Nano-fibres increased proliferation rather than microfibres (62) 

MSC 

 

Good proliferation and morphology- Retaining the 

differentiation abilities after 14 days culture (prior to 

differentiation) 

(61) 

ESC ESCs successfully cultured 
(57), 

(58) 

NSC High cell attachment on nano-fibre surfaces (63) 
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PLGA/Collagen HSC
j
 rapid and rich cell attachment (65) 

Polyurethane MSC enhanced attachment and proliferation (66) 

polyamide ESC enhanced attachment and proliferation (67) 

PES
k
 HSC 

Surface-aminated nano-fibres enhance adhesion and 

expansion 
(68) 

PES HSC aminated chain length is important factor (69) 

Self-assembeled 

RAD16 peptide and 

its motifs 

ESC ESCs successfully cultured (80) 

NSC NSCs successfully cultured (82) 

hASC
l
 hASCs successfully cultured (81) 

Self-assembeled 

Multi Domain 

Peptide 

MSC promoted cell adhesion,migration and expansion (83) 

   

Self-assembeled 

Peptide-

amphiphiles  

NSC NSCs successfully cultured (84) 

MSC MSCs successfully cultured 

(85), 

(86), 

(87) 

N
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u
ra

l 

P
o

ly
m
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s Collagen MSC MSCs  successfully cultured                                                       (70) 

Silk/PEO
m

 MSC 
PEO was added to improve processability- Improved 

adhesion and proliferation 

(71), 

(72) 
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n
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PCLnano-fibre/ 

PLLA nano-fibre 

ESC-

MSC 

Cells infiltrated into the scaffold rather than migration along 

the surface - enhanced proliferation 
(78) 

P(LLA-CL) 
n
 SMC

m
 enhanced proliferation (73) 

starch/PCL MSC 

Example of blending with natural materials - combination 

of micro and nano-fibres- better morphology and cell 

growth 

(79) 

P(EOT-BT)
o
 MSC 

microfibres with nanopores are great for cell adhesion and 

proliferation 
(77) 

a: Mesenchymal Stem Cell , b: Poly (ε-caprolactone) , c: Carcinoma Stem Cell , d: Embryonic Stem Cell , 

e: Somatic Stem Cell , f: Neural Stem Cell , g: Tissue Culture Polystyrene , h: Tendon Stem Cell , i: Poly (D, 

L-lactide-co-glycolide) , j: Hematopoietic Stem Cell, k: polyethersulfone , l: human Adipose Stem Cell , m: 

poly(ethylene oxide) , n: poly (l-lactic-co-ε-caprolactone) , m: Smooth Muscle Cell , o: Poly (ethylene 

oxide terephthalate)–poly(butyleneterephthalate) 
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MSCs preferentially adhere, spread and colonize on nano-fibre matrices compared to 2D 

surfaces (39). The physical parameters of PCL nano-fibres, such as diameter of the fibres 

and morphology of the fibre surface, can influence cell attachment and growth. This has 

been confirmed by a study using mouse ESCs (P19) and mouse MSCs. Matrices with a 

thickness of 0.6 mm were found to provide a better substrate for cell proliferation rather 

than scaffolds with the thickness of 0.1 mm, possibly due to more dimensional stability 

(41). To demonstrate that nano-fibre surface modification affects stem cell behaviour, the 

surface of the PCL nano-fibres was modified by He
+
-irradiation which led to slight smooth 

surface and different nano-scale surface chemical structures. The results showed that early 

attachment, further proliferation as well as osteoblastic markers, were higher for MSC on 

He
+
-irradiated PCL (42). 

One of the drawbacks of nano-fibre matrices is their small pore size which results in poor 

cell infiltration and migration. To capitalize on the properties of micro-fibres (i.e., pores 

large enough for cell migration) and nano-fibres (i.e., physical mimicking of native ECM), 

multilayered matrices can be fabricated to increase the pore size for cell migration. MSCs 

were attached well on both single and bi-layered matrices but were more spread when 

nano-fibres were present. However, increasing the thickness of the nano-fibre layer 

reduced the infiltration of cells into the matrices (45). 

The pore size of fibrous structure can be controlled with melt-plotted strands from 

CAD/CAM technologies. In this method, the melted polymer was plotted with a 250 mm 

dispensing needle tip, laid down layer by layer. The resulting fabricated matrices have 

smooth strand surfaces and large pore size between the strands. These characteristics limit 

the initial cell adhesion. To overcome these disadvantages, micro/nano-fibre electrospun 

with PCL were layered between micro-sized PCL strands (46). The cell attachment was 

further improved by two natural biomaterials (small intestinal submucosa (SIS) and silk 

fibroin. Bone marrow-derived rat MSCs revealed an incredible increase in initial cell 

attachment and cell expansion on the 3D hierarchical PCL fibrous matrices modified with 

two natural biomaterials (47).  
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2.4.1.1.2 PLLA 

PLLA is a biodegradable, biocompatible polymer and it has better thermal processability 

than other biopolymers such as poly (ethylene glycol) (PEG) and PCL. However, 

unmodified PLLA has limited applications in tissue engineering due to its poor toughness, 

very slow degradation (more than 3 years), relatively hydrophobicity that results in low 

cell affinity, and Lack of reactive side-chain groups (48). 

One modification for PLLA is to fabricate PLLA nano-fibres using a liquid–liquid phase 

separation method (49). This method can create nano-fibrous matrices with controlled and 

carefully designed macro-porous architecture. However, the nano-fibre diameter is not 

adjustable in this method. Electrospinning method has been exploited to produce PLLA 

nano-fibres with variable diameters. Liquid surface separation method may produce nano-

fibrous matrices with soft surface, while electrospinning methods may result in nano-

fibrous with increased surface roughness. Results showed that the NSC attachment was 

better at surface fabricated from electrospinning method (50,51) since the more the 

roughness, the higher the cell adhesion (52,53). However, increasing the roughness will 

lead to an increase in the hydrophobicity as well, which impels the nutrients from pores. 

Micro- and nano-sized PLLA fibrous matrices were also fabricated to study effect of 

architectural characteristics on cell spreading, migration and proliferation. The micro-

fibrous meshes with a large pore size enhanced cell aggregation while small-pore nano-

fibre structures presented a spread, spindle-shape morphology. Cell attachment may be 

higher on the nano-fibre scaffolds because the fibres were highly packed in matrices. By 

increasing the fibre diameter size, cells were aggregate within the larger inter-fibre 

distance/pore space rather than spread across multiple fibres (54). 

PLLA nano-fibres were also fabricated to have aligned or random-oriented structures. 

Human tendon stem/progenitor cells (hTSPCs) were seeded onto both nano-fibres. They 

were adhered very well and the cell number was increased about 3 folds in 14 days for 

both nano-fibres. However, histological staining and confocal images (Fig 2-5) showed 

that hTSPCs were spindle-shaped and well orientated on the aligned nano-fibres (55). This 
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demonstrates that nano-fibrous aligned structure can influence stem cell morphology and 

orientation.  

 

 

 

 

 

 

 

 

 

Figure  2-5 Effects of nano-fibre alignment on human tendon stem/progenitor cells 

(hTSPCs) orientation and morphology: Well-orientated stem cells in an aligned 

nano-fibre matrix at week 6 shown by H&E (hematoxylin and eosin) staining in (A) 

and Masson (Masson trichrome) staining in (B); random orientation of cells on a 

non-aligned (random) nano-fibre matrix shown by H&E staining in (C) and Massion 

staining in (D); (E) stretched CFDA-stained hTSPCs on the aligned nano-fibres in 

(E); and spread-like morphology of hTSPCs on the randomly-oriented matrix in (F). 

Scale bars : 20 µm (A-D) and 50 µm (E&F) – (Reprinted from (55) with permission)  
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2.4.1.1.3 PLGA 

PLGA is a biocompatible and biodegradable linear copolymer that can be prepared at 

different ratios between its constituent monomers lactic and glycolic acid. PLGA offers 

superior control on its degradation by varying the ratio between its monomers (56). PLGA 

nano-fibrous matrices have been used to culture MSCs and ESCs (57,58). 

PLGA nano-fibres promote stem cell attachment and growth compared to 2D culture 

systems.  

MSCs were seeded onto PLGA nano-fibres and supplemented with normal medium 

(without any differentiating supplements) for 14 days. Live/dead assays showed stem cells 

remained viable after 2 weeks. Progressive cell numbers in a DNA quantification assay 

revealed the ability of PLGA nano-fibres to accommodate stem cell proliferation (59,60). 

SEM and confocal images suggested that MSCs were attached to nano-fibres but they have 

the same elongated shape after 14 days as that in 2D culture. These stem cells retained 

their ability to differentiate into chondrogenic or osteogenic lineage after 7 and 14 days 

indicated by histological staining (61). 

Hybrid nano-micro-fibrous PLGA matrices were compared to knitted micro-fibrous 

PLGA. Hybrid nano-micro-fibrous matrices were prepared by electrospinning PLGA 

nano-fibres onto the surfaces of the knitted matrices. MSC seeding efficacy was slightly 

higher for knitted matrices and cell attachment was comparable. However cell proliferation 

was faster for hybrid matrices as cell population increased by 92% between days 2 to 7, 

while 21% for knitted matrices (62). More morphological structures of PLGA matrices 

have been examined for cell attachment, including nano-fibrous, micro-fibres, aligned 

micro-fibres and PLGA films. The C-17.2 NSCs were attached more on the surface of 

PLGA nano-fibrous matrices (63). 

PLGA nano-fibrous matrices have also been explored for culturing bone marrow-derived 

hematopoietic stem cells (BM-HSCs). BM-HSCs are conventionally cultured in 

suspension special spinner flasks or stirred bioreactors since their non-adherent property. 

Therefore, due to the lack of close cell–cell and cell–matrix interaction, this culture system 

could not maintain cell localization to specific environment (64). Electrospinning 

http://www.sciencedirect.com.proxy.library.adelaide.edu.au/science/article/pii/S0142961208000318
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technique was employed for fabricating nano-fibre matrices with PLGA blended 

with collagen type I. The matrices were further coated with E-selectin, a critical adhesive 

biomolecule. BM-HSC capture efficiency significantly increased from 23.40% to 67.41% 

within 30 min and from 29.44% to 70.19% within 60 min of incubation at room 

temperature after blended nano-fibre matrices were coated with E-selectin (65). 

 

2.4.1.1.4 Other synthetic polymers 

Other synthetic polymers have also been explored for stem cell expansion. Polyurethane 

(PU) nano-fibres have been fabricated and integrated into the microfluidic chips to mimic 

vascularised tissues embedded in ECM nano-fibres due to their strong mechanical 

properties. MSCs attached and expanded on PU nano-fibres. The cell adhesion and 

proliferation was further enhanced by acrylic acid grafting to PU nano-fibres to decrease 

the PU surface hydrophobicity (66). However, non-biodegradability is a big obstacle to use 

PU in tissue engineering. 

3D nano-fibrillar organization of polyamide nano-fibres resembles the ECM/basement 

membrane. Proliferation and self-renewal of mouse ESCs on this nano-fibrillar surface 

were greatly enhanced in comparison with tissue culture surfaces without nano-fibres. In 

addition, stem cells cultured on the 3D nano-fibrillar surface maintained their 

differentiation ability in the presence of differentiating factors (67). 

Surface-aminated polyethersulfone (PES) nano-fibres were found to enhance the expansion 

rate of hematopoietic stem/progenitor cells (HSPCs) from human umbilical cord blood. 

HSPCs are multipotent cells which can proliferate and differentiate into all blood cell 

types 1 and 2. However, achievable HSPCs from umbilical cords are very low because of 

the small volume of blood and it restrains direct transplantation of HSPCs to patients. PES 

nano-fibres have been demonstrated to be one approach to expand HSPCs. SEM images 

revealed that cell colonies were formed on nano-fibres (68) and the chain length of the 

grafted amines have an impact on the proliferation rate of HPSCs (69).  

 

http://www.sciencedirect.com.proxy.library.adelaide.edu.au/science/article/pii/S0142961208000318
http://www.sciencedirect.com.proxy.library.adelaide.edu.au/science/article/pii/S0301472X07000999#bib1
http://www.sciencedirect.com.proxy.library.adelaide.edu.au/science/article/pii/S0301472X07000999#bib2
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2.4.1.1.5 Natural polymers 

Natural polymers contain essential components of natural ECM and they have been 

fabricated into nano-fibres for culturing stem cells. For example, collagen is found in 

abundance in natural ECMs. Type I collagen nano-fibres by electrospin technology have 

been prepared for examining the morphology, growth, adhesion, cell motility, and 

osteogenic differentiation of human bone marrow-derived MSCs. MSCs grown on 500 –

1,000 nm nano-fibres showed significantly higher cell viability than 2D surface (70).  Silk 

is another popular natural polymer to synthesize nano-fibres. Silk nano-fibrous mats with 

fibroin diameter 700±50 nm were found to support extensive MSC proliferation and matrix 

coverage (71,72). 

 

2.4.1.1.6 Copolymers / blends 

Great efforts have been made to modify the polymeric nano-fibres using copolymer 

electrospinning or blending with other polymeric materials in order to improve 

processability of polymers for nano-fibre manufacturing, to resemble the natural ECM as 

much as possible, and to promote the stem cell interactions with matrices. 

Aligned poly (L-lactic-co-ε-caprolactone) [P (LLA-CL)] co-polymer nano-fibres were 

electrospun for growth of human coronary artery smooth muscle cells (SMCs). Cells 

adhesion to the copolymer nano-fibres was quite similar to 2D surface while SMCs 

proliferation rate on nano-fibrous matrices was 2 times faster than 2D surface in 7 days 

(73). Poly (ethylene oxide terephthalate)–poly (butylene terephthalate) (PEOT/PBT) nano-

fibres were also explored for culturing stem cells due to their adjustable surface energies 

(74). Higher surface energy (hydrophilic) material leads to a higher cell attachment with a 

spread out and spindle-like shape and a lower surface energy (hydrophobic) material 

results in lower attached cells and a rounded morphology (75,76). Recently Moroni et al. 

found that nano-porous PEOT/PBT micro-fibres promoted MSC spread, attachment and 

proliferation, while smooth micro-fibres without nano-pores led to rounded aggregated 

cells (77). 
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Blending nano-fibres with different polymer supports can form a 3D network and help cell 

migration. An aligned nano-fibrous mesh essentially behaves as a 2D sheet on which cells 

can only migrate along the surface, rather than a 3D matrix in which cells are capable of 

infiltration. To overcome this problem, a novel 3D unwoven macro-porous nano-fibrous 

(MNF) matrix was manufactured from PLLA and PCL (w/w 9:1) using an electrospinning-

based yarn assembly technique. Human MSCs derived from ESCs were seeded onto the 

MNF matrix and a much higher cell proliferation was observed (78). 

 Blending with natural polymers is another attractive strategy to mimic natural ECM. Stem 

cell responses to the blending matrices have been extensively studied through a hybrid 

nano and micro-fibrous matrices produced by blending starch and PCL (30/70 wt %). 

Micro-fibres were impregnated, as much as possible, with electrospun nano-fibres. Bone 

marrow MSCs growing on the hybrid matrices presented a different morphology being 

able to bridge between micro-fibres. Cells along the nano-fibres showed a much-stretched 

morphology. When the cells stretch themselves, the receptors are stretched and activated as 

well which leads to gene expressions different from un-stretched cells. Increasing 

metabolic activity and proliferation rates were seen for cells on hybrid matrices. When the 

diameter of the fibres is lower than the cells, they can adhere well around the fibres and 

organize themselves. In addition, filling large spaces of the micro-fibre meshes with nano-

fibres will results in higher cell seeding efficiency because they could retain more cells 

inside the structure (79).  

2.4.1.1.7 Self-assembled peptides 

Self-assembly is to fabricate nano-fibres through weak non-covalent interactions from 

small molecules, proteins, peptides, and nucleic acids (34). Several peptides such as short 

fibrillizing peptides, β-hairpins, peptide-amphiphiles, and peptide derivatives self-assemble 

to form networks of β-sheet-rich nano-fibres which further merge to build supra-molecular 

hydrogel architectures for tissue engineering application.  

For example, the peptide RADA16-I (AcN-RADARADARADARADA-CONH2) which is 

an alternating 16-residue peptide with basic arginine, hydrophobic alanine and aspartic 

acid, can undergo spontaneous assembly into well-ordered interwoven nano-fibres in water 
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and rapidly form hydrogels with ~10 nm fibre diameter, 5–200 nm pore size and >99% 

water content under physiological conditions, which is similar to the structure of natural 

ECM. This mild cross-linking chemistry allows yielding viable encapsulated cells for 3-D 

culture. This self-assembled peptide and its several different functional motifs with other 

short peptide sequences have been used as well-defined microenvironment for stem cells. 

Mouse ESCs encapsulated in RAD16 showed undifferentiated stem cell maintenance (80). 

Functionalizing peptide mixtures RAD /SKP (Ac-(RADA)4GGSKPPGTSS-CONH2), 

RAD/FHR (Ac-(RADA)4GGFHRRIKA-CONH2) and RAD/PRGD (Ac-

(RADA)4GPRGDSGYRGDS-CONH2) onto 3-D matrices have been demonstrated to 

control human adipose stem cell (hASC) behaviours in vitro (81). Modified RADA16 with 

Bone Marrow Homing Peptides (BMHPs) has also been successfully applied to NSCs (82). 

Multidomain peptides (MDPs) are a type of amphiphilic self-assembling peptides with a 

modular ABA block design in which the amphiphilic B block drives self-assembly while 

the side A blocks, which are electrostatically charged, control the conditions of assembly 

procedure. Galler et al. synthesized a range of multidomain peptides for fabricating nano-

fibres. The peptides were modified with enzymatic cleavage and supplement of cell 

adhesion motifs (RGD). Combination of these items came to an increase in MSC viability 

and proliferation and encouraged cell migration within the matrix (83). 

Peptide-amphiphiles (PAs) are oligo-peptides including a hydrophobic N-terminal alkyl 

tail, a β-sheet-forming segment in the middle, and a hydrophilic C-terminal functional 

segment for increasing cell adhesion. (38). These molecules generally self-assemble into 

high aspect ratio rods/cylinders with a hydrophobic core and a hydrophilic region on the 

exterior of the fibre for cell interaction. The exterior region can be tailored to provoke 

desired chemical and biological responses, such as cell adhesive ligands and cell-mediated 

degradable sites to control cellular behaviours (84). MSCs (85-87) and NSCs (84) have 

been incorporated into the PA nano-fibres for proliferation and differentiation. 

 

2.4.1.2 Nano-composites 
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Although nano-fibres have gained wide applications to support attachment and 

proliferation of stem cells, macro-porous structure and weak mechanical property are key 

limiting factors for specific tissue regeneration. The nano-fibres can be blended with 

nanoparticles, nano-rods, nano-tubes, and micro-fibres to form nano-composites. Examples 

of these materials described here and have been summarized in table 2-2. The nano-

composites in the biological tissues provide a guideline for fabricating the nano-composite 

matrices for tissue engineering. For example, bone tissue is composed of rigid 

hydroxyapatite (HAp) nano-crystals (tens of nano-meters in length and width, 2-3 nm in 

depth) precipitated into collagen fibres (50-70 nm in diameter). HAp crystals are one of the 

main constituents of bone tissues to provide compressive strength. To manufacture nano-

composites including HAp and nano-fibres, Chen et al. prepared HAp nano-rods with an 

average diameter of ~7 nm and length of ~27 nm and then the nano-rods were blending 

with poly (vinyl pyrolidone) (PVP) to form composite nano-fibres by electrospinning. 

MSCs were attached well to the HAp fabric substrates after culture for 24 h (88). The same 

approach has been used to electrospin aligned nano-fibrous PCL/PLLA/nHAp (nano- 

hydroxyapatite) composites and human unrestricted somatic stem cells (USSCs) were 

seeded into the nano-composites. Results showed that stem cells were viable in the 

matrices (89). However, higher HAp content in the poly (3-hydroxybutyrate-co-3-

hydroxyvalerate) (PHBV)/HAp nano-composites decreased MSC proliferation rate (90), 

while a blend of PLGA, collagen and HAp nanoparticles was electrospun for fabricating 

nano-fibres which supported MSC adhesion and spreading (91). Composites consisting of 

nanoparticles of 20% Hap and 80% β-tricalcium phosphate (TCP) and PCL were 

fabricated to demonstrate cell proliferation was inversely proportional to the nano-fibre 

roughness (92).  

Multi-walled carbon nano-tubes (MWNTs) have also been explored to form nano-

composites. MWNTs were encapsulated into PLLA nano-fibres to provide three specific 

enhancements to fibrous tissue matrices: modified fibre size, electrical conductivity, and 

increased mechanical strength. Adipose-derived human MSCs were integrated into the 

PLA nano-fibres with 1 wt% MWNT and were viable after day 14. The proliferation rate 
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of the hMSCs increased drastically by day 14 and MWNTs in the nano-composites 

promoted MSC proliferation (93). 

Except from nano-fibrous nano-composites, nano-composites can also be made from 

incorporation of nanoparticles or nano-fibres into micro-porous hydrogels or macro-porous 

sponges. The thixotropic polyethylene glycol (PEG)–silica gel was prepared by combining 

multi-arm PEG with hydrolysed tetraethoxysilane (TEOS). The viscosity of thixotropic 

nano-composites decreases under stress and returns to their original situation after stress 

removal. Good nutrients delivery and gases through the matrix improved MSCs 

proliferation and viability over three weeks (94). 

Electronspun nano-fibres can also serve as fillers in the macro-porous structure to form 

new type of nano-composites. Poly (glycolic acid) (PGA) nano-fibres were formed as a 

sheet and added as a layer within the collagen sponge. The sheets noticeably improved the 

compressive strength of the collagen sponge. More cardiac stem cells (CSCs) were adhered 

to the collagen sponge with PGA nano-fibres than that sponge alone. Nano-fibres 

promoted the cell proliferation as well (95). 

 

2.4.1.3 Surface-modified nano-structures 

Introducing nano-featured elements such as nano-tubes or ultrathin layers on the surfaces 

or modifying their topography using nano-patterning techniques are other applications of 

nanotechnology in stem cell 3-D culture (Table 2-2). 

Nano-patterned surfaces with different topographies can be achieved through synthesis 

methods or introduction of nano-structures to the surfaces. For example, di-block 

copolymers of polystyrene and poly-2-vinylpyrindine or poly-4-vinylpyrindine formed 

dot-like (6 nm) or wormlike (3 nm) surface nano-topography, respectively, via controlled 

microphase separation. The worm-like surfaces supported greater human mesenchymal 

progenitor cell proliferation. More elongated cells and thicker ECM deposits were found 

on the worm-like surfaces (96).  

Nano-topography of the surfaces can be changed by coating nano-materials onto the 

surfaces. Nano-tubes on the matrix surface improved cellular tracking, sensing of 
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microenvironments, delivering of transfection agents along with scaffold enhancement 

(97). Carbon nano-tubes provided the needed structural reinforcement for tissue 

scaffolding (98-101) and mimicked some ECM fibres (102).  Nano-tubes were placed in an 

array to simulate neural networks (103) and high electrical conductivity of carbon nano-

tubes was be beneficial for directing cell growth (104). Carbon nano-tubes can also be 

functionalized to release bioactive factors. It has been shown that such factors, for example 

glucose oxidase, can be attached to nano-tubes without losing the enzymatic activity 

(105).  

Titanium oxide nano-tubes are also demonstrated to affect human MSC behaviours. 

Dramatic change in MSC responses was found to when they were exposed to various 

ranges of nano-tube dimensions. Small (~30 nm diameter) nano-tubes enhanced 

attachment without noticeable differentiation, while larger (~70- 100 nm diameter) nano-

tubes stimulated a dramatic stem cell elongation (~10 fold increase), which generated 

cytoskeletal stress and resulted in differentiation of MSCs into osteoblast-like cells (106).  

The surface properties such as wettability can be tuned through surface modification. 

