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Summary 

 

The periodontal ligament (PDL) is a thin fibrous connective tissue, embedded 

between the cementum covering the roots of the teeth and supporting alveolar 

bone that evolved in mammals to provide for the eruption and attachment of 

teeth to the bones of the jaw. 

 

Since the PDL functions in a mechanically-active environment, we initially 

investigated the effect of a cyclic in-plane tensile deformation of 12% on 

human PDL cells in 2-dimensional culture over a 6‒24 h time-course in a 

Flexercell FX-4000 Strain Unit. Eighty-four adhesion related genes were 

screened using real time RT-PCR microarrays, and of these 73 were 

expressed. Fifteen genes were mechanoresponsive, four of which were 

upregulated (ADAMTS1, CTGF, ICAM1 and SPP1) and 11 downregulated, 

with the range extending from a 1.76-fold induction of SPP1 at 12 h to a 2.49-

fold downregulation of COL11A1 at 24 h. Mechanically-deformed cells also 

showed a significant reduction in metabolic and caspase 3/7 activity at 6‒12 

hours suggesting a positive effect of mechanical stress on apoptosis. 

  

Cells are normally embedded in a complex extracellular network of collagens, 

proteoglycans and noncollagenous proteins – not attached to tissue culture 

plastic, or to films composed of collagen or fibronectin. We therefore 

developed 3-dimensional constructs incorporating PDL cells into thin films 

(80‒100 µm) of a hyaluronan (HA)‒gelatin hydrogel matrix (Extracel
™

) 

which were subjected to 12% cyclic tensile strain, 6h/day for 1‒3 weeks. 
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Eighteen connective-tissue related genes were analyzed. With the exception of 

P4HB, TGFB1 and RANKL, each was upregulated in mechanically active 

cultures at some point in the time scale, as was the synthesis of MMPs and 

TIMP-1 detected by ELISAs. SOX9, MYOD, SP7, BMP2, BGLAP or COL2A1 

were not detected in either stationary or mechanically active cultures. 

Mechanical stress had no significant effect on cell proliferation.  

 

Studies of compressive force require thicker constructs (900‒1000 µm), and 

this was achieved by incorporating type I rat tail collagen into the HA-gelatin 

matrix. A compressive of 33.4 kPa (340.6 gm/cm
2
) applied for 6, 12 and 24 h 

upregulated COL1A1, MMP1, MMP3 expression with the matricellular protein 

CTGF being the most mechanoresponsive with a 3.15 fold induction. 

Compressive strain significantly increased apoptotic cell death by the 

upregulation of 8 caspase encoding genes. At the protein level, compressive 

strain significantly increased MMP and TIMP-1 levels while MYOD, SP7, 

BGLAP, COL2A1 genes were again not expressed. 

 

In summary, 3-dimensional tissue constructs provide additional complexity to 

monolayer culture systems, and suggest some of the assumptions regarding 

cell growth, differentiation and matrix turnover based on 2-dimensional 

cultures may not apply to cells in 3-dimensional matrices. Primarily developed 

as a transitional in vitro model for studying cell-cell and cell-matrix 

interactions in tooth support, the system is also suitable for investigating the 

pathogenesis of periodontal diseases, and importantly from the clinical point 

of view, in a mechanically active environment.  
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1. Review of Literature 

 

1.1 Orthodontic Tooth movement 

Orthodontic tooth movement is the result of a biological response to interfere 

in the physiological equilibrium of the dentofacial complex by an externally 

applied force (Profitt, 2000). The movement is characterized by remodelling 

changes in the dental and periodontal tissues, including the dental pulp, 

periodontal ligament (PDL), alveolar bone and gingival tissues (Krishnan, 

2009). In contrast to the slow process of physiological dental drift or tooth 

eruption, orthodontic tooth movement can occur rapidly or slowly depending 

on the physical characteristics of the applied force and the size and biological 

response of PDL (Rygh, 1995). The present study utilizes cells derived from 

PDL and therefore, it would be appropriate to discuss the anatomy, the biology 

and the unique characteristics of the PDL in respective to its involvement in 

the orthodontic tooth movement. 

 

 PDL structure and biology 1.1.1.

The PDL is a structure that separates the alveolar bone and the tooth in the 

periodontium derived from the dental follicle and the development of the PDL 

starts during root formation before tooth eruption. The width of the 

periodontal ligament ranges 0.15mm to 0.38 mm, which can vary depending 

upon patient, age, systemic conditions and functional status of the tooth 

(Shimono et al., 2003; Verna and Melsen, 2003). 
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Figure 1.1. A schematic diagram illustrating the periodontal ligament 

attaching the cementum of the tooth root to the alveolar bone of the socket. 

Adapted - www.studiodentaire.com/en/glossary/periodontal_ligament.php. 

 

 

 PDL fibres 1.1.2.

The PDL is a thin fibrous connective tissue that connects the surface of the 

tooth root with the bony tooth socket. The fibres are primarily composed of 

Type I collagen, with lesser amounts of type III, IV, V, XII (Berkovitz et al., 

1995). In addition, the PDL also consists of a small quantity of elastic fibres, 

including oxytalan, reticulin and elastin fibres. The collagen fibres are 

arranged in bundles of connective tissue of approximately 5µm in diameter. 

Based on their orientations, distributions and functions, the bundles form six 

distinct groups: i) transeptal fibres; ii) alveolar fibres; iii) horizontal fibres; iv) 

oblique fibres; v) apical fibres and vi) interradicular fibres (Krishnan and 

Davidovitch, 2009). The principal fibres which are embedded in the cementum 

Gingiva 

http://www.studiodentaire.com/en/glossary/periodontal_ligament.php
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are known as Sharpey’s fibres as first described by the English anatomist 

William Sharpey in 1846. 

 

In addition to the principal fibres, numerous collagen fibres are arranged with 

random directions, forming an indifferent fiber plexus. In 1923, Sicher 

introduced another term, the intermediate plexus, which he described as an 

intercalation of fibres near the middle of the PDL; these fibres did not pass 

directly from the tooth to the bone. This concept was later denied by Sloan 

(1979) as he did not observe any plexus in the SEM findings. 

 

 PDL cells 1.1.3.

The periodontal ligament is a highly cellular structure with a heterogeneous 

cell population that includes fibroblasts, osteoblasts, osteoclasts, 

cementoblasts, cementoclasts, defence cells and epithelial cells (McCulloch 

and Bordin, 1991; Seo et al., 2004) PDL harbours stem cell niches and ECM 

microenvironments where multipotent stem cells can synthesize and remodel 

the periodontium when subjected to aging and injury. Many experiments 

further investigated the phenotypes in a PDL cell population (Seo et al., 2004; 

Nagatomo et al., 2006; Kim et al., 2012; Wang et al., 2012). These 

experiments have shown that PDL cell population is heterogeneous due to the 

existence of a small sub-population of mesenchymal stem cells. These studies 

have also reported that human PDL cells express the mesenchymal stem cell 

markers STRO-1 and CD146/MUC18 and have the potential to differentiate 

into cementoblast-like cells and adipocytes. Gay et al. (2007) found that this 

small sub population of human post-natal stem cells can be induced to 
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differentiate into the number of different cell types including osteoblasts, 

chondrocytes and adipocytes. Jo et al. (2007) isolated postnatal stem cells 

from human dental tissues which included dental pulp, PDL, periapical follicle 

and surrounding mandibular marrow. Stem cells were identified in these 

populations using STRO-1 as a stem cell marker, as well as through 

expression of the mesenchymal stem cell markers CD29 and CD44. They also 

demonstrated that post-natal stem cells in dental tissues, including the PDL, 

can differentiate into adipocytes and osteoblasts depending upon the 

environment.   

 

 PDL fibroblasts 1.1.4.

The predominant cells of the periodontal ligament are the fibroblasts. These 

cells can synthesize extracellular matrix products which plays an important 

role in the development, structure and function of the tooth support apparatus 

(Ten Cate, 1994). The cells are arranged in parallel manner to the collagen 

fibres within the PDL and interaction is noted with the oxytalan fibres of the 

PDL (Beertsen et al., 1974). The fibroblasts are polarized, with Golgi complex 

and the centriolar region situated between the leading edge of the cell and the 

posteriorly located nucleus. The leading edge is the nuclear pole anterior to 

which are the elements such as rough endoplasmic reticulum, mitochondria, 

microfilaments (predominantly composed of cellular protein called actin) and 

microtubules (made of the protein tubulin), which are considered to be the 

indicators of polarity (Berkovitz et al., 1995). Polarization of the intracellular 

organelles influences the directed migration of the fibroblasts, synthesis and 

breakdown of matrix components (Beersten et al., 1979; Garant and Cho, 
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1979). Microfilaments are important for the contraction and movement of the 

cells.  

 

   

Figure 1.2. Low-power light micrograph showing arrangement and insertion 

of periodontal ligament fiber bundles into the root cementum on the left and 

alveolar bone on the right in a monkey. Adapted - Rose, (2004). 

 

 

The PDL fibroblasts present with characteristics which make them unique 

from other cells in the connective tissues and one of properties includes the 

higher alkaline phosphatise (ALP) activity (Murakami et al., 2003; Jacobs et 

al., 2013; Kook et al., 2013). The periodontal ligament is found to have higher 

ALP activity at the region lining the alveolar wall compared to the tooth 

related regions and the supracrestal extensions. This enzyme is a characteristic 

marker for osteoblasts-like cells, and closely associated with mineralization. 

High ALP levels have been reported in PDL fibroblasts and osteoblasts (Piche 

et al., 1989; Nojima et al., 1990). Murakami and co-workers (2003) made use 

of an immunomagnetic method to isolate ALP-positive subsets from the PDL 

cells. Somerman et al. (1988) compared the PDL and the gingival fibroblasts 
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in vitro and reported that the PDL fibroblasts have higher ALP activity and 

greater protein and collagen production, than gingival fibroblasts. Similar 

findings were also reported by Kuru et al. (1998) who studied the difference 

between PDL and gingival fibroblasts, using flow cytometry. Basdra and 

Komposch (1997) measured increasing basal ALP activity in PDL cell 

cultures and significantly higher ALP when the cells are subjected to 1α, 25-

dihydroxyvitamin D3. 

 

PDL fibroblasts also demonstrate immunofluorescence against osteocalcin, an 

osteoblast marker (Basdra and Komposch, 1997; Murakami et al., 2003). Cho 

et al. (1992) noted the formation of mineralized nodules by rat PDL cells, and 

Basdra and Komposch (1997) also showed formation of mineral nodules by 

human PDL cells with the use of Von Kossa staining. These results indicate 

that human PDL fibroblasts exhibit some of the in vitro phenotypic 

characteristics of osteoblast-like cells, suggesting these cells can potentially 

differentiate into osteoblasts and or cementoblasts (Basdra and Komposch, 

1997). The involvement of PDL cells in bone remodelling was also reported 

by Yang et al. (2006) who carried out intermittent mechanical loading on the 

PDL cells in vitro and found that osteoblast markers are expressed (increased 

ALP and osteocalcin and decreased osteoprotegerin). The presence of 

osteoblastic markers illustrates the potential of PDL fibroblasts to differentiate 

into osteoprogenitor cells, which could contribute to bone remodelling during 

orthodontic movement.  
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  Viscoelastic nature of PDL 1.1.5.

The response of the tooth subjected to intrusive load showed that the PDL acts 

as a viscoelastic gel that helps cushion against mechanical loading (Bien and 

Ayers, 1965). In vivo experiments have been conducted on tooth displacement 

(Wills et al., 1972) and demonstrated the nonlinearity and the time 

dependence of the relationship between load and tooth displacement. A study 

by Natali et al. (2004), attempted to implement the viscoelastic model in a 

general purpose finite element code. In this study, experimental tests were 

carried out in vitro on PDL specimens of adult pigs to obtain stress-relaxation 

and cyclic stress-strain curves. When the experimental and numerical results 

were compared, good correspondence was noted and confirmed the capability 

of the formulation to properly interpret the viscoelastic behaviour of the PDL. 

 

1.2.  Phases of orthodontic tooth movement 

When the rate of orthodontic tooth movement was plotted against time, three 

phases of response can be recognized and termed by Burstone as: the initial 

phase, the lag phase and the post-lag phase (Burstone, 1962). Likewise, 

Graber and Vanarsdall (1994) have also divided tooth movement into three 

elements of tooth displacement as initial strain, lag phase and progressive 

tooth displacement based on report of Schwartz (1932). 

 

The initial phase is represented by rapid tooth movement as a result of 

displacement of the tooth within the PDL space, which occurs immediately 

after force application. The definition of initial strain extends to bone strain 

and extrusion that can span for one to three days, up to a week, followed by a 
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lag period in which there are low rates of displacement or no displacement of 

the tooth. The lag phase mainly involves in the hyalinization or undermining 

resorption of the PDL in areas of compression. The duration of the lag period 

varies between two to ten weeks, depending on the patient’s age, density of 

the bone and the extent of the PDL necrotic tissue (Graber and Vanarsdall, 

1994). Once the necrotic tissues are completely removed by the macrophages, 

the rate of tooth displacement increases and tooth movement enters the post-

lag or the progressive tooth displacement phase. Progressive tooth movement 

takes place at a relatively fast rate depending upon two key factors: frontal 

resorption of the PDL and remodelling of the alveolar bone (Graber and 

Vanarsdall, 1994). 

 

Two studies were conducted to measure the rate of tooth displacement with 

varying force magnitudes and patterns subsequent to which a new 

time/displacement model for tooth displacement was proposed (Pilon et al., 

1996; van Leeuwen et al., 1999). Instead of three phases, four phases of tooth 

displacement were identified from beagle dog experiments: (1) Initial tooth 

movement, (2) Arrest of tooth movement, (3) Acceleration of tooth 

movement, (4) linear tooth movement. Initial tooth movement within the bony 

socket lasts for a few days but not greater than a week. During this phase the 

tooth movement is limited by the hydrodynamic damping and viscoelasticity 

of the PDL. Within twenty-four hours there were signs of cellular and tissue 

reactions (Von Bohl et al., 2004) while PDL fibres were compressed and 

stretched at the pressure and tension sides respectively. Osteoblastic and 

osteoclastic numbers were also increasing.  
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Next phase of arresting tooth movement occurs due to the presence of 

hyalinization. This takes place for about four to twenty days. This period 

involved the recruitment of phagocytes into the necrotic areas and 

proliferation of osteoblastic progenitors and fibroblasts in the tension areas to 

prepare for acceleration of tooth movement in the third phase. After 40 days of 

initial force application (von Bohl et al., 2004), remodelling of the PDL and 

alveolar bone took place at a maximal capacity to allow for continuous tooth 

movement with an increasing rate (Pilon et al., 1996). This was the third 

phase. Once the limit for rate of tooth movement is reached, constant tooth 

displacement takes place and usually occurs 80 days after force application. 

Hyalinized areas and irregular bone surfaces were still detectable due to direct 

bone resorption during the last two phases. The collagen fibres were not 

properly orientated at the sites of pressure while the tension site had bone 

deposition on which the bone surfaces were covered with ALP-positive 

osteoblastic cells (von Bohl et al., 2004). 

 

1.3. Optimal forces of orthodontic tooth movement 

In 1932, (Schwartz) proposed the classic definition of optimal force as ‘the 

force leading to a change in tissue pressure that approximated the capillary 

vessels’ blood pressure, thus preventing their occlusion in the compressed 

periodontal ligament’. According to Schwarz, forces below the optimal level 

caused no reaction in the PDL, whereas forces exceeding the optimal level 

would lead to vascular occlusion and tissue necrosis, preventing frontal bone 

resorption. He concluded that the forces delivered as part of orthodontic 

treatment should not exceed the capillary blood pressure (20–25g/cm
2
 of root 
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surface). Oppenheim (1942) advocated the use of very light force to move 

teeth and this concept was supported by Reitan (1957) when he noted cell-free 

compressed areas within the pressure sites even in cases where light forces are 

applied. The concept of optimal force has changed considerably over the past 

70 years. 

 

Storey and Smith in 1952 determined the optimal force for orthodontic tooth 

movement by using heavy and light retraction springs to move canine teeth in 

nine patients. They found that forces below 150 g did not cause the canine to 

move significantly. However, when the forces ranged from 150-250 g, the 

canine moved rapidly into the premolar extraction site. They also found that 

heavy springs applying a force of 400-600 g did not cause the canine to move, 

but rather resulted in the anchor unit moving significantly. These findings say 

that the optimal force required for maximum rate of tooth movement varies 

with individual patients in which the magnitude of the applied force is the 

main variable that affects the rate of tooth movement giving rise to the concept 

of differential force. 

 

 Continuous, interrupted and intermittent forces 1.3.1.

The current concept of optimal force, views it as a force of certain magnitude 

and certain characteristics (continuous versus intermittent, constant versus 

declining, etc) capable of producing a maximum rate of tooth movement 

without tissue damage. Although light continuous forces are used in fixed 

orthodontic appliances, a long duration can cause the force to subside and get 

interrupted. However, interrupted movements occur for a short period of time 
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making it difficult to get distinguished from the continuous force (Thilander et 

al., 2000). When the force gets interrupted with a low initial magnitude, 

formation of hyalinized zones in the compressed sites of PDL occurs 

eliminating the necrotic tissue and tooth moves. During this passive period, 

new osteoid layer forms, the tissues get reorganized and favouring cell 

proliferation for any further changes when the appliance gets reactivated 

(Gianelly, 1969). A histochemistry study involving staining with tartarate-

resistance acid phosphatase (TRAP) on rat molars subjected to continuous 

force evaluated the compressed areas of PDL found resorption of alveolar 

bone parallel to the new bony tissue formation on the tension sites PDL 

(Bonafe-Oliveira et al., 2003). 

 

Intermittent forces are periodically delivered by removable appliances like 

springs resting on tooth surfaces which generate a force as an impulse or with 

many interruptions for a short period (Thilander et al., 2000). These forces 

produce small compression zones in the PDL, short hyalinization periods and 

when the appliances are removed intermittently it results in longer resting 

periods. This treatment helps the PDL fibres to retain a functional arrangement 

thus promoting the increase in the number of PDL cells (Gianelly, 1969). The 

condition where in the compressed PDL with only some of them undergoing 

necrosis was termed as ‘’semihyalinization’’ (Reitan, 1960). This leads to the 

formation of osteoclasts along bone surface and bone resorption is less 

disturbed by hyalinization effecting a uniform movement of teeth. 
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 Forces and the rate of tooth movement 1.3.2.

Quinn and Yoshikawa (1985) noted that the true mechanical parameter in 

tooth movement is not the magnitude of force applied by the appliance, but 

rather refers to the magnitude of stress generated by the appliance in the 

surrounding periodontium. Four hypotheses have been proposed regarding the 

relationship between stress magnitude and tooth movement (Quinn and 

Yoshikawa, 1985): (1) a constant relationship between rate of movement and 

stress, in which rate of movement does not increase as the stress level is 

increased; (2) a linear increase in the rate of tooth movement as stress 

increases; (3) increasing stress causes the rate of tooth movement to increase 

to a maximum. However, once the optimal level is reached, additional stress 

can cause the rate of tooth movement to decline, and (4) a linear relationship 

exists between stress magnitude and rate of tooth movement up to a point, 

after which, an increase in stress causes no appreciable increase in tooth 

magnitude. 

 

The magnitude of force determines the duration of hyalinization but its 

duration depends on the rate at which it is removed by macrophages and giant 

cells. With light force, the duration of the hyalinization period is shorter, while 

excessively strong forces can result in a longer hyalinization period with 

formation of secondary hyalinized zones (Viecilli et al., 2013). 

 

There are four main problems encountered throughout the literature that look 

at the force magnitude and tooth movement (Quinn and Yoshikawa, 1985; Ren 

et al., 2003). When a tipping movement is performed, the stress distribution 
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within the PDL is uneven and it I difficult to determine the centre of 

resistance. In addition, clinical tooth movement is accompanied by dynamic 

changes in stress/strain in the PDL, which ranges from compression to tension 

(Isaacson et al., 1993). Secondly, it is technically difficult to calculate a 

precise distribution of stress and strains at the level of the PDL, which are 

more critical when evaluating the optimal force magnitude for inducing 

biological reactions in tooth movement. The third problem encountered is that 

the evaluation of tooth movement is conducted only over a short period, 

leading to data pertaining to the first two phases of the process and not to the 

third or fourth phase in which true orthodontic tooth movement is considered 

to take place. Lastly, there are large inter-individual variations and 

measurement errors encountered in both human and animal studies. The rates 

of tooth movement can vary substantially and standardized controlled force 

between patients and between quadrants in an individual; on the other hand, 

rates of tooth movement may be almost the same among or within individuals 

when the applied forces are substantially different (Quinn and Yoshikawa, 

1985; Ren et al., 2003; Melsen B, 2007). As a result it is impossible to 

determine the optimal force required for orthodontic tooth movement in 

individual patients.  

 

1.4.  Orthodontic tooth movement theory 

The concept of force induced tooth movement being related to bone resorption 

and bone deposition within a tooth socket dates back to the time of Chapin 

Harris in the 19
th

 century (Meikle, 2006). Many theories were developed by 
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different researchers of which two main theories have primarily dominated the 

literature to date: the pressure-tension theory and bone bending. 

 

 The pressure-tension theory 1.4.1.

The pressure-tension theory was hypothesized to explain that orthodontic 

tooth movement generates a pressure and tension side in the PDL. A sequence 

of biological events occurs on both sides to result in the tooth movement. On 

the pressure side, reduced blood flow, cell death, resorption of hyalinized 

tissue by macrophages. In contrast, on the tension side, blood flow is increased 

where the PDL is stretched promoting the osteoblastic activity resulting in 

bone deposition. 

 

Histological research by Sandstedt using dogs as his experimental model 

resulted to frame the foundation of pressure-tension theory. He induced tooth 

movement on six maxillary incisors over 3 weeks and found that both light 

and heavy forces resulted in bone deposition on the alveolar bone on the 

tension side of the tooth. With light forces on the pressure side, osteoclasts 

were found to induce bone resorption directly at the bone-PDL interface, 

whereas with heavy forces, cell death and capillary thrombosis took place, 

creating localized cell-free areas which Sandstedt termed as ‘hyalinization’ 

(Bister and Meikle, 2013). Once the necrotic tissues and the underside bone 

immediately adjacent to the necrotic PDL area, were removed by the 

macrophages, multinucleate giant cells from the adjacent undamaged tissues, 

tooth movement resumed. This process is known as ‘undermining resorption’. 