Introducing a thin layer of thermoresponsive polymers, poly(N-isopropylacrylamide) 

(PNIPAAm), imparts tuneable hydrophobic/hydrophilic characteristics to the surface 

which could be interchanged by temperature  (107). The thickness of the layer was found 

to play an important role in cell adhesion. The optimum thickness of the polymer on the 

surface was determined to be 15 nm. Beyond this thickness, the hydrophobic environments 

in its vicinity no longer promoted the dehydration and shrinkage of the PNIPAAm chains 

and were no longer suitable for cell adhesion (108,109). 
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Table 2-2- Nano-composites and surface modified nano-structures for stem cells 

expansion 

C
at

eg
o

ry
 

Nanomaterial 
Stem 

Cell 
Significance/Result (s) 

R
ef

er
en

ce
 

N
an

o
-c

o
m

p
o

si
te

s 

HAp
a
 nanorods/PVP

b
 nano-

fibre composite 
MSC

c
 Nano-rods in nano-fibres - cells were attached (88) 

PCL
d
/PLLA

e
/nHAp

f
 nano-

fibres composite 
SSC

g
 nanoparticles in nano-fibres - not cytotoxic (89) 

PHBV
h
/nHAp nano-fibre 

composite 
MSC 

nanoparticles in nano-fibres- proliferation lower 

than PHBV nano-fibres 
(90) 

PLGA
i
/Collagen/nHAp 

nano-fibre composite 
MSC 

nanoparticles in nano-fibres - good adhesion and 

spreading 
(91) 

PCL/nHAp/TCP
j
 nano-

fibre composite 
MSC 

nanoparticles in nano-fibres - cell proliferation is 

inversely proportional to nano-fibre roughness 
(92) 

PEG
k
/Silica nanoparticles MSC 

nanoparticles in gel- cells are alive and good 

proliferation 
(94) 

muti-welled carbon nano-

tubes in PLLA 
MSC 

Nano-tube in nano-fibre - cells are alive, attached 

and proliferation is higher -make conductive fibres 
(93) 

PGA
l
 nano-fibre 

sheet/Collagen 
CSC

m
 

Nano-sheet in sponge - enhanced cell attachment 

and proliferation 
(95) 

S
u

rf
ac

e-
m

o
d

if
ie

d
 n

an
o

-

st
ru

ct
u

re
s 

titanium oxide nano-tube MSC 
Nano-tubes on surface - promote cell adhesion and 

proliferation without differentiation 
(106) 

(PS-b-P2VP)/(PS-b-

P4VP) 
n
nano-patterned 

surface 

MSC Nano-patterned surface - effect of nano-topography (96) 

nanolayer of PNIPAAm
o
 _ 

Nano-scale layer on surface - optimum cell adhesion 

and detachment depends on thickness of layer 
(108) 

 

a:  Hydroxyapatite , b: poly (vinyl pyrolidone) , c: Mesenchymal Stem Cell , d: Poly (ε-caprolactone) , e: 

Poly (L-lactic acid) , f: nano-Hydroxyapatite , g: Somatic Stem Cell , h: poly (3-hydroxybutyrate-co-3-

hydroxyvalerate) , i:  Poly (D, L-lactide-co-glycolide) , j: β-tricalcium phosphate , k: poly (ethylene glycol) , 

l: Poly (glycolic acid) , m: Carcinoma Stem Cell , n: poly(styrene)-block-poly(2-vinylpyrindine) diblock 

copolymer / poly(styrene)-block-poly(4-vinylpyrindine) diblock copolymer , o: poly(N-isopropylacrylamide) 
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2.5 Matrices for cartilage tissue engineering 

After stem cells are proliferated to reach a high cell density, stem cells are then 

differentiated into chondrocytes for generating neocartilage in an appropriate 

microenvironment. Matrices are the important component for such a microenvironment. 

Among the general aforementioned requirements of matrices, other features of matrices are 

also required in cartilage tissue engineering. It has been demonstrated that culturing the 

chondrocyte cells in a 2D culture may lead to phenotype transition of cells to fibroblast 

tissues and they will not be able to produce cartilage ECM (111). This phenomenon is 

lessened in a 3D environment and matrices should provide chondrocytes with such a 

suitable 3D microenvironment. From clinical point of view, the matrices should be 

integrated into the host tissue and fill the defect site properly with minimal invasive 

implantation procedure.  

Potential biomaterials as matrices or scaffolds include metals, ceramics or polymers. 

Metals and ceramics are less attractive because they are not biodegradable and their 

processability is very limited (112). Therefore, polymers are the most appealing. They can 

be divided into two major categories: natural and synthetic polymers. 

Natural polymers consist of decellularized ECM (small intestinal submucosa (SIS), dermis, 

and urinary bladder matrix); purified ECM components (collagen, elastin, gelatin, fibrin, 

keratin, hyalorunan, sulphated GAGs); other natural polymers (silk, chitin, chitosan, 

alginate, agarose, carrageenan, starch, cellulose, soy protein, pectin); and 

polyhydroxyalkanoates (PHA) (9, 113-115). These polymers except PHA belong to either 

proteins or polysaccharides. This group of polymers usually provides good immune and 

biological recognition, embedded structural and functional molecules, suitable surface 

chemistry for cell attachment, growth and differentiation (116). For example, 

decellularized ECM is composed of many structural proteins and bioactive factors. 

However, these polymers suffer from non-controllable degradation rate, potential to 

provoke immune responses (116), pathogen transmissions (9), batch-to-batch variations, 

poor mechanical properties and insolubility in physiological conditions such as collagen 

and chitin (112). 
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On the other hand, synthetic polymers are prepared artificially from synthetic or natural 

monomers and building blocks.  The most common synthetic polymers are polyglycolide 

acid (PGA), polylactide acid (PLA), poly lactide-co-glycolide acid (PLGA), poly(ethylene 

glycol) (PEG), poly(hydroxyl butyrate) (PHB), polycaprolactones (PCL), polyorthoesters, 

polyanhydrides, poly(vinyl alcohol) (PVA), poly(amido-amine)s (PAAs), polycarbonates, 

poly(fumarate)s, poly(urethane)s (PU), poly(phosphazene)s, poly(glycerol sebacate) 

(PGS), peptide-based, and DNA-based (9, 114, 117, 118). Synthetic polymers can be 

chemically synthesized at large scales with reproducible and predictable properties. The 

mechanical and degradation properties of synthetic polymers can be tailored by co-

polymerization, blending and controlling the molecular weight of these polymers (9). Less 

immune response is another advantage of synthetic polymers (114). Most synthetic 

polymers are degraded through chemical hydrolysis, rather than enzymatic, leading to less 

patient-to-patient variations (112). Although synthetic materials expand scaffold design 

capabilities, they do not have an intrinsic mechanism of cell-matrix interactions. The 

polymer or its degradation products might be toxic or stimulate inflammatory responses (9, 

114). Synthetic polymers have been modified to improve their bioactivity. For example, 

incorporation of cell adhesive peptides such as RGD elicited to enhance cell attachment 

properties. Peptides sensitive to cleavage by enzymes such as metalloproteinases and 

plasmin have also been introduced to the structure of polymers, in order to regulate their 

degradability rate (4, 8, 9).  

Matrices have been used for cartilage scaffolds in the forms of sponge, fibrous meshes and 

hydrogels (119). As cartilage contains 80% interstitial fluid, hydrogels are considred to be 

appropriate in mimicking the hydrated structure in cartilages. Various hydrogels in 

cartilage tissue engineering are reviewed. Then the review was narrowed to 

thermoresponsive hydrogels followed by chitosan-based thermoresponsive hydrogels in 

which I will use in my thesis.    

2.5.1 Hydrogels  

Hydrogels are three-dimensional networks, made from cross-linked polymer chains. The 

hydrophilic structure of hydrogels exhibits outstanding swelling behaviour in the presence 
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of water (120). Cross-linking might be through chemical bonds or physical interactions 

(121). Hydrogels have received a lot of attention in tissue engineering due to their ability 

to fill the defect site, excellent nutrient transfer, high cell seeding efficiency, homogeneous 

cell distribution, and easy modification with cell adhesion ligands, good biocompatibility, 

low interfacial tension, and minimal mechanical and frictional irritation (122). Various 

scaffold forms have been used in 3D cell expansion and tissue engineering based on the 

tissue type and their requirements. Many of them have been examined for cartilage 

regeneration as well. Among them, hydrogels are one of the most suitable scaffolds for 3D 

chondrogenic differentiation of stem cells in cartilage tissue engineering due to their 

similarity to the natural ECM of cartilages which is highly hydrated tissue (over 80% of 

ECM is water) (123). Various biomaterials have been used to form hydrogels as a scaffold 

for cartilages, including fibrin, agarose, alginate, collagen, chitosan, hyaluronan and self-

assembling peptides as naturally derived hydrogels and PVA, PEG, and oligo 

(poly(ethylene glycol) fumarate) (OPF) as synthesized hydrogels (124, 125). Of all 

hydrogels, stimuli-responsive hydrogels are more attractive due to their capbility for good 

cell distribution, injectability and bioactive molecules release. This hydrogel exhibits 

dramatic changes in their swelling behavior, network structure and/or mechanical 

characteristics in response to various environmental stimuli (126). A class of these smart 

materials converts from solution to gel during a process called sol-gel transition (121), 

which might be reversible or irreversible, based on the nature of cross-linking. The stimuli-

responsiveness occurs in response to environment stimuli in a controllable and predictable 

manner such as temperature, pH, ionic strength, light, and magnetism, electrical or 

mechanical stimulus (158,127-129). Stimuli-responsive hydrogels with sol-gel transition 

behaviour can be used as injectable matrices for minimally invasive procedures in cartilage 

tissue engineering. In this approach, cell and polymer solution are mixed well and 

administered easily to the defective site by a syringe (e.g. knee cartilage). The polymer 

solution becomes gel within the cavity in response to a physiological stimulus such as 

temperature. It provides a 3D microenvironment for cells to regenerate cartilage. In 

addition, essential bioactive molecules such as growth factors can be encapsulated in 
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scaffolds. Then the bioactive molecule is released by stimulus and delivered to cells in a 

sustained manner.   

 

2.5.2 Thermoresponsive hydrogels 

Thermo-responsive or thermoresponsive polymers exhibit a response such as gelation, 

phase separation or shrinkage due to a change in temperature. For polymer solutions, if the 

gelation or phase separation happens above a temperature upon heating, the threshold is 

lower critical solution temperature (LCST), while if the gelation or phase separation takes 

place below a certain temperature upon cooling, the polymer has an upper critical solution 

temperature (UCST) (130). In case of cross-linked hydrogels, the system may swell or 

collapse at the transition temperature which is called volume phase transition temperature 

(VPTT) (131). Some natural polymers such as cellulose derivatives, gelatin, agarose, 

amylase, amylopectin, xyloglucan, carrgeenans, gellans (132) and chitosan associated with 

polyol salts (133) showed thermo-responsiveness. Moreover, poly(N-Isopropylacrylamide) 

(PNIPAAm), poly (ethylene oxide) / poly( propylene oxide) block copolymers (or Pluronic 

or poloxamers), PEG/biodegradable polyester block copolymers(130,134), and other 

combinations of PEG as the hydrophilic moiety with polymers can result in thermo-

responsiveness (135). For instance, PEG grafted poly(phosphazenes) (136) and chitosan 

(137) have been reported as thermoresponsive biomaterials. In addition, poly (1,2-

propylene phosphate) in the presence of calcium ion forms a temperature-sensitive 

hydrogel (138). 

Thermoresponsive hydrogels are gaining interests for cartilage regeneration because they 

can be injected in the liquid form at room temperature and then they are converted into the 

gel form at the body temperature. Therefore, the hydrogels can avoid heavy surgical 

procedures for implants and they are minimally invasive. However, their lack of 

mechanical strength has not been completely solved yet (139). 

 

2.5.3 Chitosan-based thermoresponsive hydrogels 
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Chitosan is an aminopolysccharide consisting of β (1    4) linked glucosamine with 

randomly located N-acetyl-glucosamine groups derived from alkaline deacetylation of 

chitin (140). The percentage of deacetylation is termed as degree of deacetylation (DDA). 

Chitin is one of the main components of fungal cell walls and exoskeletons of arthropods 

such as shrimps and crabs. Depending on the source of the chitin and preparation process, 

molecular weight of the product chitosan can vary between 50 to 1000 kDa with a DDA of 

30% to 95%.  Chitosan is considered as a pH-sensitive material because it is insoluble in 

aqueous solutions above pH 7 due to its stability and crystalline structure, but it is soluble 

in acidic solutions under pH 6 through protonation of the amino groups leading to a 

decrease in its crystallinity. It has been rated as a fascinating candidate for biomedical 

applications including tissue engineering because of its unique properties such as excellent 

biocompatibility, tunable biodegradability, cell adhesion ability (141,142), antimicrobial 

(143,144), wound healing (145), physiological inertness, remarkable affinity to proteins, 

haemostatic, antitumoral and anticholesteremic properties. In addition, chitosan structure is 

quite similar to some ECM components such as glycosaminoglycans (GAGs). Chitosan is 

degradable in vivo by enzymatic hydrolysis and the degradation rate is tunable by its DDA. 

Highly deacetylated chitosan presents a higher crystallinity and thus a lower degradation 

rate. Its antibacterial properties come from attaching its cationic amino groups to the 

anions on bacterial cell wall, which leads to suppressing biosynthesis, and disrupting the 

mass transport across the wall of the bacteria which causes the bacteria cell death. Chitosan 

also exhibits wound healing properties because chitosan and some of its degraded products 

could be involved in the synthesis of extracellular matrix components such as chondroitin, 

chondroitin sulphate, dermatane-sulphate, keratan-sulphate and hyaluronic acid. 

Furthermore, as a natural polymer, its renewable source makes it an attractive choice for 

medical applications. Its ability to form porous scaffolds by freezing, lyophilizing and 

internal bubbling is another advantage of chitosan.  Chitosan is a cationic pH-dependent 

polymer that makes it a significant polycation to prepare insoluble ionic complexes with 

biological polyanions such as GAGs, PGs and DNA. The charge density of these 

complexes is pH-dependent. Negatively charged polymers can be partially released in 

physiological pH. This property becomes more important when some cytokines/growth 
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factors are bounded and modulated by GAGs including heparin and heparin sulphate. 

Mechanical, physical and chemical properties of chitosan can be easily modified by side 

group attachment through reactions with amino groups as well as primary and secondary 

hydroxyl groups. Poor mechanical properties and insolubility at physiological pH (146) 

can be improved by grafting with other synthetic or natural materials.  

Chitosan-based thermoresponsive hydrogels have promising applications in cartilage tissue 

engineering. Chitosan is not a thermoresponsive hydrogel by itself but it is possible to 

make it thermoresponsive, in association with other chemicals or by grafting with other 

polymers.  

Cho et al. prepared poly(N-isopropylacrylamide) and chitosan copolymer as a scaffold for 

chondrogenic differentiation of MSCs (154). PNIPAAm is well known for its phase 

transition behaviour with LCST of 32 – 33 ºC that makes it an attractive material in 

bioengineering and biotechnology. This transition occurs as a result of the H-bonding 

forces between amide-water and amide-amide groups. Homopolymer of NIPAAm has no 

functional groups to form chemically incorporated bioconjugate with other 

biomacromolecules. Therefore, it is usually used as a copolymer with other polymers 

(148). Gene expression as well as histological and immunohistochemical studies on 

PNIPAAm-grafted chitosan indicated encouraging results (154). However, more 

biochemical assays need to be conducted to verify the results.  

Chitosan/β-glycerol phosphate (β-GP) was also used as a thermoresponsive injectable 

scaffold for cartilage repair (147,150). In another work, chitosan–pluronic was prepared as 

a thermoresponsive hydrogel to improve stability, mechanical strength and 

biocompatibility for cartilage tissue engineering (139). Dang et al. demonstrated that 

hydroxybutyl chitosan was soluble and thermoresponsive (151). It was nontoxic for MSCs, 

but it was not applied to cartilage regeneration. PEG grafted chitosan was reported as a 

water soluble thermoresponsive hydrogel when an appropriate amount of PEG was used 

(152). However, its suitability for cartilage tissue engineering has not been yet determined. 

Chitosan / carboxymethyl cellulose (CMC) complex was assumed to be appropriate for 

tissue engineering due to its polyelectrolyte properties. Chitosan is a polycation and CMC 

is a weak polyanion. The complex revealed thermo-responsiveness at physiological pH. 
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Morphological examinations of the cultured chondrocytes and in vivo evaluations showed 

that this complex can be potentially used as a scaffold for cartilage regeneration (153). 

However cartilage specific ECM formation needs to be confirmed.  

 

2.6 Cells for cartilage tissue engineering      

Various cell types and sources have been exploited for cartilage tissue engineering. Cells 

can be isolated from the same tissue of the patient (autologous) or another person 

(allogenic) or another animal (xenogenic). Chondrocytes (adult, neonatal or fetal) as 

cartilage-specific differentiated cells have been extensively utilized. Multipotent stem cells 

such as umbilical cord blood stem cells or adult stem cells including mesenchymal stem 

cells (MSCs), adipose-derived stem cells (ADSCs) and synovial-derived stem cells 

(SDSCs) are another category of cells with chondrogenic capabilities. Embryonic stem 

cells (ESCs) and induced pluripotent stem cells (iPSCs) have been also reported as 

pluripotent stem cells for cartilage regeneration (149). MSCs are considered as an 

attractive candidate for cartilage tissue engineering because of their ease of isolation, in 

vitro expansion, high proliferation rate and strong chondrogenic differentiation potential 

(149,155). These cells easily expand in monolayer culture and have the ability to 

differentiate into various cell types, including chondrocytes. Moreover, they have the 

potential to deposit extracellular matrix with properties mimicking closely the healthy 

hyaline joint cartilage.  Besides, they can differentiate into multiple lineages including 

osteoblasts, adipocytes and fibroblasts. MSCs can be isolated from bone marrow, adipose, 

skin, cord blood, and articular cartilage and MSCs from each source may have different 

advantages and disadvantages (156). 

 

2.7  Conclusions 

Graft copolymer of chitosan and PNIPAAm showed promising preliminary results as a 

thermoresponsive hydrogel for cartilage tissue engineering (154). However, its solution 

and gel properties need to be manipulated for desired applications.  Synthesis conditions 
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can be optimized to control the properties. In addition, the zonal structure of the 

engineered cartilage as one of the essential requirements has not been met. Finding a way 

to use thermoresponsive hydrogels along with microengineering technologies might be a 

solution. On the other hand, non-grafted chitosan/PNIPAAm hybrid scaffolds could be 

another potential alternative to enhance cell proliferation and chondrogenic differentiation. 

In that case, the possible influence of PNIPAAm molecular weight on cytotoxicity of the 

matrix needs to be determined. In this thesis, we will try to address these gaps and examine 

the hypotheses by designing various experiments and assays.        
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3.1 Abstract 

Employing stem cells in therapeutic applications strongly depends on the extracellular 

three-dimensional (3D) microenvironment and cell carrier properties. In this work, 

chitosan-g-poly(N-isopropylacrylamide) (CS-g-PNIPAAm) was synthesized as stem cell 

mimicking microenvironment. The influence of various polymerization conditions, such as 

acid concentration, reaction temperature and monomer feed, on the grafting parameters of 

this thermo-responsive hydrogel,  was systematically investigated. We found that the 

resulting copolymers with a small amount of long poly(N-isopropylacrylamide) 

(PNIPAAm) side chains are low-soluble at low temperatures, but can form stronger 

hydrogels (almost 5 folds) at high temperatures, whereas copolymers with a high amount 

of short PNIPAAm side chains are more soluble at low temperatures, however, they cannot 

form strong hydrogels at high temperatures. In a  physiological pH, optimized balance 

between the solubility (as the pre-requirement for cell dispersion and injectability) of 

copolymers at ambient temperature and enhanced gel mechanical strength (as the essential 

parameter of stem cell microenvironments) at body temperature can be achieved through 

controlled reaction conditions. Mesenchymal stem cells (MSCs) were cultured in the CS-g-

PNIPAAm hydrogels. Further analysis of confocal images confirms MSCs can maintain 

their viability and increase the cellular biomass inside hydrogels. Sectional analysis 

demonstrates cells are uniformly distributed within the hydrogels. Our results confirm that 

the CS-g-PNIPAAm with manipulated properties could provide a potential 3D 

microenvironment for stem cell culture, differentiation and in vivo injection.  

3.2 Introduction 

The remarkable potential of stem cells in clinical applications is being increasingly 

revealed. However, the success in their biomedical applications highly depends on the 

creation of a microenviroment to provide chemical, mechanical and topological cues inside 

a 3D archicture in a precisely controlled, temporal and spatial manner, which are essential 

for regulating stem cell proliferation, differentiation and migration (1). The 

microenvironment is often realised through the elegant design of biomaterials. Among 
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different types of biomaterials, hydrogels are more appealing than conventional porous 

scaffolds. Highly hydrated polymeric networks of hydrogels result in a soft and elastic 3D 

structure which could resemble natural living tissues, especially soft tissues (2). In 

addition, hydrogels are great materials for efficient entrapment of viable cells (3). They can 

facilitate sufficient nutrient and oxygen transport, and metabolic waste removal. They 

usually show excellent biocompatibility as well as great potential to be easily modified 

with cell adhesion ligands (4). Furthermore, their low interfacial tension and minimal 

mechanical and frictional irritations (5) make them a superb choice for 3D cell culture. 

Hydrogels can also be tailored to meet the requirements of stem cell microenvironment by 

adjusting physio-chemical and mechanical properties.  

Living systems contain macromolecules such as polysaccharides and proteins which 

respond to their environment in a non-linear manner and undergo a drastic change around a 

given critical point. Therefore, stimuli-responsive hydrogels that can respond to external 

stimuli, such as temperature, pH, ionic strength, light, magnetism, electrical or mechanical 

stimulus in a controllable and predictable manner, are considered as biomimetic systems 

(6-8).  

Thermoresponsive hydrogels are such biomimetic polymers. These polymers can be 

prepared as a solution or cross-linked network. The solution (or cross-linked swollen) form 

of these polymers can be converted to hydrogels (or shrunken hydrogels) by temperature 

change (9). The solution form of the copolymer can show a reversible or irreversible  

thermo-responsive sol-gel transition behaviour. For most applications, a good solubility at 

room temperature and neutral pH, and tuneable mechanical strength at physiological 

temperature are required. Good solubility can facilitate effective cell dispersion inside the 

polymer solution which leads to a homogeneous cell distribution within the hydrogel to 

form a uniform product. In addition, when the injectability of cell/polymer is desired, the 

cell-laden hydrogel solution can be administered to fill any shape of a defect site in a 

minimally invasive manner and then converted into hydrogels to retain cells inside the 3D 

hydrogel constructs (3, 10-13). The hydrogels with reversibility in their sol-gel transition 

behaviour are also suitable for 3D cell culture to acquire a sufficient number of cells while 

preserving their cellular functions and phenotype in a 3D microenvironement. Cell harvest 
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can be simply achieved by liquifying the gel at a low temperature and no enzyme such as 

trypsin to detach the adherent cells is required. In this way, cells can be detached without 

trypsinization which may inversely affect cell functionality (14, 15). On the other hand, 

tuneable mechanical properties of the gel could provide a competent tool to regulate stem 

cell fate.  

Chitosan-based thermoresponsive hydrogels have a great potential to construct a 

biomimetic microenvironment. Chitosan (CS) is a linear polysaccharide composed of β 

(1,4)-linked glucosamine and N-acetyl glucosamine subunits (16). It has excellent 

biocompatibility, tuneable biodegradability and cell adhesion ability (17, 18), antimicrobial 

(19, 20) and wound healing (21) properties. In addition, the chitosan structure is quite 

similar to some extracellular matrix components such as glycosaminoglycans (GAGs). 