In contrast, Oppenheim (1911, 1912) a few years later carried out a 
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histological study on the primary teeth of monkeys and noted a transformation 

of the entire architecture of bone by the simultaneous occurring of bone 

resorption and deposition of new bone tissue. Schwarz in his 1932 review 

paper explained the difference between the theories postulated by Sandstedt 

and Oppenheim. Sandstedt was proven correct in his interpretations. 

Oppenheim had sacrificed the animals several days after the orthodontic tooth 

movement had ceased.  

 

A half century later, Reitan carried out histological works extensively on  

human material  to study the tissue reaction of the periodontium following 

orthodontic force applications further supported the pressure-tension theory. 

He found that even minimal forces can create areas of hyalinization and it 

happened at a greater degree for teeth with shorter roots. He also observed that 

intermittent forces produced shorter periods of hyalinization than continuous 

forces. 

 

Though firmly embedded in the orthodontic literature, this theory was not 

supported by some experiments. Two conceptual flaws have been raised 

regarding the pressure-tension theory. The first being the question of the 

production of tension by stretched PDL fibres. It is believed that the tension 

created in the PDL by the stretched collagen fibres provides the stimulus 

responsible for the deposition of bone. To test this theory, Heller and Nanda 

(1979) disrupted the normal metabolism and function of the collagen in rat 

molars by the administration of the lathyrogen beta-aminopropionitrile 

(BAPN) and found that there was no interference to bone formation or 
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orthodontic tooth movement. The agent increases collagen solubility by 

inhibiting lysine 6-oxidase activity, an enzyme that cross-links the polypeptide 

chains of collagen and elastin molecules (Levene and Carrington, 1985). The 

collagen in the periodontal ligament was devoid of its normal architecture, 

which suggests that one remodelling during orthodontic tooth movement 

occurred despite the presence of a physically altered periodontium. It was 

concluded that the tension created in the PDL and thought to be transferred to 

the alveolus through Sharpey’s fibres may not be necessary to stimulate bon 

formation. 

 

 In Baumrind’s experiment on young male rats to determine the dimensional 

and metabolic changes of the PDL by applying an orthodontic force, increased 

cell replication and metabolic activity were observed on both pressure and 

tension sides of the tooth while collagen synthesis was decreased. This raised 

the question whether there was any qualitative difference between the two 

sides of the tooth. In regards to this second conceptual flaw Baumrind 

proposed that PDL is a closed hydrostatic system and applied Pascal’s law to 

dispute the pressure-tension theory. Pascal’s law stated that for all points at the 

same absolute height in a connected body of an incompressible fluid at rest, 

the fluid pressure is the same, even if additional pressure is applied on the 

fluid at some place. But can PDL be considered as a closed system and be 

classified as a fluid? Gingival cervical fluid is expressed through gap junctions 

in the epithelium following the application of continuous force to a tooth in 

addition to the walls of the alveolus are highly perforated by the vascular 

system suggesting it could not be a closed system and PDL consists of cells, 
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collagen proteoglycans, blood vessels as well as tissue fluids and henceforth 

not a fluid (Meikle, 2006). Baumrind hypothesized that orthodontic forces 

creates differential pressure-tension areas in the solid periodontium which 

contains the bone, tooth and the solid fractures of the PDL. Thus an alternative 

hypothesis of bone ending theory was suggested. 

 

 Bone bending theory 1.4.2.

The concept of bone bending was first proposed by Farrar (1888) who 

suggested that alveolar bone bending plays a pivotal role in orthodontic tooth 

movement. Farrer wrote in 1888: 

“Teeth move by one of two kinds of tissue changes in the alveolus by 

the reduction of the alveolus through what is called absorption on 

one side of the tooth, followed by the growth of new supporting 

tissue on the other; and by bending of the alveolar tissue” 

The theory was further confirmed by the experiments of Baumrind (1969) and 

Grimm (1972). Baumrind suggested this as an alternative hypothesis 

consequent to his previous experiments. According to him, the bone was 

found to be more elastic and deforms more readily than the periodontal 

ligament. He also made reference to Hook’s law that states the amount by 

which a material body is deformed (the strain) is linearly related to the force 

causing the deformation (the stress). Grimm (1972) measured bone deflection 

in two 12-year-old patients and bending of alveolar bone was detected at 

forces less than 50g and up to 35µm with a load of 1.5 kg. A transient effect 

was observed as an initial deflection of the socket wall was in the opposite 

direction from the tooth movement and resolved after 1 minute. Despite the 
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small sample size, this study provides additional evidence that bone bending 

occurs during tooth movement. 

 

The idea of bone bending due to orthodontic forces result in resorption and 

deposition of bone to allow tooth movement is reasonable, but does not agree 

with orthopaedic theory which states that bone under compression results in 

bone deposition and bone in tension results in bone resorption (Melsen, 1999). 

Epker and Frost (1965) described areas of compression and tension by 

suggesting that during orthodontic tooth movement, the socket wall in the 

direction of the applied force is in tension and the socket wall on the opposite 

side is in compression. Being opposite to the pressure tension theory, it was 

explained that a load causes a tooth to apply a compression force 

perpendicular to the surface of the socket wall in the direction of the applied 

load. Recent finite element analysis would suggest otherwise. FEA is a 

computer based numerical technique for calculating the strength and 

behaviour of engineering structures. By breaking structures down into 

elements, FEA can be used to calculate strain, stress and vibration behaviour 

of a structure. FEA of teeth undergoing orthodontic tooth movement has 

previously been used to support the pressure-tension theory around the 

periodontium. Periodontal ligament was not correctly defined in the computer 

model of these studies (Edmundson, 1984; Middleton et al., 1990; Williams 

and Wilson et al., 1994). These computer models generally incorporated 

homogenous, isotropic, linear elastic and continuous periodontal ligament 

properties. The periodontal ligament has been found to possess non-linear 

mechanical properties and provides non-uniform geometric data (Toms et al., 
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2002). Recent FEA show very complex pattern of compression and tension in 

the alveolar bone. Cattaneo et al. (2005) attempted to use FEA to determine 

the impact of the modelling process on the outcome. Their findings were seen 

to be consistent with the hypothesis of Melsen (2001), that direct bone 

resorption in front of the roots along the movement direction starts as a 

consequence of a hypo physiological  loading characterized by strain values 

below the minimum effective strain as defined by Frost’ mechanostat theory 

(Frost, 1992). However Cattaneo et al‘s study was based on the anatomy of a 

single donor. 

 

The contribution of bone bending theory to orthodontic tooth movement has 

been explained by the production of piezoelectric signals (Bassett and Becker, 

1962), which may be associated with a biological response created at the bone 

surface during the mechanical deformation of the supporting alveolar bone 

(Epker and Frost, 1965). Grimm (1972) also noted that ‘..strain-induced 

electric or chemical phenomenon may be the mediating factor between the 

mechanotherapy and cellular bone response’ with the bending of the alveolus 

during orthodontic treatment. 

 

 Piezoelectric signals 1.4.3.

Piezoelectricity is the phenomenon of some materials to generate electric 

potential in response to the deformation of the material. Materials that exhibit 

this property are crystals and ceramics. Bone is capable of producing 

piezoelectric signal due to the presence of apatite crystals. 
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Piezoelectric signals have two characteristics: (1) a quick decay rate, where 

the piezoelectric signal created in response to the force application, rapidly 

dies off even when the force is maintained. (2) Production of an equivalent 

signal in the opposite direction when the force is released (WR, 2000). The ion 

interacts in the fluid on the bone, and when the bone bends, electric signals are 

generated with the electric signals generated resulting in the formation of 

streaming potential. 

 

Basset and Becker (1962) suggested that the piezoelectric properties of bone 

play an important role in the development and growth remodelling of the 

skeleton. The authors demonstrated the release of an electrical potential upon 

bone bending and the amplitude of electrical potentials released in stressed 

bone was dependent upon the rate and magnitude of bone deformation. The 

polarity was determined by the direction of bending. Epker and Frost (1965) 

analysed the relationship between the physical loads on bones and the change 

of osteogenic activity at the bone surface. When an external force is applied to 

the bone, opposite effects are produced on the tension and compression sides. 

While bending, the tension surface of the bone elongates, becomes less 

concave and results in bone resorption; compression side shortens and 

becomes more concave resulting in bone formation electronegative potentials 

was associated with the concave area of the bent bone where bone formation 

takes place while the convex surface is electropositive with bone resorption. 

As hypothesized by Epker and Frost (1965), the production of an electrical 

potential on deformed or bent bone surfaces can be associated with a 



21 

 

biological signal created and this signal may be responsible for the observed 

osteogenic response. 

 

The nature of the electromechanical relationship of the dentoalveolar complex 

using simulated orthodontic forces was analysed by Zengo et al. (1973). They 

related the polarity of the stress-induced potentials with histologic responses 

which occurs during orthodontic tooth movement and function. This result 

supported the findings of Bassett and Becker (1962) and Epker and Frost 

(1965). The areas which were electronegative corresponded to the areas of 

expected osteoblastic activity during an application of a similar orthodontic 

force. Conversely, positivity was observed in regions characterized by 

osteoclasia. Since piezoelectric currents in mechanically stressed bone were 

implicated in the activation of bone cells, Davidovitch (1980) aimed to 

determine the usefulness of exogenous electric currents in accelerating 

orthodontic tooth movement and found that teeth treated by force and 

electricity moved significantly faster with increased cyclic adenosine 

monophosphate (cAMP) and PGE, than those treated by force alone. 

Enhanced bone resorption was observed near the anode (PDL compression 

site), while bone formation was pronounced near the cathode (PDL tension 

site). In addition to the piezoelectric signals, bone also possesses an electric 

double layer, which exists at the fluid-bone matrix interface. Pollack et al., 

(1984) noted that this region could affect the amplitude and polarity of the 

stress-generated potentials, which in turn can influence bone growth and 

remodelling. 

 



22 

 

However, piezoelectric signals are also present in dead bones. Shamos and 

Lavine (1967) demonstrated that dried bone exhibits piezoelectric properties, 

by direct observation of electric potentials generated when a dried specimen of 

bone is stressed, Since piezoelectricity can exist in dead bone and as more 

information is derived about the cellular basis of orthodontic tooth  movement 

and the involvement of cytokines and growth factors. Meikle (2006) has 

argued that the stress-generated electric potentials are more likely to be a by-

product of deformation rather than an explanation of bone remodelling. 

 

1.5. Biology of orthodontic tooth movement 

Remodelling changes involve a complex interplay of cell-cell and cell-matrix 

interactions. Applied mechanical forces are transduced from the strained ECM 

to the cytoskeleton through cell surface proteins. Adhesion of the ECM to 

these receptors can induce reorganization of the cytoskeleton, secretion of 

stored cytokines, neurotransmitters, leukotrienes, growth factors, colony-

stimulating factors, arachidonic acid derivatives and gene transcription 

(Sandy, 1998; Kerrigan et al., 2000). 

 

 Prostaglandins 1.5.1.

The name prostaglandin was derived from the prostate gland and was first 

isolated from seminal fluid in 1935 by the Swedish physiologist Ulf von Euler. 

Prostaglandins are found in almost all tissues and organs. They serve as 

autocrine or paracrine mediators of cellular activity. Arachidonic acid which is 

the main component of cell membrane is released due to the action of 

phospholipase enzymes. The intermediate product can pass into both the 
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cyclooxygenase pathway to form PGs and thromobaxanes and the 

lipoxygenase pathway to form leukotrienes. 

 

Hong et al., (1976) showed the first evidence of PGs playing a role in 

mechanical force transduction by observing an increase in PG synthesis when 

the cells were mechanically detached from the culture dishes. The study 

suggests that the force had changed the conformation of the cell membrane 

which exposes phospholipids to the action of phospholipases thereby releasing 

arachidonic acid. Harell et al., (1977) conducted an in vitro experiment to 

investigate the cellular production of PGs in response to mechanical stimuli. 

The authors suggested that the activation of the phospholipase A2 with 

subsequent release of arachidonic acid resulted in increased PGE2 production, 

which in turn increased cAMP production. At the same time, there was also an 

elevation in intracellular calcium ion and stimulation of DNA synthesis. 

 

The production of PGs in response to orthodontic tooth movement has been 

widely demonstrated. Yamasaki et al. (1980) found that the administration of 

indomethacin, a specific inhibitor of PGs synthetase, suppressed the 

appearance of osteoclasts and alveolar bone resorption induced by 

experimental tooth movement. When the gingival tissues near upper molar of 

the rat were injected with PGE1 or PGE2, appearance of osteoclasts and 

alveolar bone resorption were seen. These findings suggest that mechanical 

stress on PDL induces the PGs synthesis which stimulates osteoclastic 

activity. Sandy and Harris (1984) also noted a reduction of osteoclast numbers 

in the bone adjacent to compression sites following the injection of a non-
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steroidal anti-inflammatory agent, flubiprofen and hypothesized that inhibition 

of PG synthesis and bone resorption had occurred. Saito and co-workers 

(1991) found an increased PGE production in periodontal cells when subjected 

to mechanical stress in vivo and in vitro and recently, Liu et al. (2006) 

reported that clodronate inhibits PGE2 production in compressed PDL cells 

through its inhibitory effects on the expression of cyclooxygenase-2 (COX-2) 

and receptor activator of nuclear factor-kappa B ligand (RANKL). 

 

               

 

Figure 1.3. Arachidonic acid metabolites. PGs are metabolites of arachidonic 

(eicosatetraenoic) acid, discovered by von Euler (1934) in the prostate gland – 

hence the name. PGs are now known to be ubiquitous. Arachidonic acid is 

present in precursor form in membrane lipids from which it is released through 

the action of phospholipases. Arachidonic acid can be (1) converted to PGs, 

prostacyclins and thromboxanes via the cyclooxygenase pathway, or (2) can 

be acted upon to form leukotrienes and HETEs via the lipoxygenase pathway. 

Adapted - Berridge (1985). 

 

 

 

Mechanical stress transducing into biochemical signals have been proposed by 

the following mechanisms: Activation of phospholipase A2 activity on 

phospholipids produce PGE2 upon an application of mechanical stress 

(Binderman et al., 1988). Sandy et al., (1989) noted that inositol triphosphate 

pathway is involved when osteoblasts are exposed to PGE, and mechanical 
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deformation. It was suggested that inositol triphosphate induced calcium 

intake and phospholipid breakdown resulting in increased phospholipase A2 

activity and PGE production (Yamaguchi et al., 1994). The same group of 

authors had also proposed that tensile force has stimulated phospholipase C in 

the PDL cells leading to increased inositol triphosphate and diacylglycerol. 

The breakdown of diacylglycerol may also result in increased arachidonic acid 

metabolites such as PGE2. 

 

Several experiments have been carried out on animals and at clinical level to 

identify the role of prostaglandins in the bone resorptive activity. When 

exogenous PGEs were administered in monkeys’ and rats’ teeth, tooth 

movement was enhanced (Yamasaki et al., 1982; Leiker et al., 1995). PGE 

was found to enhance the replication and differentiation of osteoclast and 

osteoblast precursors partly mediated by cAMP (Kawaguchi et al., 1995). 

Yamasaki et al., (1982) confirmed the involvement of cAMP and 

prostaglandins in bone resorption when the appearance of osteoclasts was 

inhibited by the administration of imidazole (an activator of adenosine 3ˊ 5ˊ - 

phosphodiesterase and an inhibitor of thromboxane synthetase) and verapamil 

(calcium blocker) and enhanced with theophylline (an inhibitor of adenosine 

3ˊ5ˊ - phosphodiesterase) and ouabain (calcium transfer). Okuda et al., (2003) 

reported PGs stimulate osteoclastic activity by the induction of RANKL 

expression by osteoblasts and enhancement of the action of RANKL on 

osteoclast precursors by inhibiting granulocyte macrophage-colony 

stimulating factor (GM-CSF). 
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PGE2 production and regulation to effect bone remodelling and tooth 

movement was shown to be regulated by several other agents like growth 

factors, interleukins, systemic hormones and other cytokines (Tashjian et al., 

1982; Saito et al., 1990; Kale et al., 2004). Richards and Rutherford (1988) 

incubated human PDL fibroblasts with parathyroid hormone and cytokines 

(IL-α, IL-β, TNF) and noted an increased production of PGE2. Similar result 

was noted when PDL cells were combined with cytokines and hormones. 

 

 Second messenger systems 1.5.2.

Sutherland and Rall first identified the presence of free glucose in the bathing 

media of liver slices exposed to adrenaline and established the second 

messenger basis in 1958. They postulated that the adrenaline acts as the first 

messenger that binds to the cell membrane receptor and triggers the 

production of an intracellular second messenger (Sandy et al., 1993; Krishnan 

and Davidovitch, 2006) which interacts with cellular enzymes inducing 

protein synthesis or glycogen breakdown. Numerous second messenger 

systems have shown to be activated by mechanical deformation, but two most 

closely studied are cyclic nucleotide pathway and phosphatidyl inositol 

pathway. 
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Figure 1.4. The cyclic AMP pathway. External messengers are regulated by 

stimulatory (Rs) and inhibitory (Ri) receptors. These interact with G proteins 

to stimulate or inhibit adenylate cyclase (AC) which converts ATP to cAMP. 

cAMP binds to the regulatory component of its protein kinase to liberate the 

catalytic component which is then free to phosphorylate specific proteins that 

regulate the cellular response. Inactivation of cAMP is effected by the enzyme 

phosphodiesterase. Adapted - Berridge (1985). 

 

 

Cyclic AMP and cyclic cGMP are two second messengers associated with 

bone remodelling. Traditionally, the second messenger which is associated 

with mechanical force transduction is cAMP. Rodan et al., (1975a) and 

Davidovitch and Sanfield (1975) were the first to report on the involvement of 

the cAMP pathway in mechanical signal transduction. During orthodontic 

force application, the cells of immune and nervous system produce signal 

molecules that bind to the receptors on cell membrane, leads to enzymatic 

conversion of cytoplasmic ATP and GTP into cyclic AMP and cyclic GMP 

respectively. Davidovitch and Sanfield tested a cat subjected to orthodontic 

force for its alveolar bone from the compression and tension sites an initial 

decrease of cAMP levels in the compression site due to necrosis of PDL cells. 

The levels increased two weeks later due to the bone remodelling activity. A 

later study by Davidovitch et al., (1976) on cellular localization of cAMP 
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observed the areas of PDL where bone resorption or deposition occurred has 

higher levels of cAMP-positive cells. The actions of cAMP are mediated 

through phosphorylation of specific substrates. cGMP, in contrast to the role 

of cAMP is an intracellular regulator of endocrine and non-endocrine 

mechanisms (Davidovitch, 1995). The action of cGMP is mediated by cGMP 

–dependent protein kinases and plays a role in nucleic acid and protein 

synthesis and secretion of cellular products (Davidovitch, 1995).   

 

 

 

Figure 1.5. The phosphoinositide pathway. External ligands transmit 

information through a stimulatory G protein (G) to activate phospholipase C 

which cleaves PIP2 into diacylglycerol (DG) and inositol triphosphate (IP3). 

IP3 is water soluble and diffuses into the cytoplasm where it mobilizes Ca
2+

 

from the ER. DG remains within the cell membrane and activates PKC which 

then phosphorylates a protein. The continued action of these two second 

messenger pathways accounts for early and sustained cellular responses. 

Adapted - Berridge (1985). 

  

 

The phosphotidyl inositol (PI) signalling pathway was first investigated, by 

Hokin and Hokin in 1953. However, this mechanism was only better 

appreciated in the 1980s when Streb et al. (1983) demonstrated that the 
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products of inositol lipid breakdown could cause release of intracellular 

calcium (Sandy et al., 1993). The PI pathway is responsible for the changes 

seen in mechanically deformed tissues, including the elevation of intracellular 

calcium and increased DNA synthesis (Meikle, 2006) and the stimulation of 

PGE production described earlier. PGE2 and parathyroid hormone (PTH) are 

physiologic agonists, which stimulate bone resorption and the release of 

inositol phosphates. The production of cAMP was triggered in murine 

calvarial osteoblasts when subjected to PGE2 and parathyroid hormone 

(Farndale et al., 1988). In addition to the release of PGE2 when subjected to 

mechanical stress, Sandy et al., (1989) reported a dual elevation Camp and 

inositol phosphates when osteoblasts are mechanically deformed and 

Yamguchi et al. (1994) confirmed this observation in human PDL cells when 

subjected to tensile strain in a force magnitude-dependent manner.  

 

 Cell-matrix interactions 1.5.3.

The ECM is a collection of fibrous proteins embedded in a hydrated 

polysaccharide gel (Kerrigan et al., 2000). The tissue mainly contains 

macromolecules such as collagen and glycosaminoglycans (GAGs), secreted 

by fibroblasts, osteoblasts and chondroblasts. The extracellular matrix (ECM) 

provides a physical framework that plays an integral part in signalling cells to 

proliferate, migrate and differentiate (Holmbeck and Szabova, 2006). 

Extensive studies have been done on this mechanotransducers transforming 

mechanical forces into biochemical signals in which role of cell adhesion 

molecules in has received close attention (Kerrigan et al., 2000; Sandy et al., 

1989; Sandy, 1998). 
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The ECM molecules involved in this process include collagen, proteoglycans, 

laminin, and fibronectin. Immunohistochemistry studies on the periodontium 

have identified proteoglycans components such as versican, decorin, biglycan, 

syndecan and CD44 (Hakkinen et al., 1993). The cell interactions of these 

adhesive proteins are mediated by the presence of peptide sequence Arg-Gly-

Asp (RGD). The mechanical force gets transduced by ECM proteins binding 

the cell surface receptors (integrins) which in turn induces the reorganization 

of the cytoskeleton, local synthesis of cytokines, growth factors, leukotrienes, 

neurotransmitters, colony-stimulating factors and arachidonic acid derivatives. 

 

 Integrins 1.5.4.

Integrins are a family of heterodimeric transmembrane receptors which 

mediates the attachment between the ECM and the actin filaments of the 

cytoskeleton (Sandy, 1998). Cells in culture are ‘tack welded’ at specialized 

sites of cell attachment called focal adhesions. Extracellularly, integrins 

recognize and bind to ECM proteins forming the focal complexes during cell 

adhesion and migration. Integrins are heterodimeric receptors, composed of 

structurally different α and β subunits. The integrin properties are classified by 

their β subunit (Table 1.1). αvβ3 is the major integrin focal complex, which 

recognizes various ECM proteins via their RGD peptide motifs. After a 

mechanically stable contact has been made, the activated integrins connect to 

the actin cytoskeleton mediated by the clustering of adaptor proteins such as 

talin, vinculin, α-actinin and paxilin. Integrin-mediated cell adhesion regulates 

intercellular signalling and promotes cell migration, proliferation, apoptosis, 
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cell polarity and differentiation (Brakebusch and Fassler, 2005; Clark and 

Brugge, 1995). 

 

Table 1.1. The integrin receptor family. Adapted - Meikle (2002). 

 

 

Subunits 

 

                Ligands 

 

Minimal sequence 

of binding site 

β1          α1 Collagens, laminin  

          α2 Collagens, laminin DGEA 

          α3 Fibronectin, laminin, collagens RGD 

          α4 Fibronectin (V25), VCAM-1 EILDV 

          α5 Fibronectin (RGD) RGD 

          αv Vitronectin, fibronectin RGD 

β2         αX Fibrinogen GPRP 

β3      αv Fibrinogen, fibronectin,  

vitronectin, thrombospondin 

RGD, KQAGDV 

          αv Vitronectin, fibrinogen, 

thrombospondin, fibronectin, 

osteopontin, collagen 

RGD 

β4      α6 Laminin  

β5      αv Vitronectin RGD 

β6      αv Fibronectin RGD 

β7      α4 Fibronectin EILDV 
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Figure 1.6. Diagram of integrin receptor. Integrins are composed of α and β 

subunits that combine to produce heterodimeric receptors which can bind 

proteins in the ECM and regulate intracellular signal transduction pathways. 

Adapted -  Meikle, (2006).  
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In response to the mechanical stimuli, a multitude of intracellular signalling 

pathways can be induced. Integrins mediate signals that are involved in 

regulating the activities of the cytoplasmic tyrosine kinases (MAP kinases), 

serine/threonine kinases, ion channels and the control of the organization of 

the intracellular actin cytoskeleton. Activation of calcium-dependent 

signalling and increases in intracellular calcium through mechanosensitive ion 

channels, stimulation of nuclear factor kappa-B, changes in Rab Rho family 

have also been reported previously for mechanoreceptive studies. Meyer et al. 

(2000) conducted a study to establish whether cells sense mechanical signals 

through generalized membrane distortion or through specific transmembrane 

receptors, such as integrins. It was found that the mechanical stress applied to 

the cell surface altered the cyclic AMP signalling cascade and downstream 

gene transcription by activated integrins receptors in a G-protein dependent 

manner. Integrins, in association with the cytoskeleton intracellularly is seen 

to partly regulate gene expression (Hynes, 1992; Ingber, 1991).  

 

RT-PCR quantification done on PDL cells exposed to tensile strain showed an 

induction in the expression of the mRNAs encoding α6 and β1. These 

receptors can transduce signals from the matrix to the intracellular 

environment or effectors in the cytoplasm can affect the affinity of the 

integrins for the ECM ligands. 

 

 Cytokines 1.5.5.

Cytokines are extracellular, low molecular weight (mw < 25 kDa) signalling 

proteins that are produced in low concentrations acting on target cells in a 
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paracrine (acting on adjacent cells) or autocrine (acting on the cell of origin) 

manner. Cytokines evokes synthesis and secretion of substances such as 

prostaglandins, growth factors and cytokines by their target cells, in the 

presence of other systemic and local signal molecules. This induces cellular 

proliferation and differentiation facilitating the distortion of extracellular 

matrix of the periodontium to remodel the paradental tissues. The definition 

thus includes the interleukins (IL), tumor necrosis factors (TNFs), interferons 

(IFN), growth factors (GF) and colony stimulating factors (CSF).The 

complexity in understanding the cytokine biology is their sheer numbers and 

redundancy and pleiotropy of the signalling molecules (Meikle, 2006). The 

action of cytokines can be divided into osteogenic and osteolytic in nature. 

 

1.5.5.1.   Regulation by Cytokines in bone resorption and bone formation 

1.5.5.1.1. Interleukins 

The first cytokine shown to stimulate bone resorption was IL-1 (Gowen et al., 

1983). Interleukins encompass biological activities such as leukocyte 

endogenous mediator, lymphocyte activating factor, stimulation of fibroblasts, 

endothelial cells, osteoclasts and osteoblasts.  Experiments have reported that 

IL-1 is the most potent in bone resorption by stimulating osteoclast formation 

(Lee et al., 2006; Kim et al., 2009). This was dependent on the presence of 

osteoblasts as target cells for IL-1, signalling the osteoclasts. 

 

This polypeptide has two isoforms, IL-1α and IL-1β.Many in-vitro and in-vivo 

studies, demonstrated increased expression of IL-1β during orthodontic tooth 

movement. This action was reported to have stimulatory effect on PGE 
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production. Increased levels of IL-1β and PGE2 were found in the gingival 

cervical fluid during the early phases of tooth movement (Grieve et al., 1994; 

Uematsu et al., 1996; Dudic et al., 2006). Inducing orthodontic tooth 

movement in rats have also noted increased levels of IL-1β. Interestingly, the 

velocity of tooth movement has been seen to be associated with the role of IL-

1β gene (Iwasaki et al., 2006). A 50 % reduction in tooth velocity was 

reported after an intra-peritoneal injection of soluble receptors to IL-1 (sIL-

R11) and TNF-α (sTNF-αR1). TRAP-positive cells reduced considerably on 

the surface of bone and roots. Saito et al. (1991) provided the first 

experimental evidence of the role of IL-1β in the periodontal tissues of the cat 

canine after an application of 80 g tipping force and also noted increased 

levels of cAMP and PGE2. A down regulation of IL-1 gene was also seen. 

This was supported in a recent tensile strain study by Pinkerton et al. (2008). 

In another study, PDL cells were subjected to tensile strain which induced the 

synthesis of IL-1β, IL-6 and inhibited IL-8 (Long et al., 2001). de Araujo et al. 

(2007) and Lee et al. (2007) measured increased levels of IL-8, PGE2 and IL-

6, respectively after compressing human PDL cells. Both the studies support 

the phenomenon of bone deposition in areas of tension and bone resorption in 

the areas of compression. IL-2, IL-3 are the other interleukins that stimulate 

bone resorption, while IL-4, IL-10, 1L-12 and IL-13 inhibits bone resorption. 

IL-10 inhibits the production of IL-1, IL-6, IL-8, TNF-α and G-CSF 

(Pretolani, 1999) 
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Table 1.2. Cytokines involved in tooth movement. Adapted - Krishnan, (2009) 

Cytokines (isoforms) Functional effect on tooth movement 

Interleukin-1α 
(IL-1a) 

Proliferation and differentiation of cells, ECM 

remodeling and bone resoprtion 

Interleukin-1β 
(IL-1b) 

Promotes bone resorption by stimulating 

osteoclasts 

Interleukin-4 
(IL-4) 

Inhibits bone resorption and increases OPG 

Interleukin-6 
(IL-6) 

Inhibits bone formation, stimulates 

osteoclasts and ECM remodelling  

Interleukin-8 
(IL-8) 

Expressed in PDL tension site, stimulates 

osteoclasts, bone formation 

Interleukins 10,12 
(IL-10,12) 

Inhibits bone resorption 

Interleukin-13 
(IL-13) 

Increases OPG and inhibits bone resorption 

Tumour necrosis factor-

alpha 
(TNF-α) 

Stimulates bone resorption and osteoclasts, 

ECM remodelling 

Osteoprotegerin 
(OPG) 

Inhibits bone resorption by inhibiting 

osteoclast differentiation  

Osteoprotegerin ligand 
(OPGL) 

Osteoclasts formation. Identical to Receptor 

activator of nuclear factor kappa B ligand 

(RANKL) 

 

 

1.5.5.1.2. Tumor necrosis factor (TNF) and the RANK/RANKL/OPG system 

 

Tumor necrosis factor-alpha (TNF-α) is another pro-inflammatory cytokine 

shown to stimulate bone resorption. Increased expression levels of TNF-α was 

always noted along with the IL-1 in the studies done with gingival cervical 

fluid as mentioned before (Grieve et al., 1994; Uematsu et al., 1996; 

Alhashimi et al., 2001). In the presence of M-CSF, TNF can stimulate the 

differentiation of osteoclast progenitors to osteoclasts (Pérez-Sayáns et al., 

2010). 
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Osteoprotegerin (OPG), also called osteoclastogenesis inhibitory factor was 

first identified (OCIF) as the member of tumor necrosis factor receptor 

superfamily during a fetal rat intestine cDNA-sequencing project (Simonet et 

al., 1997). It helps in inhibiting osteoclast differentiation during its terminal 

stages and suppresses activation of matrix osteoclasts thereby protecting the 

bone. OPG is not a bone specific protein as it is seen to be expressed in many 

tissues apart from osteoblasts, including heart, kidney, liver, spleen and bone 

marrow. 

 

Bone remodelling is a balanced interplay of the receptor activator of nuclear 

factor kappa (RANK), OPG and its decoy receptor -the receptor activator of 

nuclear factor kappa B ligand (RANKL) (Khosla, 2001; Yamaguchi, 2009; 

Ogasawara et al., 2004; Pérez-Sayáns et al., 2010;). RANK was first 

discovered by Anderson et al. (1997) while sequencing cDNAs from a 

dendritic cell library. Two research teams isolated and cloned RANKL 

simultaneously (Lacey et al., 1998; Yasuda et al., 1998) and termed it as 

Osteoprotegerin Ligand. To reduce the confusion and redundancy by the 

proliferation of synonyms for the three new TNF ligand/receptor systems in 

the literature, the Nomenclature Committee of the ASBMR (American Society 

for Bone and Mineral Research) recommended the usage of RANK for the 

receptor and RANKL for the ligand. 
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Figure 1.7. Proposed roles for RANK, OPGL and OPG system in 

osteoclastogenesis. Adapted - Meikle, (2002). 

 

 

RANKL is expressed on the osteoblast cell lineage which binds to RANK, 

expressed on the osteoclast lineage cells leading to differentiation of 

haematopoietic osteoclast precursors to mature osteoblasts. The level of 

RANKL expressions in PDL cells after mechanical loading were investigated 

by a number of studies. Increase of RANKL and decrease in OPG secretion 

were reported after human PDL cells were exposed to compressive force in 

vitro (Kanzaki et al., 2002) in a time and force-magnitude dependent manner 

(Nishijima et al., 2006). Nakao et al. (2007) has reported an increase in 

expression of RANKL levels when the cells were compressed for 8 or 24 

h/day for 2-4 days. Addition of IL-1 receptor to the culture medium had 

inhibited the increase in RANKL levels. (Yamaguchi et al., 2006) found an 

increase in RANKL and decrease in OPG in the human PDL cells removed 

from the teeth that experienced root resorption during an orthodontic tooth 

movement. The maxillary molars were moved laterally for 1-7 days in 55-day 

old rats and immunohistochemistry done after one day treatment on these 

compressed PDL cells showed a positive staining for RANKL, suggesting its 
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role in bone resorption. Another interesting finding is the gene transfer 

experiment by Kanzaki and co-workers (2004) where an OPG plasmid in an 

envelope of an inactivated virus, was injected into the periodontium of rat 

molars, which resulted in the inhibition of osteoclastogenesis, reducing the 

tooth movement. In contrast, the RANKL gene transfer in rats, stimulated 

osteoclastogenesis and accelerated tooth movement (Kanzaki et al., 2006). 

 

1.5.6. Growth factors 

The transforming growth factor- beta (TGF-β) family is the group of abundant 

growth factors seen to be associated with the cell growth, differentiation, 

apoptosis, bone formation and remodelling. The family consist of three 

isoforms: TGF-β1, TGF-β2, TGF-β3 and Bone Morphogenetic proteins 

(BMPs) (Katagiri and Takahashi, 2002). Cat PDL cells and alveolar bone were 

stained for the presence of TGF-β after orthodontic tooth movement, showing 

an increase in TGF-β while the control PDL cells showed no staining for TGF-

β (Davidovitch, 1995). TGF-β encourages bone formation through the 

attraction of osteoblasts by chemotaxis, enhancement of osteoblasts 

proliferation and differentiation, as well as the production of type II collagen 

and proteoglycans by chondrocytes (Janssens et al., 2005). In addition, TGF-β 

inhibits bone resorption by suppressing osteoclast formation and activation 

(Bonewald and Mundy, 1990). It reduces the differentiation of B- and T-cell 

lineages in vitro, and negates the effects of pro-inflammatory cytokines such 

as IL-1 and the expression of IL-1 receptors (Wahl, 1992) and it has been 

suggested that TGF-β acts as a ‘bone-coupling factor linking bone resorption 

to bone formation’ (Bonewald and Mundy, 1990). 
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Fibroblast growth factors (FGF) are aother group of important growth factors 

in bone formation. The two main forms of FGFs have been identified as acidic 

FGF and basic FGF, both of which can be found in bone matrix (Hauschka et 

al., 1986) and the latter form is commonly involved in bone remodelling 

activities. Basic FGF (FGF-2) was noted for its involvement in bone 

resorption, by the stimulation of osteoclasts formation when the murine bone 

marrow cultures were exposed to FGF-2 (Hurley et al., 1998). Nakajima et al. 

(2008) evaluated the effect of compression force on the production of FGF-2 

and RANKL and found that the compression significantly increased the 

secretion of FGF-2 in a time- and magnitude-dependent manner. 

 

Insulin-like growth factors (IGF-I and-II) involves in cellular differentiation, 

proliferation, morphogenesis. These actions of these growth factors are 

regulated by factors like PTH, vitamin D3, TGF-β, IL-1 and PDGF. To 

investigate their roles in tooth movement, the first molar of rat maxillae was 

moved by means of an orthodontic appliance. In the immunostaining pattern 

of the periodontal ligament, increased immunostaining was seen for all 

components on the pressure sides and resorption lacunae, suggesting its 

involvement in resorption processes (Gotz et al., 2006). 

 

Vascular endothelial growth factors (VEGFs), originally isolated from bovine 

pituitary folliculo-stellate cells (Leung et al., 1989) are recognized to involve 

in bone resorption during orthodontic tooth movement by its effect on 

osteoclasts differentiation. Injection of recombinant human VEGF during 

experimental tooth movement stimulated osteoclasts differentiation (Kaku et 
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al., 2001). Yao et al. (2006) reported an increase in RANK gene expression 

but not osteoclastogenesis. When coupled with colony-stimulating factor-1 

(M-CSF), the proliferation of osteoclasts can be enhanced (Niida et al., 1999). 

 

1.5.7. Extracellular Matrix degradation 

Remodelling of the ECM plays a vital role in orthodontic tooth movement 

with forces exerted on tooth and transmitted to surrounding tissues of the 

periodontium. To achieve this, breakdown of collagen fibres and removal of 

other macromolecules take place. Several proteolytic enzymes are involved in 

this breakdown of extracellular matrix. They are grouped into four major 

classes as metalloproteinases, serine proteinases, cysteine proteinases and 

aspartate proteinases (Waddington and Embery, 2001). Although enzymes 

from each of these classes are involved in resorptive cascade, cysteine 

proteinases and particularly matrix metalloproteinases (MMPs) or matrixins 

are recognized to play important role in remodelling the extracellular matrix 

during cell migration (Schnaper et al., 1993; Fisher et al., 1994;).  
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Table 1.3. Classes and properties of major groups of matrix 

metalloproteinases. Adapted - Meikle, (2002). 

 
 MMP 

number 

MW 

(latent; 

kDa) 

MW  

(active; 

kDa) 

Matrix substrates of 

group 

Collagenases MMP-1 55 45 Collagen types I, II, III, 

VII, VIII, X, aggrecan, 

tenasin 

 MMP-8 75 58 Collagen types I,II, III, 

VII, X, aggrecan 

 MMP-13 65  Proteoglycan core 

protein, type II 

collagens 

Gelatinases MMP-2 72 66 Specific locus in type 

IV collagen, gelatin, 

vironectin, fibronectin, 

elastin, laminin, 

aggrecan 

 MMP-9 92 86 Types V, VII, X, XI 

collagens, Elastin 

Stromelysins MMP-3 57 45 Proteoglycan core 

protein, non-helical 

regions of type IV 

collagen 

 MMP-10 57 44 Types I, IV, X, XI 

collagen, laminin 

 MMP-11 51  Elastin, fibronectin, 

gelatins, procollagens 

I, II, III 

 

 

 

1.5.7.1 Matrix metalloproteinases and their inhibitors 

MMPs are endopeptidases that are excreted by connective tissues and pro-

inflammatory cells such as fibroblasts, osteoblasts, endothelial cells, 

macrophages, neutrophils and lymphocytes (Verma and Hansch, 2007). 

MMPs are mostly expressed as inactive zymogens and are activated by 

proteinase cleavage (DeCarlo et al., 1997; Syggelos et al., 2013). During 

normal physiological conditions, the proteolytic activity of MMPs are 
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controlled by transcription, activating the zymogens and inhibiting the active 

forms by tissue inhibitors of MMPs (TIMPs).In contrast, this equilibrium 

shifts to the MMPs activity during pathological conditions. MMPs can digest 

any molecule in the extracellular matrix. Based on their ability to degrade the 

matrix proteins, 22 different homologues have been characterized and grouped 

into collagenases, gelatinases, stromelysins, matrilysins, metalloelastase and 

membrane type MMPs. 

 

Collagenases MMP-1 (Fibroblast collagenase), MMP-8 (Neutrophil 

collagenase), MMP-13 (collagenase-3) cleave interstitial collagens I, II and III 

at a specific site 3 /4 from the N terminus. Collagenases can also digest other 

ECM and non ECM molecules. Gelatinases MMP-2 (Gelatinase A), MMP-9 

(Gelatinase B) readily digest denatured collagens and gelatins with the help of 

their type II fibronectin domain that binds to gelatin, collagens and 

laminin.MMP-2, but not MMP-9 digests collagens I, II, III similar to the 

collagenases. Stromelysins are similar to collagenases in domain arrangement 

but functions in digesting ECM molecules and activating the proMMPs.  

MMP-3 (Stromelysin I), MMP-10 (Stromelysin II) and MMP-11 (Stromelysin 

III) belong to this group.MT-MMPs are displayed on the surface of cells and 

are capable of activating proMMP-2. MT-MMPs can efficiently degrade a 

number of matrix macromolecules including denatured collagen and aggrecan, 

the principle proteoglycans in cartilage (Meikle, 2002). 

 

MMPs are counteracted by the tissue inhibitors of matrixmetalloproteinases, 

thereby restricts the ECM breakdown. All the four homologs of TIMPs 
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(TIMP-1,-2,-3,-4) can bind to the activated form of MMPs and inhibit its 

proteolytic activity. On the other hand, TIMPs can also bind to the latent 

forms of MMPs and inhibit their activations. The expression of MMPs and 

TIMPs by cells is regulated by many cytokines, particularly IL-1 and growth 

factors. Expression levels of MMP-8, MMP-13 mRNA transiently increased 

during the orthodontic tooth movement study in vivo by Takahashi et al. 

(2003). The same author did an in vivo study of orthodontic tooth movement 

in rats and reported a transient increase in the mRNA expression levels of 

MMP-2, MMP-9 and TIMPs-1, -2, -3 PDL cells on the compression side 

including cementoblasts, fibroblasts, osteoblasts and osteoclasts on tension 

side the increases were mainly limited to osteoblasts and cementoblasts. This 

altered gene expression pattern is associated with determination of the rate and 

extent of remodelling the collagenous ECM in periodontal tissues during 

orthodontic tooth movement (Takahashi et al., 2003, 2006). The MMP-8 is 

associated with the pathophysiological PDL remodelling during tooth eruption 

and MMP-13 was seen to be associated with osteoblasts and osteocytes in 

alveolar bone (Tsubota et al., 2002). Thereby, the delicate interplay of MMPs 

and TIMPs is important in during tooth movement and the integrity of healthy 

tissues is maintained by the balance between MMPs and TIMPs.  

 

1.6.   Methods of mechanical cell stimulation 

Systematic in vitro cell culture models have been developed for better 

understanding of the cellular response to mechanical stimuli of the complex in 

vivo environment. These are laboratory based systems with a controlled 
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delivery of strain regimens to cell cultures at differing levels of accuracy and 

homogeneity. 

 

The early mechanostimulus systems provided strain of non-quantitative 

nature. Glücksmann (1939) initially studied compressive force on endosteal 

cells cultures grown unexplanted intercostals muscle to which pairs of 

neighbouring ribs were attached applied tensile loads on hanging drop cultures 

by utilizing the force of surface tension. With advances in technology, several 

models were designed so the strain applied could be quantified (Rodan et al., 

1975a; Rodan et al., 1975b). 

 

 Tensile loading systems 1.6.1.

The early static loading systems were first developed by Harell et al.,Harell et 

al. (1977) and Meikle et al. (1979) to study the effect of continuous 

mechanical strain on fibrous joints. Cranial sutures from new born rabbits 

were attached to split circular mounts and a force of 20-30 g applied using a 

stainless steel open spring. Somjen et al. (1980) stimulated a tensile load on 

rat embryo calvarial cells cultured on a plastic dish was a orthodontic 

expansion screw was bonded to the base. 