Therefore, chitosan was extensively chosen as the backbone for cell support. As a 

thermoresponsive moiety, PNIPAAm could be introduced to the chitosan via a variety of 

chemical approaches. PNIPAAm undergoes a reversible phase transition in an aqueous 

solution at a temperature called “lower critical solution temperature (LCST)”.  The LCST 

of PNIPAAm is around 31 ˚C which is close to the body temperature. This fact has made 

PNIPAAm as one of the most studied thermoresponsive polymers. The simple structure of 

PNIPAAm which does not contain functional groups to interact with other biomolecules 

has limited its applications (22). Therefore, it is usually utilized in conjunction with other 

moieties to improve its functionalities. 

PNIPAAm has been introduced to chitosan by different research groups in various ways, 

including interpenetrating polymer networks (IPN) (23, 24), semi-IPN (24, 25), surface 

grafted membranes (26), chemically cross-linked hydrogels in forms of discs (27-29), films 

(29, 30) , nanoparticles (31-35) and solutions (36-41). However, to the best of our 

knowledge, there is no systematic investigation on polymerization conditions which can 

regulate the key features (solubility and mechanical strength) of this copolymer as a sol-gel 

thermoreversible hydrogel. Rheological bahaviour of the copolymer at physiological pH 

and its correlation to grafting parameters need to be addressed. Moreover, few biological 

applications within a 3D CS-g-PNIPAAm hydrogel have been studied.  
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In this study, chitosan-g-poly(N-isopropylacrylamide) was synthesized through free radical 

graft polymerization. We investigated essential physical and mechanical properties of this 

copolymer for intended biomedical applications which can be precisely manipulated by 

polymerization conditions. Biomimetic microenvironments were created from the resulting 

hydrogel. Viability, proliferation, distribution and morphology of mesenchymal stem cells 

were also evaluated.  

 

3.3 Materials and methods 

3.3.1 Materials 

N-Isopropylacrylamide (NIPAAm, 97 %, Sigma-Aldrich) was purified by recrystallization 

in n-hexane. Ammonium cerium (IV) nitrate (CAN) and chitosan (MW of 200-300 kDa) 

were purchased from Acros Organic (New Jersey). Dulbecco's Modified Eagle's Medium 

(DMEM), trypsin-EDTA, penicillin-streptomycin and fetal bovine serum (FBS) were from 

Gibco-BRL (Grand Island). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), Live/Dead® viability/cytotoxicity kit (L3224) and Press-to-Seal™ silicone 

isolators (P24741) were ordered from Molecular Probes (Oregon). All other chemicals not 

mentioned were of analytical grades and used directly without further purification. 

3.3.2 Synthesis of chitosan-g-PNIPAAm 

Chitosan-g-PNIPAAm was synthesized by free radical grafting polymerization. In detail, 

chitosan was dissolved in 30 mL aqueous acetic acid to make a 1 wt% solution. 2.0 g 

purified NIPAAm monomer was dissolved in 10 mL Milli-Q water, and then mixed with 

the above chitosan solution in a three-neck flask fitted with a condenser and gas 

inlet/outlet. The mixed solution was bubbled with nitrogen for 30 min, and 3 mL CAN 

solution was injected into the flask  to initiate polymerization. The reaction was carried out 

for 24 h under nitrogen atmosphere. 

After polymerization, the solution was condensed and precipitated in an excess amount of 

THF/hexane (4:1). The crude products were obtained by centrifugation and dried under 
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vacuum at room temperature. The polymer was further purified by methanol soxhelet 

extraction for 48 h to remove PNIPAAm homopolymer and other reaction residues. The 

purified product was dried under vacuum. Grafting ratio (GR) and percentage of 

homopolymerization (PoH) were calculated using Equations 1 and 2:  

 

                (  )  
  -  

  
                                                                                    (1)                      

                                   (   )  
     

  
                                  (2) 

where W1, W2, W3 and W4 are the weights of initial chitosan loaded, PNIPAAm grafted 

chitosan after soxhelet extraction, NIPAAm monomer feed and the crude product of 

grafted chitosan with NIPAAm before soxhelet extraction, respectively. 

3.3.3 Conductometric and potentiometric titration 

The amount of free amino groups on chitosan before and after grafting polymerization was 

quantified by conductometric and potentiometric titration. Typically, a solution of 35 mg 

copolymer in 70 ml Milli-Q water was prepared and a small amount of HCl was added to 

adjust pH to 3.5. The solution was then back-titrated using a 0.1 M NaOH. After each 

addition, the conductivity and pH were measured using a H18733 conductivity meter 

(Hana Instrument, USA) and a pre-calibrated pH/mV meter (smartCHEM-pH, TPS 

Australia). The degree of substitution (DS%) was calculated according to Equation 3: 

 

                       (  )  
                                                   

                                      
                     (3) 

    

3.3.4 FTIR spectroscopy 

The dry powders of grafting copolymers and chitosan were examined using Fourier 

Transformed Infrared (FTIR), where the spectra were recorded over a wave number range 

of 600-3000 cm
-1

 using a Nicolet 6700 FTIR spectrometer (Thermo Electron, USA) at 

room temperature. 
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3.3.5 Rheological characterization 

The rheological properties of concentrated copolymer solutions were investigated using a 

SR5 controlled stress rheometer (Rheometric Scientific, USA) equipped with a cone and 

plate geometry fixture (diameter: 40 mm; actual gap: 0.0483 mm; actual angle: 0.0398 

rad). Experimental temperature was controlled by a peltier system connected to a water 

bath, and silicone oil was used to prevent solvent evaporation. Grafting copolymer 

solutions were prepared in phosphate buffered saline (PBS, pH ~ 7.4).  Stress sweeps were 

first performed to determine linear viscoelastic regions for each sample. Within the linear 

viscoelastic regime and under a fixed stress and frequency, the storage (G’) and loss (G”) 

modules were measured over a temperature range of  25 to 45°C. 

 

3.3.6 Solubility 

To investigate the solubility of grafting copolymers, 0.44 mg mL
-1

 solutions of copolymers 

in 0.2 wt% acetic acid were first prepared. A small amount of 2.5 M NaOH was used to 

adjust pH while recording their absorbance as a function of pH at 600 nm using a UV-1601 

UV/Vis spectrophotometer (Shimadzu, Japan). 

 

3.3.7 Hydrogel morphology 

A hydrogel prepared from 35 mg mL
-1

 of the copolymer in PBS at 37°C was instantly 

immersed in liquid nitrogen and then dried in a ALPHA 1-2LD plus freeze-dryer 

(CHRIST, Germany) for 48 h. The dried samples were gold coated and their morphologies 

were observed by a Philips XL 30 FEG scanning electron microscope (SEM) (FEI, USA). 

3.3.8 Cell culture 

A stem cell line, murine embryonic mesenchymal progenitor cell (C3H/10T1/2) from 

Riken Cell Bank (Japan), was cultured in DMEM supplemented with 10 % FBS, 100 U 
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mL
-1

 of penicillin, 100 mg mL
-1

 of streptomycin and 2 mM L
-1

 L-glutamine. The cells 

were incubated at 37°C in a humidified atmosphere in the presence of 5% CO2.  

 

3.3.9 3D cell culture 

MSCs were trypsinized from flasks and resuspended in a fresh culture medium. A polymer 

solution (CS-NI-2) of 31.5 mg mL
-1

 in PBS was prepared (pH of 7.4) and sterilized by 

autoclave. Cell suspension and copolymer solution were mixed to prepare a mixture of cell 

and polymer at a cell concentration of 1.0 x 10
6
 cells mL

-1
 and a final polymer 

concentration of 30 mg mL
-1

. 0.5 mL of the cell/polymer mixture was transferred to each 

well on a 24-well plate and incubated for 1 h at 37˚C to form mixed hydrogels. The same 

cell concentrations were prepared by mixing cells and PBS without copolymer as a control. 

2.0 mL of fresh growth medium was topped up to each well and kept in a humidified 

incubator at 37˚C and 5% CO2. Medium was replaced with fresh medium once every other 

day.  

 

3.3.10 MTT assay 

Cell viability and proliferation inside the mixed hydrogels were examined using the MTT 

assay. At each time point, 0.5 mL of MTT (5 mg/ml in PBS) was added to each well, 

including both test and control, and then incubated for 4 h at 37˚C. All the liquid was 

removed from the top of the hydrogels and 1 mL dimethyl sulfoxide (DMSO) was added to 

each well to ensure complete solubilization of formazan crystals. After 1 h further 

incubation, all of the well content was transferred to an eppendorf tube, vortexed briefly 

and centrifuged at 10,000 rpm for 5 min. Finally, 200 μL of supernatant were transferred to 

a 96-well plate and the absorbance was read using a microplate reader (ELx808, BioTek, 

USA) at 595 nm. Triplicates of every time point were used. 

 

3.3.11 Confocal Laser Scanning Microscopy 
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Live/dead cytotoxicity/viability kit was used to stain live and dead cells. 1 μM of 

acetomethoxy derivate of calcein (calcein AM) and 2.5 μM of ethidium homodimer-1 

(EthD-1) working solutions were prepared freshly according to the manufacturer’s 

protocol. At days 1 and 7, the growth medium was removed and mixed hydrogels were 

washed with 1.0 mL prewarmed PBS (37˚C). The PBS was replaced with 1.0 mL of fresh 

prewarmed PBS and left in the incubator at 37˚C. The liquid was replaced with 2 mL of 

dye working solution and further incubated at 37˚C for 45 min. The dye solution was 

removed and hydrogel was washed twice with 1.0 mL prewarmed PBS. All the liquid was 

removed and hydrogel was then transferred carefully to a chamber made from coverslips 

and Press-to-Seal™ silicone isolators. To make the 3D structure more stable and to prevent 

disolution, the extra liquid was absorbed from the hydrogel by gently touching its surface 

with a piece of tissue paper so that the gel got highly concentrated (semi-dried). The 

cultured cells in the hydrogels were observed under a Leica SP5 spectral scanning confocal 

microscope (Leica Microsystems, Germany) equipped with a temperature controlled stage 

to keep the thermoresponsive hydrogels at 37˚C. Excitation wavelengths were set to 494 

and 528 nm and emission wavelengths were  at 517 and 617 nm for live (green) and dead 

(red) cells, respectively.  

 

3.4 Results and discussion 

3.4.1 Synthesis and characterization of chitosan-g-PNIPAAm 

Chitosan-g-PNIPAAm copolymers were synthesized in various reaction conditions, as 

detailed in Table 1. Chitosan is a natural biodegradable and biocompatable polymer, which 

is a promising material in biomedical applications. In order to make chitosan 

thermoresponsive as well as more soluble at physiological pH 7.4, we introduced the 

thermoresponsive moieties of poly(N-isopropylacrylamide) to chitosan backbone through  

graft copolymerization. The schematic of synthesis outline is shown in Sceme 1. The 

success of graft copolymerization was confirmed by the characteristic bands of NIPAAm 

in the FTIR spectra of copolymer (Figure S1, Supporting information), where the peaks at  
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Table 1. Reaction optimization for the graft polymerization of NIPAAm onto chitosan 

Sample Name CAN (mmol ) Acetic Acid 

(wt %) 

Temperature(°C) 

CS-NI-1 0.09 10 25 

CS-NI-2 0.18 10 25 

CS-NI-3 0.27 10 25 

CS-NI-4 0.36 10 25 

CS-NI-5 0.18 5 25 

CS-NI-6 0.18 15 25 

CS-NI-7 0.18 20 25 

CS-NI-8 0.18 10 32 

CS-NI-9 0.18 10 45 

CS-NI-10 0.18 10 60 

All reactions were carried out for 24 hrs. Chitosan free amino groups and NIPAAm 

monomer were 1.6 and 17.7 mmol in feed.  

 

2970 and 1456 cm
-1

 correspond to the C-H stretching and CH3 bending deformation. In 

addition, the peak at 1385 cm
-1

 can be assigned to the methyl in isopropyl groups. 

Absorption bands of amide І and amide ІІ are strengthened at 1626 and 1529 cm
-1

, 

respectively, while the weak bands at 1586 cm
-1 

are attributed to -NH2 scissoring of 

chitosan. 

Grafting and homopolymerization parameters were determined by gravimetric, 

potentiometric and conductometric measurements as summarized in Figure 1 and Table 2, 

where  the amount of un-grafted amino groups along chitosan backbone was measured 

from potentiometric and condutometric titrations (Figur S2, Supporting information). For 

the titration of chitosan and chitosan-g-PNIPAAm, a slight excess of HCl was added to 

ensure the complete protonation of all amimo groups. After gradual addition of alkali, the 

conductivity first decreases rapidly (descending leg) as the excess HCl is neutralized. After 

a transition point, a buffering zone is observed. In this buffering range, the conductivity  
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Scheme 1. (a) Outline of the synthesis of chitosan-g-PNIPAAm; (b) Schematic 

description on solubility and gelation behaviour of chitosan-g-PNIPAAm: 

Copolymers with long side chains are viscous and less-soluble at low 

temperatures, but can form strong hydrogels at high temperatures, whereas 

copolymers with short side chains are more soluble at low temperatures. 

However, they cannot form strong hydrogels at high temperatures.  
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increases slowly with the alkali addition, as a consequence of the neutralization of the 

protonated free amino groups. Therefore, this range can be used for the quantification of 

the PNIPAAm side chains on chitosan backbone as they have  substituted amino groups on 

chitosan (39). A narrower buffering zone corresponds to the less availability of free –NH2 

groups and more grafts on chitosan. After the second transition point, the conductivity 

increases (ascending leg), indicating the introduction of excess NaOH. Similar steps are 

distinguishable in potentiometric titration curves. The degrees of substitution were 

calculated for each sample from the values of reacted and un-reacted functional groups 

(free amino groups in this case) using Equation 3 (14, 39). The mechanisms for initiation, 

propagation and termination of grafting polymerization are as follows: 

Initiation: 

    CS Ce4    Complex  CS   Ce3   H                                                                        (4) 

   M Ce4   M   Ce3   H                                                                                                 (5) 

                                                                                                                               (6) 

Propagation: 

   CSM   nM  CSM n 1                                                                                                     (7) 

   M   nM  M n 1                                                                                                        (8) 

Termination: 

   CSM n M m                                                                                                                                                     (9) 

   M n M m Mn m                                                                                                        (10) 

   CSM n CSM m      -                                                                                      (11)   

   CSM n Ce
4 
  CSMn Ce

3 
  H

                                                                                                                        (12) 

   M n  Ce
4 
  Mn Ce

3 
  H

                                                                                                                                     (13) 

   CSM n M  CSMn M                                                                                               (14) 

   CSM n P  CSMn P                                                                                                  (15) 

where CS, M, Ce and P represent chitosan, NIPAAm monomer, ceric ion and propagating 

polymers, respectively. 
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Figure S1. FTIR spectra of chitosan and chitosan-g-PNIPAAm (CS-NI-2) 
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Table 2. Summary of products synthesized at different reaction conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a
 Calculated from gravimetric measurements and Equation 1. 

b 
Visually verified (Yes: gelation occurs with temperature rise, No: no gelation with temperature rise).  

 

 

Parameter 
Sample 

name 

Percentage of 

homo-

polymerization 

(%)
a
 

Yield 

(%)
a
 

Gelation
b
 

 

Acid concentration 

 

 

CS-NI-5 6 20 NO 

CS-NI-2 27 61 Yes 

CS-NI-6 27 66 Yes 

CS-NI-7 28 73 Yes 

 
CS-NI-2 27 61 Yes 

Temperature 

CS-NI-8 44 71 Yes 

CS-NI-9 40 65 Yes 

CS-NI-10 30 56 Yes 

Initiator 

concentration 

CS-NI-1 9 20 NO 

CS-NI-2 27 61 Yes 

CS-NI-3 43 78 Yes 

CS-NI-4 80 96 Yes 
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Figure S2. Potentiometric (a) and conductometric (b) titration curves for 

0.5 mg/mL chitosan and CS-NI-2 

(a) 

(b) 
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3.4.1.1 Effect of initiator concentration   

Based on Equations 4, 6 and 7, it is expected that grafting ratio and degree of substitution 

increase by increasing initiator concentration. To investigate the influence of initiator feed 

on grafting parameters, a range of polymerizations at various CAN concentrations from 

0.09 to 0.36 mmol has been carried out. The results are shown in Figure 1a and Table 2. 

The degree of substitution increases continuously with increasing the amount of CAN 

initiator. It is expected that the more the initiator is fed, the more the free radical can be 

formed on chitosan backbone, leading to more side graft chains (Equations 4 & 6). At a 

low concentration of initiator (0.09 mmol), no grafting occurs and only the 

homopolymerization of NIPAAm is found. The grafting ratio increases with the increment 

of initiator concentration up to 0.18 mmol. On the other hand, the percentage of 

homopolymer is increased simultaneously. Beyond this concentration, a further increase in 

CAN lead to a slight drop in grafting ratios. That could be due to the increase in formation 

of free radicals on chitosan, leading to more termination reactions by coupling these 

radicals according to Equations 9,11,12,14 and 15 (36, 42, 43), while homopolymerization 

increment is continued as a competitor reaction (Equations 5 & 8). Similar experimental 

trend has also been observed by Lee et al. (36). 

 

3.4.1.2 Effect of reaction temperature  

Effect of reaction temperature on polymerization parameters was investigated between 25 

to  0   C. As shown in Figure 1b  and Table 2,  the grafting ratio gradually decreases, but 

the degree of substitution drastically increases with the increase of temperature. In 

addition, it is observed that the percentage of homopolymerization increases with the 

increament of temperature below the LCST, while it decreases when temperature keeps 

rising above the LCST.  At a low temperature below the LCST of PNIPAAm, the initiator 

is less active and therefore offer less free radicals on chitosan amino groups and in 

solution. However, the fully homogeneous system allows monomers to access to and react 

with these free radicals easily. As a result, less grafts are found on the backbone, while 

thier chain length are long. By increasing the temperature, the initiator is more active,  
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Figure 1. Effect of reaction parameters on grafting properties of chitosan-

g-NIPAAM, where filled squares indicate GR% and open circles show the 

DS%. (a) Initiator concentration [acid concentration:10 wt%; reaction 

temperature: 25˚ C and reaction time: 24 h] ; (b) reaction temperature 

[initiator concentration: 0.1 mg; acid concentration:10 wt% and reaction 

time: 24 h]; (c) acetic acid concentration [initiator concentration: 0.1 mg; 

reaction temperature: 25˚ C and reaction time: 24 h].   
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leading to more substitutions and homopolymers. However, the increased rate of 

termination reduces the grafting ratio.  When the temperature is close or over the LCST, 

thermo-reversible phase transition of grafted chains and homopolymers occurs. The 

solution turns from a water-soluble hydrophilic state to a water-insoluble hydrophobic 

state. Thus, the system is likely heterogeneous which ultimately affects the penetration and 

diffusion of NIPAAm monomers into the active sites on the chitosan and homopolymer 

radicals (43). Therefore, more substitution and less grafting ratio on chitosan backbone 

together with low percentage of hopolymer are expected.  

 

3.4.1.3 Effect of acetic acid concentration   

During the synthesis, it is also found that the amount of acetic acid applied to prepare 

chitosan aqueous solution in the reaction system has significant effect on grafting 

parameters. Therefore, this effect was systematically studied at different acetic acid 

concentrations ranging from 5 to 20 wt%  with experimental results shown in Figure 1c 

and Table 2.  

Initially, an increase in acetic acid concentration from 5 to 10 wt% results in increasing 

both the grafted and homopolymerized NIPAAm. The degree of substitution shows a 

significant drop over this acid concentration range. By further increasing acetic acid 

concentration, no significant effect on grafting parameters is observed. At low H
+
 

concentrations, a high degree of substitution and a low grafting ratio suggest more grafts 

with shorter chain lengths. It is attributed to the initiation Equations of 4 and 5, which are 

more favorable at low H
+
 concentrations (42). At a higher acid concentration, high H

+
 

concentration leads to less initiation and subsequently less growing chains on chitosan 

backbone. Simultaneousely,  termination reactions get less favorable ( Equations 12 & 13), 

which promote longer chain formation.   

3.4.2 Solubility  

Although the solubility of an injectable hydrogel is an important parameter, no 

comprehensive study has been reported on the solubility of chitosan-g-PNIPAAm yet.  The  
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solubility of various copolymers was investigated by measuring the turbidity of polymer 

solutions against pH. Figure 2 demonstrates the pH-responsiveness of the grafting 

copolymers in comparison with chitosan. At low pH, all samples showed no significant 

change in their solubilities. However, the turbidity of each solution dropped dramatically at 

a certain pH, which indicates phase separation. 

The plot reveals that by increasing the initiator concentration from 0.18 mmol for CS-NI-2 

to 0.36 mmol for CS-NI-4, the pH-solubility profile is extended and the precipitation 

points elevate from pH ≈ 5.2 to pH  ≈ 6.5. The solubility of chitosan in aqueous solution is 

governed by two main factors: protonation of free amino groups which results in 

interruption of intermolecular hydrogen bonds and hence improves solubility; and inter-

Figure 2. Solubility of chitosan and various chitosan-g-PNIPAAm samples at different 

pHs as measured by the turbidity of 0.44 mg mL
-1 

polymer solutions at 600 nm.  
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chain crystallinity which reduces the solubility. An increase in the initiator leads to a 

higher degree of substitution and results in less free amino groups along chitosan backbone 

( See section  3.4.1.1 ). As a result, the remaining amino groups need less protons for 

protonation, which could be provided at higher pHs. Moreover, these grafts can destroy the 

crystallinity and further improve water solubility. 

Reducing the acetic acid concentration in the reaction solution for CS-NI-5 (5 wt%) results 

in a broader solubility window with an onset at pH ≈ 6.1 in comparison with CS-NI-2 (10 

wt%), which is due to its higher degree of substitution (See section  3.4.1.3 ).   

Precipitation at higher pHs was observed for the CS-NI-8 synthesized at 32 °C compared 

to CS-NI-2 (prepared at 25°C), which is in agreement with its higher graft numbers (See 

section  3.4.1.2 ). A decrease in turbidity of the stable phase (low pH) might be attributed to 

the non-homogeneous reaction condition that the polymerization temperature close to the 

LCST of PNIPAAm. More growing side chains on the chitosan backbones result in higher 

chance of self-crosslinking.  

 

3.4.3 Rheological measurements 

Mechanical properties of stem cells niche are known to modulate their fates along with the  

chemical and biophysical properties of the microenvironement. Cell mechano-sensitive 

pathways translate these cues into biochemical signals that guide the cell to a specific 

lineage or behaviour (44-46). Therefore, it is extremely important to control the 

mechanical properties such as elasticity when designing a biomaterial to mimic the 3D 

microenvironement for stem cells.   

To investigate the viscoelastic characteristics of chitosan-g-PNIPAAm solution at different 

temperatures before and after gelation, we have conducted dynamic mechanical analysis. 

At low temperatures (20-30˚C), loss modulus (G”) dominates the flow property and the 

value of storage modulus (G’) is too small to be accurately measured, as shown in Figure 

3b. This corresponds to the solution state of the samples. In this temperature range, the loss 

modulus decreases slightly with an increase in the temperature due to thermal movement  
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Figure 3. (a) Phase transition of chitosan-g-PNIPAAm upon heating and cooling; (b-

d) Dynamic temperature sweeps of 36 mg/ml of chitosan-g-PNIPAAm copolymers in 

PBS (pH=7.4) at 1 rad/s.   
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 Figure 4. Storage and loss moduli of CS-NI-2 in stepwise periodic changes  

of temperature between 25 and 37° C at 1 rad/s.  

 

of polymer chains leading to a lower viscosity (Arrhenius model). Beyond this temperature 

range, a sharp increase in both G’ and G” is observed and after a cross-over between two 

lines, storage modulus, G’, starts to become higher than loss modulus, G”, indicating the 

formation of hydrogel (Figure 3b), which is evidenced by Figure 3a. The cross-over 

between G’ and G” lines is considered as the gelation point and the corresponding 

temperature is termed as the gelation temperature (Tgel) which is close to the LCST of the 

copolymer.  

Storage modulus which represent the mechanical strength of gels are 155 and 52 Pa at 37 

°C for CS-NI-2 and CS-NI-4, respectively (Figures 3b and d). The drop could be explained 

by less degree of substitution and higher grafting ratio of CS-NI-2 in comparison to CS-

NI-4 as a consequence of increasing initiator concentration (Figure 1a). It means longer 
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side chain lengths on chitosan backbone in CS-NI-2 could improve polymer chain 

entanglements and hence make the gels stronger. 

Sample CS-NI-5 synthesized in 5 wt% acid does not show a phase transition with rise in 

temperature (Table 2).  However, CS-NI-2 synthesized at 10 wt% acid undergoes a sol-gel 

transition and forms a relatively strong gel. It happens due to the very low grafting ratio 

and high degree of substitution (Figure 1c), which results in very short side chain lengths 

in CS-NI-5.  

An increment in reaction temperature from 25 °C (CS-NI-2) to 32°C (CS-NI-8) results in 

the decrease in gel mechanical strength from 155  Pa to 30 Pa at 37 °C (Figures 3b and c). 

GR and DS in Figure 1b can be used to explain the decrease of mechanical strength. 

Increasing the reaction temperature makes more, but shorter PNIPAAm side chains on 

chitosan and consequencely gels are weaker.            

To examine the reversibility of the sol-gel transition behaviour, several cycles of stepwise 

temperature change between 25 and 37˚C were applied and the mechanical modulus were 

monitored. As shown in Figure 4, the copolymer reveals a thermo-reversible behaviour. 

However, the storage modulus slightly decreases over cycles. After cooling the hydrogel, 

without any stirring, the solution is not a homogeneous liquid as it was before the first 

gelation. Therefore, when the solution is warmed up again, the structure could not regain a 

uniform network of hydrogel, resulting in a weaker hydrogel at further cycles.   

 

3.4.4 Morphological studies 

The microstructure of the hydrogel was studied using a scanning electron microscopy. 

Figure 5 presents the SEM micrographs of the hydrogel cross-sections. These images 

demonstrate the interconnected porous structure of the hydrogel which provides adequate 

space for nutrient delivery to cells and waste removal from their microenvironment as well 

as supports cell proliferation and migration.  
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3.4.5 In vitro three-dimensional cell culture 

To investigate the interactions between MSCs and the hydrogel microenvironment, the 

MTT assays were employed. Cell viability was monitored over a 14 day period. Figure 6 

shows the optical densities obtained from the MTT assays, which represent the number of 

viable cells. The results reveal that cells retain their biological activities and gradually 

proliferate inside the hydrogel during the first 7 days of cultivation, and after that, the cell 

number ceases to increase. However, cells remain metabolically active at day 14 as 

evidenced by the optical density, which is nearby the same as day 7. When cells are 

cultured in a 3D microenvironment, the cell viability and metabolic activity depend on 

several parameters including cell type, cell-seeding density and the surrounding material. 

Cardiac cells showed a constant number of viable cells within alginate hydrogel regardless 

of seeding density while proliferated significantly on 2D culture dishes (47). The same 

trend has been reported for the viability of osteoblasts encapsulated in Arg-Gly-Asp  

(b) (a) 

Figure 5. SEM micrograph of (a) chitosan-g-PNIPAAM (CS-NI-2) hydrogel and (b) the 

enlarged section of marked area in a. 
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Figure 6. MSCs proliferation cultured in chitosan-g-PNIPAAm (CS-NI-2) hydrogels 

(red bars) and monolayers (green bars) measured by MTT assays. (n=3, Mean± SE)  

 

(RGD)-modified poly (ethylene glycol) hydrogels (48). Hepatocytes entrapped in alginate 

scaffolds lost 66% of their metabolic activity within 7 days when seeded at the cell density 

of 0.28x10
6
 cells.cm

-3 
scaffold. However, they maintained their viability when cultured at 

an initial seeding density of 18.2x10
6  

cells.cm
-3 

after a 25% decrease within the first 24h 

(49). MSC metabolic activity decreased up to day 3 when cultured within chitosan/alginate 

polyelectrolyte complex-based scaffolds and then showed an slight increase until day 14 

(50). In comparison with 2D cell culture, the number of MSCs is less in the 3D chitosan-g-

PNIPAAm hydrogel. However, cell proliferation is observed from Figure 6 and the cellular 

biomass reaches a plateau after 7 days. The dynamic balance of cell number inside the 

hydrogel is due to insufficient oxygen and nutrient supplied to cells and lack of space when 

a certain cell density is reached. The cell survival is significantly improved through 
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manipulation of hydrogel properties; while the decreased cell viability of osteoblasts (36) 

and MSCs (37) have been reported when cells were cultured within the same hydrogel 

without manipulation. The retaining of cell viability is essential for downstream processing 

steps. For example, in the in vivo injection of cell-laden hydrogels to cure tissue damages, 

cells must be able to survive in human body environment so that cells can play their 

therapeutic roles. In tissue engineering applications using stem cells and hydrogels, cells 

need to keep viable during cell differentiation process. The preliminary results have 

demonstrated that the synthesized chitosan-g-PNIPAAm hydrogel with manipulated 

properties can support cell proliferation and retain cell viability for up to 14 days.  

Figure 7 shows confocal laser scanning images of cells inside the hydrogel. Live and dead 

cells were stained in green and red, respectively. An increase in green intensity from day 1 

(a-c) to day 7 (d-f) corresponds to cell number increment and also cell spread morphology. 

It verifies cell viability and proliferation during the seven-day period. However, the higher 

green intensity is not just implied by cell number. It is also partially due to cells’ 

elongation and even some aggregations (48). These results are consistent with the MTT 

values. At day 1, more dead cells (red spots) could be observed in comparison with day 7 

and the cell death at day 1 may be explained as a consequence of the first shock when cells 

adapting them with a new culture microenvironment. In order to determine cell distribution 

inside the hydrogel, images were taken at the different heights of 40, 80 and 120 μm above 

the bottom of the microwell plate, and images c & f, b & e and a & d (in Figure 7) were 

corresponding to three scans respectively. The images demonstrate that cells retained their 

viability and well distributed within the hydrogel, all through the different depths of the 

hydrogel inside the microwell, not on the top of the gel or at the bottom of the wells. Cell 

morphology at day 1 (Figure 7g) and day 7 (Figure 7h) can be observed from high-

magnification (60×) images. Cells appear to be in a round shape at day 1 (Figure 7g), when 

there are still not strong cell-matrix interactions. In contrast, at day 7, cells lose their 

spherical shape and change to a spread or elongated structure in a 3D manner. This change 

might be due to cellular adaptation to the porous and interconnected microenvironment 

which encourages cells to attach to the surface of the pores and conform to the shape of the 

available lacuna. Cells start to grow and remain close to each other to impart cell-cell  
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Figure 7. Confocal laser scanning images of MSCs cultured in chitosan-g-

PNIPAAm (CS-NI-2) hydrogels:  

(a-f): Comparison on cell densities at day 1 (a-c) and day 7 (d-f). Images were 

taken at different distances (a, d = 120 μm; b, e = 80 μm and c, f = 40 μm) 

from the bottom of the samples. 10X oil immersion objective. Scale bars are 

250 μm. 

(g, h): Z-series of images captured at high magnification (63X oil immersion 

objective) and converted to 3D images using the Volocity ™  software, at day 

1 (g) and 7(h). Scale bars are 16 μm. 

 (i): Harvested cells after melting down the mixed hydrogels at day 7. 20X oil 

immersion objective. Scale bar is 100 μm.  
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interactions. They overlap inside the pore structure and individual cells are not easily 

distinguishable. However, spherical individual cells can be observed to be resuspended in 

the solution when the hydrogel converts to solution after reducing the temperature to an 

ambient one, which is shown in Figure 7i. The recovered cells can be re-cultured onto the 

2D rigid surface, which means the cells are viable and can retain their migration capacity 

as well.  

 

3.5 Conclusions 

In this study, chitosan-g-poly(N-isopropylacrylamide) was synthesized as a thermo-

responsive hydrogel. The synthesized polymer showed a thermo-reversible sol-gel 

transition behaviour at around 32˚C. It has been demonstrated that the solubility of 

copolymer aqueous solutions and mechanical strength of their gels could be manipulated 

by the number and length of PNIPAAm grafts which have been substituted with free 

amino groups on chitosan backbone. To control the graft ratio and chain length, the effect 

of polymerization conditions, including acid concentration, reaction temperature and 

initiator concentration on the degree of substitution and grafting ratio have been 

systematically investigated. SEM observations revealed the porous structure of the 

hydrogel which can facilitate oxygen and nutrient delivery to cells and cell growth. 

Mesenchymal stem cells were cultured in CS-g-PNIPAAm hydrogels. Cell viability and 

proliferation were evaluated by the MTT assay. It was demonstrated that cells retained 

their biological activities. Confocal images confirmed the cell viability and proliferation 

and uniform distribution inside the hydrogel while their phenotypic morphology was 

preserved. These results reinforce the suitability of chitosan-g-poly(N-

isopropylacrylamide) copolymer as a well-controlled microenvironement for cells, 

especially stem cells and its potential applications in 3D cell culture, tissue engineering 

and regenerative medicine. 
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4.1 Abstract 

Engineering the articular cartilage with the same zonal organization as the native tissue 

remains a great challenge for tissue engineering. In this study, we employed a 

micropatterning technique to mimic the cellular shape and orientation within the 

superficial and middle zone of the natural cartilage. Chitosan-g-poly(N-

isopropylacrylamide) (CS-g-PNIPAAm) was synthesized as a thermresponsive copolymer 

and mesenchymal stem cells were incoporated within the CS-g-PNIPAAm hydrogel. 

Biochemical assays show 6 and 7 fold increment in glycosaminoglycans and total collagen 

at 28 day incubation in chondrogenic medium, respectively. Chondrogenic differentiation 

was also verified qualitatively by histological and immunohistochemical assessments. 

Three-dimensional micropatterned cell-laden hydrogels were fabricated using 

poly(ethylene glycol) dimethacrylate micromolds. Within the 50 µm wide microconstructs, 

75 ± 6% of cells are oriented with an aspect ratio of 2.075 ± 0.161 at day 5, which is the 

highest level of cell alignment and elongation, and much greater than those (12 ± 7% 

alignment and a shape index of 1.202 ± 0.07) of the unpatterned constructs. The highly 

oriented microconstruct was used for mimicing the cell shape and organization in the 

superficial zone cartilage while the unpatterned one for middle zone.  Our results suggest 

that micropatterning of 3D cell-laden thermoresponsive hydrogels is a promising platform 

for multi-zonal cartilage tissue engineering.        
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4.2 Introduction 

Articular cartilage is a thin layer of hyaline cartilage covering the bone heads of 

articulating joints that permits smooth motion between adjoining bony segments (1). It is a 

multiphasic tissue consisting of chondrocyte cells, interstitial fluid and extracellular matrix 

(ECM) mainly composed of collagen fibres and proteoglycans (PG) (2). Three important 

zones or layers are distinguishable in articular cartilage as shown in Scheme 1a (3). The 

closest layer to the cartilage surface is termed as superficial zone where chondrocytes are 

ellipsoidal and parallel to the surface. The middle or transitional zone is laid under the 

superficial zone. Chondrocytes are rounder in comparison to the superficial zone and they 

are randomly aligned. The deep zone is below the middle layer. Chondrocytes are spherical 

in shape and are aligned columnar and perpendicular to the tidemark (4-6). Each layer has 

its specific mechanical properties and biochemical composition.  

Cartilage-related diseases such as arthritis are the most common reasons for giving rise to 

disabilities around the world (7). Daily accidents may also damage this soft tissue. 

Unfortunately, articular cartilage has limited self-repair potential (8). Among various 

therapeutic strategies to repair a damaged articular cartilage, tissue engineering is one of 

the most appealing approaches. However, many challenges remain to be resolved in this 

technique, including selecting an appropriate cell source and a matrix as well as recreating 

the zonal organisation. Various cell sources can be used in cartilage tissue engineering, 

including chondrocytes as cartilage-specific adult cells, embryonic stem cells (ESCs), 

induced pluripotent stem cells (iPS) or adult stem cells such as mesenchymal stem cells 

(MSCs) (9). MSCs are considered as an attractive candidate because of their ease of 

isolation, in vitro expansion, and differentiation into cartilage (10). Interestingly, MSCs 

can be differentiated to zonal chondrocytes in a suitable microenvironment (11). A variety 

of artificial matrices have been explored for cartilage tissue engineering, and hydrogels are 

one of the most suitable choices due to their similarity to the natural ECM of the cartilage 

which is a highly hydrated tissue (12). Chitosan-based hydrogels have great potential to 

enhance chondrogenesis and to modulate the chondrocyte morphology, differentiation and 
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function because of its structure similar to glycosaminoglycans (GAGs) and hyaluronic 

acid in PGs of native articular cartilages (13-16).  

Recreating the aforementioned spatially-zoning organization of the native articular 

cartilage is the most challenging. This complex zonal organization supports cartilage 

functions within body joints (17). Various strategies (i.e cell-, matrix-, bioreactor- and 

bioactive molecule-based) have been employed by researchers to mimic the layered 

articular cartilage. In cell-based approaches, incorporation of different zonal chondrocytes 

in a depth-dependent fashion within either a single layer (18) or multilayered hydrogel of 

the same material (19, 20)  was found to have  a potential to recreate biomimetic zones.  

Furthermore, Bhumiratana et al. showed that condensed mesenchymal cell bodies and their 

fusion into homogeneous cellular aggregates (21) resulted in a stratified structure of the 

articular cartilage. Matrices have also been manunipulated to recapitulate the organized 

zonal architecture of the native cartilage. Encapsulation of MSCs (22, 23) or chondrocytes 

(24, 25) in a layered hydrogel made of the same material (26) or in the spatially 

composition-varying matrix displayed encouraging results. Other matrix-based strategies 

include depth-dependent regulation of the physical and mechanical properties by altering 

gel concentration (27), degradability (28), pore size through bioprinting (29), nanofiber 

size and orientation (6, 17), nanoparticle concentration (30) or combinatorial scaffold 

morphologies (e.g. electrospun poly(caprolactone) (PCL) fibers on top and porous PCL 

scaffold in bottom) (31). Bioreactors have also been exploited to stimulate the cell-seeded 

constructs by mechanical or chemical gradients (32-35). Gradient delivery of bioactive 

molecules or nutrients such as oxygen (36) and glucose (37) is the fourth approach. In 

addition, the combination of various approaches may enhance the zonal variation similar to 

the inhomogeneity of the native cartilage. Thorpe et al. reported that manipulation of 

oxygen tension and mechanical cues over the depth of cell-laden constructs to mimic the 

zones of the cartilage by controlling MSC differentiation (38). Zonal chondrocytes in  poly 

(ethylene glycol)-based (PEG) hydrogels containing exogenous type I collagen, hyaluronic 

acid (HA), or chondroitin sulfate (CS) at different layers demonstrated zone-dependent 

cellular responses (39). While some of these sterategies have been focous on regenerating 

the zone-specific ECM biochemical composition at a molecular level, or on mimicking the 



 

 

99 

 

zone-specific mechanical properties, other efforts have been made to resemble the layered 

physical microarchitecture of the native cartilage, such as celluralr shape and arrangement. 

Micropatterning might be potentially an alternative apporoach for mimicking the 

microstructural organisation of cartilage zones. Micropatterning is a microfabrication 

method based on soft lithography. It has been demonstrated that micropatterning is an 

effective method for cell alignment and elongation in 2D or 3D (40). As zonal 

chondrocytes were required to be kept in a 3D microenvironment to preserve or restore 

their zone-specific characteristics (41), thus a 3D micropatterned construct would be 

needed for engineering different zones of the cartilage. Although UV curing of 

photocrosslinkable hydrogels is the most popular approach in microfabrication of 3D cell-

encapsulated patterned constructs, UV irradiation as well as UV-induced free radicals 

during the crosslinking process can potentially bring damage to the cells inside the 

constructs (42, 43) or alter cell characteristics and functionalities. Cell viability is highly 

dependent on UV exposure time and photoinitiator concentration (43) which are critical 

parameters in regulation of gel physical and mechanical properties as well.  As a 

consequence, preparation of such constructs with optimum properties might be sacrificed 

by reduced cell viability. Thermoresponsive hydrogels can be an alternative to form the 

constructs with temperature change rather than UV curing. Thermoresponsive polymers 

have attracted a lot of interest in 3D cell culture and differentiation due to ease of cell 

distribution and instant cell release. These polymers have been also widely used to prepare 

thermo-responsive microengineered platforms which could be exploited for 2D patterned 

cell culture and co-culture (44), co-cultured cell sheets (45), patterned cell layers (46) and 

cell aggregates from responsive microwells (47). These constructs were prepared through 

the modified thermoresponsive surface of the substrates and templates. Switchable and 

dynamic properties of these constructs can facilitate cultivation and detachment of cells 

and microtissues. However, there are few reported studies on 3D constructs based on 

thermoresponsive polymers. In one recent report, thermoresponsive polymers were used 

for fabricating micromolds and cell-embedded agarose was cast in the micromolds for 

sequential micropatterns (48).  
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In this study, we first diferentiated mesenchymal stem cells into chondrocytes in a 

thermoresponsive polymer structure in 3D based on chitosan-g-poly(N-

isopropylacrylamide) (CS-g-PNIPAAm). The cell-laden copolymer was then cast into 

micropatterns generated from PEG-DMA as a template to mimic cellular morphology and 

orientation within the superficial zone of the native articular cartilage. Our results suggest 

that the microengineered 3D cell-laden CS-g-PNIPAAm can offer great promise in bi-

zonal cartilage tissue engineering.    

 

4.3 Materials and methods 

4.3.1 CS-g-PNIPAAm synthesis and characterization 

CS-g-PNIPAAm was synthesized by free radical grafting polymerization as described in 

our recent work (49). Briefly, N-Isopropylacrylamide (NIPAAm) (Sigma-Aldrich, MO, 

USA) was purified by recrystallization in n-hexane, and then 1 wt% chitosan (MW of 200-

300 kDa) (Acros Organic, NJ, USA) in 30 mL aqueous acetic acid (10 wt%) was mixed 

with 17.7 mmol purified NIPAAm monomer and the mixture was degassed.  

Polymerization was initiated by adding 0.18 mmol ammonium cerium (IV) nitrate (CAN) 

(Acros Organic, NJ, USA) and reaction was carried out for 24 h under nitrogen 

atmosphere. The solution was condensed and precipitated in an excess amount of 

tetrahydrofuran/hexane (4:1). The precipitate was further purified by methanol soxhelet 

extraction for 48 h. The purified product was dried under vacuum. Two products (CS-NI-1 

and CS-NI-2) with different properties were obtained at the polymerisation temperature of 

60 °C and 25 °C, respectively. Rheological measurement was conducted using a SR5 

controlled stress rheometer (Rheometric Scientific, USA) as described before (49).  

 

4.3.2 3D cell culture in hydrogel 

Mesenchymal stem cells (MSCs) (murine, 10T1/2, RIKEN cell bank, Japan) were cultured 

in Dulbecco's Modified Eagle's Medium (DMEM)  supplemented with 10 % fetal bovine 
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serum (FBS), 100 U/mL of penicillin, 100 mg/mL of streptomycin and 2 mM/L L-

glutamine (All from Gibco, NY, USA) and incubated at 37°C in a humidified atmosphere 

with 5% CO2. MSCs were detatched by trypsine-EDTA (Gibco, NY, USA) and 

resuspended in a fresh growth medium for further use.  

In a typical 3D cell culture experiment, the polymer sample was dissolved in PBS to 

prepare a polymer solution of 31.5 mg/mL (pH of 7.4) and sterilized by autoclave. Cell 

suspension and copolymer solution were mixed to prepare a cell/polymer mixture at a final 

cell concentration of 1.0 x 10
6
 cells/mL and a final polymer concentration of 30 mg/mL. A 

300 µL of the cell/polymer mixture was transferred to each well on a 24-well plate and 

incubated for 1 h at 37˚C to form cell-laden hydrogels. The same cell concentrations were 

prepared by mixing cells and PBS without copolymer and served as a negative control. 

Fresh growth medium (2 mL) was topped up to each well and further incubated in an 

incubator at 37˚C and 5% CO2 for 7 days. Medium was replaced with fresh medium once 

every other day. Two hydrogel samples were used to compare the cell performance and the 

best sample was further employed for invetigating the influence of polymer concentration 

on cell proliferation. The same procedure was repeated using 20, 25 and 30 mg/mL
 

solutions of the selected polymer sample.  

 

4.3.3 The MTT assay 

Cell viability and proliferation within the cell-seeded hydrogels were evaluated using the 

MTT assay. At each time point, 0.5 mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT)  (Molecular Probes, OR, USA) (5 mg/ml in PBS) was 

added to each well and then incubated for 4 h at 37˚C. All the liquid content was replaced 

with 1 mL dimethyl sulfoxide (DMSO) to make sure that formazan crystals were  

solubilized completely. After 1 h incubation, all of the well content (including liquid and 

gel) was transferred to an eppendorf tube, vortexed briefly and centrifuged at 10,000 rpm 

for 5 min. Finally, 200 μL of supernatant was transferred to a 9 -well plate and the 

absorbance was read using a microplate reader (ELx808, BioTek, USA) at 595 nm. The 

absorbance of cell-free hydrogels (negative control) was deducted from cell-encapsulated 
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hydrogels to remove any inteference from hydrogel-MTT reaction. Triplicates for every 

time point were used. 

 

4.3.4 3D MSC differentiation in hydrogel 

The selected polymer sample from the previous experiment was mixed with MSC 

suspension so that the final cell seeding density was 1.0×10
7
 cells/mL of hydrogel and the 

final polymer concentration was fixed at the optimised value obtained from the above 

experiment. Tranferable wells were prepared by mounting Press-To-Seal
TM

 silicone 

rubbers (Molecular Probes, OR, USA) on cover glasses and the wells were then sterilized. 

The cell-polymer solution (300 µL) was added to the wells and incubated at 37°C to 

acheive cell-embedded hydrogels. Rubber-made wells were tranferred to each well on a 6-

well plate. Five mL of chondrogenic medium was added to each well, contating high 

glucose-DMEM, 1%  insulin, transferrin, selenous acid (ITS)+Permix (BD Bioscience, 

MA, USA), 10
-7

 M dexamethasone (Sigma-Aldrich), 10 ng/mL transforming growth 

factor-beta 1 (TGF-β1) (Peprotech, NJ, USA), 50 µg/mL ascorbate-2-phosphate (Sigma-

Aldrich), 100 U/mL of penicillin, 100 mg/mL of streptomycin and 2 mM/L L-glutamine. 

Constructs were kept in incubator at 37 °C and 5% CO2 for continuous 28 days. The 

medium was being changed every day. Four wells at predefined sampling days were taken 

out for biochemical analysis (3 wells) and for histological and immunohistochemical 

staining (1 well). 

   

4.3.5 Biochemical analysis 

DNA, GAG and total collegen content were quantified by Hoechst 33258, DMMB and 

hydroxyproline assays as described previously (50, 51). At each time point, constructs 

were collected, rinsed with prewarmed PBS, freeze-dried for 48 h and digested by 

incubation in a papain (Sigma-Aldrich) solution (125 µg/mL) at 60 °C for 16 h. The 

supernatant of the papain-digested hydrogels was used for biochemical assessment.   
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DNA content was measured by the Hoechst 33258 assay. A 30 µL of the supernatant of the 

papain-digested constructs was added to 3 mL of 0.1 µg/mL Hoechst 33258 dye (Sigma-

Aldrich) solution in TNE buffer and the intensity was read using a RF-5301PC  

fluorospectrometer (Shimadzu, Japan) at 360 nm excitation and 460 nm emission. The 

corresponding DNA amount was calculated based on a ds-calf Thymus DNA type I 

(Sigma-Aldrich) standard curve.  

For GAG analysis, the supernatant was reacted with 1,9-dimethylmethylene blue (DMMB) 

(Sigma-Aldrich) in PBE buffer solution (46 µM) and absorbance was read at 525 nm by 

the spectrophotometer. Chondroitin sulphate (Sigma-Aldrich) was served to generate an 

standard curve. 