 

Longitudinal stretch systems provide controlled uniaxial force to deformable 

substrates (Fig 1.8a). These systems have been refined to provide control over 

the magnitude and timing of the tensile mechanical stimulus applied to cell 

culture. The substrates used varied from rectangular elastin (Leung et al., 

1977), rectangular strips of polyetherurethane urea (Ives et al., 1986), silastic 
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membranes (Vandenburgh and Karlisch, 1989), Silicone membranes 

(Neidlinger-Wilke et al., 1994; Carano and Siciliani, 1996),  to which motor 

driven force was stimulated. Later Xu et al. (1996) imposed 5% cyclic 

uniaxial strain on cultured rat fetal lung cells within Gelfoam
®

 rectangular 

sponges and Mitton et al. (1997) performed a 10% static strain on rectangular 

silicon substrates. Four point bending system was introduced as an alternative 

(Fig 1.8b), to deliver low strain levels in range encountered by bone in vivo. 

However, due to poisson effect, it involves compressive strain perpendicular 

to the direction of tension; both the systems do not stimulate a homogenous 

strain pattern across the cells. Despite this inability, longitudinal stretch 

systems are still widely used in tensile experiments (Wang et al., 2011). 

 

             

 

Figure 1.8.  Techniques to achieve longitudinal substrate stretch. (a) Uniaxial 

tension. (b) Flexure by so-called four-point bending. Adapted - Brown, (2000). 
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The next broad class of mechanostimulatory systems is called the out-of plane 

substrate distension. The device was first reported by Hasegawa et al. (1985). 

Rat calvarial bone cell cultures were cultured on a flexible membrane in a 

culture dish and a static weight was placed to press the membrane on a convex 

surface. It was reported that the cells on the periphery of curved surfaces were 

less strained than the ones in the middle. Several other platen-driven systems 

were later developed by many researchers. In 1985, Banes et al., designed the 

flexible-bottomed circular cell culture plates, interfaced with vacuum manifold 

system. The set up was controlled by a computer to alter and maintain the 

vacuum magnitude, frequency and duty cycle. The vacuum from the bottom 

stretched the substrate downward providing the tensile strain to the culture 

layer. The whole unit was commercialized under the name Flexercell
®
. The 

system was characterized for stimulus studies and strain measurement on 

substrates (Pedersen et al., 1993; Gilbert et al., 1994). A homogenous radial 

tensile strain was found across a thin circular membrane, but not for a thick 

circular membrane. 

 

Flexercell
®

 system followed the in-plane substrate distension to overcome the 

above difficulty. This was done by retrofitting with an immobile flat circular 

platen (Fig.1.9a). Vacuum was applied around this platen giving a tensile 

strain across the substrate membrane. Biaxial strain can be applied using the 

circular shaped loading post or uniaxial strain for oblong-shaped loading post 

(Arctangle
™

 Loading Station
™

) designed for a homogenous strain field. Finite 

Element Analysis was performed on this unit by several researchers. Four 

different vacuum pressures (20kPa, 40kPa, 60kPa and 80kPa) were analysed 
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on the strain field within the Flexercell
™

 membranes by Vande Geest et al. 

(2004). The strain field was quantified for both uniaxial and biaxial loading 

posts. The validation experiment showed that the magnitude of loading strain 

was constant at the centre and reduced at the edges of the loading post. 

Matheson et al. (2006) also characterized the Flexcell
™

 Uniflex system by 

applying 10% longitudinal sinusoidal strain (0.25Hz) for 48 hours to U937 

macrophage-like cells. It was observed that 10% strain was highly 

reproducible and relatively uniform (10.6%±0.2%) in the central rectangular 

membrane after an image analysis.  

 

                    

Figure 1.9. Methods to achieve in-plane substrate distension. (a) Concurrent 

radial and circumferential strain input by motion of a frictionless platen. (b) 

Retro-fit of the Flexercell system, achieving radial and circumferential 

substrate strains by means of a fixed central stage. (c) Bi-directional substrate 

traction. Adapted - Brown, (2000). 

 

 

 

Further validation upon the magnitude of the strain experienced by the 

substrate compared to the cells exposed was done by Wall et al. (2007). They 
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found that, on average, cellular strain was 63±11% of the applied uniaxial 

strain and largest strain values for the cells oriented parallel to the direction of 

applied uniaxial strain. Also, strain magnitudes within each cell were 

heterogeneous.  

 

The variance in strain magnitude within or between cells may be due to the 

cell adhesion connection between the cell and substrate. Normally, strain is 

imparted to the cell via focal adhesion between the substrate and cytoskeleton 

via integrins. Loss of this connection from the deformable substrate can result 

in the alteration of the imparted strain to the cells. Cyclic uniaxial strains align 

the cells perpendicular to the axis of the strain after which the cells perceive 

different mechanical inputs compared to their initial orientation (Syedain et 

al., 2008). In cases of equibiaxial strain, major strain axis is lacked and hence 

cell alignment does not occur. Although, a proper morphological verification 

on cells exposed to the strains has become an essential study for these types of 

experiments.  

 

 Compressive loading systems 1.6.2.

Two types of compressive loading systems are utilized in the mechanical 

stimulation of cell and tissue culture in vitro, namely hydrostatic 

pressurization and direct platen abutment. Hydrostatic pressurization 

(Fig.1.10a) is mostly used for cell, tissue compression studies due to its 

simplicity of the equipment, spatial homogeneity of the stimulus, ease of 

configuring multiple loading replicates, and ease of delivering and transducing 

either static or transient loading inputs (Brown, 2000). Negative and positive 
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pressure loading can also be performed (Yousefian et al., 1995). Unlike direct 

platen abutment loading, there is no issue concerning pre-loading the 

specimen and interference of metabolite transport processes between the cell 

culture and the nutrient medium. In addition, the adhesion of the cell culture 

and the substrate does not affect the hydrostatic compression loading. 

However, there are limitations of the hydrostatic pressurization system. The 

use of high hydrostatic pressure will increase the level of high pO2 and pCO2 

in the nutrient medium which require compensatory treatment steps (Ozawa et 

al., 1990) and it is difficult to duplicate the in vivo stress conditions with in 

vitro hydrostatic loading even though a dilatational component can be 

identified for an loading regimen (Brown, 2000). 

 

                          

Figure 1.10. Common methods for compressive loading. (a) Hydrostatic 

pressure. Embodiments have included systems both with (as shown here) and 

without an incubator gas phase pressurized atop the liquid nutrient medium. 

(b) Platen abutment. Adapted - Brown, (2000).  

 

Direct platen abutment (Fig.1.10b) is a commonly used method for studying 

solid specimens, such as cartilage, bone or biomimetic scaffolds. The use of 
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abutment requires either a tissue explant or cells embedded in matrix. Early 

compression studies mainly involved cartilage explants which involved flat 

ended porous platen and manual application of dead weights (Burton-Wurster 

et al., 1993; Torzilli et al., 1997). Guilak et al. (1994) performed multi-hour 

experiments with three orders of magnitude (0.001-1.0Pa) controlled by a 

motorized micrometer and high-sensitivity load cell. In 1994, Freeman et al., 

performed a study on chondrocyte metabolism. Chondrocytes isolated and 

embedded in 2% agarose gel and exposed to 5, 10 and 15% of strain. The team 

devised a microscope stage-mounted compression system for the study. 

 

Kanai et al. (1992) developed compression loading system where a cell disk 

was placed over nearly confluent cell layers and compression force was 

controlled by inserting lead granules in the cylinder. The force was controlled 

by adjusting the number of lead granules.  This method was used in many 

other studies to look at the response of PDL cells to compressive loading. 

Kanzaki et al., (2002) compressed PDL cells with 0.5, 1.0, 2.0 or 3.0 g/cm
2
 for 

0.5, 1.5, 6, 24 or 48 h to study the induction of osteoclastogenesis by RANKL 

in PDL cells. At 4 g/cm
2
, PDL cells were partially damaged. Yamaguchi et al. 

(2004) subjected the PDL cells to 0.5, 1.0, 2.0 or 3.0 g/cm
2
 of compressive 

force for 24 hours to investigate the role of Cathepsins B and L. Lee et al. 

(2007) and Araujo et al. (2007) modified the technique and incorporated the 

cells in a type I collagen gel matrix to study the effect of mechanical stress on 

PDL cells. A new high-thorough put technique capable of simultaneously 

applying compressive forces to cells encapsulated in an array of 

micropatterned biomaterials has been developed by Moraes et al. (2010). The 
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first study was on mouse mesenchymal stem cells encapsulated within 

poly(ethylene glycol) hydrogels were subjected to 6% to 26% of compressive 

force simultaneously. 

 

 The latest Flexercell
™ 

compression system applies intermittent compressive 

force to cells encapsulated in a hydrogel matrix (Fig.1.11). For this set up, a 

positive air pressure is generated, which compresses the gel against the surface 

of the platen. 

  

Figure 1.11. Compression system. A) FX-4000C™ Flexercell
® 

Compression 

Plus™ System (Flexcell International). A positive pressure compresses 

samples between a piston and stationary platen on the BioPress™ culture. B) 

Schematic diagram of the BioPress™ culture plate compression chamber in 

uncompressed or compressed position. Adapted -Bougault, (2008). 

hydrogel construct 

Hydrogel construct 
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1.7.  Cell Culture systems 

The development and remodelling of bone in part depends upon the 

mechanical signals in its growth environment. In the last several decades, 

importance has been given to understand the scope of mechanobiological 

effects on cells in integrin-mediated signalling pathways, mechanics of the cell 

and cytoskeletal components. This has been done by studying the cell adhesive 

interaction with their microenvironment which is required for the cell 

differentiation, proliferation and migration. 

 

Traditional 2-dimensional (2D) experiments continue to provide valuable 

insights of the dynamic relationship between cell function and interactions 

with the cellular microenvironment, cytoskeletal mechanics. 2D surfaces such 

as tissue culture flasks, Petri dishes, micro-well plates have been used for such 

cell culture studies due to its ease, convenience and high cell viability of 2D 

culture. The differentiation of human mesenchymal stem cells was reported to 

be dependent on the stiffness of the 2D substrate (Engler et al., 2006, 2007). 

 

Natural ECM is a complex meshwork of collagen and elastic fibres 

surrounded in an environment of glycosaminoglycans, proteoglycans and 

glycoproteins (Lee et al., 2008; Wiltz et al., 2013). In addition to the 

biophysical and biochemical functions, the cellular microenvironment 

contributes to complex signalling domain that directs cell phenotype. Cell 

interactions with ECM showed its phenotype can overtake the genotype. 

Hence, a solitary entity of a genome is evaluated in the context of ECM, 

soluble growth factors and other molecules (Tibbitt and Anseth, 2009). Cell 
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migration, differentiation and morphologies of 2D culture cells behaves 

unnaturally in contrast to the more complex forms observed in vivo, as the 

cells are forced to adjust on an artificial flat, rigid surface, which lacks the 

unique ECM environment of each cell type. This may be due to the 

homogenous concentration of nutrients, growth factors and cytokines present 

in bulk media contacts only a section of the membrane. Migration of cells in 

2D environment is another restricted to a plane phenomenon compared to a 

normal migration in a surrounding ECM (Pedersen and Swartz, 2005). Hence, 

a proper 3D model microenvironment is vital for a better understanding the 

studies on cell mechanobiology. 

 

Three dimensional cell culture matrices were introduced as a mimic of the 

ECM and also to overcome the limitations of 2D culture systems (Pedersen 

and Swartz, 2005; Lee et al., 2008; Tibbitt and Anseth, 2009; Kang et al., 

2013). To date, cells have been encapsulated within microporous (Levenberg 

et al., 2003; Cai et al., 2012; Mazzitelli et al., 2013), nanofibrous (Silva et al., 

2004; Zhong et al., 2013) and hydrogel scaffolds (Musah et al., 2012; 

Grevesse et al., 2013) for mechanotransduction studies. Microporous scaffolds 

effectively serves as 2D scaffolds due to their large porous nature 

(approximately 100 µm). Nanofibrous scaffolds, closely mimics the 

architecture formed by fibrillar ECM proteins (Tibbitt and Anseth, 2009). 

However, they are too weak to handle the stress needed for proper 

mechanotransduction. Hydrogels do not have these limitations, making them 

widely used in mechanobiological studies. Hydrogels are reticulated structures 

of crosslinked polymer chains that can be formed from an array of natural and 
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synthetic materials (Prestwich, 2011). These are highly attractive material to 

develop synthetic ECM analogs due to its varied mechanical and chemical 

properties, facile transport of oxygen, nutrients and waste. They can be formed 

under mild, cytocompatible conditions, can be easily modified to possess cell 

adhesion ligands, viscoelasticity and degradability. 

 

Natural gels-scaffolds from natural sources for cell culture are complex to use 

due to risk of contaminations, batch-batch variability that can confound cell 

proliferation, differentiation and migration. The naturally derived polymers 

include agarose, alginate, chitosan, collagen, gibrin and hyaluronic acid 

(Drury and Mooney, 2003). Hydrogels formed from non-natural molecules 

have been used and reported in many studies. The molecules such as Poly 

(ethylene glycol) (Sawhney et al., 1993), poly (vinyl alcohol) (Martens and 

Anseth, 2000), poly(2-hydroxy ethyly methacrylate) (Chirila et al., 1993), 

These hydrogels have been shown to maintain cell viability and allows the 

deposition of ECM as they degrade. Hence these synthetic gels can function as 

3D cell culture systems. Although, they are inert gels, without integrins-

binding ligands and therefore lack the endogenous factors required for cell 

behaviour (Cushing and Anseth, 2007). The cross linking of the polymeric 

chains can be initiated using physical stimuli such as changes in temperature, 

pH, ionic environment and shear stress, or by chemical means via that of 

cross-linking agent, enzymatic reaction or exposure to light 

(photopolymerization) (Fedorovich et al., 2007). Other than providing a three 

dimensional structure for the organization and differentiation of cells in tissue 

engineering, hydrogels are also used as space filling agents which provide 
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bulking and act as biological adhesives or anti-adhesives. They can also act as 

delivery vehicles for bioactive molecules such as VEGFs or be used to 

encapsulate secretory cells which release biological mediators (Drury and 

Mooney, 2003). 

 

Hyaluronan is a non-sulphated GAG which forms the major constituent of the 

ECM. It is biocompatible and biodegradable and functions in organizing the 

ECM, regulates cell adhesion, proliferation and differentiation. The present 

study utilizes HA-derived hydrogel (Prestwich, 2011) which is semi-synthetic 

in nature, composed of thiol-modified hyaluronic acid (Glycosil
™

) and gelatin 

(Gelin-S
™

) that are co-crosslinked with polyethylene glycol diacrylate 

(Extralink
™

).Hydrogel serves to encapsulate the cells in a three-dimensional 

structure to facilitate the application of mechanical strain with Flexercell
®

 

machine. 
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2. The effect of mechanical strain on PDL cells in two-

dimensional culture system 

 

2.1 Introduction 

The periodontal ligament functions in a mechanically active and undergoes 

tension and compression when subjected to excessive occlusal loading, not 

only during mastication, deglutition and speech, but also due to occlusal 

trauma and man-made orthodontic appliances. PDL cells have been widely 

investigated using various techniques to study the effects of both tensile and 

compressive strain (see literature review) in vitro and most have focussed on 

the expression of cytokine and osteogenic genes (Yamaguchi et al., 1994; 

Tsuji et al., 2004; Yang et al., 2006 Wescott et al., 2007; Yamashiro et al., 

2007; Pinkerton et al., 2008;  Tang et al., 2012; Xie et al., 2012). Remodelling 

changes involve a complex interplay of cell-cell and cell-matrix interactions 

and applied mechanical forces are transduced from the strained ECM to the 

cytoskeleton through cell surface proteins. Adhesion of the ECM to cell 

surface receptors can induce reorganization of the cytoskeleton, secretion of 

stored cytokines, ribosomal activation, and gene transcription (Sandy, 1998; 

Kerrigan et al., 2000), and the role of cell adhesion molecules in the 

transformation of mechanical forces into biochemical signals has been widely 

studied (Sandy et al., 1989; Sandy, 1998; Kerrigan et al., 2000).  

 

All cells have a finite life span, and apoptosis, a form of programmed cell 

death in which cells are induced to activate their own death or suicide, plays 

an important role in many pathophysiologcal processes, including tissue 
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remodelling and homeostasis (Wyllie et al., 1980; Elmore, 2007). However, 

cultured bone and PDL cells deprived of the normal functional loading to 

which they are exposed in vivo are in a physiological default state, raising the 

question of what effect mechanical stimuli might have on apoptosis-mediated 

cell death. The in vitro evidence to date is equivocal. Although complicated by 

the use of different model systems and strain regimens, unlike cultured bone 

cells, where mechanical stimuli have typically been shown to inhibit apoptosis 

(Bakker et al., 2004; Aguirre et al., 2006), cyclic mechanical strain has been 

reported to trigger a transient increase in apoptosis in cultured human PDL 

cells (Zhong et al., 2008; Hao et al., 2009). This is important because any 

reductions in metabolic activity may compromise quantification of alterations 

in gene expression. 

 

 In the present investigation, human PDL cells in two-dimensional culture 

were screened for adhesion-related genes using targeted real-time RT-PCR 

microarrays, and we report, for the first time, the effect that a predominantly 

tensile cyclic mechanical strain has on their expression. We further show that 

the immediate response of the cells to a change in their biophysical 

environment was a short-term reduction in overall cellular activity, including 

the expression of two apoptosis executioner caspases (Saminathan et al., 

2012).  

The RNA extraction was carried out by our collaborators from the Department 

of Oral Sciences, Faculty of Dentistry, University of Otago, Dunedin and the 

real-time RT-PCR microarrays by SAB Biosciences. Kindly refer the 

published work of this study attached in the appendix section (Appendix 1).  
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2.2 Materials and methods 

2.2.1 Isolation and culture of periodontal ligament cells 

Approval for the use of human PDL cells was granted by the National 

University of Singapore Institutional Review Board (Reference: 

OSHE/RA/03/04/FOMo-28). All the teeth used in the study were healthy, 

pathology-free premolars extracted for orthodontic purposes. They were 

obtained following informed consent with permission from the donor/ 

guardian. Human PDL cells were prepared from extracted premolars using the 

method described by Somerman et al. (1988). 

 

Subgingival scaling and chlorhexidine were first carried out to remove visible 

plaque and calculus to reduce the source of contamination during culture. A 

sulcular incision and gingival curettage were made under local anaesthesia to 

minimize gingival attachment before extraction by simple forceps delivery. 

The teeth were placed in 50 mL Falcon tubes containing 20 mL of pre-

incubated culture medium and transported to the laboratory. Teeth were 

washed with culture medium to remove excess blood and adherent PDL tissue 

removed from the middle third of the root with a scalpel. All procedures were 

carried out in laminar flow hood under aseptic conditions. Tissue explants 

were plated onto 35mm Petri-dishes covered with drops of culture media and 

then placed in a carbon dioxide incubator in a humidified atmosphere of 5% 

CO2 and 95% air at 37
o
C. The explants were checked for attachment at 48 

hours before additional culture media was added to cover the surface of the 

Petri dish completely. The culture media consisted of Dulbecco’s modification 

of Eagle’s medium (DMEM; GIBCO, Invitrogen), 10% fetal calf serum 
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(GIBCO), antibiotic-antimycotic reagent (10,000 units, penicillin, 10,000 μg 

streptomycin and 25 μg/mL amphotericin B), 200 mM L-glutamine 

(Invitrogen) and Gentamicin reagent solution. Media changes were performed 

at three to four day intervals, with regular examination of the specimens under 

light microscopy (Leica, DMI 3000) to assess for outgrowth of cells from the 

tissue explants. Once the primary explanted cells (P0 cell line) reached 

confluence, the cells were trypsinized and cultured in a 100mm Petri dish. 

This first passage of cell was labelled P1. Subsequent passages of cells (P2, P3 

and so on) were cultured in 75 cm
2
 and 150cm

2
 tissue flasks. Until the cells 

reached confluence, media was changed for every two days. From a 75 cm
2
 

flask, each passage of cells were expanded by washing with PBS and 

trypsinizing with 2.5mL of Trypsin/EDTA (Gibco, Invitrogen, Singapore) for 

5 minutes in the 37
o
C incubator. Once the cells had lifted, they were 

homogenized with 2.5 mL of media; for a 150 cm
2
 flask, the volumes of the 

reagents added were doubled. The suspension was centrifuged at 1200 rpm 

(290 x g) for 3 minutes and the pellet re-suspended with 1mL media and 

transferred to a 150cm
2
 flask containing 20 mL of media or three 75 cm

2 
flasks 

each containing 10 mL of media. Flasks were again incubated at 37
o
C 

incubator for subsequent expansion; P3 and P4 cells were used in all 

experiments and the excess cells were frozen at -80
o
C liquid nitrogen for 

future use. 
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2.2.2 Storage of periodontal ligament cells  

After each passage of cells has reached confluence, the cells were first 

trypsinized with Trypsin/EDTA and homogenized and centrifuged as 

described above. From the cell pellet suspension, 10 µL was taken to count the 

number of cells by using a haemocytometer. Cell number was calculated as 

below: 

   Average number of cells counted x Volume of original mixture x 10
4
 

The dispersed cells were again centrifuged at 1200 rpm for 3 minutes and the 

pellet suspended in freezing media (1 part of dimethyl sulfoxide: 9 parts FBS) 

to obtain a concentration of 1 x 10
6 

cells/mL. The diluted cells were aliquoted 

into 1 mL cryogenic vials and stored in -20
o
C overnight and transferred to -

80
o
C for storage until used for experiments. 

 

2.2.3 Application of tensile strain 

The PDL cells were trypsinized and counted to subculture 3 x 10
5 

cells per 

well into the six-well, 35 mm flexible-bottomed UniFlex
®
 culture plates 

(Figure 2.1, Flexcell International Corporation, Hillsborough, NC, USA) 

containing a centrally located rectangular strip (15.25 x 24.18 mm) coated 

with type I collagen. 
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Figure 2.1. Left: 35 mm six well UniFlex
®
 flexible bottomed cell culture 

plate; Right: Arctangle
®

 Loading stations
™ 

3.3" x 5" Lexan
®
 plate and six 

removable Delrin
®

 planar faced semi-rectangular posts. Adapted - Flexcell 

International technical report.  