Total collagen was evaluated by the hydroxyproline assay. Papain-digested supernatant 

was hydrolyzed in 6 N HCl for 18 h at 110 °C, then neutralized and combined with 

chloramine-T (Sigma-Aldrich) soultion (15.7 mg/mL) followed by incubation at room 

temperature for 20 min. The solution was mixed with Ehrlich’s reagent, vortexed and 

further incubated for 30 min at 60 °C. Finally, the absorbance was read at 550 nm using the 

spectrophotometer and collagen content was computed according to the trans-4-hydroxy-

L-proline (Sigma-Aldrich) standard curve. All values of biochemical assays were 

normalized to the dry weight of the constructs.  

 

4.3.6 Histological and immunohistochemical staining 

Cell-seeded hydrogels were transferred into cryomolds, embedded in Tissue-Tek
®
 O.C.T™ 

coumpound (Sakura, The Netherlands), and then cryosectioned in 10 µm thickness. 

Sections were fixed in cold acetone for 10 min, air dried and washed in PBS. Cell-laden 

microconstructs were also fixed in 4% paraformaldehyde for 30 min. For GAG histological 

staining, sections were stained in 1% safranin O (Sigma-Aldrich) solution for 30 min. 

Sections were also immunohistochemically stained for collagen type II (a commonly used 

marker for chondrogenesis) (52). Sections were quenched in 3% hydrogen peroxide for 20 

mins and treated with 1.0 µg/ml proteinase K for 20 mins for antigen retrieval. After being 

blocked for an hour with 5% rabbit serum (Sigma-Aldrich), sections were incubated with a 
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primary antibody (rat anti-collagen-II) (Santa Cruz Biotechnology, TX, USA) at 1:800 

dilution overnight. Labelling was visualized with a rabbit anti-rat biotinylated IgG (Dako, 

Denmark) (1:600), streptavidin and biotin mix (Thermo Scientific, MA, USA) (1:700), and 

liquid diaminobenzidine (DAB+) (Dako, Denmark) substrate for colour development. 

Sections were then counterstained in haematoxylin (United Biosciences, QLD, Australia). 

Sections were obsereved by an Olympus BX41 microscope (Japan). 

  

4.3.7 Micropatterning of CS-g-PNIPAAm 

To prepare micropatterned templates, 0.5% (w/v) photoinitiator (2-hydroxy-1-(4-

(hydroxyethoxy)phenyl)-2-methyl-1-propanone; Irgacur 2959) (CIBA Chemicals, NY, 

USA) was added to 20% solution of poly(ethylene glycol)1000-dimethacrylate (PEG-DMA) 

(Polyscience,PA, USA) in PBS and vortexed. Then, 90 µL of the preheated solution was 

pipetted between an untreated glass and 3-(trimethoxysilyl)propyl methacrylate 

(TMSPMA) (Sigma-Aldrich) coated glass slide separated by a 150 µm spacer. The 

photomask was placed on top of the glass slide and exposed to 800 mW UV light (8 cm 

distance) for 120 s. After photocrosslinking, the glass slide was removed and washed 

gently with preheated PBS to remove unreacted solution. Unpatterned rectangular PEG-

DMA hydrogels were prepared with the same method. The micropatterned and unpatterned 

PEG-DMA hydrogels were kept in PBS until use.   

Then, 90 µL of aforementioned cell-laden CS-g-PNIPAAm solution (cell density: 1.0×10
7 

cells/mL
  
polymer solution, polymer concentration: 25 mg/mL

 
)
 
was placed on top of PEG-

DMA micropatterned template, gently coverslipped and left in an incubator at 37 °C for 20 

min to become gel. The coverslip was carefully taken off by sliding and any excess CS-g -

PNIPAAm on PEG-DMA spacing was removed by sliding a sterile coverslip all over the 

micropatterned surface for several times. Micropatterned cell-laden CS-g-PNIPAAm 

hydrogel within PEG-DMA microchannels (hereinafter microconstructs) were transferred 

to a 6-well plate containing either preheated growth or chondrogenic medium and kept in a 

humidified incubator at 37˚C and 5% CO2. Medium was replaced once every other day.  
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4.3.8 Live/dead cell staining 

The LIVE/DEAD
®
 cytotoxicity/viability kit (Molecular Probes, OR, USA) was used to 

stain live and dead cells. A working solution of 0.5 µL/mL of calcein acetotoxymethyl 

ester (calcein AM) and 2 μL/mL of ethidium homodimer-1 (EthD-1) in PBS were freshly 

prepared. At day 1 and 5, the growth medium was removed and microconstructs were 

washed with 5 mL prewarmed PBS (37˚C). After the PBS solution was removed, 0.5 mL 

of dye working solution was added on top of microconstructs and then incubated at 37˚C 

for 20 min. The dye solution was removed and the hydrogel was washed twice with 5 mL 

prewarmed PBS. All the liquid was removed and the extra liquid from the hydrogel was 

absorbed by gently touching its surface with a piece of tissue paper. As a result, the gel 

was made highly concentrated (semi-dried) to stabilize the structure of the 

thermoresponsive hydrogel at room temperature and prevent it from dissolution during 

handling. Embedded cells were observed under a flourescence microscope (Nikon TE 

2000, Japan) equipped with a temperature controlled chamber to keep the temperature at 

37 ˚C. Excitation wavelengths were set to 494 and 528 nm and emission wavelengths were 

at 517 and 617 nm for live (green) and dead (red) cells, respectively. 

 

4.3.9 Quantification of cellular alignment and elongation 

For F-actin staining, cell-seeded gels were fixed in paraformaldehyde (4%) for 30 min. The 

cells were then permeabilized in a Triton X-100 solution (0.1% w/v) in PBS for 20 min 

and blocked in bovine serum albumin (BSA)  (1% w/v) for 1 h. The samples were then 

incubated in a solution of 1:40 ratio of Alexa Fluor-594 phalloidin (Invitrogen) in BSA 

(0.1%) for 45 min at room temperature to stain actin filaments of the cell cytoskeleton. 

Samples were rinsed in PBS and counterstained with 1 µL/mL of 4’, -diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich) in PBS for 5 min in an incubator. Samples were 

washed with PBS and visualized using a Nikon TE 2000 fluorescence microscope (Japan), 

equipped with an environmental chamber. The nuclear shape index and alignment of DAPI 

stained nuclei were measured to quantitatively evaluate overall cell elongation and 

alignment as previously demonstrated (53, 54). The nuclear alignment angles, defined as  
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the orientation of the major axis of the best ellipse fit to the individual nuclei with respect 

to the horizontal axis, were measured using the built-in functions of the NIH ImageJ 

software. All nuclear alignment angles were then normalized to the respective preferred 

nuclear orientation defined as the mean orientation of all nuclei per sample. For analysis, 

alignment angles were subsequently grouped in 10°  increments with respect to the 

preferred nuclear orientation, and all cells within less then 20° were considered to be 

aligned as previously described (53). Additionally, the shape index, the aspect ratio 

between the major elliptic axis and the minor elliptic axis of each individual cell nucleus, 

was used to determine the nuclear elongation and was calculated using the built-in 

functions of the NIH ImageJ software.  A shape index of 1 representes a circle. The effects 

of channel width and culture time on cellular alignment and elongation were investigated 

by using micropatterned gels with a channel size of 50, 100 and 150 µm at different post-

seeding time (1 and 5 days). For quantification, at least four images per sample and from 

three samples were used for each condition.  

 

4.3.10 Multiphoton microscopy 

After 21 days incubation in chondrogenic medium, micropatterned cell-laden 

microconstructs were rinsed twice in preheated PBS. All the liquid was removed and the 

exess liquid was extracted from the CS-g-PNIPAAm hydrogel by gently touching its 

surface with a piece of tissue paper until the semi-dried thermoresponsive hydrogel could 

not become solution anymore. The autofluorescence (AF) and second harmonic generation 

(SHG) signals were detected using a LaVision BioTec TriM Scope multiphoton 

microscope (Germany) with two-photon excitation at 840 nm using a Ti:Sa laser 

(Coherent, CA, USA) and emission bandwidths of 470-550 nm and 410-430 nm for 

autofluorescence and SHG, respectively.   

  

4.3.11 Statistical analysis 
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All measurements were performed in triplicates for all measurment points unless otherwise 

stated. Data obtained from our experiments are represented as mean ± SD (standard 

deviation) or ± SE (standard error). Statistical significance was determined by application 

of student’s t-test. The differences were considered to be significant when P < 0.05.  

 

4.4 Results and discussion 

4.4.1 Hydrogel optimization for 3D cell culture 

CS-g-PNIPAAm hydrogels were first screened and optimised for 3D MSC culture and 

maintenance. A range of CS-g-PNIPAAm hydrogels with different grafting chractrestics 

and therefore different mechanical properties were prepared in our privous work (49).  

 

Table 1. Summary for the graft polymerization of NIPAAm onto chitosan 

Sample Name Trxn (ºC)
a
 GR (%)

b
  G’ (pa) 

c
 

at 37 ºC 

 

CSNI-1 60 130  18 ± 3  

CSNI-2 25 212  101 ± 9  

                                    

[-NH2] : [CAN] : [NIPAAm] = 9:1:100 ; (-NH2 : chitosan free amino groups, CAN : 

initiator  and  NIPAAm : monomer in feed). Chitosan was dissolved in 10% acetic acid. 

All reactions were carried out for 24 hrs. 

a
 Trxn : Reaction temperature 

b
 Grafting ratio (GR) was calculated as (W2-W1)/W1 × 100% , where W1 and W2 are the 

weights of initial chitosan loaded and PNIPAAm-grafted chitosan after soxhelet extraction, 

respectively.  

c
 Measured by a cone & plate rheometer for 30 mg/mL of CS-g-PNIPAAm copolymers in 

PBS (pH=7.4) at 1 rad/s. (n=3, ±SD)   
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Based on the solubility and mechanical strength results (49), we further selected the 

polymerisation temperature as a control variable to synthesize two different ploymer 

samples (CSNI-1 and CSNI-2) for evaluating the MSC performance. Table 1 summerizes 

the details of two samples. CSNI-1 was polymerised at 60˚C. The grafting ratio, 

representing number of PNIPAAm side chains grafted onto chitosan backbone, for this 

polymer was 130% and storage moduli, a mechnical parameter for evaluating gel strength, 

was 18±3 Pa at 37˚C. By reducing the reaction temperature to 25˚C, the grafting ratio 

increased to 212% and the gel became stronger with a storage moduli of 101±9 Pa. Figure 

1a shows the MTT absorbance of MSCs cultured in these two polymers. Cell number was 

significantly higher in CSNI-2. The gel with a higher mechanical strength can provide a 

more suitable microenvironment for maintenance and growth of MSCs. It is well known 

that cells sense and respond to mechanical properties of their sorrounding environment by 

translating them to chemical signals (55). Mechanical cues can consequently affect cell 

fate and behaviours such as viability, proliferation, differentiation, migration and death 

(56).  Therefore, CSNI-2 sample was employed for all subsequent studies. 

The influence of polymer concentration on cellular viability was studied at three different 

polymer aqueous concentrations (20, 25 and 30 mg/mL) of the selected sample CSNI-2. 

Figure 1b indicates the optical density of the cell-laden hydrogels treated with the MTT 

reagents. Results revealed that the best cell growth can be achieved in the hydrogel formed 

at 25 mg/mL of polymer solution in PBS. Polymer concentration alters gel physical and 

mechanical properties which accordingly affect the cell behaviours (40, 57, 58). A low gel 

concentration results in weak gels which can not provide sufficient mechanical 

requirements of cell microenvironment. A high gel concentration may lead to a very dense 

structure with a small pore size and low interconnectivity (59) which hinders nutrient and 

oxygen delivery to cells and does not meet the cellular spatial demands for self-renewal 

and migration. The polymer concentration of 25 mg/mL was thus chosen for the 

subsequent experiments.  
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a b 

 

4.4.2 3D MSC differentiation in hydrogel 

After hydrogel composition and its concentration were determined, we further applied the 

hydrogel for differentiating MSC into chondrocytes. By continuously culturing MSC in the 

differentiating medium for 28 days, cell proliferation and ECM (GAGs and collagen type 

II) production were monitored, and the constructs were histologically and 

immunohistologically examined at day 14 and 28 to confirm cartilage formation in the CS-

g-PINAAM hydrogels.   

Cell proliferation has been assessed by the Hoescht 33258 assay. The Hoescht assay results 

(Figure 2a) indicated that the cell number increases over culture time. Although, during the 

first 14 days, the proliferation rate was very slow, cells grew faster (almost 2 folds) during 

the following two weeks. The DMMB and hydroxyproline assays were employed to  

Figure 1. Optimisation of 3D cell culture conditions for MSCs. 

Absorbance of MTT after 7 days’ incubation at different (a) CS-g-

PNIPAAm hydrogels synthesized at different reaction temperatures 

which led to various grafting ratios and mechanical properties, and (b) 

CSNI-2 hydrogel concentrations. (n=3, mean±SE) 
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quantify GAGs and collagen deposition, respectively. The GAG level (Figure 2b) 

increased significantly from 0.8 µg/mg dry gel at day 7 to 4.8 µg/mg dry gel at day 28. 

Total collagen accumulation (Figure 2c) showed 7 fold increments during 28 days. GAGs 

and collagens are the main components of cartilagous tissues. Enhanced GAG and collagen 

Figure 2. Quantification of (a) DNA, (b) GAG and (c) total collagen in cell-seeded 

CSNI-2 over 4 weeks. All values were normalized by the dry weight of the hydrogel 

(n=3, mean ± SE). * P˂ 0.05, ** P˂ 0.01 



 

 

111 

 

deposition revealed the successful chondrogenic differentiation of MSCs within the 3D 

microenvironment provided by CS-g-PNIPAAm. The ECM deposition rate was equivalent 

to or higher than those of other biomaterials which have been used for cartilage tissue 

engineering (60-63). These results suggest that CS-g-PNIPAAm is a promising hydrogel 

for this application. 

We further confirmed the cartilage tissue formation by histological and 

immunohistochemical staining of constructs as shown in Figure 3. Figures 3a & b show 

low (4X) and high (10X) magnification micrographs of H&E staining. The black spots 

represent cells and all other components including ECM and hydrogel are stained red. This 

images revealed that cells were well distributed inside the structure while preserving their 

round morphology in the bulk hydrogel. The hydrogel surrounding the cells provided a 3D 

microenvironment so that the cells present in a round shape, which is very similar to the 

cell morphology in the middle zone of the cartilage.  Figures 3c & d represent safranin O-

stained sections where the presence of GAGs within ECM can be distinguished by pink 

colour. The intensity of positively stained pericellular regions was increased from day 14 

(Figure 3c) to day 28 (Figure 3d). It confirmed continuous GAG secretion by cells and 

formation of sulfated proteoglycan-rich ECM which is seen in native articular cartilage 

tissues. Figures 3e & f show the distribution of collagen type II, a cartilage-specific ECM 

component, by immunohistochemical staining. Positive collagen type II was stained in 

brown color. The darker stained regions around the cells at day 28 (Figure 3f) than day 14 

(Figure 3e) further supported the sustained collagen type II production over time as a 

specific marker of chondrogenesis. 

Histological and immunohistochemical staining qualitatively verified the chondrogenic 

differentiation of MSCs encapsulated within CS-g-PNIPAAm hydrogels. The level of 

ECM deposition was visually identical to other comparable popular hydrogels such as 

agarose and gelatin loaded with MSCs, after 90 days of culture in chondrogenic medium 

(60).   
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a b 

c d 

f g 

Figure 3. Histological and immunohistochemical staining of the cell-

seeded hydrogels. (a-b) Sections were stained with H&E at day 14 (a) 

and day 28 (b); (c-d) sections were stained with Safranin O for GAGs 

after 14 days (c) and 28 days (d) of incubation; and (f-g) sections were 

immunohistochemically stained for collagen type II after 14 days (f) and 

28 days (g) of incubation. (scale bar (a) =200 μm, 4× magnification; (b-g) 

= 50 μm, 10×) 
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4.4.3 3D cell-laden microconstructs: Preparation, cell organization and 

chondrogenesis 

After the CS-g-PNIPAAm hydrogel has been demonstrated to be able to support cell 

proliferation and differentiation, we then applied cell-laden thermoresponsive hydrogel  

into the microengineered constructures for engineering/mimicing formation of different 

zones of cartilages by precise control of fabrication parameters of microconstructures. 

Scheme 1b illustrates the fabrication process of microengineered cell-laden 

thermoresponsive CS-g-PNIPAAm hydrogel patterns using microscale anisotropic PEG-

DMA grooves as a micromold. Figure 4a presents a photograph of a micropatterned PEG-

DMA on a TMSPMA glass slide. The overall dimension of the device was 1.5 cm (H) × 

1.4 cm (W). Figures 4b-d show different microfabricated PEG-DMA patterns with the 

same channel dpeth (150 µm) but 3 different channel widths (50, 100 and 150 µm) at the 

same spacing between microchannels (200 µm). From these micrographs, channel sizes 

weree in precise agreement with their nominal dimension and all grooves on each 

patterned surafce were identical. To ensure that CS-g-PNIPAAm hydrogel was well 

located within the PEG-DMA microchannels, different fluorescence beads were used to 

distinguish the PEG-DMA and CS-g-PNIPAAm hydrogel. PEG-DMA was mixed with red 

fluorescent beads before lithography, while CS-g-PNIPAAm solution was mixed with 

green fluorescent beads, deposited into the channels and gelled at 37˚C. The construct was 

visualized under a fluorescence microscope equipped with a temperature control chamber. 

Figure 4e demonstrates that  CS-g-PNIPAAm was adequately patterned within the PEG 

microgrooves.  

After the cells has been successfully encapsulated in the hydrogel and solidified within the 

microgrooves, the cells were continuously incubated for 5 days. Cell-laden 

microconstructs were stained with calcein AM and EthD-1 to verify cellular viability and 

proliferation. At day 1 (Figure 5a), viable cells were individually distributed in a round 

morphology within micropatterned hydrogel. Cells exhibited an interconnected network 

with neighboring cells at a longer culture time (Figure 5b). A higher green intensity at day 

5 in comparison to day 1 denoted an increase in cell number, demonstrating cells have  
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proliferated inside the hydrogel in the microgrooves. The majority of cells remained viable 

and biologically active while a few dead cells (stained in red) can be found at day 1 and 

day 5.  

The microconstructs were also stained with phalloidin and DAPI to visualize filamentous 

F-actin of the cytoskeleton and cell nuclei, respectively. Figure S1 displays a low  

Figure 4. Images of micromolds and fabrication of micropatterned hydrogels. (a) 

Overview of a PEG-DMA micromold, with the dimensions of 1.4 cm × 1.5 cm. (b-d) 

Representative phase contrast images of PEG-DMA micromolds fabricated in 

different channel sizes: (b) 50 µm, (c) 100 µm, (d) 150 µm. Yellow arrows show the 

channel width. (scale bars: 200 µm, 10× magnification). (e) Fluorescent microscopic 

image of micropatterned hydrogel without cells. Green and red fluorescent beads 

were embedded in CS-g-PNIPAAm and PEG-DMA gels, respectively before gelation 

(scale bar = 100 µm).  

1.4 

cm 

1.5 

cm 

a b c 

d e 
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Figure 5. Live/dead cell staining of 

cell-laden micropatterned hydrogel 

(50 µm) after (a) 1 day and (b) 5 

days’ incubation. Green colour 

indicates live cells and red spots 

represent dead cells. (scale bars= 

200 µm, 4×)  

 

Figure S1. Representative low 

magnification (4X) F-actin/DAPI 

stained microconstruct (50 µm 

microchannel width) at day 5 of 

incubation. (scale bar = 200 µm) 
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c d 

a b

d 

magnification fluorescence image of cell-laden 3D CS-g-PNIPAAm micropatterned 

hydrogel with multiple alternating parallel microconstructs at a width of 50 μm after 5 day 

incubation. It can be seen that cells were well organized within the microconstructs. At 

some regions close to the top surafce, cells were spread over the lateral ridges. A few cells 

were also left on top of the spacing walls during preparation of microconstructs because it 

was impossible to prevent all the cell-polymer solution from leaking out of the channels. 

While some parts in the microchannels might be peeled off during the staining and 

washing steps, the integral structure could be maintained without washing steps as will be 

seen in a few paragraphs later.  

 

Figure 6. Fluorescence micrographs of cell alignment and elongation in 

microconstructs. Representative (a,c) DAPI and (b,d) F-actin-stained 

microconstruct (50 µm) of a cell-seeded hydrogel at days (a,b) 1 and (c,d) 5 

of culture. (scale bars= 50 µm, 20X)  
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The cellular nucleus images at day 1 and day 5 are presented in Figures 6a & c, 

respectively. It can be seen that the individual cell nuclei were scattered in the hydrogel at 

day 1 in a round shape (Figure 6a). More cell nuclei could be found at day 5 in a stretched 

shape (Figure 6c). This confirmed that cells proliferate inside the hydrogel within the 

grooves. Cells have also been oriented along the horizonal axis of the microchannels. The 

cellular cytoskeleton was also stretched along the main horizontal axis of the microgrooves 

at day 5 (Figure 6d) in comparison to a round shape at day 1 (Figure 6b), which 

demonstrateed that cells have been re-oriented in the hydrogel. Long stressed fibers were 

found to run in parallel according to the orientation of the cells. Cells have been reported to 

induce the generation of stressed fibers when cells are exposed to their surrounding 

materials with a high mechanical property (64). Our results are in agreement with previous 

studies that cells could be aligned and elongated when cultured on the surface of 

microgrooves (65-67) or encapsulated in patterned microconstructs (54, 68). 

Cell alignment was further quantified by the nuclear alignment angle which is defined as 

the orientation of the major axis of the nuclear shape by fitting in the best ellipse with 

respect to the horizontal axis of the microgrooves. Figures 7a-d represent the histogram of 

cell nuclear orientation in 10˚ increments within typical unpatterned and patterned 

microconstructs with a width of 150, 100 and 50 μm at day 5, respectively. The 

corresponding phalloidin and DAPI staining micrographs are also inserted as an internal 

panel in the histograms. The unpatterned histogram (Figure 7a) shows that cell nuclei were 

randomly oriented in various directions. However, cell nuclei were stretched to some 

extent. This again confirmed that cells have been responsive to the supporting 

microenvironment with a high mechanical storage moduli. Histograms of 150, 100, 50 μm 

wide microconstructs (Figure 7b-d) revealed that more cells intend to have small nuclear 

angels with respect to the channel longitude axis by reducing the channel sizes, suggesting 

higher alignment at a smaller channel width. Figure 7e summarizes the percentage of the 

aligned cells in unpatterned and patterned gels with different widths. Cells were considered 

to be aligned when their nuclear angles were less than 20˚ with respect to the microchannel 

longitude axis represented by mean cell nuclear angles (53). Figure 7e  demonstrates that 

cells became more aligned over time in all patterned microconstructs, while there was no  
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Figure 7. Quantification of cell alignment and elongation as a function of 

microconstruct width and incubation time. (a-d) Representative histograms of 

relative alignment in 10° increments on day 5 of culture in unpatterned and 150, 

100 and 50 µm microchannel widths, respectively. Embedded images represent 

high magnification (20X) F-actin/DAPI stained microconstructs (scale bars (a-d) 

= 50 µm). (e) Mean percentage of aligned cell nuclei (within 20° of preferred 

nuclear orientation) in unpatterend and patterned gels at days 1 and 5. (f) Mean 

nuclear shape indices (spect ratio) of unpatterned and patterned microconstructs 

at days 1 and 5.  (n=3, mean±SD, *P˂ 0.05, **P˂ 0.01, ***P˂ 0.001)  
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significant changes in cell alignment in unpatterned constructs. The most significant 

increment over time was found in 100 μm microconstructs (from 25±1% at day 1 to 

74±3% at day 5). At day 1, cells in 50 μm microgrooves were more aligned (45±12%) in 

comparison with two other widths, while no significant difference could be seen between 

unpatterned, 150 and 100 μm micropatterns. At day 5, cells in 50 and 100 μm 

microconstructs (75±6% and 74±3%, respectively) were more aligned than those in 150 

μm (43±3%). A significant increase has been found for the percentage of cell alignment in 

all widths at day 5 in comparison with day 1. The significant increase was also applied to 

patterned structure when compared to the unpatterend constructs at day 5. Interestingly, a 

similar percentage of aligned cells were found for 100 and 50 μm micropatterns at day 5. 

Jadin et. al. quantified the chondrocyte organization by their angles to the nearest 

neighboring cell. They found that neighboring cells were arranged horizontally in the 

superficial zone with an averaged angle of 20° and vertically in the deep zone with an 

angle of 60°. In other regions of the cartilage, the angle was 32°, indicative of an isotropic 

organization (69). Our experiments suggested that cells incubating within 50-100 μm 

microgooves were aligned in the pattern similar to the superficial zone and in gaps at 150 

μm or wider were more likely to form the middle zone. 

Cell elongation was quantitatively studied by estimating the cell nuclear shape index. The 

aspect ratio, the ratio of the major to the minor axis of the best fit ellipse from individual 

cell nucleus, was empolyed as the shape index. Figure 7f  summarizes the results of cell 

shape indices in the unpatterned and patterned microconstructs with a width of 150, 100 

and 50 μm at day 1 and day 5. At day 1, there was no significant difference between the 

shape indices of the nuclei in different groups including unpatterned and patterned 

hydrogels. The aspect ratio was close to 1 for all groups suggesting an almost round shape 

of cell nuclei. The shape index did not change at day 5 in unpatterned gels (1.202±0.07) in 

comparison with day 1 (1.239±0.06). In contrast, within all patterned groups, the nuclear 

aspect ratios at day 5 were greater than those of the same group at day 1 (P˂ 0.01). The 

change became more significant by decreasing the microconstruct width. At day 5, the 

shape indices were significantly different (P˂ 0.05) between the unpatterned and patterned 

groups. The highest aspect ratio of 2.075±0.161 was found for cells in the 50 μm 
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micropatterns. These results suggest that cells became more elongated in the more narrow 

microgroovers and the extent of elongation can be adjusted by controlling the widths of the 

microgrooves. 

   

The cell-laden microconstructs were further incubated in the chondrogenic medium for 21 

days and visualized under a multiphoton microscope. Some cellular components and 

biomaterials are detectable under the multiphoton microscope due to their autofluorescent 

(AF) properties; and these include some cell contents such as NADH coenzymes (70), and 

cell derbis (71) as well as some biomaterials used as scaffolds in tissue engineering (72, 

73) including chitosan (74). Collagen in ECM can also be distinguishable from their SHG 

signals. Collagen is the strong source of second harmonics in animal tissues due to its 

unusual noncentrosymmetric structure and high degree of crystallinity (75). An integrated 

architecture of AF signal (red) (Figure 8a) confirmed that the structure of microconstructs 

was well preserved after 21 day incubation. As the multiphoton microscope can detect 

a b 

Figure 8. Multiphoton microscopy image of micropatterned cell-laden 

hydrogel after 21 days’ incubation. (a) Autofluorescence (AF) of cell-laden 

CS-g-PNIPAAm gel. (b) Overlay of AF (red) and second harmonic 

generation signals (green), indicating collagens in extracellular matrix. 

White arrows indicate combined collagens from different cells. (scale bars 

= 100 µm, 10× magnification). 
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autoflorescence signals, microconstructs did not need any staining and hence, washing 

steps and solution changes were avoided before imaging. As mentioned before, these 

preparation steps might bring partial damage to the microconstructs as shown in previous 

staining assays. SHG signals of collagen (green) are observed in Figure 8b. The detectable 

collagen signals denoted that MSCs have become differentiated or partially differentiated 

cells (74). Collagen was presented as a round shape, surrounding the individual cells. At 

some regions indicated by white arrows collagen was aligned along the horizonal axis. The 

reason for the scattered collagen distribution might be due to the low cell density. As 

described earlier in DNA quantification (Figure 2a), the cell number did not increase up to 

day 14, and the cells started to proliferate after 14 days. It is expected that after culturing in 

the  chondrogenic medium for a longer time, collagen will be integrated and aligned.  

Images of safranin O histologically and collagen II immunohistologically stained 

microconstructs (cultured in the chondrogenic medium for 2 weeks) are presented in 

Figure S2. Although it was difficult to visualize the positive stains due to the high 

thickness of the microconstructs under the phase contrast microscopy, positive stains could 

be seen at the edges and broken regions of the gel (Figure S2a). Collagen type II-positive 

components were not distinguishable by immunostaining within the micropatterns due to 

the dark background of the thick gel (Figure S2b). However, The darker stained spots 

could be cells being stained. 

The chondrocyte spatial arrangement is vital in the functionality of the mature articular 

cartilage. It is an essential requirement for homeostasis (76). In addition, the spatial 

cellular organisation regulates cells through direct cell–cell contact and paracrine or 

autocrine factors. Cellular organization has also a great impact on the local solid and fluid 

environment in which the cells reside, when the cells are exposed to external mechanical or 

chemical stimuli (69). Moreover, the actin cytoskeleton and cell shape play a role in 

determining the zone-specific characteristics (77). To create an artificial microenvironment 

for allowing spatial cellular organisation and maintaining cell shape in each zone is an 

important step for successful cartilage tissue engineering. Among three zones, the 

superficial zone is the most imporant for cartilages. It has been recently shown that 

superficial zone chondrocytes modulate the surface mechanical properties of engineered  
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Figure S2. Histological and 

immunohistochemical staining of the 

cell-seeded patterned (100 µm channel 

width) hydrogels. Samples were 

stained (a) with Safranin O for GAGs, 

and (b) immunohistochemically for 

collagen type II after 21 days 

incubation. White arrows point out the 

positive GAG stained spots. (scale bars 

= 50 μm, 10×) 

 

 

 

 

 

 

 

 

 

cartilage tissue (77). The flattened geometry of chondrocytes encourages the superficial 

zone phenotype (78). The changes in cellular arrangement at the superficial zone of the 

articular cartilage arose at the onset of osteoarthritis (79). Micropatterning was employed 

in this study to form the superficial zone and middle zone with the thermoresponsive 

hydrogels. The cellular alignment and elongation in the narrow microgrooves (50-100 μm) 

after culturing cells in the hydrogels for several days could mimic the superficial zonal 

structure, while cells in a wide microgroove (above 150 μm) or in bulk hydrogel could 
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form an isotropic structure in the middle zone of the cartilage.  While these initial results 

are very promising for regenerating layered cartilage, recreating an integrated macroscale 

tissue by stacking the microconstructs remains to be addressed in our future research. 

 

4.5 Conclusions 

Mesenchymal stem cells incorporated in chitosan-g-PNIPAAm as a thermoresponsive 

hydrogel proliferated fast in the copolymer with a mechanically strong structure. By 

incubating MSCs in the thermoresponsive hydrogel in the chondrogenic medium for over 

28 days, cartilaginous tissue formation was confirmed by biochemical, histochemical and 

immunohistochemical assays.  The cell-laden thermoresponsive hydrogel was further 

micropatterned using PEG-DMA stamps by simply incubation at 37 °C without UV 

radiation and photoinitiators. Cells were aligned and elongated in the narrow microchannel 

gaps, suggesting that  the microfabrication method can be exploited for 3D cell orientation 

and elongation to mimic the cell shape and organization in the superficial zone of native 

cartilages. However, cells in the wide microchannel as unpatterned microstructures served 

to resemble the middle zone of articular cartilage. Our results suggest that micropatterning 

of 3D cell-laden CS-g-PNIPAAm hydrogel is a promising method for bi-zonal cartilage 

tissue engineering.  
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5.1 Abstract 

Poly (N-isopropylacrylamide) (PNIPAAm) has been extensively used as a 

thermoresponsive material in various biomedical applications. In this study, we 

synthesized a series of PNIPAAms with well-defined molecular weights and examined 

polymer molecular weight-dependent cytotoxicity. Results indicated that low molecular 

weight PNIPAAm (degree of polymerization (DP) = 35) is inherently toxic to cells, and 

necrosis is the dominant cell death mechanism. Moderate-sized PNIPAAms with their DP 

between 100 and 200 are non-cytotoxic. For the PNIPAAm with a higher molecular weight 

(DP = 400), cell viability is dependent on the assay method. When cells are seeded on top 

of the polymer-coated surface, PNIPAAm shows non/low cytotoxicity, while when 

monolayer cells are exposed to the polymer solution, cell viability drops drastically, which 

may be due to lack of nutrient and oxygen delivery rather than intrinsic toxicity of the 

polymer as the polymer forms a dense polymeric layer at temperature above its LCST.  
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5.2 Introduction 

Polymers have been widely used for biological applications. Toxicity of polymers must be 

evaluated before their application to human bodies. Some polymers (1, 2) and monomers 

(3, 4) are known to be toxic or medium-toxic, while others are low-toxic or non-toxic. Side 

effects of polymers including their toxicity are often molecular weight-dependent (5, 6). 

Understanding of the potential harmful properties of polymers and the molecular weight 

dependence of these effects is essential to design novel and safe polymeric biomaterials 

(5). Great interest in biomedical applications of thermoresponsive polymers has demanded 

a thorough study of their toxicity. Poly (ethylene oxide)-poly (propylene oxide)-poly 

(ethylene oxide) triblock copolymer (Pluronic or Poloxamer), and poly (ethylene glycol)-

poly (lactic-co-glycolic acid) (PEG-PLGA) block copolymers are typical thermoresponsive 

polymers which have been reported to be toxic at certain concentrations and incubation 

times (6-8). Furthermore, the cytotoxicity of Pluronic copolymer is dependent on the 

molecular weight of its building blocks (7). Poly (N-isopropylacrylamide) (PNIPAAm) is 

another thermoresponsive polymer. Possessing a lower critical solution temperature 

(LCST) close to the human body temperature, PNIPAAm has become a promising 

biomaterial in various medical applications such as tissue engineering, regenerative 

medicine, drug delivery, gene delivery, cell sheet engineering  and enzyme-free cell 

harvesting (9-11). NIPAAm is a cytotoxic monomer (12). However, to the best of our 

knowledge, the influence of polymer molecular weight on the cytotoxicity of PNIPAAm 

has not been studied. Identification of the non-cytotoxic or low cytotoxic molecular weight 

range will help researchers in designing less toxic biomaterials while exploiting the 

maximum benefits of various molecular weights in tailoring physical and mechanical 

properties of final products.  

 

5.3 Materials and methods 

5.3.1 Materials 
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N-isopropylacrylamide (NIPAAm, 97%), copper chloride (CuCl), Tris[2-

(dimethylamino)ethyl]amine (Me6Tren, 97%) and ethyl 2-chloropropionate (ECP) were 

purchased from Sigma-Aldrich and NIPAAm was purified by recrystallization in n-hexane. 

Dulbecco's Modified Eagle's Medium (DMEM), trypsin-EDTA, penicillin-streptomycin 

and fetal bovine serum (FBS) were purchased from Gibco-BRL (Grand Island, USA). 3-

(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and the Live/dead cell 

apoptosis kit with annexin V- Alexa Fluor 488/ propidium iodide (PI) were ordered from 

Molecular Probes (Oregon, USA). All other chemicals were of analytical grades and used 

directly without further purification. Human Embryonic Kidney 293T (HEK 293T) cells 

were kindly supplied by Dr. Michael Brown at Hanson Institute, Adelaide Royal Hospital. 

Mesenchymal Stem Cell line (10T1/2) was obtained from RIKEN cell bank (Japan).  

 

5.3.2 ATRP of PNIPAAm 

In a typical polymerisation of PNIPAAm with a target degree of polymerization of 200 

(DPn=200), NIPAAM (2.0 g, 17.6 mmol), CuCl (8.7 mg, 0.088 mmol) and 2-propanol (2 

mL) were introduced into a dried Schlenk flask and fitted with a septum. Three freeze–

pump–thaw cycles were performed. Me6Tren (24 µl, 0.088 mmol) was added via a 

nitrogen-purged syringe and the solution was stirred for 40 min at room temperature to 

allow formation of the CuCl/Me6TREN complex. 11 µl (0.088 mmol) of ECP was added 

using an air-free syringe to start the polymerization at 25°C. The reaction was exposed to 

air after 8 h. The solution was diluted by adding tetrahydrofuran and passed through an 

alumina column to remove the catalyst. The polymer was precipitated in diethyl ether, 

filtered and dried. 

 

5.3.3 Dynamic light scattering (DLS) 

DLS measurements were conducted using 1.0 mg mL
-1

 of the polymers in MilliQ water. 

The hydrodynamic diameters (dh) were measured by DLS at different measurement 

temperatures using a Malvern Zetasizer (Nano-ZS). The DLS data were collected on an 
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autocorrelator with a detection angle of scattered light at 90°. The CONTIN software 

package was used to analyze the intensity autocorrelation functions. 

 

5.3.4 Cell culture 

Cells were cultured in DMEM supplemented with 10% FBS, 100 U mL
-1

 of penicillin, 100 

mg mL
-1

 of streptomycin and 2 mM L
-1

 L- glutamine. The cells were incubated at 37°C in 

a humidified atmosphere in the presence of 5% CO2. Cells were trypsinized, reseeded in 

96-well plates at a density of 4.0×10
4
 cells/mL and allowed to adhere overnight. Cell 

culture medium was replaced every two days until cells were harvested at the pre-set day. 

Harvested cells were used for the further analysis.  

 

5.3.5 MTT assay 

All cells were seeded at a density of 4.0×104 cells/mL and allowed to adhere overnight. 

The growth medium was replaced with fresh medium (200 μL) containing NIPAAm 

monomer or PNIPAAm polymer (P-35, P-100, P-200 or P-400) at concentrations of 0.5, 

1.0, 2.0, 5.0 and 10.0 mg mL-1. Cells were then incubated for 48 h before measuring the 

cytotoxicity using MTT assay. HEK 293T cells were also treated with P-35, 200 or 400 at 

5.0 mg mL
-1

 over a time range of 6 - 96 h to investigate the effect of incubation time on 

cell viability. 

10 µL of MTT (5 mg mL
-1

 in PBS) were added to each well, including both samples and 

controls, and then incubated for 4 h at 37˚C. All liquid was removed from the wells and 

150 µL dimethyl sulfoxide (DMSO) was added to each well to ensure complete 

solubilization of formazan crystals. After 1 h further incubation, the absorbance was read 

using an ELx808 microplate reader (BioTek, USA) at 595 nm.  

To further investigate cell death in the presence of P-400 samples, P-200 and P-400 

solutions (5.0 mg mL
-1

) were added to the wells and allowed to precipitate by incubation at 

37 °C for 1 h. HEK 293T cells were then seeded on top of the polymers. After 48 h further 

incubation at 37°C, cell viabilities were measured using the MTT assay. 
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5.3.6 Phase contrast and atomic force microscopy of polymer precipitates 

In addition, 5.0 mg mL
-1

 of P-200 and P-400 in PBS solutions were added to the wells, 

made by Press-to-Seal™ silicone isolators on glass slides, and allowed to precipitate by 

incubation at 37 °C overnight. Precipitated polymer layers (without cell) were visualized 

under an inverted phase contrast microscope (Olympus IX50). Subsequently, the liquid 

phase was discarded and precipitates were dried in an oven. The thicknesses of the 

polymer layers were measured under the phase contrast microscope. The surface 

topographies were also analysed using an atomic force microscope (AFM) (NT-MDT 

Ntegra Solaris) in a tapping mode. 3D AFM images were prepared using the NOVA 

software. 

 

5.3.7 Flow cytometry 

HEK 293T cells (1.0 x 10
6 

cells per well) were plated in 6-well plates and incubated at 37 

°C for 24 h. For the detection of a chain length-related induction of apoptosis and necrosis, 

the cells were exposed to NIPAAm monomer, P-35 and P-200 (5.0 mg mL
-1

) for 48 h at 37 

°C. The liquid was removed, and cells were rinsed with PBS. The cells were then detached 

by trypsin, followed by incubation in 100 µL binding buffer containing annexin V-Alexa 

Fluor 488 and PI by following the manufacturer instructions. The Annexin V binds to 

phosphatidyl serine (secreted to the outer surface of cell membrane) as a marker of 

apoptosis. PI stains dead cells through reaction with nucleic acid. Therefore, it can be used 

to distinguish necrotic cells from apoptotic and live cells. The samples were analyzed 

using a FACSCalibur flow cytometer (BD, USA), equipped with an argon-ion laser for 488 

nm excitation. Alexa Fluor and PI fluorescence were measured through 530/30 band-pass 

and 575/24 long pass filters, respectively. Data was analyzed with CellQuest software. 

Lower left and lower right quadrants represent live and apoptotic events. Upper right and 

upper left quadrants indicate necrotic events in one typical experiment.   
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5.4 Results and Discussion 

In this study, we prepared a range of PNIPAAms with different chain lengths using the 

atom transfer radical polymerization (ATRP) (13-15), by which the final polymer 

molecular weight can be precisely adjusted (18, 19).  

The hydrodynamic diameters (dh) of polymer solutions at different measurement 

temperatures were evaluated by dynamic light scattering (DLS) and the onset transition 

temperatures were considered as the LCSTs of the polymers (20). The reaction conditions 

and characteristics of polymers are summarized in Table S1.  

Table S1. Summary of reaction conditions and characteristics of the products 

Sample [M]:[I]:[CuCl]:[L]
a
 Mn

b
 LCST (°C)

c
 

P-35 35:1:1:1 3955 53 

P-100 100:1:1:1 11300 38 

P-200 200:1:1:1 22600 32 

P-400 400:1:1:1 45200 28 

 

a 
M: monomer, I: initiator, L: ligand 

b
 Number average molecular weight 

c 
Measured by dynamic light scattering. 

 

The dh for all samples experienced a sharp transition as the temperature increases, which is 

shown in Figure 1.  PNIPAAm bears both hydrophilic (amide) and hydrophobic 

(isopropyl) groups, and water molecules can form cage-like structures to surround the 

hydrophobic moieties of PNIPAAm at low temperatures. Polymers molecularly dissolved 

in water with a dh of around 10 nm. An increase in temperature causes the destruction of 

the “water cages” and the exposure of hydrophobic groups leads to the formation of 

PNIPAAm aggregates. Aggregation starts to form evidenced with a sharp increase in dh 

when the temperature exceeded a specific phase transition temperature, which is known as 

the LCST (20). The LCST for low molecular weight PNIPAAm (P-35, MW = 3955) was 
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53 °C, while it droped to 28 °C as the polymer molecular weight increased to 45000 (P-

400). This trend is consistent with previous reports (14, 15, 21, 22), but the transition 

temperatures differ from each other because different measuring instruments and 

experiment conditions were used. Xia et al. investigated the LCST of PNIPAAm at various 

molecular weights using  differential scanning calorimetry (DSC) and found that it was 

raised from 30 ºC to 45 ºC when polymer molecular weight was decreased from 32500 to 

3300 (14). In another study, the LCST changed from 36.1 ºC (MW= 16300) to 48.4 ºC 

(MW=3000) for the PNIPAAm with amine end groups (15).   
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Figure 1. Temperature dependence of hydrodynamic diameter for 1.0 mg 

mL
-1

 PNIPAAm in water (Mean ± SD, n=3) 
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The cytotoxicity of polymers and monomers were examined against mesenchymal stem 

cells (MSCs), HEK 293T and HeLa cells. HEK 293 and HeLa cells are routinely used for 

evaluation of material biocompatibility (16, 17). Since in this PhD project, MSCs are used 

, MSCs will also be used for cytotoxicity. 

The cell viabilities from the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assays are shown in Figure 2a by incubating HEK 293T cells with NIPAAm 

monomer and PNIPAAm with different molecular weights over a concentration range up 

to 10.0 mg mL
-1

 for 48 h. Viability values of NIPAAm monomer and polymer with low 

molecular weight (P-35) decreased by increasing concentration. P-35 is low toxic at 

concentrations below 5.0 mg mL
-1 

and the cytotoxicity increased as polymer concentration 

is raised above 5.0 mg mL
-1

. In contrast, for the moderate-length PNIPAAms (P-100 and 

P-200), cell survivals were more than 80% within the whole concentration range. The 

decrement of cell survival was more substantial for P-400 than P-35. Cell viabilities 

decreased dramatically for P-400, when the concentrations exceeded 0.5 mg mL
-1

. The 

experiments were also carried out with MSC and Hela cells (Figure S1). Although the 

MTT values varied with cell types, the general cytotoxic trends were similar for all these 

cell lines.  

To monitor the cell viabilities at different incubation time (6, 24, 48, 72 and 96 h); we used 

HEK 293T cells with different molecular weight polymers at a fixed concentration of 5.0 

mg mL
-1

. As seen from Figure 2b, the viability of HEK cells had no statistically significant 

change over time, when treated with P-200. However, the incubation time had a significant 

effect on cell viabilities for P-35 and P-400. The MTT values for both samples increased 

during the first 24 h, which may be due to the fact that the proliferation rate suppresses the 

cell death rate. The following significant drop between 24 and 96 h implies a drastic cell 

death. The cell death was more severe for P-400 than P-35. 

To further investigate cell death in the presence of P-400 samples, P-200 and P-400 

solutions (5.0 mg mL
-1

) were added to the wells and allowed to precipitate by incubation at 

37 °C for 1 h. HEK 293T cells were then seeded on top of the polymers. After 48 h further 

incubation at 37°C, cell viabilities were measured using the MTT assay. Figure S2 shows 

that when the cells were seeded on top of polymer precipitates, the MTT value of P-400  
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Figure 2. Viability of HEK 293T cells measured by MTT assay: (a) 

after 48h of incubation as a function of polymer/monomer 

concentration. (b) For 5.0 mg mL
-1

 polymers over time. (Mean ± SD, 

n=3), * p ˂  0.05 
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Figure S1. Viability of MSC and Hela cells after 48 h of incubation 

as a function of polymer concentration, measured by the MTT 

assay (Mean ± SE, n=3) 
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P- P- 

was similar to that of P-200 and the negative control. In addition, 5.0 mg mL
-1 

of P-200 

and P-400 solutions were added to the wells, made by Press-to-Seal™ silicone isolators on 

glass slides, and allowed to precipitate by incubation at 37 °C overnight. Precipitated 

polymer layers (without cell) were visualized under an inverted phase contrast microscope. 

Figures 3a & b indicate that P-200 precipitates are formed as microspheres, while P-400 

precipitates appeared to be an integrated, uniform and dense film. When the liquid phases 

were removed and the remaining precipitates were dried, a thin and transparent layer was 

observed for P-200, while P-400 precipitates were formed as a white thick film (Figures 

S3a & b). The thicknesses of the polymer layers were also measured under the phase 

contrast microscope. The thickness of P-200 precipitate was 49 µm (Figure 3c), whereas it 

was 102 µm for P-400 (Figure 3d). The surface topography was also analysed using an 

atomic force microscope (AFM). AFM topologies revealed that the surface of P-200 layer 

was bumpy (Figure S3c), suggesting a porous surface. In contrast, P-400 imparted a flat 

and smooth surface (Figure S3d), implying an impermeable film.  

 

  

 

 

 

 

 

 

 

 

 

 
Figure S2.  Viability of HEK 293T cells seeded on top of 5.0 mg mL

-1
 

polymers after precipitation for 48 h, measured by MTT assay (Mean 

± SE, n=3).  
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Figure 3. Micrographs of 5.0 mg mL
-1

 of P-200 (a,c) and P-400 (b,d) in PBS 

incubated at 37 °C for 24 h. (a,b) Top view of precipitated polymers. (c,d) 

Section view of dried polymers indicating the thickness of precipitated layer.  
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In order to distinguish the toxicity due to apoptosis or necrosis, after HEK 293T cells were 

exposed to P-35, P-200 and NIPAAm monomer, they were stained with annexin V-Alexa 

Fluor 488 and propidium iodide (PI), and analysed using a flow cytometer (23, 24). 