 

Uniflex
®
 culture plates are designed to apply an in-plane uniaxial strain to 

monolayer cell cultures. The strain was applied (Figure 2.2) to the central 

rectangular strip (0.952 in
2
) in the orientation along the 24.18 mm axis 

providing uniaxial strain to an area of 3.68 cm
2
 (0.57 in

2
). Specially designed 

Arctangle
®
 Loading Stations

® 
(Figure 2.1) were used to expose the selectively 

controlled portion to regulated vacuum.  The loading stations comprised a 3.3" 

x 5" Lexan
®
 plate and six removable Delrin

®
 planar faced semi-rectangular 

posts positioned to be perpendicular to the central rectangular strip beneath the 

flexible membrane of each well of the UniFlex
®
 plate.  
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Figure 2.2. A single UniFlex
®
 well showing region and orientation of uniaxial 

strain. Total strain area = 0.57 in
2
. Adapted - Flexcell International technical 

report. 

 

 

 

When the cells had reached confluence (commonly 3–4 d), the plate and 

loading stations were placed in the BioFlex
®
 baseplate and the gaskets which 

hold the plate and prevent leak of the vacuum sealed tight. The whole set up 

was placed in a 37
o
C, 5% CO2 incubator and the silicon rubber membranes 

were subjected to an in-plane deformation of 12% for 5 s (0.2 Hz) every 90 s 

using a square waveform in  a Flexercell FX-4000 strain unit (Figure 2.3) 

(Flexcell Corp., Hillsborough, NC, USA).  
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Figure 2.3. Flexcell
®
 FX-4000

™
 Tension system. UniFlex

®
 plate with 

confluent human PDL cells were assembled in the standard BioFlex
®
 

baseplate with Arctangle
®
 Loading station. The set up was connected to the 

FX-4000
™

 Tension system and subjected to a programmed regimen of 12% 

for 5 s (0.2 Hz) every 90 s. 

 

The strain value of 12% was based on data derived from a finite element 

model, which suggested that maximal PDL strains for horizontal 

displacements of a human maxillary central incisor under physiological 

loading lies in the vicinity of 8–25%, depending upon the apico-crestal 

position – a deformation of 12% correlates well with strain conditions 

predicted at the mid-root (Natali et al., 2004). Experimental and control plates 

were allocated to each of the three time points (6, 12 and 24 h) and separate 

experiments performed for light microscopy, cell activation, caspase activity 

and RNA extraction. As discussed in detail later, the deformation of the silicon 

membrane is not uniform, but generates a tension gradient; any changes in 

expression will therefore represent the global average of cells exposed to 

different amounts of strain. 
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2.2.4 Changes in cell morphology 

At the end of the experimental period, plates were removed from the baseplate 

and loading stations were detached. To determine changes in the orientation of 

the cells and evidence of cellular detachment or collagen delamination, some 

cultures were fixed with acetic methanol (1 part glacial acetic acid:3 parts 

methanol) for 5 mins at 25
o
C, and after aspirating the fixative, 1% Giemsa 

stain (G9641; Sigma-Aldrich, Singapore) in acetic methanol added for 2–5 

mins at 25
o
C. After washing with 60% methanol in water for 1–2 mins, 

rectangular segments were cut from the silicon membranes and after mounting 

on glass slides, viewed by light microscopy. 

 

2.2.5 MTT assay 

Cell activation was measured by the MTT assay (Sigma-Aldrich), a 

colorimetric assay for estimating mammalian cell survival, proliferation and 

activation based on the ability of viable cells to reduce yellow 3-(4, 5-dim-

ethythiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) by mitochondrial 

succinate dehydrogenase (Twentyman and Luscombe., 1987; Mosmann, 

1989). At the end of each time point, the cells were harvested by trypsinization 

and re-suspended in fresh media; 50 µL of this cell suspension was added to 

96-well plates and spun at 4000 rpm (1900 x g) for 5 min. The supernatant 

was removed and 50µL of the MTT solution (4 mg/mL in DMEM) added to 

each well. The cells were incubated at 37
o
C for 2 h in the dark. Following 

incubation, the plate was centrifuged and the supernatant discarded; the 

resulting formazan crystals were dissolved by the addition of 200µL of 
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dimethylsulfoxide (Sigma-Aldrich), and absorbance was measured at 570 nm 

in a microplate reader (Tecan SpectrophorPlus, Singapore). 

 

2.2.6  Caspase 3/7 assay 

Caspases, a family of cysteine proteinases that specifically cleave proteins 

after aspartate residues play key roles in mammalian cell apoptosis. Two 

‘executioner’ caspases (3 and 7) were measured by the Caspase-Glo
 
3/7 Assay 

(Promega Corporation, Madison, WI) which provides a luminescent Caspase-

3/7 substrate containing the tetrapeptide sequence (Asp-Glu-Val-Asp) in a 

reagent optimized for caspase activity, luciferase activity and cell lysis. At the 

end of each time point, the collagen coated rectangular area was cut and 

treated with the Caspase-Glo
®
 3/7 reagent for 1 hour in dark at room 

temperature. Each sample was aliquoted into triplicates. Luminescence was 

measured with a Sirius Single tube luminometer (Berthold Detection 

Systems). 

 

2.2.7 Gene expression analysis 

RNA extraction and real-time PCR array analysis was performed by SAB 

Biosciences.  
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2.3 Results 

Under light microscopy, a difference in cellular orientation was observed as 

early as 6 h after the application of cyclic strain, with no evidence of cell 

detachment or plate delamination. While control cells remained randomly 

orientated, mechanically deformed cells had become reorientated away from 

the direction of the applied force, as previously reported (Buckley et al., 1988; 

Neidlinger-Wilke et al., 2002). However, realignment of the cells was not 

uniform across the whole surface of the centrally located collagen strip, 

tending to be more pronounced towards the edges (Figure 2.4). 

 

 

Figure 2.4. Reorientation of cells observed by light microscopy after 12% 

deformation. Both images were taken at the edge of the centrally located type I 

collagen strip. Left: Control culture in which cells tend to be randomly 

orientated. Right: 12h stressed culture stained by the Giemsa method. Cells 

become aligned at varying angles to the long axis of the applied strain 

(Saminathan et al., 2012). 

 

 The MTT assay showed that intermittent substrate deformation resulted in a 

small, but statistically significant, reduction in overall metabolic activity at 6 h 

(Figure 2.5). There was also a reduction in caspase-3 and -7 activity by 
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mechanically strained cells at 6 and 12 h, suggesting that the strain regimen 

had delivered a transient anti-apoptotic signal to the cells (Figure 2.6). 

 

Figure 2.5. The effect of uniaxial, cyclic strain on the viability of cells; MTT 

assay. Data represented as means of absorbance values from three separate 

experiments measured at 570 nm. *p < 0.05. (Saminathan et al., 2012). 

 

 

 

Figure 2.6. The effect of cyclic mechanical strain on the activity of two 

‘executioner’ caspases, -3 and -7, detected by Caspase 3/7 assay. Data is 

expressed in relative light units (RLU) as mean for 6-wells from three separate 

experiments. ***P < 0.001. (Saminathan et al., 2012). 
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2.4 Discussion 

The study showed that intermittent tensile strain on human PDL cells in 2-

dimensional culture had a significant effect on the regulation of adhesion-

related molecules and the metabolic activity of the cells (Appendix 1). In 

response to biomechanical cues, PDL cells undergo alterations in cell 

proliferation and differentiation of the various cell populations in the ligament 

(Mabuchi et al., 2002). PDL fibroblasts being the most predominant cells in 

the human PDL (see literature review), (Lekic and McCulloch, 1996) serve to 

regenerate the PDL and maintain its structural integrity during bone 

remodelling. Thus for PDL homeostasis, the proliferative capacity of PDL is 

essential. 

  

In the present study, the MTT assay suggested that the application of 

mechanical strain to quiescent cells resulted in transient reduction in cellular 

activity. At first sight this supports the findings of Wang et al. (2011), which 

reported that a cyclic tensile strain as low as 0.5% applied to human PDL cells 

for 2 h in an out-of-plane, four-point bending system had an inhibitory effect 

on cell proliferation and viability. However, the signal generated in the MTT 

assay is dependent upon the number as well as activity of living cells 

(Twentyman and Luscombe, 1987; Sieuwerts et al., 1995). Our findings 

suggest that mechanical stress is not cytotoxic, but the reductions in the MMT 

formazon product at 6h result, from a temporary reduction in metabolic 

activity associated with the alteration in their functional environment 

(Saminathan et al., 2012). Moreover, Wang et al. also performed a microarray 

analysis using a whole genome oligonucleotide chip and were able to identify 
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110 genes that were differentially expressed, 97 of which were upregulated. A 

recent study on PDL fibroblasts stretched by less than 10% strain showed a 

reduction in proliferation without any cytotoxic effect, and that proliferation 

was mediated by a MAPK dependent pathway (Kook and Lee, 2012). A cyclic 

stretch of 9% strain with 6 cycles/min inhibited PDL cells proliferation 

(Matsuda et al., 1998) and in an in vivo study the rate of proliferation was 

observed to be lower on the tension side than the resorption side (Zentner et 

al., 2000). In contrast, PDL cells subjected to 2.5% elongation showed 

significant increase in DNA synthesis (Kletsas et al., 1998), while an in vivo 

study on orthodontic tooth movement using male Sprague-Dawley rats found 

that the tension sides of PDL was found to show higher proliferation than the 

compression side (Mabuchi et al., 2002). These latter data and the findings of 

the present study suggest that mechanically deformed cells remain 

metabolically active, and suggest that any changes in the MTT assay represent 

a short-term adjustment to alterations in their biophysical environment. 

 

Apoptosis, a conserved form of programmed cell death following a specialized 

cellular process plays a critical role in cell proliferation and differentiation and 

also protects the cell from any extracellular stress induced by removal of 

growth factors (Jacobson et al., 1997; Jilka et al., 1998; Fuchs and Steller, 

2011). The process involves activation of a cascade of proteolytic enzymes 

called caspases responsible for cleaving cellular substrates in many apoptotic 

pathways (Saminathan et al., 2012). They are induced by initiator caspases 8 

and 9 which triggers the executioner caspases -3. -6 and -7, with caspase-3 

being the most effective to respond to the direct activation (Hao et al., 2009). 
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Our caspase-3 and -7 data suggest that the application of an in-plane cyclic 

strain to PDL cells has a positive, albeit transient, effect on apoptosis, an 

observation supported by comparable data for gingival fibroblasts (Danciu et 

al., 2004). However, the results are contradictory to previous reports on out-

of-plane cyclic mechanical strain which showed a transient increase of 

apoptosis in PDL cells (Zhong et al., 2008; Hao et al., 2009). This seems 

likely to have been due to the more vigorous strain regimens used (1, 10 and 

20% deformation at 0.25 Hz for 10 and 6 cycles/min, respectively), suggesting 

that the cells might have been overstressed. Experiments conducted on human 

lung fibroblasts, for example, have shown that 20% cyclic deformation 

activated apoptotic signalling pathways (Boccafoschi et al., 2010), while 25% 

strain induced cell death (Boccafoschi et al., 2007). 

   

 PDL cells in order to maintain homeostasis, may undergo cell death after the 

completion of functions such as synthesis, resorption and remodelling of the 

periodontal tissues (Mabuchi et al., 2002), and apoptotic cell death has been 

reported in the both the pressure and tension sides of the tooth during 

orthodontic tooth movement (Hatai et al., 2001; Mabuchi et al., 2002; 

Yamamoto et al., 2006). In summary, induction of apoptosis in mechanically 

deformed cells in vitro appears to be related to the magnitude and frequency of 

the applied strain. This is likely to be reflected in real life, where the PDL will 

be more heavily stressed by occlusal loading during mastication than in 

swallowing. Moreover, the slowdown in proliferation can be viewed as an 

adaptation and protection mechanism to enable cells respond to external 

stimuli (Wang et al., 2011). The relationship between the biophysical 
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environment of a cell and the mechanisms of programmed cell death and its 

balance with cell proliferation appears to be a complicated one and would 

benefit from further investigation. 

 

The effects of strain magnitude and frequency have been widely investigated 

but the relationship between signalling and strain direction remains unknown. 

Fibroblasts were seen to align perpendicular to the direction of the force in the 

in vitro studies done by Zhong et al. (2008) and Culbertson et al. (2011). The 

authors explain that when a mechanical stimulus was applied to the teeth, 

there will be an increase in PDL cell proliferation, strengthening the physical 

properties of PDL fibers and hence increases PDL space. Therefore, the 

perpendicular alignment to the direction of force applied may be an essential 

characteristic role played to maintain the structure PDL.  Cyclic uniaxial strain 

applied to cardiac fibroblasts in vitro induced the expression of genes 

encoding TGFβ1, collagen III and fibronectin, while equibiaxial strain induced 

extracellular matrix molecules at mRNA levels (Lee et al., 1999). A further 

study relating the deposition of ECM molecules that could possibly influence 

the cell alignment is necessary for a better understanding of the physiological 

response of cells to mechanical stimuli. 

  

In the Flexercell system, a silicone membrane is stretched across a loading 

post by the application of vacuum pressure and, depending on the shape of the 

loading post, either a biaxial or a uniaxial strain (as in the present study) may 

be applied to the cells. Although the most widely used commercially available 

apparatus for delivering controlled mechanical strain to cells in vitro, the 



73 

 

Flexercell system does have limitations, particularly when it comes to 

determining the physical characteristics of the strain. First, the mechanical in-

plane deformation applied to UniFlex
®
 plates does not produce a purely 

tensional strain because tension in one plane is always accompanied by 

compressive and shear strains due to the Poisson effect (Vande Geest et al., 

2004; Matheson et al., 2006) Second, cells cultured on a UniFlex
®
 plate will 

experience about half the applied substrate strain programmed into the 

computer (Wall et al., 2007). And third, the amount of cellular deformation 

will vary with the distance from the middle of the membrane; cells near the 

perimeter of the field will experience greater deformation (Matheson et al., 

2006). Nevertheless, despite the shortcomings of all existing model systems in 

precisely defining the strain profile, in vitro methodology still remains the 

most effective way to screen cells for the expression of mechanoresponsive 

genes. Another consideration is that the traditional 2-dimensional culture 

systems in widespread use for investigating the response of cells to 

mechanical strain in vitro have a number of limitations, not least the fact that 

periodontal ligament cells are normally surrounded by a complex network of 

collagens, proteoglycans and non-collagenous proteins, which are not grown 

on tissue culture plastic or films of matrix proteins, such collagen or 

fibronectin. In other words, the cells cultured in this system are in a double 

default state. Some attempt has been made to address this shortcoming for 

compressive force application by seeding periodontal ligament cells into type I 

collagen gels (de Araujo et al., 2007; Lee et al., 2007), but collagen is only 

one of the major structural macromolecules found in extracellular matrices. 

For the field to progress, therefore, it is clear that future in vitro analyses of 
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mechanoresponsive gene and protein expression require well characterized 

three-dimensional models incorporating periodontal ligament cells into 

hydrogel matrices designed to produce a tissue construct resembling more 

closely the periodontal ligament in vivo. 
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3. Preliminary study 

 

3.1 Introduction 

Traditional two-dimensional culture systems have a number of limitations 

since they are in a double default state. To bridge the gap between 2-

dimensional cultures and animal models we created 3-dimensional tissue 

constructs to more closely resemble the structure of the PDL in vivo by 

seeding cells into hydrogel matrices. Hydrogels are class of polymer material 

that have properties which resemble naturally occurring extracellular matrices. 

They have been widely used to create 3-dimensional tissue constructs for use 

in cell biology, bioengineering and regenerative medicine (Serban et al., 

2008). In the present investigation, PDL cells were encapsulated in two 

hydrogel matrices : (1) agarose, a linear polysaccharide composed of galactose 

subunits obtained from agar which has been widely used in orthopaedic 

research due to its ability to support the chondrocyte phenotype (Buschmann 

et al., 1995; Chowdhury et al., 2003; Toyoda et al., 2003; Kelly et al., 2006; 

Bougault et al., 2008, 2012), and (2) Extracel
™

, a commercially-available 

hydrogel composed of hyaluronan (HA) and gelatin, cross-linked with 

polyethylene glycol diacetate (PEGDA) forming a semi-synthetic extracellular 

matrix (Serban et al., 2008). 
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3.2 Materials and methods 

3.2.1 Culture of periodontal ligament cells 

Primary human PDL cells were purchased from a commercial source 

(ScienCell Research Laboratories, Carlsbad, CA, USA; Lot number: 5145). 

The cells were isolated from several donors and cryopreserved at passage 0. 

The cells were delivered frozen on dry ice which was transferred immediately 

to liquid nitrogen. Each 1mL vial containing 5 x 10
6
 cells was cultured by first 

thawing in a 37
o
C water bath and diluting with 1 mL of Dulbecco’s 

modification of Eagle’s medium (DMEM; GIBCO, Invitrogen, Singapore) 

with all essential supplements as described before,  under sterilized conditions 

in a biosafety cabinet. The mixture was centrifuged at 1200 rpm (290 x g) for 

3 minutes and the supernatant was discarded. The pellet was re-suspended 

with 1 mL of media and transferred to a 75cm
2
 tissue culture flask (Corning

®
 

cell culture flasks) containing 10 mL of DMEM. The flask was incubated in a 

humidified atmosphere of 5% carbon dioxide and 95% air at 37
o
C. Media was 

changed after 24 hours to remove any residual freezing media. 

 

3.2.2 Cells encapsulation in hydrogels 

Preliminary experiments were done to optimize the cell number and growth 

conditions in the hydrogels. Four hydrogel construct cultures were set up and 

maintained to be examined for one, two, three and four weeks.  
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3.2.2.1 Extracel
™

 constructs 

Human PDL cells were incorporated into Extracel
™

 hydrogel as per 

manufacturer’s instructions. Passages 3 and 4 of the PDL cells were used for 

all our studies. Extracel
™

 kits (Figure 3.1) purchased from Glycosan 

Biosystems were stored in -20
o
C on arrival; each consists of three individual 

vials of Glycosil, Gelin-S, Extralink and degassed deionized water (DG 

water). Glycosil, Gelin-S and Extralink come as lyophilized solids blanketed 

by argon and under a slight vacuum.  

 

Prior to use in experiments, the kit components were brought to room 

temperature and reconstituted according to the manufacturer’s instructions. 

Under aseptic conditions, DG water was added to dissolve Glycosil and Gelin-

S using a syringe. Syringes were always used to add water and remove product 

from the vials since Glycosil and Gelin-S tends to cross link in the presence of 

oxygen. Glycosil and Gelin-S were reconstituted to produce a 1% (w/v) 

solution. To dissolve the solids, both the vials were placed in a 37
o
C shaker for 

approximately 30 minutes until the solutions were clear and viscous. Extralink 

was reconstituted to produce a 2 % (w/v) solution.  
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Figure 3.1. Extracel
™

 hydrogel kit containing DG water, Glycosil, Gelin-S 

and Extralink in its lyophilized form. 

 

Human PDL cells were trypsinized and pelleted. Equal volumes of Gelin-S 

and Glycosil were mixed and added to the cell pellet and mixed well for 

complete dispersion of cells by pipetting back and forth. One part of Extralink 

was added to the mixture at a ratio of 1: 4 to produce a final concentration of 

the cells to be 2.5 x 10
6
/mL.  

 

Glass rings of about 13 mm diameter and 1.5 mm thickness were sterilized and 

placed in a 60 mm Petri dish (Figure 3.2). 300 µL of the hydrogel mixture was 

added to each glass ring to form a construct of about 800‒1000 µm thickness. 

The constructs gelled at 37
o
 C for 30 minutes; 10mL of culture media added to 

each dish and the constructs were cultured at 37
o
 C incubator at 5% CO2/95% 

air. Culture media were changed every 2 days.  

 



79 

 

           

Figure 3.2. Image taken when hydrogel encapsulated with human PDL cells 

were cast into glass rings of 13 mm diameter x 1.5 mm thickness placed in 60 

mm Petridish. 

 

 

  

3.2.2.2 Agarose constructs 

Low melting agarose was used for the constructs. To prepare 2 % gel 

construct, 0.1mg of low melting agarose was dissolved in 5 mL of PBS and 

the solution was heated for approximately 1-2 minutes until the agarose was 

dissolved completely and cooled to bearable temperature in a 37
o
 C water bath 

before adding the PDL cells which were trypsinized and pelleted to 2.5 x 10
6
. 

After the pellet was re-suspended slowly using a pipette for a uniform 

suspension and avoid air bubbles, 300 µL of the gel was transferred to the 

glass rings as described above for Extracel
™

. The constructs were left to gel 

for 10 min in a 37
o 

C incubator before 10 mL culture media was added and 

maintained along with the Extracel
™

 culture constructs. Culture media was 

changed every 2 days. 
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3.2.2.3 Growth factors 

In order to accelerate the growth of PDL cells and direct the cells towards the 

fibroblast phenotype, connective tissue growth factor (CTGF) and fibroblast 

growth factor (FGF-2) were incorporated into the constructs; 100 ng/mL of 

CTGF (BioVendor Laboratories, Guangzhou, China) and 10 ng/mL of FGF-2 

(10 ng/mL; Gibco) were added to both the hydrogel matrix and the culture 

media. Cultures without growth factors were maintained as controls. 

 

3.2.3 Confocal microscopy 

Cell viability was determined by staining with Fluorescent dyes, fluorescein 

diacetate (FDA) and propidium iodide (PI) (Jones and Senft, 1985). The FDA 

is a lipid-soluble, non-fluorescent probe that passes through the cell membrane 

and is hydrolyzed by cytoplasmic esterase to yield a fluorescent product, 

fluorescein. It is a polar compound that passes slowly through a living cell 

membrane, accumulates inside the cell and exhibits green fluorescence when 

excited by blue light (Johnson et al., 2001; Jones and Senft, 1985). PI, on the 

other hand, passes through damaged cell membranes and intercalates with 

DNA and RNA to form a bright red fluorescent complex seen in the nuclei of 

dead cells. Since the dye is excluded by intact cell membranes, PI is an 

effective stain to identify nonviable cells. 

 

 A stock solution of fluorescein diacetate (Sigma Aldrich, Singapore) was 

prepared by dissolving it in acetone to produce a concentration of 5 mg/mL. 