Untreated cells were employed as negative control. Results are summarized in Table 1 and 

the dot plots of flow cytometric analysis are presented in Figure S4. The majority of cells 

Figure S3.  (a, b) Photographs of 5.0 mg mL
-1

 of P-200 (a) and P-400 (b) in PBS 

incubated at 37°C for 24 h, and then liquid phase was removed and dried. (c, d) 3D 

atomic force microscopy (AFM) topologies from the surface of a and b, respectively 

(scale bars are 10 µm).  
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in negative control (up to 83.09%) were healthy and only a few cells (6.66%) displayed 

apoptotic characteristics with positive annexin stains on cell surface, while other 10.25% 

were recognized as necrotics with positive PI stains. Cells revealed more necrotic damage 

when exposed to P-200 (20.91±0.67%), while apoptotic cells remained at the same level as 

the control. After exposure to P-35, the necrotic cell percentage nearly doubled 

(40.29±1.65%) compared with P-200. However, no significant change was observed in 

apoptosis induction. A similar trend was found for the cells treated with NIPAAm 

monomer: 65.08±0.87% for necrosis and 7.42±2.06% for apoptosis. Results of the flow 

cytometric analysis agreed with the MTT measurements. These results further indicated 

that the major cell death mechanism was necrosis when cells exposed to NIPAAm or 

PNIPAAm. These chemicals directly destroy cells rather than changing cell programming 

for self-suicide.  

 

 

 

Table 1. Induction of apoptosis and necrosis in HEK 293T cells.  

Sample Negative Control P-200 P-35 NIPAAm 

Apoptotic (%)
a
 6.66±0.84 6.74±0.56 5.24±1.36 7.42±2.06 

Necrotic (%)
a
 10.25±0.79 20.91±0.67 40.29±1.65 65.08±0.87 

     

 

a 
Values (means ± SE) from 3 independent experiments are presented. 
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a b 

c d 

6.77 % 3.22 % 

83.15 % 6.86 % 

17.84 % 3.94 % 

71.79 % 6.43 % 

35.15 % 2.37 % 58.86 % 6.12 % 

58.80 % 3.73 % 

23.15 % 11.52 % 

 

Figure S4.  The influence of PNIPAAm chain length on the stimulation of apoptosis and 

necrosis in HEK 293T cells, measured using a flow cytometer. Cells were incubated 

with annexin V- Alexa Fluor 488 (apoptotic cells) and PI (necrotic cells) for 48 h. (a) 

Negative control without any polymer or monomer, (b) P-200, (c) P-35, (d) NIPAAm 

monomer.  Lower left and lower right quadrants represent live and apoptotic events. 

Upper right and upper left quadrants indicate necrotic events in one typical 

experiment.   
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Figure 4 shows the phase contrast micrographs of MSCs after exposure to either P-200 or 

P-35. The majority of cells showd normal spread morphology when exposed to P-200 

(Figure 4a), which were similar to the morphology of cells in negative control (Figure S5). 

However, the cells exhibited a spherical morphology when they were exposed to the media 

containing P-35 (Figure 4b). Most of cells were detached or loosened indicating cell death 

(12, 25). These results were consistent with the MTT assay and the flow cytometric 

measurements and further confirmed that cytotoxicity of PNIPAAm is dependent on 

polymer molecular weight.  

 

 

 

A suggested mechanism of monomer cytotoxicity is the alteration of the lipid layers of cell 

membranes, which affects the permeability of the membrane (26). Likewise, the low 

molecular weight PNIPAAm (P-35) was fully soluble and small enough to conveniently 

penetrate the cell membrane and hinder cell normal activities (Scheme S1a). For medium-

sized PNIPAAms (P-100 and P-200), the culture temperature was higher than their LCSTs. 

The formed large aggregates impeded polymer transportation through cell membrane and 

thus reduced the cytotoxicity (Scheme S1b). High molecular weight PNIPAAm (P-400)  

Figure 4. Morphologies of MSCs incubated for 48 h at 37 °C with 5.0 

mg mL
-1

 of (a) P-200 or (b) P-35. Scale bars are 50µm. (150×) 

b a 
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was not toxic when cells were seeded on top of the polymer coated surface. This is in 

agreement with previous comparable reports that PNIPAAm coated surfaces were used for 

cell sheeting (27). However, dramatic cell death for P-400 was found, when monolayer 

cells on the surface were exposed to the polymer solution. The cell death may be due to 

lack of nutrients and oxygen delivery from solution to the cells because entanglements of 

P-400 chains at culture temperature above LCST resulted in a dense and impermeable 

layer with blocked pores (Scheme S1c).  

In this study, the influence of molecular weight on the cytotoxicity of PNIPAAm was 

investigated. Our results indicate that low molecular weight PNIPAAm is inherently 

cytotoxic and the main cell death pathway is necrosis. Moderate-sized PNIPAAms with 

their degrees of polymerization between 100 and 200 are non-cytotoxic or low cytotoxic. 

Due to chain entanglement of high molecular weight P-400, the cytotoxicity is dependent 

on the assay method. Our findings can provide great insights for future thermoresponsive 

polymer designs.  

Figure S5. Morphology of MSCs incubated for 48 h 

at 37 °C without polymer as control. Scale bar is 

50µm. (150×) 
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Scheme S1. The effect of PNIPAAm chain length on cell viability. (a) 

Short PNIPAAm chain (P-35) is toxic to cells. (b) Medium-sized 

PNIPAAm chains (P-100 and P-200) are non-toxic to cells. (c) Long 

PNIPAAm chain (P-400) precipitates at 37 ˚C and cover cell surface. 
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6.1 Abstract 

Providing a well-defined three-dimensional (3D) microenvironment for chondrogenic 

differentiation of mesenchymal stem cells (MSCs) remains a great challenge for cartilage 

tissue engineering. In this work, well-defined poly (N-isopropylacrylamide) (PNIPAAm) 

polymers with degrees of polymerization 100 and 400 (NI100 and NI400) were prepared 

and the polymer solutions were introduced into chitosan porous scaffolds (CS) to form 

hybrids (CSNI100 and CSNI400, respectively). MSCs were incorporated within the hybrid 

and cell proliferation and chondrogenic differentiation were monitored. A delay time of 6 

min for CSNI100 and 9 min for CSNI400 hybrids is required before incubation, in order to 

obtain an even distribution of cell and PNIPAAm solution inside the scaffold as well as to 

keep the least loss of PNIPAAm solution. The lower critical solution temperature (LCST) 

for both PNIPAAms alters due to hybridization with chitosan. The LCST of NI100 and 

NI400 drops from 37.46 °C (without chitosan) to 33.89 °C (with chitosan) and from 32.79 

°C to 31.29 °C, respectively. CSNI400 have a pore volume 1.5 folds greater than 

CSNI100. The hybrid scaffolds show a higher swelling ratio than chitosan-alone scaffolds, 

and the swelling ratio of CSNI400 is also higher than that of CSNI100. SEM images 

indicate that the PNIPAAm gel partially occupies chitosan pores while the interconnected 

porous structure of chitosan is preserved. After seven-day incubation of the cell-laden 

constructs in a growth medium, viable cells in CSNI100 and CSNI400 are 54% and 108% 

higher than those in CS, respectively. Glycosaminoglycan and total collagen contents are 

increased 2.6 and 2.5 folds after 28-day culture in the chondrogenic medium. These results 

suggest that the hybrid scaffolds composed of chitosan solid scaffold and the well-defined 

PNIPAAm, in particular CSNI400, is suitable for 3D stem cell culture and cartilage tissue 

engineering.            
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6.2 Introduction 

Cartilage failures due to diseases such as arthritis or daily accidents are one of the most 

reasons for disabilities around the world (1). Articular cartilage has a very limited capacity 

for self-healing (2). Tissue engineering is one of the most promising therapeutic strategies 

by regenerating a functional articular cartilage through seeding the appropriate cells in a 

three-dimensional matrix under the optimum microenvironment. However, obstacles for 

clinical treatment of cartilage failure remain to be overcome, including design and 

preparation of appropriate matrices as three-dimensional (3D) microenvironment for cells. 

Chitosan and poly (N-isopropylacrylamide) (PNIPAAm) have been used (either separately 

or together) in various forms to mimic the cellular microenvironment in cartilage tissue 

engineering (3-6). 

Chitosan-based matrices are an attractive group of biomaterials as scaffolds in cartilage 

tissue engineering. Chitosan can promote cartilage regeneration due to its similarity with 

glycosaminoglycans (GAGs) and hyaluronic acid which are major components of the 

extracellular matrix (ECM) of the native articular cartilages. These biomolecules play a 

great role in inducing chondrogenesis and modulating the cell morphology, differentiation 

and function (4, 7, 8). PNIPAAm-based thermoresponsive hydrogels have been widely 

used in biomedical applications (9). PNIPAAm undergoes a thermal phase transition in an 

aqueous solution at a temperature termed as lower critical solution temperature (LCST). 

The LCST of PNIPAAm is close to the human physiological temperature at which cells 

reside in comfort. This fact has made PNIPAAm as one of the most studied 

thermoresponsive polymers.  

As a thermoresponsive moiety, poly (N-isopropylacrylamide) (PNIPAAm) can be 

introduced to the chitosan through a variety of approaches. PNIPAAm-based 

thermoresponsive chitosan has been prepared in various methods, including 

interpenetrating polymer networks (IPN) (10, 11), semi-IPN (11, 12), surface grafted 

membranes (13), chemically cross-linked hydrogels in forms of discs (14-16), films (16, 

17) , nanoparticles (18-22) and solutions (5, 6, 23-26).To the best of our knowledge, the 
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hybrid matrix composed of chitosan and PNIPAAm ( without any chemical bond between 

chitosan and PNIPAAm or cross-linking between chitosan and/or PNIPAAm molecules), 

and its performance as cell microenvironment have not been reported yet.  

Physical, mechanical and chemical properties of PNIPAAm polymers are molecular 

weight-dependent (27-29). Our previous study has demonstrated that its cytotoxicity also 

depends on the PNIPAAm molecular chain length (Chapter 5). However, the effect of 

polymer molecular weight on cellular activity in a 3D microenvironment remains to be 

investigated. In this study, well-defined PNIPAAms were prepared through atom transfer 

radical polymerization (ATRP) and the polymer solution was introduced into chitosan 

porous scaffolds to form hybrids upon incubating at 37 °C. These hybrids may benefit 

from both improved cellular compatibility of controlled PNIPAAm as well as good 

properties of chitosan in chondrogenesis of MSCs. PNIPAAm and PNIPAAm/chitosan 

hybrids were characterized and mesenchymal stem cell (MSC) proliferation within hybrid 

matrices was evaluated. The hybrid structure was further used as a novel scaffold for 

chondrogenic differentiation of MSCs.   

6.3 Materials and methods 

6.3.1 Materials 

All chemicals were of analytical grades and used directly without further purification, 

unless otherwise mentioned. 

 

6.3.2 Preparation of scaffolds 

2.0 wt% chitosan (MW of 200-300 kDa, Acros Organic, NJ) solutions in 0.2 M acetic acid 

were prepared. 380 µL of chitosan solution was added to each well of 24-well plates and 

were frozen at -80 °C overnight. The frozen samples were lyophilized in an ALPHA 1-

2LD plus freeze-dryer (CHRIST, Germany) for 48 h. Porous chitosan scaffolds (CS) were 

washed with 0.05 M NaOH for 10 min and rinsed twice in water and twice in PBS (Gibco-

BRL, Grand Island). 
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Well-defined PNIPAAms were prepared through ATRP. To prepare PNIPAAm with a 

degree of polymerization (DP) of 100, the monomer n-isopropylacrylamide (NIPAAm, 

97%, Sigma-Aldrich) was purified by recrystallization in n-hexane. 1.0 g (8.8 mmol) 

NIPAAm, 8.7 mg (0.088 mmol) copper chloride (CuCl, Sigma-Aldrich) were dissolved in 

2.0 mL 2-propanol, transferred to a dried Schlenk flask and fitted with a septum. Three 

freeze–pump–thaw cycles were conducted before addition of 24.0 µl (0.088 mmol) of 

Tris[2-(dimethylamino)ethyl]amine (Me6Tren, 97%, Sigma-Aldrich) using a nitrogen-

purged syringe. The solution was stirred for 40 min at room temperature to allow 

formation of the CuCl/Me6TREN complex. 11.0 µl (0.088 mmol) of ethyl 2-

chloropropionate (ECP, Sigma-Aldrich) was added to start polymerization using an air-free 

syringe. After 8 h reaction at 25 °C, the solution was exposed to air, diluted by adding 

tetrahydrofuran and passed through an alumina column to separate the catalyst. The 

polymer was precipitated in diethyl ether, filtered and dried in an oven.  

PNIPAAm with DPs of 100 and 400 (NI100 and NI400) solutions of 80 mg/mL (in PBS) 

were prepared. 50 µL of the PNIPAAm solution was pipetted to the top of chitosan 

scaffolds in 24-well plates. The plates were transferred to an oven at 40 °C to form 

CS/NI100 (CSNI100) and CS/NI400 (CSNI400) hybrids. 

 

6.3.3 Dynamic light scattering  

Dynamic light scattering (DLS) measurements were carried out using 1.0 mg/mL of the 

PNIPAAms in MilliQ water. The hydrodynamic diameters (dh) were recorded at different 

measurement temperatures using a Malvern Zetasizer (Nano-ZS). The DLS data were 

collected on an autocorrelator with a detection angle of scattered light at 90°. The 

CONTIN software package was used to analyze the intensity autocorrelation functions. 

 

6.3.4 Thermal analysis 

50 µL of NI100 or NI400 aqueous solution (80 mg/mL) was pipetted on top of chitosan 

scaffolds and were left at room temperature at intervals of 3, 6, 9, 12, 15 and 18 min before 
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transferred to a 40 °C oven to solidify the PNIPAAm. Thermal gravimetric analysis (TGA) 

was carried out using LABSYS TG-DTA/DSC (SETARAM Instrumentation, France). 

Dried samples were preheated at 100 °C for 5 min to remove moisture and thermal 

decomposition profiles were recorded at a heating rate of 10 °C/min between 100 °C and 

700 °C under nitrogen gas.   

Differential scanning calorimetry (DSC) was performed using a LABSYS TG-DTA/DSC 

(SETARAM Instrumentation, France). NI100 and NI400 aqueous solutions as well as 

CSNI100 and CSNI400 hydrogels were prepared using PBS as a solvent. Samples were 

heated up from 25 to 60 °C at a rate of 0.5 °C/min under nitogen gas. 

 

6.3.5 Gas absorption 

Nitrogen gas adsorption experiments were carried out at 77 K using a Belsorp-Max gas 

adsorption apparatus (Bel, Japan). Samples were degassed prior to the adsorption 

experiments at ambient temperature and a background pressure of 10-5 kPa for 6 h. Ultra 

high purity (>99.999%) helium and nitrogen (Coregas, Australia) were used for dead-space 

measurements and nitrogen adsorption experiments, respectively. Pore size distributions 

(PSD) were calculated based on the BJH method (30), and BET surface areas were 

calculated using BET method (31). 

 

6.3.6 Swelling ratio 

Dried samples of the chitosan/PNIPAAm hybrid were prepared at the optimum incubation 

time based on TGA results. Chitosan scaffolds were prepared through the same procedure 

without addition of PNIPAAm. Swelling ratio was determined according to the previous 

reports (13, 32). Samples were weighed and then immersed into the PBS solution at 

various temperatures ranging from 45 °C to 4 °C for 8 h. Swollen samples were taken out 

from the buffer solution, wiped gently with a filter paper to remove free water from surface 

and weighed. The swelling ratio (SR) was defined as SR= (Ws-Wd) /Wd , where Ws and Wd 

were the weights of the swollen and the dry samples, respectively. 
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6.3.7 Preparation of cell-laden scaffolds 

Mesenchymal stem cell line (10T1/2, RIKEN cell bank, Japan) was cultured in Dulbecco's 

Modified Eagle's Medium (DMEM, Gibco-BRL, Grand Island) supplemented with 10% 

fetal bovine serum (FBS, Gibco-BRL, Grand Island), 100 U/mL of penicillin (Gibco-BRL, 

Grand Island), 100 mg/mL of streptomycin (Gibco-BRL, Grand Island) and 2 mM/L L- 

glutamine (Gibco-BRL, Grand Island). The cells were incubated at 37°C in a humidified 

atmosphere in the presence of 5% CO2. Cells were trypsinized from flasks and 

resuspended in a fresh culture medium at a density of 4.0×10
7
 cells/mL. 

NI100 and NI400 solutions of 160 mg/mL (in PBS) were prepared (pH of 7.4) and 

sterilized by autoclave. Cell suspension and polymer solution were mixed to prepare a 

mixture of cell and polymer at a cell concentration of 2.0 × 10
7
 cells/mL and a final 

polymer concentration of 80 mg/mL. Chitosan scaffolds (neutralized and washed) were 

sterilized using 75% ethanol, under UV light for 3 h. The solvent was exchanged (6×) with 

the sterile PBS. 50 µL of the cell/polymer mixture was pipetted to the top of chitosan 

scaffolds in 24-well plates. The same cell concentrations were prepared by mixing cells 

and PBS without PNIPAAm as CS samples. Well plates were transferred to incubator at 

predetermined times, based on TGA results and incubated for 1 h at 37˚C to form hybrid 

hydrogels. 2.0 mL of fresh growth medium was topped up to each well and kept in a 

humidified incubator at 37˚C and 5% CO2. Medium was replaced with fresh medium every 

day. 

 

6.3.8 Scanning electron microscopy 

Chitosan or chitosan/PNIPAAm hybrid samples were freeze-dried before gold coating. 

Cell-laden constructs (after 3 days incubation with growth medium) were first fixed in the 

EM fixative (4% paraformaldehyde / 1.25% glutaraldehyde (ProSciTech, Australia) in 

PBS + 4% sucrose (Chem Supply, Australia), pH of 7.2), washed in a washing buffer (PBS 

+ 4% sucrose), and post-fixed in 2% OsO4 (ProSciTech, Australia) in water. Fixed 
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samples were dehydrated in serial ethanol followed by immersion in hexamethyldisilazane 

(HDMS, ProSciTech, Australia)/ethanol (1:1) and 100% HDMS. Samples were air-dried 

and gold coated. The morphologies of samples were observed by a Philips XL 30 FEG 

scanning electron microscope (SEM) (FEI, USA). 

 

6.3.9 Mitochondrial activity measurement 

Growth medium of cell-laden constructs was replaced with fresh medium at predefined 

times and 100 µL (5 mg/mL in PBS) of 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Molecular Probes, OR) were added to each well and 

incubated for 4 h at 37˚C. All liquid was removed from the wells and 2.0 mL dimethyl 

sulfoxide (DMSO) was added to each well to ensure complete solubilization of formazan 

crystals. After 1 h further incubation, constructs were transferred to centrifuge tubes and 

briefly vortexed to homogenize before centrifugation. The absorbance of supernatant was 

read using an ELx808 microplate reader (BioTek, USA) at 570 nm.  

 

6.3.10 Confocal laser scanning microscopy 

Live/Dead
®
 viability/cytotoxicity kit (Molecular Probes, OR) was used to stain live and 

dead cells. 1.0 μM of acetomethoxy derivate of calcein (calcein AM) and 2.5 μM of 

ethidium homodimer-1 (EthD-1) working solutions were prepared freshly according to the 

manufacturer’s protocol. At day 1 and 7, the growth medium was removed and constructs 

were washed with 1.0 mL of preheated PBS. The liquid was replaced with 2.0 mL of dye 

working solution and further incubated at 37˚C for 45 min. Samples were washed with 

PBS to remove unreacted dyes. For cell detachment evaluation, cells were detached by 

lowering the temperature to room temperature during staining and cell suspension was 

collected after washing the construct. The suspension was centrifuged to pellet the cells. 

Cell pellet was rinsed carefully with PBS and resuspended in fresh PBS. Samples were 

transferred carefully to a chamber made from coverslips and Press-to-Seal™ silicone 

isolators (Molecular Probes, OR) and observed under a Leica SP5 spectral scanning 
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confocal microscope (Leica Microsystems, Germany) equipped with a temperature 

controlled stage to keep the thermoresponsive hydrogels at 37˚C. Excitation wavelengths 

were set to 494 and 528 nm and emission wavelengths were at 517 and 617 nm for live 

(green) and dead (red) cells, respectively.    

6.3.11 Chondrogenic induction 

Cell-laden CSNI400 constructs were prepared as pre-described at a cell density of 1.25 × 

10 
6
 cells/well. 2.0 mL of chondrogenic medium containing high glucose-DMEM, 1% 

 insulin, transferrin, selenous acid (ITS)+Permix (BD Bioscience, MA), 10
-7

 M 

dexamethasone (Sigma-Aldrich), 10.0 ng/mL transforming growth factor-beta 1(TGF-β1) 

(Peprotech, NJ), 50.0 µg/mL ascorbate-2-phosphate (Sigma-Aldrich), 100.0 U/mL of 

penicillin, 100.0 mg/mL of streptomycin and 2.0 mM/L L-glutamine was added to each 

well and kept in an incubator at 37 °C and 5% CO2 for continuous 28 days. The medium 

was being changed every day. Eight wells at sampling days were taken out for biochemical 

analysis.  

 

6.3.12 Biochemical assays 

DNA, glycosaminoglycan (GAG) and total collegen content were quantified by Hoechst 

33258, DMMB and hydroxyproline assays as described previously (33, 34). At each time 

point constructs were collected, rinsed with prewarmed PBS, freeze-dried for 48 h and 

incubated in papain (Sigma-Aldrich) solution at 60 °C for 16 h to digest. The supernatant 

of the papain-digested hydrogels was used for biochemical assays.   

DNA content was measured by the Hoechst 33258 assay. 30.0 µL of the supernatant of the 

papain-digested constructs was added to 3.0 mL of Hoechst 33258 dye (Sigma-Aldrich) 

solution in TNE buffer (10 mM Tris–HCl/100 mM NaCl/1 mM EDTA) and the intensity 

was read using a RF-5301PC  fluorospectrometer (Shimadzu, Japan) at 360 nm excitation 

and 460 nm emission. The corresponding DNA amount was calculated based on a ds-calf 

Thymus DNA type I (Sigma-Aldrich) standard curve.  
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For GAG analysis, the supernatant was reacted with 1,9-dimethylmethylene blue (DMMB, 

Sigma-Aldrich) in PBE buffer solution (100 mM sodium phosphate buffer/10 mM 

Na2EDTA) and absorbance was read at 525 nm by the spectrophotometer. Chondroitin 

sulphate (Sigma-Aldrich) was served to generate an standard curve. 

Total collagen was evaluated by the hydroxyproline assay. Papain-digested supernatant 

was hydrolyzed in 6 N HCl for 18 h at 110 °C, then neutralized and combined with 

chloramine-T (Sigma-Aldrich) soultion followed by incubation at room temperature for 20 

min. The solution was mixed with Ehrlich’s reagent, vortexed and further incubated for 30 

min at 60 °C. Finally, the absorbance was read at 550 nm using the spectrophotometer and 

collagen content was computed according to the trans-4-hydroxy-L-proline (Sigma-

Aldrich) standard curve. All values of biochemical assays were normalized to the dry 

weight of the constructs. 

 

6.3.13 Statistical analysis 

All measurements were performed in triplicates for every measure points unless otherwise 

stated. Data obtained from our experiments are presented as mean ± SD (standard 

deviation). Statistical significance was determined by application of student’s t-test. The 

differences were considered to be significant when P < 0.05.  