The working solution of FDA was freshly prepared each time, by adding 0.04 

mL of stock solution to 10 mL of phosphate buffered saline (PBS). The stock 
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solution of PI was prepared by dissolving 1 mg in 50 mL of PBS. The 

prepared stock solutions were stable for up to 6 months when stored in dark at 

4
o
C.  

 

At the end of each time point, culture medium was  aspirated from the Petri 

dishes and gels stained by adding 0.1 mL (2µg) of FDA working solution and 

0.03 mL (0.6µg) of PI. The procedure was carried out in the dark and the gels 

were left to stain for 3 minutes at room temperature. The Petri dishes were 

covered with aluminium foil and transported in ice to the Confocal 

Microscopy Unit (National University Medical Institutes) and viewed with a 

Olympus Fluoview FV 1000 (Olympus, Japan) confocal imaging system at 

10x magnification. Viable cells appear as fluorescent bright green at 470 nm 

and non-viable cells are bright red at 559 nm. Three fields (120µm x 120µm) 

with one center and two periphery were chosen and scanned for analysis from 

each disc and the numbers of viable and non-viable cells were counted using 

the Imaris version 6.1.5 software.  

 

3.3 Results and discussion 

Over 4 week time course, PDL cells retained high viability in Extracel
™

 

compared to agarose. Observing after 24 h, there was almost 50% of cell death 

in agarose compared to just 3-4% in Extracel
™

, although, there was an 

improvement in the cell growth from the second week onwards (Table 3.1). 

Addition of CTGF and FGF-2 has significantly increased the viability of cells 

in both the hydrogels compared to the corresponding controls (Table 3.1 

below). 
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                                Hydrogels without CTGF/FGF-2 

 

                                  Hydrogels with CTGF/FGF-2 

 

Days in culture 

 

           Extracel
™ 

+ GFs 
 

 

             Agarose + GFs 

 Viable cells 

(FDA) 

Dead cells 

(PI) 

Live cells 

(FDA) 

Dead cells 

(PI) 

 

1 day 

 

1696 

 

 

65.56 

 

719.67 

 

641.89 

 

7 days 

 

1904.11 

 

 

55.56 

 

593.67 

 

547.89 

 

14 days 

 

2302.78 

 

 

105.11 

 

869.11 

 

73.22 

 

21 days 

 

3479.11 

 

 

60.22 

 

1294.22 

 

144.89 

 

28 days 

 

4082.44 

 

 

146.56 

 

1611.56 

 

134.44 

 

Table 3.1. Comparative tabulation of cell viability in the hydrogels without 

(above) and with (below) addition of CTGF/FGF-2, calculated by FDA/PI 

staining-laser confocal microscopy method. Three fields were chosen from 

each glass ring in the Petri-dish and the number of viable/non-viable cells 

were counted using Imaris version 6.1.5 software. Data represented is means 

of 9 readings/Petri-dish.  

 

Days in culture 

 

                Extracel
™ 

 

 

             Agarose 

 Viable cells 

(FDA) 

Dead cells 

(PI) 

Viable cells 

(FDA) 

Dead cells 

(PI) 

 

1 day 

 

341.22 

 

 

16.11 

 

171 

 

121.89 

 

7 days 

 

921.67 

 

 

46.67 

 

150.33 

 

473.11 

 

14 days 

 

1191.11 

 

 

155.44 

 

396.56 

 

275.67 

 

21 days 

 

2021.44 

 

 

124 

 

1401.22 

 

131.11 

 

28 days 

 

2257.78 

 

 

123.78 

 

1278.33 

 

98.78 
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Figure 3.3. Images were taken at 10 x magnification after each experimental 

time point by Olympus Fluoview FV 1000 (Olympus, Japan) confocal 

imaging system and processed by Imaris software version 6.1.5. The left 

aligned images (A, C, E, G) are the stacked view from the top of the Extracel
™

 

hydrogels in an area of 1200 x 1200 µm of each sample ; Right aligned images 

(B, D, F, H) are the cross-sectional view (900-1000 µm thickness). Viable 

cells appear green and non-viable cells appear red after staining with 

Fluorescein diacetate and propidium iodide. 
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Figure 3.4. Confocal images (10 X) of PDL cells in Agarose showing a higher 

number of dead cells by 7 days of culture (I, J) and its migration towards the 

gel-substrate interface by the end of 28 days.  

 

 

 

The morphology of the cells at the end of 4 weeks’ time course varied with the 

planes of the gel. A characteristic fibroblast phenotype was assumed by the 

cells on the gel-substrate interface (Figure 3.3H), but the cells remained 

rounded within the body of the gel. One of the ways cells adapt to their 

environment is through adhesive interactions with their substrate, typically 

extracellular matrix proteins such as collagen or fibronectin via focal 

adhesions. Retention of a rounded morphology suggests the biophysical 

characteristic of the hyaluronan-gelatin substrate, unlike the gel-plastic 

interface, does not provide a sufficiently stiff scaffold to enable the cells to 

attach and spread. Since PDL cells constitute a heterogeneous population 

including mesenchymal stem cells (MSCs) and it is possible that some of the 
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rounded cells within the gel matrix were chondrocytes. Another peculiar 

behavior of cells organization was seen within the gel from the second week 

onwards (Figure 3.3F). Cells with a fibroblast phenotype formed a densely 

packed network in the top layer with some cells migrating towards the bottom 

of the gel leaving an empty space in the gel (Figure 3.3H); this was observed 

in both the hydrogels. In other words, the cell number was higher towards 

exterior region of the gel than the interior. This may be due to the fact that, as 

the cells grow to fill in the pores, diffusion of nutrients might have become 

limited to reach (Carrier et al., 2002; Dunn et al., 2006) and the cells might 

have to migrate towards these directions for adhesion and growth. Cell growth 

in agarose exhibited similar characteristics except that the cells were migrating 

to organize as a dense layer towards the gel-plastic interface alone (Figure 

3.4). Though previous studies (Bougault et al., 2008, 2012) have used agarose 

for molecular studies on mechanical deformation, while our preliminary data 

shows an increased cell death rate compared to the Extracel
™

, we chose 

Extracel
™

 for our further studies. 
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4. Engineering and characterizing three-dimensional tissue 

constructs in a tensile environment 

 

4.1 Introduction  

The forces that orthodontic appliances apply to the teeth are transmitted 

through the PDL to the supporting alveolar bone leading to the deposition or 

resorption of bone depending upon whether the tissues are exposed to a tensile 

or compressive mechanical strain. These strains initiate changes in the 

metabolic and proliferative activity of the PDL leading to tissue remodelling 

and formation or resorption of bone depending upon whether the cells at bone-

PDL interface are exposed to an osteogenic or osteoclastic signalling cascade. 

 

The extracellular matrix (ECM) provides a physical framework that plays an 

integral part in signalling cells to proliferate, migrate and differentiate 

(Holmbeck and Szabova, 2006). Remodelling of the ECM plays a vital role in 

orthodontic tooth movement with forces exerted on the teeth and transmitted 

to the surrounding tissues of the periodontium. The ECM molecules involved 

in this process include collagen, proteoglycans, laminin, and fibronectin. As 

most in vitro studies done on investigating these aspects using two-

dimensional culture systems do not provide a complete understanding of the 

complex interplay occurring in vivo, a three-dimensional model is required. To 

overcome the limitation of cells being organized as double layer resulting in a 

construct with a non-uniform distribution of cells, we designed a thin film 

construct that measures about 80-100 µm thickness. Here we describe 
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preliminary experiments to characterize the thin film constructs before we 

implemented for mechanical deformation.  

 

4.2 Aims 

1) To engineer a three dimensional model that closely resembles the 

structure of PDL. 

2) To characterize the behaviour of tissue construct in a tensile 

environment using Flexcell FX-4000T Tension Plus Strain Unit.   

 

 

4.3 Materials and Methods 

4.3.1 Stationary culture – Preliminary characterization 

Human PDL cells were incorporated in Extracel
™

 at a concentration of 2.5 x 

10
6
/mL as described in  chapter 3, section 3.2.2.1 and 300µL of the gel was 

transferred to each well of 35 mm diameter in Type-1 collagen coated 6 well 

plates (Sigma-Aldrich, Singapore). The solution was spread in the well which 

after 20 minutes of gelling in a 37
o
C incubator, formed an 80-100 microns 

thick gel construct. We term these constructs as thin film constructs 

throughout the study. The cells were cultured for up to 6 weeks with and 

without CTGF (100 ng/mL) and FGF-2 (10 ng/mL) in the hydrogels and 

culture media. Media was changed every two days. 
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4.3.2 Microscopy 

4.3.2.1 Analysis of cell viability 

At the end of each time point, culture media was aspirated and the gels were 

directly stained with FDA and PI as per the same procedure elaborated in 

chapter 3, section 3.2.3. One center and two periphery fields were scanned and 

analyzed from each well (n = 9). 

 

4.3.2.2 Immunostaining 

The gels were washed with phosphate-buffered saline (PBS) and fixed in 4% 

formaldehyde at room temperature for 15 minutes. For detection of actin 

filaments, the thin film constructs were permeabilized with 0.1% Triton X-100 

in PBS, and blocked with 5% normal goat serum or fetal bovine serum (FBS) 

for 1 hour at room temperature. The primary antibody Anti-Vinculin 

(1mg/mL: Millipore, Singapore) was diluted with blocking solution and in the 

ratio of 1:150 and incubated with the prepared cells at 4°C overnight. After 2 

hours wash with PBST (0.1% Tween-20 in PBS), Goat anti-Mouse IgG 

Antibody, (H+L) FITC Conjugated (2mg/mL) was added at 1:300 dilution. 

For the actin staining, tetramethyl rhodamine isothiocyanate (TRITC)-

conjugated phalloidin (60µg/mL) (Millipore, Singapore) added at a dilution of 

1:250. After 60 minutes incubation, the cells were washed three times with 

PBST and incubated with 4', 6-Diamidino-2-phenylindol (Millipore, 

Singapore). The whole procedure was carried out in the dark. The samples 

were covered with aluminium foil and transported on ice to the confocal 

microscopy unit. Immunostained cells were viewed with an Olympus 
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Fluoview FV 1000 (Olympus, Japan) confocal imaging system at 60X 

magnification and processed using Imaris version 6.1.5 software. 

 

4.3.2.3 Scanning electron microscopy 

Culture media was aspirated from the 35 mm culture dishes and the constructs 

fixed in 2.5 % Glutaraldehyde at 4
0
C overnight, washed in PBS twice and then 

post-fixed for 2h at room temperature in 2% osmium tetroxide. They were 

then dehydrated in a graded series of ethanol and dried by transferring the 

specimens in a 100% ethanol to a critical point drying apparatus (Leica EM 

CPD030, Singapore) and ethanol exchanged for liquid CO2 under pressure. 

After six cycles of this exchange, the temperature of the chamber was raised to 

40
0
C, a point at which the liquid changes into a gas and drying occurs. After 

this stage, the specimens shrunk to small pieces and required careful handling. 

The dried specimens were mounted onto aluminium specimen stubs with a 

conductive tape and sputter coated with gold-palladium alloy for 120s, placed 

in a vacuum and viewed in a scanning electron microscope (Philips/FEI XL30 

FEG SEM). 

 

4.3.3 Application of mechanical strain to gel constructs 

Human PDL cells were incorporated at a concentration of 2.5 x 10
6
 cells/ mL 

of  Extracel
™ 

 as described earlier and 300 µL of the hydrogel was cast on to 

each of the type I collagen-coated 35 mm flexible-bottomed silicone 

membranes in six-well Tissue Train
®
 culture plates (Figure 4.1, Flexcell 

International Corporation, Hillsborough, NC, USA). The membranes are fitted 

with matrix-bonded foam circular for improved cell attachment. Another set of 



90 

 

cultures was also prepared with and without addition of CTGF (100 µg/mL) 

and FGF-2 (10 µg/mL) in the hydrogel and culture media.  

 

    

Figure 4.1. Left: Tissue train circular foam culture plate. Right : six 

removable Delrin
®
 planar Bioflex

®
 loading posts . 

 

 

An in-plane equibiaxial cyclic strain was applied to the cells by the combined 

usage of Tissue Train
®

 plates and Bioflex
®
 Loading Stations

™
 (Figure 4.1 

right). The Loading stations are comprised of a 3.3" x 5" Lexan
®

 plate and six 

removable Delrin
®
 planar faced posts positioned in such a way that each is 

centred beneath the flexible membrane of each well of the 35 mm Tissue 

Train
® 

culture plate.   

 

This provides the cell culture in a uniform biaxial environment with all cells 

stretched over loading posts receiving uniform radial and circumferential 

strain (Figure 4.2). The gel constructs were strained using the Flexercell FX-

4000
™

 strain unit (Flexercell Corporation, Hillsborough, North Carolina). The 

biaxial strain was regulated by the hardware platform FX-4000
™

 Tension 

Plus
™

 System and FlexSoft
™

 software. This was carried out by placing the 

culture plates  According to the manufacturer’s design, cells attached to the 
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areas of membrane over the post when membrane is in its fully stretched 

position are the ones that receive uniform strain. 

 

 

Figure 4.2.Schematic of the type I collagen coated Tissue Train
®
 membrane 

in rest and when deformed by equibiaxial strain across the Bioflex
®
 loading 

posts. Picture adapted from Flexcell International corporation user’s manual. 

 

4.3.4 Cell recovery from Extracel
™

 

Cells embedded in the hydrogel were recovered by a two stage process 

(Glycosan Biosystem
®
 Company) involving trypsinization and break down of 

the collagen and hyaluronic acid cross-link using the enzymes 

collagenase/hyaluronidase. 

 

At the end of each experiment time period, the media was aspirated and stored 

in cryogenic vials at -80
o
C for protein quantification. The hydrogel was 
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washed with PBS and 1.5 mL of Trypsin/EDTA (Invitrogen, Singapore) was 

added to each 300 µL gel construct and incubated for 3 hours in 37
o
C 

incubator. After incubating for 3 hours at 37
o
C, 1.5 ml of 10X 

collagenase/hyaluronidase (StemCell Technologies) enzyme was added to 

each well. The plate was left at 37
o
C for overnight gel digestion. This was 

based upon the protocol suggested by Glycosan Biosystems
®
, the 

manufacturer of Extracel
™

. 3 ml of DMEM supplemented with 10% fetal 

bovine serum was added to the dissolved gel solution. The solution from all 

the 6 wells were then transferred to one 50 mL falcon tube and centrifuged at 

1200 rpm for 5 minutes. The pellet was re-suspended with 1.5 ml of fresh 

media and again centrifuged at 10,000 rpm (6708 x g) for 2 minutes to obtain 

the pellet for RNA extraction.  

 

4.3.5 RNA extraction 

RNA extraction was carried out using RNeasyplus Mini kit (Qiagen).The 

pellet was loosened by flicking the tube to which 350µl of buffer RLT plus 

containing guanidine thiocyanate was added to disrupt the cells. The mixture 

was pipetted well to mix and the lysate was homogenized by passing 5 times 

through a 20-guage needle (0.9 mm) attached to an RNAase-free syringe. The 

homogenized lysate was transferred to a gDNA Eliminator spin column placed 

in a 2ml collection tube and centrifuged at 10,000 rpm for 30 seconds. The 

flow through was mixed well with 1 volume of 70% ethanol. The sample was 

then transferred to a RNeasy spin column placed in a 2ml collection tube and 

centrifuged at 10,000rpm for 15 seconds. The flow through was discarded. To 

the RNAeasy spin column 700µl of RW1 buffer was added and centrifuged 
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for 15 seconds for 10,000 rpm. The flow through was discarded. To the same 

spin column 500µl of buffer RPE was added but centrifuged at 10,000 rpm for 

2 minutes. The spin column was placed in a new 2ml collection tube and 

centrifuged for 15 seconds at 10,000 rpm to remove any ethanol left. The spin 

column was transferred to a new RNase-free 1.5 ml collection tube and 30µl 

RNase-free water was added directly to the spin column membrane. RNA was 

eluted by centrifuging for 1 minute at 10,000 rpm. The eluted RNA samples 

were aliquoted and stored in -80
o
C freezer. 

 

4.3.6 RNA quality check 

The RNA extracted was quantified and checked for quality and integrity 

before proceeding to downstream application, in this case was Real Time RT-

PCR. Impurities such as contaminating proteins, genomic DNA, organic 

solvents such as phenol and ethanol, any enzymatic inhibitors in RNA samples 

can affect the accuracy of gene expression. It is important to check the quality 

and quantity of the RNA after thawing each time as impure RNA samples can 

degrade due to multiple freeze and thaw cycles. 

 

The quality and quantity of the extracted RNA was assessed using a 

Nanodrop
®
 ND-1000 UV-Vis Spectrophotometer. The RNA samples were 

removed from the -80
o
C freezer and thawed by placing on ice to prevent any 

nuclease activity. The spectrophotometer was calibrated with 5µL RNase free 

water. One µL of the RNA sample was loaded onto the receiving optic fibre 

cable and measured. The instrument is connected and controlled by special 

software installed in the PC which displays the wavelength vs. absorbance 
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graph and the absorbance ratios (Figure 4.3). The absorbance is measured at 

three different wavelengths, 230 nm, 260 nm and 280 nm. The optical density 

values are represented as ratios: A260/280, specific for the level of protein 

contamination and A260/230, specific for the level of any presence of 

guanidine salts or phenol left from the RNA extraction process. The A260/280 

value of a pure RNA sample should be approximately 2.0 and values between 

1.8 and 2.0 are however acceptable. 

 

 

Figure 4.3. A Screenshot of the Nanodrop
®

 ND-1000 software display 

indicating the A230/280 values and the quantity of RNA present in the tested 

sample. 

 

 

4.3.7 RNA integrity check 

Extracted RNA has a possibility to get degraded and shorter fragments of 

RNA can occur in the sample which compromises the results of downstream 

applications. We chose to evaluate the degree of its degradation by using the 
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Agilent 2100 Bioanalyzer, an automated device introduced in 1991 for the 

analysis of RNA samples which provides a RNA integrity number (RNA). The 

RIN number is a software algorithm value assigning the RNA based on a 

number system from 1 to 10, with 1 being the most degraded and 10 being 

more intact. This technology is more advanced and accurate than the 

traditional 28S to 18S rRNA ratio technique which is subjective to a user’s 

interpretation. RNA samples were analyzed for its integrity using the RNA 

6000 Nano LabChip kit as per the Agilent 2100 bioanalyzer protocol. The 

following steps were followed. 

 

4.3.7.1 Reagents and sample set up 

1. The RNA Nano 6000 reagents were brought to room temperature in the 

dark. 

2. Aliquot 1µL of the RNA 6000 ladder and 2 µL of RNA sample into 

separate tubes. 

3. Using the electrode cleaner chips provided in the kit and RNAase ZAP and 

RNA free DI water, the electrodes on Bioanalyzer was decontaminated. 

4. The Dye concentrate was mixed thoroughly and spun down for 10 sec. 

One µL of it was mixed with 65 µL of the filtered gel matrix. This gel-dye 

mix was vortexed well, centrifuged at 13000 g for 10 min. 

 

4.3.7.2 Sample loading 

1. A new Lab Nano chip (Figure 4.4.1) was placed on the chip priming 

station. Nine µL of the gel-dye mix was pipetted into one of the 

appropriate wells. 
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2. The timing was set to 1 min and the plunger on the priming station was 

pulled up to 1 mL mark. The chip priming station was closed the plunger 

of the syringe was pressed until it was held by the clip. After 30 sec wait, 

the plunger was released. In less than one second, the plunger quickly 

moved back to 0.3 mL mark which is an indication of a proper 

pressurizing of the chip (Figure 4.4.2). 

3. Nine µL of the gel-dye mix was dispensed to each of the remaining wells 

marked with G. 

4. Five µL of the Nano marker was dispensed to each of the 12 sample wells 

and the ladder well. 

5. Before loading, the RNA samples and the ladder were denatured at 70
o
C 

for 2 min. A quick-spin was done to collect the evaporation. 

6. One µL of the ladder and RNA samples were loaded on to corresponding 

wells. Empty wells were filled with 1 µL DI water to maintain the volume 

and avoid any errors when the chip was read. 

7. The components were mixed by vortex for 1 min at 240 rpm, and any 

liquid spills were wiped off before placing the chip into the Bioanalyzer. 

8. Within 5 min (to prevent evaporation of the sample from wells), the chip 

was inserted into the Bioanalyzer (Figure 4.4.3) and let to read by the 

software program installed in the connecting PC. 

 

4.3.7.3 Analysis 

The results will be displayed (Appendix 2) with the calculation of RNA 

concentration and RIN numbers of the RNA samples by plotting a graph for 

plotting the peaks of 18S and 28S strands (Figure 4.4).  
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Figure 4.4. Images of summarized steps involved in RNA integrity check 

process. (1) RNA 6000 Nano LabChip
®
; (2) Sample set up in chip priming 

station; (3) Chip with samples placed in Bioanalyzer; (4) Bioanalyzer read by 

a software program installed in the connecting PC. 

 

   

4.3.8 Reverse transcription of mRNA to cDNA 

The purpose of converting mRNA to a single strand of complementary DNA 

(cDNA) to analyze the mRNA template is because DNA strands are more 

stable than RNA. We used the  iScript cDNA Synthesis Kit (Bio-Rad 

Laboratories, Hercules, CA, USA) and followed its instructions.  The cDNA 

was synthesized from a known amount of total RNA (500 ng) using iScript 

Reverse Transcriptase (RT) (the protein reverse transcriptase) and the reaction 
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requires primers, which can be either oligodT (annealing to polyA tails of 

mRNA) or random hexamers; nucleotides for DNA synthesis (dNTPs); 

MgC2 and buffers required by the enzyme which was all present in the 5x 

iScript Reaction Mix. The reaction was set up as below:  

 

Reaction components 

 

 

Volume 

 

5x iScript Reaction Mix 

 

 

4 µL 

iScript Reverse     

Transcriptase 

 

1 µL 

Total RNA (500 ng) 

 

x µL 

Nuclease free water 

 

x µL 

Total 20 µL  

 

The reaction was set up in nuclease free PCR tubes and carried out using a 

MyCycler
™

 thermal cycler (Bio-Rad). The reaction process was programmed 

for incubation in series as specified below: 

 

Temperature 

 

 

Time 

 

 

25ºC 

 

 

5 minutes 

42ºC 

 

30 minutes 

85ºC 

 

5 minutes 

4ºC Hold 

 

To avoid any contaminations RNA handling and reaction set ups were always 

carried out on clean bench top, pipettes, racks and gloves which were sprayed 

with RNaseZap, left for few minutes and carefully wiped off using Kim
®
 

wipes. 
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4.3.9 Real Time RT-PCR 

The novel fluorescent DNA labelling technique using fast SYBR green was 

used for the quantification of gene expression. SYBR green is an asymmetric 

canine dye (Bengtsson et al., 2003) that fluoresces upon binding with double 

stranded DNA. The intensity of fluorescent signals is proportional to the 

accumulation of PCR products (Zipper et al., 2004). This technique does not 

involve designing of probes like the Taqman or Molecular Beacon probes, it is 

easier and economical to use for repeated experiments. SYBR green can 

perform in terms of dynamic range and sensitivity comparable to the TaqMan 

probe (Wilhelm et al., 2003; Wong and Bai, 2006). The Fast SYBR Green 

Master Mix (Applied Biosystems, Singapore) we used in this study contains 

SYBR Green
®
 dye I; AmpliTaq

®
 Fast DNA Polymerase, UP (Ultra Pure) 

which amplifies the target sequence creating the PCR product; Uracil-DNA 

Glycosylase (UDG) to prevent any re-amplification of carryover PCR 

products; ROX
™

 dye Passive Reference provides an internal fluorescence 

reference to which the report-dye signal can be normalized during data 

analysis.  

 

4.3.9.1 Reaction set up 

The primers of the genes of interest (Page 103) were purchased (First Base, 

Singapore) and stored at -20
o
C upon its arrival. From the stock solution (100 

X), 20 µL was diluted in 80 µL of Nuclease free water to prepare a working 

solution. This working solution was always stored in -20
o
C and was thawed on 

ice during each PCR set up. The primers mix and cDNA mix were prepared 
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separately before the reaction was set up in nuclease free tubes as tabulated 

below: 

 

Reaction component 

 

 

Volume 

Forward primer 

 

0.2 µL 

Reverse primer 

 

0.2 µL 

Nuclease free water 

 

4.6 µL 

Total 5 µL 

 

The primers used at the above specified volume gave a concentration of 200 

nm for an optimal performance. Next, the cDNA was thawed on ice and the 

reaction mix was set up as tabulated below: 

 

Reaction component 

 

 

Volume 

 

Fast SYBR Green Master Mix 

 

10 µL 

 

cDNA 

 

0.5 µL 

 

Nuclease free water 

 

4.5 µL 

 

Total 

 

15 µL 

 

The PCR reaction was setup by adding the 15 µL of cDNA mix and 5 µL of 

primer mix into each well of the 96-well MicroAmp™ Fast Optical 96-Well 

Reaction Plate to get a total  reaction volume of 20 µL per well . The plate was 

sealed properly with optical adhesive cover (Applied Biosystems
®
, Singapore) 

and centrifuged for 2 min at 900 x g to eliminate any air bubbles.  
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HGNC Agreed 

Gene Symbol 

 

Description 

 

Primer Sequences 

 

Annealing 

Temperature 

ACTB Actin, Beta F: CCAAGGCCAACCGCGAGAAGATGAC 

R:AGGGTACATGGTGGTGCCGCCAGAC 

 

58 

GAPDH Glyceraldehyde-3-

phosphate dehydrogenase 

F:ACCACAGTCCATGCCATCAC 

R:TCCACCACCCTGTTGCTGTA 

60 

P4HB Prolyl- 4-hydroxylase, 

Beta subunit 

F: GTCTTTGTGGAGTTCTATGCCC 

R: GTCATCGTCTTCCTCCATGTCT 

62 

RUNX2 Runt-related transcription 

factor 2 

F: TGAGAGCCGCTTCTCCAACC 

R: GCGGAAGCATTCTGGAAGGA  

 

58 

SOX9 SRY (sex determining 

region Y)-Box 9 

F:  GAACGCACATCAAGACGGAG 

R: TCTCGTTGATTTCGCTGCTC 

 

58 

PPAR-γ Peroxisome proliferator-

activated receptor-gamma  

F: ATTGACCCAGAAAGCGATTC 

R: CAAAGGAGTGGGAGTGGTCT 

62 

MYOD Myogenic differentiation 

antigen1 

F:  CGGCGGAACTGCTACGAAG 

R: GCGACTCAGAAGGCACGTC 

60 

COL1A1 Collagen Type I, Alpha-1 F:GAACGCGTGTCATCCCTTGT 

R: GAACGAGGTAGTCTTTCAGCAACA 

 

60 

COL2A1 Collagen Type II, Alpha-1 F: TTCAGCTATGGAGATGACAATC 

R: AGAGTCCTAGAGTGACTGAG 

 

58 

COL3A1 Collagen Type III, Alpha-1 F: AACACGCAAGGCTGTGAGACT 

R: GCCAACGTCCACACCAAATT 

 

60 

MMP1 Matrix metalloproteinase1; 

Collagenase-1 

F:GGGAGATCATCGGGACAACTC 

R: GGGCCTGGTTGAAAAGCAT 

60 

MMP2 Matrix metalloproteinase2; 

Gelatinase A (72 kDa) 

F:TGATCTTGACCAGAATACCATCGA 

R: GGCTTGCGAGGGAAGAAGTT 

60 

MMP3 Matrix metalloproteinase3; 

Stromelysin-1 

F:TGGCATTCAGTCCCTCTATGG 

R: AGGACAAAGCAGGATCACAGTT 

60 

TIMP1 Tissue inhibitor of 

metalloproteinases-1 

F: CTGTTGTTGCTGTGGCTGATA 

R: CCGTCCACAAGCAATGAGT 

 

60 

TGFB1 Transforming growth 

factor, Beta-1 

F:GCAACAATTCCTGGCGATACCTC 

R: AGTTCTTCTCCGTGGAGCTGAAG 

 

60 

BGLAP Gamma carboxyglutamic 

acid protein; Osteocalcin 

F:  ATGAGAGCCCTCACACTCCTC 

R: GCCGTAGAAGCGCCGATAGGC 

60 

SP7 Transcription factor Sp7; 

Osterix (OSX) 

F: TGGCGTCCTCTCTGCTTGA 

R: TCAGTGAGGGAAGGGTGGGT 

 

60 

BMP2 Bone morphogenetic 

protein 2 

F: CAGAGACCCACCCCCAGCA 

R: CTGTTTGTGTTTGGCTTGAC 

 

58 

TNFSF11 Tumour necrosis factor 

ligand superfamily, 

member 11; RANKL 

F: TCCCATCTGGTTCCCATAAA  

R: GGTGCTTCCTCCTTTCATCA 

 

60 

TNFRSF11B TNF  receptor superfamily 

member 11B;  

Ostoprotegerin (OPG) 

F: CGTCAAGCAGGAGTGCAATC 

R: CCAGCTTGCACCACTCCAA 

 

60 
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The plate was checked for any air bubbles before it was loaded on the 

StepOnePlus
™

 Real-Time PCR System (Applied Biosystems
®

, Singapore). 

The reaction conditions and reaction of wells were labelled using the software. 

The amplification was carried out as follows: 

 

Step Temperature Duration Cycles 

 

AmpliTaq® Fast DNA  

Polymerase, UP  

Activation 

 

 

95
o
C 

 

10 min 

 

HOLD 

Denature 

 

95
o
C 15 sec 40  

Anneal/Extend Specific to primer 10 sec 40 

    

 

The SYBR green dye I when added to the sample, immediately binds to all the 

double stranded DNA. The AmpliTaq
®

 Fast DNA Polymerase amplifies the 

target which creates the PCR product. The next step of denaturing double-

stranded DNA to single-stranded molecules releases the SYBR Green I dye. 

The primers anneal the single-stranded DNA molecules which get amplified 

by AmpliTaq Gold creating double-stranded DNA which will be the PCR 

product. The SYBR Green I dye now binds to these newly formed double 

amplicons and as the products increase, intensity of the fluorescent signal 

increases reflecting the quantity of the amplicons. 

 

For stationary cultures, the samples without growth factors were considered as 

the reference sample while the cultures which were not subjected to any 

mechanical deformation were reference samples in the mechanical 

deformation study. ACTB (β-actin) and GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase) were the two housekeeping genes used as endogenous 
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controls. The reaction for each sample was set up as duplicates in the 96-well 

reaction plate.  

 

4.3.9.2 Data analysis – Comparative CT method: 

The changes in gene expression of the test sample relative to the reference 

sample were represented as relative quantification (RQ) values which were 

determined using the comparative CT (∆∆CT) method. The StepOne Plus
™

 

Version 2.1 software (Applied Biosystems
®
, Singapore) measured the target 

amplification of the endogenous control in the samples and the reference 

sample. Measurements were normalized using the endogenous control. The 

cycle threshold (CT) values, the relative measure of the concentration of the 

target were measured and averaged for the duplicates to get the mean CT 

value.  The relative quantity of a gene in a sample was calculated and 

displayed by the software using the 2
-∆∆CT 

formula and by comparing its 

normalized value to the normalized target quantity in the reference sample. 

The gene expression was quantified and averaged for four individual 

(biological replicates) runs with duplicates.  

 

4.3.10 Agarose gel electrophoresis 

The PCR products were checked by electrophoresis with 1.5% agarose gel 

stained with 1 X SYBR
TM

 safe gel stain (Invitrogen, Singapore). 2µl of 6X 

loading Dye (10Mm Tris-Hcl0.03% bromophenol blue, 0.03% xylene cyanol 

FF, 60% glycerol and 60Mm EDTA) (Fermentas, Singapore) was mixed with 

8µl of the PCR products and loaded against 8 µl of 100 bp DNA ladder 

(Fermentas, Singapore). The gels were run for 55 min at 75v in 1xTBE. The 
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gels were observed by a UV transillumination in a BioRad imaging system 

using Quantity One® v 4.6 software. 

 

4.3.11 MTS assay for cell proliferation 

For the mechanical deformation experiments, the measurement of cell 

proliferation using confocal microscopy was not possible as the laser beam 

could not penetrate the silicone membrane used to support cell cultures in 

Flexcell Bioflex plates. Hence, cell proliferation was measured by the 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, 

Singapore), a colorimetric assay for estimating cell viability in proliferation 

based on the ability of viable cells to reduce novel tetrazolium compound [3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium, inner salt; MTS(a)] and an electron coupling reagent 

(phenazine ethosulfate; PES) by mitochondrial NADPH or NADH 

dehydrogenase enzymes (1,2) into a colored formazan product soluble in 

tissue culture medium. At the end of each time point, the supernatant was 

removed and 1.2ml of MTS solution (200µl of CellTiter 96® AQueous One 

Solution reagent/ml of DMEM) was added to each well of the tissue train 

plates. The plates were incubated at 37
o
C, 5% CO2 atmosphere for 30 minutes 

in the dark from which 100µL was transferred to a 96-well flat bottomed plate. 

The absorbance measured at 490nm by an uQuant microplate 

spectrophotometer (Biotek, Singapore) for the quantity of formazan product is 

directly proportional to the number of viable cells in the culture. The 

incubation time was chosen to be 30 minutes as the solution reached a 
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saturation level which was above the detectable reading limit of the 

spectrophotometer. 

 

4.3.12 Enzyme-linked immunosorbent assays 

The enzymes and growth factors secreted in the media which was collected at 

the end of each experiment were estimated by using Enzyme-linked 

immunosorbent assays (ELISAs). The media stored in cryogenic vials at -80
o
C 

were brought to room temperature by leaving it to thaw on bench top. A 

selection of four proteolytic enzymes used by fibroblasts to remodel the 

extracellular matrices were assayed:  Matrix metalloproteinase MMP-1 

(collagenase-1); MMP-2 (gelatinase-A; 72 kDa); MMP-3 (stromelysin-1); and 

TIMP-1 (tissue inhibitor of metalloproteinase-1) (Quantikine
®

 colorimetric 

sandwich ELISAs, R&D Systems China, Shanghai, China) and two growth 

factors: CTGF (connective tissue growth factor) and FGF-2 (fibroblast growth 

factor) (Aviscera Bioscience, Santa Clara, CA, USA). The protocol was 

followed as per the manufacturer’s instructions. Each kit was tested for the 

working concentration of samples prior to the experimental use. Though the 

volumes of reagents and samples were used based on each kit’s protocol, the 

basic procedure involved the steps below: 

1. Reagents, samples and standards were brought to room temperature and 

prepared to the concentrations as instructed. 

2. The specified volume of assay diluent was added to each well of the 96-

well plate, pre-coated with monoclonal antibody specific for each protein. 

3. The standards and samples were pipetted into each well and incubated for 

2 hours at room temperature on a horizontal orbital shaker set at 200 ± 50 
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rpm. During this time, the desired protein present in the sample is bound 

by the immobilized antibody. 

4. Each well was aspirated and washed four times with the wash buffer for 

any unbound substances. After the last wash, the plate was inverted on 

clean paper towels and made sure of removing any remaining wash buffer. 

5. An enzyme-linked polyclonal antibody specific for the protein was added 

to each well. 

6. The plate was again washed as in step.4, to remove any unbound antibody-

enzyme reagent. 

7. Equal volumes of stabilized hydrogen peroxide and chromogen  

(tetramethylbenzidine) were mixed together to form the substrate solution 

which was added to each well and incubated for 30 minutes and protected 

from light. The colour developed during this time is proportion to the 

amount of the protein bound in the initial step. 

8. 50 µL of stop solution containing 2N sulphuric acid was added to each 

well in the same order as the substrate solution to stop the activity of 

substrate solution. The colour changes from blue to yellow upon addition 

after a thorough mixing of both the solutions.  

9. Intensity was measured at 450 nm using a microplate spectrophotometer 

(Biotek, Singapore). 

4.3.13 Statistical analysis 

Differences between groups were determined by Student’s t-test (two-tailed) 

using GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) with 

the level of significance set at P < 0.05. 
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4.4 Results 

The preliminary experiments were done on the 35 mm 6-well Type 1 collagen 

coated plates as tissue cultures since the wells were the same diameter as the 

Type 1 collagen coated wells of Tissue Train plates with the added advantage 

of allowing the confocal microscopy’s laser beam pass through the wells’ 

surface. During the initial few days of culture, the cells remained rounded and 

randomly distributed in the construct (Figure 4.5 A, B). By the first week, 

some cells were starting to resume fibroblast morphology with the central two-

thirds of the wells being densely populated and the one-third towards the 

periphery (Figure 4.5 C, D). After two weeks onwards, the cells became 

organized at gel-substrate interface and the surface as two layers (Figure 4.5 

E-H).  

 

The effect on addition of CTGF/FGF-2 showed a significant increase in the 

number of viable cells when compared to the controls (Table 4.1). However, 

the number of viable cells progressively increased every week and plateaued 

(Figure 4.6) from two weeks onwards in both the experimental and control 

cultures with the number of non-viable cells constantly remaining around 5%. 

The cells formed a dense fibrillar closely clustered layer of growth. This could 

be a possible reason for the plateaued effect on the number of live cells as the 

cells were constrained to proliferate in a limited growth space. Though the 

addition of growth factors had an effect on cells’ viability, there were no 

marked morphological changes seen between the two cultures. In order to 

optimize the growth-time and conditions of the cells in these hydrogel 

constructs, the culture was observed until 6 weeks. The number of viable cells 
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started to decrease after five weeks while the number of non-viable cells 

increased to 14 % in cultures with growth factors and 12% in those without 

growth factors.  

 

 

Figure 4.5. Human periodontal ligament cells in Extracel
™

 thin films 

constructs cultured in 35 mm diameter type I collagen coated six-well plates 

and images taken after each time point at 10 x magnification during confocal 

microscopy as described in previous chapters.  The images A, C, E, G are 

taken as view from above (stacked view) and the images B, D, F, H are their 

cross-sectional view. (A &B ) 24 hours, cells remain rounded and randomly 

distributed; (C & D) 7 days when proliferated cells organize themselves as 

double layer ; (E & F) 14 days, cell viability number reached its plateau; (G & 

H) 21 days (Saminathan et al., 2013).  
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Figure 4.6. Viability of human periodontal ligament cells incorporated into 

Extracel
™

 thin film constructs. Data represents the average number of cells 

counted from three chosen fields (1200 µm x 1200 µm) of the samples to give 

9 readings (n = 9) and counted using Imaris software (version 6.1.5) after 

confocal microscopy.    
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Time Control Experimental 

7 Days 288.44 ± 47.04 1127.44 ± 59.22 *** 

14 Days 1619.67 ± 234.50 2185.89 ± 156.14 *** 

21 Days 1543.00 ± 76.36 2239.78 ± 44.52 *** 

28 Days 1731.67 ± 117.89 2304.89 ± 52.43 *** 

 

Table 4.1. A comparative tabulation of the average number of viable cells in 

cultures of Extracel
™

 with (Experimental) and without (Control) CTGF/FGF-

2. Addition of CTGF/FGF-2 has significantly increased cell viability.        

***p < 0.001. 

 

 

 

Triple staining for actin, vinculin and DNA and observing under confocal 

imaging gave a detailed imaging concept of the cells behavior in the hydrogel 

matrix. Figure 4.7 shows the orientation of actin filaments within the cell 

(stained red) linked to the matrix through the focal adhesion points (stained 

green) and the cell’s nuclei stained with the blue fluorescence. The images 

showed a morphological difference between the growth of cells on the gel-

substrate interface and the surface. The cells appeared as elongated fusiform 

fibroblasts on the surface (Figure 4.7A) which resembled a two-dimensional 

culture while the cells assumed an amoeboid-like morphology (Figure 4.7C) at 

the gel-substrate interface.  
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Figure 4.7. Confocal immunofluorescent images of human PDL cells in 

Extracel
™

 thin films stained with vinculin antibody for focal adhesions 

(green), TRITC conjugated-phalloidin for actin filaments, DAPI for DNA. 

(A,B) Fusiform fibroblasts formed on the surface of hydrogel; (C,D) 

Fibroblasts with amoeboid-morphology at the gel-surface interface. Scale bar 

measures 20 µm (Saminathan et al., 2013). 

 

 

Scanning electron microscopy provided a closer view to understand the 

surface structure of the cells and the hydrogel yielding high resolution three-

dimensional images of the cells, the dense network of hyaluronan and gelatin 

fibrils (Figure 4.8). However, the lack of stiffness of the gel was a 

disadvantage when attempting to examine the tissue constructs by SEM, the 

specimens collapsing during the critical point drying stage of preparation. 

Hence, the images showing the density of the fibrillary matrix (Figure 4.8F) 

are likely to be exaggerated by shrinkage during dehydration. 
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Figure 4.8. Scanning electron micrograph of (A) & (B) Human PDL 

fibroblasts embedded on the surface of Extracel
™

; (C) & (D) Cells’ interaction 

with the hydrogel at a higher magnification; (E) Surface of a single fibroblast; 

(F) Dense network of cross-linked hyaluronan and gelatin fibrils of the 

hydrogel matrix; this is likely exaggerated to some extent by dehydration 

during specimen preparation. Yellow labels: F - Fibroblast; H- Hydrogel.  
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The effect on gene expression by the addition of CTGF and FGF-2 was 

analyzed on a panel of 18 genes. The detectable threshold cycle number in the 

RT-PCR was chosen to be < 35. Any gene that crossed this fractional cycle 

number was considered non-detectable. The Ct values obtained from the 

analysis of both the stationary and mechanically stressed cultures suggested 

that 12 genes were detected with Ct values < 35 (Table 4.2, 4.3). In stationary 

cultures, the RQ values suggested that addition of growth factors had modest 

effects on gene expression. There was at least one fold induction at some 

experimental time point for all the genes except TIMP1. COL1A1, TGFB1 and 

the osteoblast-specific transcription factor RUNX2 were upregulated with 

more than two-fold inductions (RQ > 2) after two weeks of culture while the 

collagenase gene MMP1 was upregulated during all the three time points. The 

six genes which failed to express with Ct values > 35 are SOX9, MYOD, SP7, 

BMP2, BGLAP or COL2A1. Melt curve analysis was done for these failed 

genes and it showed multiple peaks. To eliminate the possibility for the 

presence of any DNA contaminants or formation of primer dimers in addition 

to a low yield of PCR product by these genes, agarose gel electrophoresis 

results confirmed that there was no PCR product for these non-detectable 

genes. Clear, single bands were obtained from the amplicons of 12 expressed 

genes matching with their corresponding molecular weights calculated while 

designing the primers. The intensity of the bands from the experimental 

cultures was slightly higher than its controls. However, the intensity did not 

totally represent the RQ values obtained from RT-PCR. Hence, agarose gel 

analysis was only used to check the quality of the PCR products (Figure 4.9). 

In mechanically active environment, the RQ values show that the tensile force 
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had induced gene expression at least to one fold increase at some experimental 

time point for all the genes. 

Table 4.2. Effect of growth factors on gene expression by human periodontal 

ligament cells. 

 

 
Gene expression was quantified by real-time RT-PCR. The data is cross-sectional, 

expressed as RQ (relative quantity), and represents the mean of four separate 

determinations. RQ values >1.00 signify an increase in gene expression by growth 

factor-treated cultures over controls; those exceeding 2.00 are highlighted 

(Saminathan et al., 2013). 