 

6.4 Results and discussion 

6.4.1 Scaffold preparation and characterization 

The ATRP of NIPAAm using ECP as an initiator and CuCl/Me6TREN as the catalyst was 

previously demonstrated to be an effective method to achieve PNIPAAms with well-

defined and narrow-dispersed molecular weights (35). Therefore, we employed this 

technique to prepare PNIPAAms with DPs of 100 (molecular weight (MW) =11300) and 

400 (MW=45200) by adjusting the concentration ratio of the monomer to the initiator 

(Table 1). NI100 and NI200 have very similar properties as evidenced in Chapter 5. P-100  
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Table 1. Summary of reaction conditions and characteristics of the PNIPAAms 

Sample [M]:[I]:[CuCl]:[L]
a
 Mn

b
 dh

 
(nm)

c
 

NI100 100:1:1:1 11300 6.65±0.14 

    

NI400 400:1:1:1 45200 12.47±0.65 

    

                a 
M: monomer, I: initiator, L: ligand 

               b
 Number average molecular weight 

          
c
 Hydrodynamic diameter, measured by DLS, (Mean ± SD, n=3) 

 

 

may form smaller particles under the precipitation conditions in comparison to P-200. But 

in this chapter, we would like to investigate the effect of different degree of polymerization 

of hydrogels on cell growth in 3D; and either P-100 or P-200 could be chosen for this 

purpose.  The hydrodynamic diameter (dh) of NI400 molecules (12.47 nm) was almost 

twice the dh of NI100 (6.65 nm) as measured by DLS. It was expected because the DP of 

NI400 was higher than that of NI100. 

Ice removal by lyophilization of frozen chitosan solution generates a porous structure (4). 

Solution concentration and freezing temperature affect the final average pore size as 

reported previously (36). Thus, we selected preparation conditions in order to obtain pore 

sizes of around 100 µm. This is large enough for MSCs with an average cell size of 10-15 

µm (37).  

The chitosan/PNIPAAm hybrid constructs were prepared by addition of PNIPAAm 

solutions on top of chitosan scaffolds. The PNIPAAm solution penetrated through the 

pores of chitosan and the hybrid structure formd by raising the environmental temperature 

to above LCST of PNIPAAm. The preparation process is illustrated in Scheme 1.   
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After addition of the PNIPAAm solution on top of chitosan scaffold, it penetrates into the 

porous structure of chitosan, passes through the pores and eventually exits from the bottom 

of the construct. It is important to incubate the hybrid structure at a predetermined 

temperature above the LCST just in time when the PNIPAAm spreads over the whole 

depth but still retains inside the construct. To find such an optimum time, CSNI100 and 

CSNI400 were transferred to an oven at various intervals after addition of PNIPAAm 

solution and the samples were analyzed by TGA. Figures 1a and 1b show the thermal 

degradation curves of CSNI100 and CSNI400, respectively. As expected, both samples 

exhibited the degradation in two stages, which are due to thermal decompositions of 

chitosan and PNIPAAm, respectively (38). The degradation temperature was almost 

constant for both samples at different intervals. However, the percentage of weight loss  

Scheme 1. Preparation of cell-laden chitosan/PNIPAAm hybrids. 
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Figure 1. Thermogravimetric analysis of (a) CSNI100 

and (b) CSNI400 samples prepared by transferring the 

PNIPAAm-loaded scaffolds to a temperature above its 

LCST (40 °C) at various intervals after addition of 

PNIPAAm solution on top of chitosan scaffolds. (c) 

The ratio of weight percent changes of PNIPAAm to 

chitosan versus time, calculated from (a) and (b). 
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after the onset temperature of PNIPAAm was different in each curve. This is attributed to 

the different amount of PNIPAAm retained in each sample and can be used to quantify the 

composition of the chitosan/PNIPAAM hybrid (39). The ratio of weight loss for 

PNIPAAm to chitosan for each sample was calculated and plotted versus time in Figure 1c. 

It revealed that in CSNI100 and CSNI400, the amount of PNIPAAm started to decrease 

with an onset at 6 and 9 min after addition of PNIPAAm solution, respectively. The time 

from the TGA analysis was suggested to be the optimum time to raise the environmental 

temperature above the LCST for PNIPAAm-loaded constructs, in order to achieve the best 

distribution of PNIPAAm over the chitosan scaffold along with the minimum polymer 

(also cell, in case of cell-laden polymer solution) loss.  
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Figure 2. DSC thermograms of PNIPAAm and chitosan/PNIPAAM hybrids. 
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Differential scanning calorimetric analysis was conducted to investigate the LCST of 

PNIPAAm and the hybrids. LCST is determined as the onset temperature of the 

endothermic peak (40, 41). The thermograms are shown in Figure 2. LCSTs of NI100 and 

NI400 were 37.46 °C and 32.79 °C, respectively, while they reduced to 33.89 °C in 

CSNI100 and 31.29 °C in CSNI400. The increase in LCST of PNIPAAM polymers by 

decreasing the molecular weight is in agreement with the previous report (42). However, 

the absolute values might be different in various analysis methods and conditions. 

Hybridization of PNIPAAm with chitosan alters the LCST due to the change in 

hydrophilic/hydrophobic interactions by introducing chitosan moiety (43). DSC results 

revealed that the thermal phase transition behavior of PNIPAAm is retained after 

hybridization with chitosan, and the transition temperature was within the acceptable range 

for cell culture and tissue engineering applications.       

Nitrogen gas adsorption was conducted to investigate the textural porosity of macropore 

walls. Nitrogen adsorption isotherms (Figure 3a) and calculated pore size distributions 

(PSD) (Figure 3b) on CS, CSNI100, and CSNI400 are presented in Figure 3. The isotherm 

plots the amount of gas adsorbed versus the relative pressure P/P0, where P0 is the 

saturation pressure of pure nitrogen. Nitrogen adsorption isotherms for all the three 

samples showed a type II isotherm based on the IUPAC classification (44), indicating 

presence of mesopores (pores larger than 2 nm) with negligible contribution of micropores 

(pores smaller than 2nm). The isotherms also showed H3 type hysteresis loop at high 

pressures, suggesting slit-shaped pores (45). Negligible adsorption on PNIPAAm dried 

samples (NI400 in Figure 3a) demonstrated that the mesoporosity origins from CS, and 

PNIPAAm had no contribution in textural porosity. Comparison between isotherms in 

Figure 3a revealed that amount of gas adsorption decreased for both CSNI100 and 

CSNI400 as a result of textural pores filling by PNIPAAm.  Textural properties for all the 

samples are reported in the embedded table in Figure 3a. The data denoted a significant 

reduction in pore volume for CSNI100 and a moderate reduction in pore volume for 

CSNI400. However, the calculated surface areas for CSNI100 and CSNI400 were almost 

the same. Calculated PSDs for the three samples in Figure 3b showed presence of pores 

ranging in size from 3 nm to beyond 80 nm. The PSD for CSNI100 was similar in shape to  
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Figure 3. (a) Nitrogen adsorption isotherms and (b) calculated pore size distributions 

(PSD) based on the BJH method for CS, CSNI100, CSNI400, and NI400 samples. 

Embedded table: textural properties of CS, CSNI100, and CSNI400 derived from 

nitrogen adsorption isotherms. * Calculated by BET method; ** Calculated based on 

nitrogen amount adsorbed at near saturation pressure converted to liquid volume. 
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that for CS but with a smaller intensity, suggesting a uniform and non-selective pore-filling 

mechanism. On the other hand, the PSD for CSNI400 followed a selective pattern. Pores 

with sizes smaller than 30 nm in CSNI400 were more favorable sites for adsorption. The 

textural porosities play a significant role in micro and macroscale behaviors of scaffold 

(46, 47) and the properties can be tuned for cell proliferation and differentiation. Such 

nano-sized pores filled with thermoresponsive polymers have also been employed for 

encapsulation of bioactive molecules and sustained release of these biomolecules 

facilitates generation of engineering tissues (48). 
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Figure 4. Swelling ratio of CS, CSNI100 and CSNI400 in PBS in the 

temperature range from 4-45 C (Mean ± SD, n=3).  
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The swelling behavior of CS, CSNI100 and CSNI400 samples is shown in Figure 4. The 

hybrid constructs had a higher swelling ratio (SR) than chitosan alone, indicating a higher 

equilibrium water content. It is attributed to the presence of hydrophilic PNIPAAm chains 

in solution. Similar behavior has been reported for copolymers of chitosan and PNIPAAm 

(16). Furthermore, CSNI400 possessed 1.33 folds water content higher than CSNI100. It 

may occur due to a higher pore volume of CSNI400. The pore volume of CSNI400 was 

1.50 folds larger than that of CSNI100 as calculated from gas adsorption, which allowed 

more water content in the swollen hybrid structure. The ratio of pore volume of CSNI400 

to CSNI100 was interestingly in good agreement with the order of magnitude of the 

swelling ratio between two hybrid matrices. The graph also indicated that SR remained 

constant when temperature changed, even above LCST. SR often decreases for PNIPAAm-

based thermoresponsive hydrogels beyond their LCST (38). PNIPAAm becomes 

hydrophobic above LCST and hence, expels water from the gel. However, little water was 

expelled from the chitosan/PNIPAAm hybrids because there were no chemical bonds 

between PNIPAAm and chitosan or cross-linking between PNIPAAm molecules. 

Therefore, above LCST, PNIPAAm molecules underwent a coil-to-globule transition and 

discharge water. Nevertheless, chitosan did not collapse and retained its swollen structure. 

As a result, the expelled water from PNIPAAm remained in the chitosan network.     

The morphology and porous structure of the constructs were studied using SEM. The 

scaffold from chitosan alone in Figure 5a had a porous internal structure which was 

interconnected with random pore sizes and shapes. The majority of pores were between 10 

and 100 µm. The pore walls were thin with a thickness of around 1 µm. Pore wall surfaces 

possessed a soft texture in microscale, with no visible pore or wrinkle. Pores were partially 

filled with PNIPAAm polymer after addition of CSNI100 (Figure 5b) and CSNI400 

(Figure 5c). However, the hybrids preserved their porous structure. CSNI100 macropores 

seem to be slightly more occupied probably due to shorter chain lengths of NI100. Partial 

occupation of pores may not hindered cell activities, because of its soft and flexible 

structure. Cell-laden CSNI100 and CSNI400 micrographs are shown in Figures 5d-f. Cells 

were located within the porous structure and kept their spherical shape which is acceptable  
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Figure 5. SEM micrograph of (a) CS , (b) CSNI100, (c) CSNI400; (500×), (d) 

cell-laden CSNI100, (e) cell-laden CSNI400; (10000×), and (f) cell-laden 

CSNI400 (5000×). Cell-laden constructs were incubated for 3 days. Yellow 

arrows and dashed circle point cells. 

a d 

c f 
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as they were cultured within a 3D microenvironment rather than a 2D monolayer. The 

texture of pore walls was altered with an uneven and wrinkled surface. It can be due to the 

ECM components excreted by cells. Sample preparation for the cell-encapsulating scaffold 

as well as various ions and ingredients in cell culture medium may also affect the 

topography of scaffolds. Macropores are a determinant parameter of cell matrices. It 

should provide adequate space for efficient cell seeding, cellular interactions, migration, 

proliferation, and ECM deposition (49). They also contribute to the scaffold mechanical 

property which is an important microenvironmental variable (50).  

 

6.4.2 Cell proliferation            

The MTT assay was conducted to investigate cell viability and proliferation when MSCs 

were cultured in chitosan scaffold and chitosan/PNIPAAm hybrids. The yellow-colored 

water-soluble tetrazolium salt, MTT, converts to water insoluble, purple-coloured 

formazan crystals as a consequence of its metabolization by mitochondrial dehydrogenase 

of live cells. Damaged or dead cells do not have any mitochondrial dehydrogenase activity. 

Therefore, the optical density of the soluble crystal represents the amount of viable cells. 

The cell viabilities were at the same level for CS, CSNI100 and CSNI400 at day 1 as 

shown in the blue bar in Figure 6a. The viabilities decreased for all three groups at day 7 in 

comparison with day 1. However, cell number in CSNI400 was significantly higher 

(P<0.05) than that in CSNI100, and CSNI100 was greater than CS. It might happened 

because some cells died when cultured in a new 3D microenvironment and then started to 

proliferate which was more significant in CSNI400. The photographs of cell-laden 

constructs incubated with MTT at day 7 are shown in Figures 6b-d. The purple-coloured 

viable cells were mostly located near to the top surface of CS scaffold (panel b). In 

contrast, viable cells were well distributed over the whole depth of CSNI100 (panel c) and 

CSNI400 (panel d) constructs, and the color was even more intense and uniformly 

dispersed in CSNI400.    

The cell viability was further visualized by staining the live and dead cells encapsulated 

within the constructs. This assay is based on a two-color fluorescence dye. Viable cells are  
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stained by cell-permeant calcein AM. Non-fluorescent calcein AM is converted to 

intensely fluorescent calcein as a result of enzymatic intracellular esterase activity of live 

cells. Cell-impermeant Ethidium homodimer-1 dye can only enter dying and dead cells 

with damaged membranes and binds to their DNA, and the DNA/dye complex 

consequently emits red fluorescence. Stained CS, CSNI100 and CSNI400 constructs were 

observed under a confocal laser scanning microscope. Green and red spots in Figure 4 

display live and dead cells, respectively. Live cell density in CS (Figure 7a) was less than 

CSNI100 (Figure 7b). The viable cell number was the highest in CSNI400 (Figure 7c) in 

comparison to CS and CSNI100, while comparatively more dead cells were 

distinguishable in the CS construct. Live/dead staining results were in agreement with the 

MTT readings. High live to dead cell ratio of CS/NI hybrids supports the idea that the cell  

* 

b 

c 

d 

Figure 6. (a) Mitochondrial activity quantification of MSCs cultured in CS, 

CSNI100 and CSNI400. The MTT assay was performed at day 1 and 7 after 

incubation (Mean ± SD, n=3; * p ˂  0.05). Photograph of Cell-laden (b) CS, (c) 

CSNI100, and (d) CSNI400 constructs stained with MTT at day 7.  
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viability decrement between day 1 and 7 in MTT assay was not a continuous phenomenon. 

After culturing MSCs in growth medium for 7 days, cells were detached from the scaffolds 

by simply lowering the temperature below the LCST of PNIPAAm. The majority of cells 

were recovered as a cell suspension (Figure 7e), while a few cells were entrapped within 

the scaffolds (Figure 7d). It suggests that this hybrid system can also be used as a platform 

for 3D stem cell expansion. In this approach, stem cells are cultured in a 3D 

Figure 7. Confocal laser scanning images of MSCs cultured in: (a) CS, (b) CSNI100 and 

(c) CSNI400 at day 7 (10× oil immersion objective, scale bars 250 μm). After cells were 

detached from CSNI400 at day 7 by reducing the temperature to room temperature, (d) 

a few cells retained in the scaffold, and (e) the majority of cells were recovered and 

suspended in the solution (20× oil immersion objective, scale bars 100 μm).    

c b 

d e 
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microenvironment rather than conventional monolayer cultures. This system mimics their 

native 3D niche which is essential to preserve cell biological capabilities and to govern cell 

fate (51, 52).  Subsequently, cells can be detached at confluency or use time, by reducing 

the temperature and without using detrimental enzymes. 

In general, these results suggest that stem cells were biologically more active in 

PNIPAAm-loaded constructs in comparison with chitosan alone, probably due to more 

swollen structure as shown in SR studies. The highly hydrated and swollen structure of 

microenvironment provides larger space which facilitates cell migration, nutrient delivery, 

waste removal and ECM secretion. In addition, PNIPAAm may promote cell adhesion to 

the chitosan macropore walls during its shrinkage above LCST. CSNI400 was also more 

favorable for cell proliferation in a same manner because of its bigger SR originated from 

greater textural pore volume.       

    

6.4.3 Chondrogenic differentiation 

Chondrogenic differentiation of MSCs in the hybrid structure was evaluated using 

biochemical assays. The CSNI400 has shown a better cell proliferation rate. Therefore, this 

structure was chosen for evaluation in the application of cartilage tissue engineering. By 

continuously incubating MSC in the CSNI400 hybrid structure with the differentiating 

medium for 28 days, ECM (GAGs and total collagen) production was monitored to 

confirm cartilage formation.   

Cell proliferation was assessed by the Hoescht 33258 assay. The Hoescht assay results 

(Figure 8a) indicate that the DNA content increased from 0.73 µg DNA/mg dry scaffold at 

day 14 to 1.15 µg DNA/mg dry scaffold at day 28, suggesting the increase in total cell 

number. The DMMB and the hydroxyproline assay were employed to quantify GAG and 

collagen deposition, respectively. The GAG level (Figure 8b) increased 2.6 folds from day 

14 to day 28, and a similar increment in total collagen accumulation was also noted in 

Figure 8c. GAG and collagen are the main components of cartilagous tissues. Enhanced 

GAG and collagen deposition revealed the chondrogenic differentiation of MSCs within 

the 3D microenvironment provided by the chitosan/PNIPAAm scaffold.  
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Figure 8. Biochemical analysis of cell-laden CSNI400 incubated with chondrogenic 

medium. (a) DNA, (b) GAG, and (c) total collagen content at various culture times. 

(Mean ± SD, n=3; * P<0.05) 
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Various chitosan-based scaffolds have been investigated for cartilage tissue engineering by 

other researchers. For example, gene expression analysis of chitosan/poly(butylene 

terephthalate adipate) blend showed less than 20% increase in aggrecan accumulation 

during the same culture time (53). In another study, MSCs were cultured in a hybrid 

scaffold composed of chitosan/β-glycerophosphate solution and demineralized bone 

matrix. During 11 days of culture, almost 2.0 and 2.5 folds of increase in GAG and 

collagen type II contents of ECM were reported, while no significant change was seen in 

the amount of GAG in case of chitosan alone matrix during the same time. Although the 

collagen type II content showed around 2.0 folds of increase (54). These results suggest 

that CSNI hybrid system shows better or comparable support for chondrogenesis of MSCs. 

 

6.5 Conclusions 

In this study, well-defined PNIPAAm/chitosan hybrids were prepared. Delay time before 

incubation to gain a well-distribution of cell and PNIPAAm as well as the less PNIPAAm 

loss is 6 min for CSNI100 and 9 min for CSNI400. LCST of PNIPAAm is dropped slightly 

by hybridization with chitosan, while still remains in desirable range. CSNI400 have 1.5 

folds greater pore volume than CSNI100. Hybrid scaffolds show higher swelling ratio than 

chitosan-only scaffolds, and swelling ratio of CSNI400 is also higher than CSNI100. SEM 

images indicate that the interconnected porous structure of chitosan was preserved. The 

number of mesenchymal stem cells (MSCs) increased 58% and 108 % in comparison with 

chitosan scaffold in CSNI100 and CSNI400, respectively after seven days incubation in 

growth medium. Glycosaminoglycan and total collagen contents increased 2.6 and 2.5 

folds after 28 days culture in chondrogenic medium. Therefore, we examined the 

hypothesis that a hybrid matrix composed of a soft PNIPAAm gel with controlled 

molecular weight (which can improve the cell compatibility of the structure) and a chitosan 

porous scaffold can support stem cell culture. These results suggest that hybrid scaffolds of 

chitosan and PNIPAAm with degree of polymerization of 400 are promising matrices for 

3D stem cell culture and cartilage tissue engineering.  
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To be able to regenerate functional articular cartilage, my PhD study was focused on 

engineering of well-defined matrices as biomimetic 3D microenvironment for stem cells. 

Two forms of chitosan matrices were prepared: chitosan-g-poly(N-isopropylacrylamide) 

(CS-g-PNIPAAm) copolymers and chitosan/well-defined PNIPAAm (CSNI) hybrids. 

Mesenchymal stem cells (MSCs) were cultivated in two matrices to evaluate the 

proliferation performance and then they were differentiated in the chondrogenic 

differentiation media for the cartilage regeneration. The main conclusions are summarized 

below:  

1- The CS-g-PNIPAAm copolymer hydrogel can provide an appropriate 

microenvironment for 3D cultivation of MSCs. I have optimized various 

polymerization conditions including acid concentration in polymerisation media, 

monomer concentration in the feed, and reaction temperature to obtain the best 

hydrogel for MSC culture with desired physical and mechanical properties. The 

advantage of this system is to proliferate MSC in the 3D porous networks. After 

MSC proliferation, MSCs can be recovered by separating cells from the polymer 

solution at room temperature using the sol-gel thermo-reversible property of the 

CS-g-PNIPAAm copolymer. 

2- The CS-g-PNIPAAm hydrogel with manipulated properties can be micropatterned 

for regenerating the superficial zone and the middle zone of articular cartilage. The 

CS-g-PNIPAAm hydrogel has been demonstrated to support the embedded MSCs 

differentiated into chondrocytes in 3D through extracellular matrix component 

(glycosaminoglycan (GAG), total collagen and collagen type II) analysis. GAG and 

total collagen contents (per DNA) increase 1.6 and 1.4 folds from day 14 to day 28 

in chondrogenic medium. Histological and immunohistochemical stainings also 

confirm the increasing accumulation of GAG and collagen type II. Collagen type II 

was typically used as an indicator for cartilage produced in vitro. The detailed 

examination of the collagen forms that mimic body structure will be carried out in 

future work. The cell-laden hydrogel micropatterned in 50-100 µm constructs can 

align cells along the microchannel horizontal axis. 75 % of cells are oriented with 

an aspect ratio of 2.0 in 50 µm wide microconstructs at day 5. The cell shape and 
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alignment in the constructs is very similar to the superficial zone of chondrocytes 

of the native cartilage. Meanwhile, cells in the microchannel with the gap above 

150 µm are randomly distributed (12% alignment and aspect ratio of 1.2, in 

unpatterned constructs), which can be used to mimic the middle zone of the 

cartilage tissue.  

3- The CSNI hybrid matrices composed of chitosan scaffolds and well-defined 

PNIPAAm with a degree of polymerization of 400 (CSNI400) can provide a 

supporting platform for 3D stem cell culture and cartilage tissue engineering. Well-

defined and narrow-dispersed molecular weights of PNIPAAm have been 

synthesized through atom transfer radical polymerization (ATRP). The cytotoxicity 

of PNIPAAm is molecular weight dependent, and varies with the PNIPAAm chain 

length. The PNIPAAm hydrogel may be detrimental to stem cells when the cells 

are covered with a thick layer of gel, and this layer may become a barrier for 

nutrient or oxygen delivery to cells.  However, cells are mixed with PNIPAAm 

solution and the solution is incorporated in the voids of the chitosan scaffolds. The 

phase separation of PNIPAAm at 37 
o
C leads to a hybrid matrix for MSCs.  After 

seven days incubation of CSNI400 in growth medium, viable cell number in cell-

laden hybrid is 108% higher than chitosan. GAG and total collagen contents (per 

DNA) increase 2.6 and 2.5 folds from day 14 to day 28 in chondrogenic medium. 

In conclusion, 3D microenvironment for stem cells was created and refined through 

manipulation of matrices in order to enhance cell proliferation and chondrogenic 

differentiation. The results revealed that graft copolymer of chitosan and PNIPAAm with 

tailored properties and microengineered architecture is appealing for zonal cartilage tissue 

engineering. The hybrid matrices from chitosan scaffolds with well-defined PNIPAAm 

hydrogels promote chondrogenesis, much better than the graft copolymer. 

Thermoresponsive hydrogels were explored with controlled physical, mechanical and 

chemical properties for cartilage tissue engineering. Chitosan-g-PNIPAAm with random 

chain length (not well-defined) and chitosan/well-defined PNIPAAm hybrid were prepared 

in this PhD project. Graft copolymerization of chitosan and well-defined PNIPAAm and its 
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interactions with MSCs for chondrogenic differentiation remained to be studied in future. 

A novel method to address cartilage spatial organization was also developed using 

microengineered CS-g-PNIPAAm.  On the other hand, based on the results, CSNI hybrid 

is a better choice for chondrogenic differentiation of MSCs than CS-g-PNIPAAm. 

Therefore, microengineered CSNI hybrids as well as graft copolymer of chitosan and well-

defined PNIPAAm might be potential follow-up research projects. Stacking the 

microengineered constructs to form a macroscale 3D cartilage tissue and evaluation of the 

engineered cartilage needs to be further investigated. In addition, implantation of the 

engineered tissues to assess their actual functionality in vivo is essential for clinical 

translation. Pharmacokinetics of PNIPAAm and its exertion from body after degradation of 

chitosan backbone needs an additional comprehensive study. More characterization of 

well-defined PNIPAAm such as viscosity differences may also help us to improve the 

hybrid matrices.  
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