 

COL3A1, MMP1, TIMP1, and OPG were seen to be upregulated with RQ > 

2.00 in the mechanically stressed cultures with and without CTGF/FGF-2. In 

the absence of the growth factors, RUNX2 and PPARG were seen to be 

upregulated in addition to MMP3 across all the three time points. MMP3 

showed a RQ value of 13 after 21 days of stress in both the cultures (Table 4.3 

A). COL1A1 and MMP2 were upregulated (Table 4.3 B) by mechanical stress 

in the presence of CTG/FGF-2 with just one fold higher than being expressed 

in the absence of the growth factors. To summarize, except for PPARG, there 

was no significant synergistic effects between the effects of mechanical stress 

alone and CTGF/FGF-2. The PCR products checked on agarose gel gave 

clear, single bands matched to their molecular weights as calculated. The six 

       7 days         14 days      21 days 

P4HB 1.41 ± 0.73  0.72 ± 0.25 0.44 ± 0.19 

RUNX2 0.94 ± 0.27 2.01 ± 0.77 2.21 ± 0.82 

PPARG 1.48 ± 0.84 0.95 ± 0.30 0.53 ± 0.25 

COL1A1 0.81 ± 0.35 3.35 ± 0.49 1.27 ± 0.82 

COL3A1 0.89 ± 0.37 1.35 ± 0.25 0.61 ± 0.27 

MMP1 4.02 ± 1.18 4.62 ± 1.42 3.16 ± 0.86 

MMP2 1.21 ± 0.82 0.47 ± 0.26 1.45 ± 1.03 

MMP3 0.42 ± 0.18 0.31 ± 0.09 1.15 ± 0.46 

TIMP1 0.78 ± 0.26 0.3 ± 0.19 0.66 ± 0.57 

TGFB1 0.97 ± 0.35 0.82 ± 0.38 3.07 ± 0.71 

RANKL 1.06 ± 0.16 1.14 ± 0.28 0.61 ± 0.22 

OPG 0.67 ± 0.37 1.29 ± 1.08 0.83 ± 0.23 
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genes which were not expressed showed multiple peaks in the melt curve. No 

bands were obtained on the agarose from their PCR products confirming the 

absence of any non-specific products or primer dimers (Figure 4.5 and 

Appendix 3). 

         Table 4.3.A. No growth factors ± mechanical stress 

    7 days      14 days       21 days  

P4HB 0.78 ± 0.21 0.84 ± 0.15 1.08 ± 0.10  

RUNX2 0.86 ± 0.29 1.13 ± 0.12 2.62 ± 0.48  

PPARG 0.49 ± 0.15 1.00 ± 0.39 3.00 ± 0.41  

COL1A1 0.87 ± 0.21 1.53 ± 0.45 1.40 ± 0.09  

COL3A1 2.02 ± 0.92 0.98 ± 0.19 3.14 ± 1.15  

MMP1 0.44 ± 0.18 1.48 ± 0.67 4.31 ± 1.46  

MMP2 1.00 ± 0.25 1.44 ± 0.58 1.83 ± 0.17  

MMP3 2.66 ± 0.47 2.56 ± 0.26 13.47 ± 2.27  

TIMP1 0.88 ± 0.23 2.10 ± 0.17 2.71 ± 0.62  

TGFB1 0.78 ± 0.27 1.13 ± 0.48 1.03 ± 0.14  

RANKL 0.12 ± 0.01 0.56 ± 0.38 1.12 ± 0.40   

OPG 1.26 ± 0.11 2.31 ± 0.84 5.02 ± 1.37  

 

              Table 4.3.B. Growth factors ± mechanical stress 

         7 days        14 days     21 days 

P4HB 0.85 ± 0.10 0.91 ± 0.42 1.02 ± 0.22 

RUNX2 1.20 ± 0.41 1.66 ± 0.17 1.38 ± 0.37 

PPARG 1.47 ± 0.36 1.78 ± 0.18 1.00 ± 0.26 

COL1A1 0.85 ± 0.08 2.01 ± 0.73 0.84 ± 0.15 

COL3A1 1.49 ± 0.24 1.35 ± 0.52 3.46 ± 0.45 

MMP1 1.06 ± 0.26 2.05 ± 1.13 5.41 ± 1.70 

MMP2 0.88 ± 0.27 2.34 ± 0.65 2.11 ± 0.33 

MMP3 0.77 ± 0.10 1.53 ± 0.62 13.00 ± 4.49 

TIMP1 1.17 ± 0.22 3.45 ± 0.62 5.54 ± 1.70 

TGFB1 0.63 ± 0.11 1.39 ± 0.22 1.05 ± 0.46 

RANKL 0.12 ± 0.05 0.05 ± 0.02 0.63 ± 0.59 

OPG 0.37 ± 0.13 2.58 ± 1.06 2.28 ± 0.31 

 

Table 4.3.A&B. Effect of mechanical stress on gene expression by human 

periodontal ligament cells ± CTGF (100 ng/mL) and FGF-2 (10 ng/mL), ± cyclic 

mechanical strain for 6 h/day and gene expression quantified by real-time RT-PCR. 

The data is cross-sectional, expressed as RQ (relative quantity), and represents the 

mean of four separate determinations. RQ values >1.00 signify an increase in gene 

expression by mechanically-active cultures over the corresponding controls; those 

exceeding 2.00 are highlighted. 
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Figure 4.9. Agarose gel electrophoresis of amplified real-time PCR products 

following reverse transcription of RNA extracted from PDL/Extracel 

constructs cultured with (+) and without (–) CTGF (100 ng/mL) and FGF-2 

(10 ng/mL) for 7, 14 and 21 days in 35 mm 6-well plates. The images are 

representative examples of the results of four independent experiments 

(Saminathan et al., 2013). 

 

 

At protein level, mechanical stress had induced the synthesis of MMP-3 and 

TIMP-1 at a significant level during all the time points in the absence of 

CTGF/FGF-2 (Figure 4.10). MMP-1 and 2 were at significantly higher levels 

after 7 days and 21 days of mechanical stimulation. In cultures supplemented 

with CTGF/FGF-2, mechanical stress for 3 weeks had significantly increased 

the synthesis of MMP-1-2-3 and TIMP-1 (Figure 4.11). After 7 days, 

significantly higher levels of MMP-2 and TIMP-1 were synthesized while 
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their levels decreased after 21 days in both the control and experimental 

cultures. At the same time point, decrease in synthesis at a significant level 

was also seen in the MMP-1 and MMP-3 of the control cultures.  

    

  

Figure 4.10. MMP-1–3 and TIMP-1 synthesis by human PDL cells in 

Extracel films subjected to mechanical stress. At each end-point the culture 

media from 6 wells was pooled in pairs and assayed in triplicate. The data is 

cross-sectional and expressed as means ± SEM. *p < 0.05, ** p < 0.01, ***p < 

0.001 (Saminathan et al., 2013). 
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                                   Cell culture with CTGF/FGF-2 

 

 

Figure 4.11. MMP-1–3 and TIMP-1 synthesis by human PDL cells 

supplemented with CTGF/FGF-2 in Extracel films subjected to mechanical 

stress. At each end-point the culture media from 6 wells was pooled in pairs 

and assayed in triplicate. The data is cross-sectional and expressed as means ± 

SEM. *p < 0.05, ** p < 0.01, ***p < 0.001. 

 

 

MTS (tetrazolium) assay was performed to exclude the possibility that the 

increase in gene and protein expression in mechanically-stressed cultures were 

due to an increase in cell population. The results (Table 4.4) showed that 

mechanical stress did not have a significant effect on the cell proliferation 

across all the three time points. Supernatants from these cultures were also 

*** 

*** 
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assayed to check if CTGF was constitutively synthesized by the cells. 

Picograms level of CTGF was synthesized (Figure 4.12) by the cells but 

mechanical strain did not have any significant effect on the synthesis. 

 

Table 4.4. Effect of mechanical strain on periodontal ligament cell 

proliferation measured by the colorimetric MTS (tetrazolium) assay to detect 

living cells; data represented are  mean ± SEM absorbance values measured at 

490 nm for six wells from three separate experiments. Mechanical strain did 

not have a significant effect on cell number. 

 

 7 days 14 days 21 days 

Control 0.281 ± 0.017 0.864 ± 0.136 1.104 ± 0.105 

Experimental 0.225 ± 0.015 0.838 ± 0.116 0.996 ± 0.100 

 

 

 

 

 

Figure 4.12. Effect of mechanical strain on synthesis of CTGF by human PDL 

cells. The data are cross-sectional and expressed as means ± SEM. There was 

no statistically significant difference between control and mechanically 

stressed cultures (Saminathan et al., 2013). 
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4.5 Discussion 

This study has demonstrated an attempt to analyze the complex in vivo 

environment by engineering a three dimensional construct which overcomes 

the limitations of the existing two dimensional systems. Numerous previous 

studies have employed various natural and synthetic biomaterials like 

polyesters (poly(lactic acid) and poly(glycolic acid)) and type I collagen as 

hydrogels or scaffolds for such investigations (literature review). While 

synthetic materials lack biochemical signals occurring in vivo, type I collagen, 

though a naturally occurring major structural protein in connective tissues, it 

tends to contract when seeded with fibroblasts and cultured for longer period 

of time (Haas et al., 2001; Huang et al., 2006) unless in the presence MMP 

inhibitors (Myers and Wolowacz, 1998; Bildt et al., 2009). Various studies on 

the characterization of ECM molecules suggest at least two important 

molecules as the primary structural component of the matrix which varies 

from collagen, heparin, fibrin, hyaluronan. These molecules contributes to the 

structural integrity while the matrix proteins regulate the cell-matrix 

interactions for the cells to function in a three dimensional environment.  

 

In this study, the commercially available Extracel
™

 provided a combined 

matrix form of two major structural molecules hyaluronan and collagen 

(Saminathan et al., 2013). Preliminary experiments on designing thin-film 

constructs supported a growth pattern that enabled the cells to assume the 

fibroblast phenotype though it formed a double layer one at the gel-substrate 

interface and gel-surface.  
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In order to accelerate the growth of PDL cells, connective tissue growth factor 

(CTGF) and fibroblast growth factor-2(FGF-2) were incorporated into the gel 

matrix and culture media (Dangaria et al., 2009; Tong et al., 2011). 

Connective tissue growth factor (CTGF/CCN2) is a cysteine-rich, extracellular 

matrix (ECM) protein that acts as an anabolic growth factor for fibroblasts and 

other connective tissue cells (Igarashi et al., 1993). CTGF has been implicated 

as a key regulatory factor in complex biological and pathological processes 

including wound healing, angiogenesis and fibrotic disorders (Igarashi et al., 

1993; Grotendorst, 1997; Alfaro et al., 2013). CTGF is mitogenic and 

chemostatic for fibroblasts and is selectively induced by TGF-β (Kothapalli et 

al., 1997). Recently, CTGF has been shown to direct fibroblast differentiation 

from PDL progenitor cells (Dangaria et al., 2009) and mesenchymal stem 

cells, which strongly suggests that CTGF functions in the PDL to maintain the 

fibroblast phenotype. FGFs exert their physiological roles through binding 

FGFR and regulate developmental pathways, controlling events such as 

mesoderm patterning in the early embryo through development of multiple 

organ systems, mitogenesis, cellular migration, differentiation, angiogenesis, 

and wound healing (Shimabukuro et al., 2005; Yun et al., 2010). In this study, 

though addition of CTGF/FGF-2 to stationary cultures had significantly 

increased cell viability, effect at mRNA level was limited. The concentrations 

of CTGF/FGF-2 used in this study were referred from Dangaria et al., 2009. 

The authors found that addition of CTGF/FGF-2 showed a significant up 

regulation of COL1A1 and COL3A1 by the PDL cells seeded in the collagen 

gel constructs. The present data partially supports this finding since there was 

at least one fold induction of these genes but not at significant level. But 
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COL1A1 and COL3A1 were found to be mechanoresponsive genes even in the 

absence of growth factors.  

 

Previous studies including ours on two dimensional culture systems, have 

shown that CTGF is a mechanoresponsive gene. However, our present data 

does not confirm this finding and the addition of CTGF/FGF-2 to either 

stationary or mechanically stressed constructs was of limited benefit. In 

retrospect this is not surprising, given that, real-time RT-PCR microarrays 

(Wescott et al., 2007; Pinkerton et al., 2008) have shown that in vitro PDL 

cells express numerous cytokines and growth factors that exhibit overlapping 

biological activities (redundancy), as well as multiple biological effects 

(pleiotropy); suggesting that endogenous production of growth factors by the 

cells was sufficient to promote growth (Saminathan et al., 2013).  

 

PDL cells contain a heterogenous group of cells and also show multipotential 

capability to differentiate into osteoblasts, chondroblasts, myoblasts and 

adipocytes (Seo et al., 2004; Gay et al., 2007). CTGF/FGF-2 and mechanical 

stress had upregulated the osteoblast-specific transcription factor RUNX2 

However, we could not detect the downstream mediators of osteogenesis such 

as SP7 (Osterix), BMP2 or BGLAP (Osteocalcin) suggesting that RUNX2- 

expressing osteoprogenitor cells were part of the mesenchymal stem cell pool. 

Whereas, Tang et al.,(2012) found an up-regulation of the RUNX2, and SP7 

when PDL cells were subjected to a cyclic tensile force. Although it was not 

surprising that MYOD, a key regulator of skeletal muscle lineage and SOX9, a 

chondrocyte specific collagen II regulator were not detected, adipocyte related 
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transcription factor PPARG and its responsiveness to mechanical strain was 

intriguing. PPAR-c ligands induce bone marrow stem cell adipogenesis but 

also inhibit osteogenesis (Zhao et al., 2008a), and the secretion of adipocyte 

hormones such as leptin, which affect bone development, goes some way to 

explaining the poorly understood pathophysiological association between fat 

and bone.  

 

The genes for RANKL and OPG, were expressed in both the stationary and 

mechanically induced cultures where OPG being highly responsive to 

mechanical stress while RANKL was downregulated. Regardless of the 

initiating signal, the RANK/RANKL/OPG triad is a ligand-receptor system 

regulates the final stages of bone resorptive cascade (Khosla, 2001; Kanzaki et 

al., 2002). The finding that PDL cells also express RANKL and OPG has 

drawn wide interests on in vitro studies of bone remodelling and has found 

that both genes are upregulated by compressive and tensile mechanical strain 

(Kanzaki et al., 2002; Tsuji et al., 2004; Kanzaki et al., 2006; Kim et al., 

2013). The reasons for this are not clear, but may be related to limiting 

ossification of the ligament; the clinical observation that most ankylosed teeth 

are lower deciduous molars out of occlusion (Biederman, 1962) is perhaps 

relevant. Estimating the OPG protein synthesis after mechanical stress would 

be more interesting to investigate the role of osteoclastogenesis. 

 

MMPs playing key role in cell-cell and cell-matrix interactions, function at 

neutral pH and are released as latent proforms, activation of which involves 

the loss of a propeptide of about 80 residues (Reynolds and Meikle, 1997). 
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TIMP-1 is the major form, closely regulates MMP activity as an inhibitor by 

forming high affinity, essentially irreversible complexes with the activated 

enzyme to prevent uncontrolled resorption. Mechanical stress had stimulated 

the three major secreted MMPs, MMP-1 (collagenase- 1), MMP-2 (gelatinase-

A) and MMP-3 (stromelysin-1), as well as their inhibitor TIMP-1 at a 

significant level and the genes encoding these proteins were also upregulated. 

Although the level of TIMP-1 synthesis was higher than the MMPs, it is 

difficult to conclude whether the latter is involved in the degradation of 

pericellular matrix. A study using a 3D finite element model by Zhao et al.,  

(2008b) found a significant increase of TIMP-1 and type I collagen being 

increased in the tensile zones while MMP-1 was increased in both the zones. 

The MMP-1 ELISA we have used, only recognizes proMMP-1. Hence, it will 

be appropriate to do additional research using activity assays and gelatin and 

casein zymography to establish whether the enzymes are in the active, latent 

or complex forms. Our two dimensional culture study, we found that human 

PDL cells constitutively expressed 16 members of the MMP family  

(Saminathan et al., 2012) which included seven MMPs, three MT-MMPs 

(membrane type-MMPs) and three ADAMTSs (a disintegrin and 

metalloproteinase with thrombospondin motifs), a family of proteinases 

anchored to the extracellular matrix whose actions include cleavage of the 

matrix proteoglycans aggrecan and versican (Porter et al., 2005), plus three 

TIMPs. This establishes that there are plenty of alternative enzymes for matrix 

degradation depending on the substrate. It will be more interesting to quantify 

type I collagen to draw the regulation sequence after determining the existing 

forms of the degrading enzymes. But it should also be noted that enzymes like 
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for example, MMP-1 which cleaves native collage can act as gelatinase 

(Saminathan et al., 2013). 

 

This study was a novel technique in an aspect of engineering a 3-dimensional 

construct using a hydrogel with two primary molecules of ECM as the matrix 

component (Saminathan et al., 2013). Understanding of cell alignment is of 

concern in tissue engineering because cells tend to orientate relating to the 

loading direction (Lee et al., 2007; Xie et al., 2012). From our previous study, 

we found that under tensile stress, cells align to the direction of the stress 

(Saminathan et al., 2012) and many studies done both on 2D and 3D cultures 

have reported cells aligning along or perpendicular to the direction of stretch 

(Neidlinger-Wilke et al., 2002; Wang et al., 2004; Park et al., 2006). Cell 

alignment being a passive process (Pedersen and Swartz, 2005), it still remains 

unclear of how much it is an active cellular response to the force. Studies on 

subjecting cells in collagen gels, to mechanical strain reported and interpreted 

for its cells alignment as to deposit more collagen along its direction to shield 

themselves from the strain (Birk and Trelstad, 1984; Eastwood et al., 1998; 

Roeder et al., 2002).This reinforcement by producing more ECM has been 

reported from a study on cyclic strain on 2D synthesizing collagen, 

hyaluronate (Leung et al., 1976) and while in a 3D environment, collagen XII 

was increased both at mRNA and protein expression level. These reports of 

cellular alignment and increase in matrix synthesis together suggest that cells 

are involved in reinforcing their environment in the principle direction of 

strain (Pedersen and Swartz, 2005). Failure of penetration of laser beam 

through the silicone membrane during confocal microscopy was a drawback 
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and limitation to observe these changes after mechanical stretch. It would have 

been interesting to co-relate these sequential events in our model.  

 

Effect of cyclic stretch have been reported to increase (Butcher et al., 2006; 

Webb et al., 2006) or decrease (Hannafin et al., 2006) or have no difference 

(Balestrini and Billiar, 2006) on cell proliferation. Our study showed no 

significant difference in cell proliferation due to mechanical stress while our 

previous study showed a contrasting result. With all these data, it seems that 

effect of tensile strain on cell proliferation still remains controversial and 

unclear. 

 

In summary, we have demonstrated that the addition of a third dimension 

provides another level of complexity to the existing two-dimensional culture 

systems designed to investigate the mechanobiology of the PDL. While thin 

films are suitable for studies of tensile strain, thicker constructs will be needed 

for investigating the effects of compression. This will require increasing the 

complexity of the scaffold by incorporating additional structural molecules 

such as type I collagen and fibronectin into the matrix to provide extra RGD 

(Arg-Gly-Asp) binding sites; these will aid cell attachment, proliferation and 

function, enabling cells to populate the entire gel, while the triple helices of 

intact collagen will stiffen the matrix. Although primarily developed as a 

transitional in vitro model for studying cell–cell and cell–matrix interactions in 

tooth support, the system is also suitable for investigating the pathogenesis of 

periodontal diseases, and importantly from the clinical point of view, in a 

mechanically active environment. 
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5. Engineering and characterizing three-dimensional tissue 

constructs under compressive force 

 

5.1. Introduction 

Mechanical stress applied to the crowns of teeth during orthodontic treatment 

and/or mastication stimulates the tissues of the PDL, setting in motion the 

series of cellular and molecular events that lead to bone remodelling and tooth 

movement. At this point, the general agreed theory is that tissue tension 

generated in the PDL is associated with bone formation, and compression with 

bone resorption. As discussed in previously in vitro attempts to understand the 

biochemical responses of the PDL to mechanical stimuli involved the 

simulation of such mechanical/functional environment, by subjecting bones or 

osteoblasts to a variety of mechanical forces, including fluid shear, uni-axial 

or bi-axial stretching, hydrostatic compression, or a combination of two or 

more of these forces.  Most of the in-vitro investigations that have been 

conducted to date have looked at the expression of chemical mediators such as 

prostaglandins (PGs), interleukins (IL-1, IL-6, IL-8, IL-10) and alkaline 

phosphatase (ALP) activity by human PDL cells subjected to tensile strain 

(Saito et al., 1991; Yamaguchi et al., 1994; Chiba and Mitani, 2004; Tang et 

al., 2012) and microarrays which allow the activity of numerous genes to be 

monitored simultaneously have also been reported (de Araujo et al., 2007; 

Wescott et al., 2007; Yamashiro et al., 2007; Pinkerton et al., 2008; 

Saminathan et al., 2012). Very few studies have investigated the effect of 

compressive strain on the genetic expression of PDL cells in vitro; most have 
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applied compression to PDL cells by the method developed by Kanai et al. 

(1992), where a cylindrical disk was placed over nearly confluent PDL cell 

layers and compression applied by inserting lead granules in the cylinder. The 

technique was later taken to a 3-dimenisonal level by incorporating PDL cells 

into a type I collagen gel matrix (de Araujo et al., 2007; Lee et al., 2007; Li et 

al., 2013). All these model systems employed only a static force to simulate 

the in vivo orthodontic tooth movement. 

 

In this study, human PDL cells cultured in Extracel
™

 were subjected to a 

programmed cyclic compressive force using the FX-4000C
TM

 Flexercell
®

 

Compression Plus
™

 System (Flexercell Corporation, Hillsborough, North 

Carolina). To date, compressive loading has not been carried out on human 

PDL cells using this 3 dimensional model and machine. The 80-100µm thick 

thin film constructs designed for tensile studies were not suitable for 

investigating the effects of compression, which required thicker constructs. To 

increase the gel’s complexity and provide extra RGD (Arg-Gly-Asp) binding 

sites, type I collagen was added to the HA-GLN matrix before subjecting it to 

cyclic pressure. 

 

5.2. Aims 

1) To engineer a tissue construct model of a human PDL at a 3-dimenional 

level that can be subjected to a compressive force using the Flexercell
®

 

machine. 

2) To study the effects of cyclic compressive strain on gene expression and 

apoptosis of human PDL cells.  
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5.3. Materials and methods 

 

5.3.1. Stationary culture –Preliminary characterization 

Equal volumes of Gelin-S and Glycosil from the Extracel
™

 kit were mixed 

well as described in Chapter 3, section 3.2.2.1. Rat tail type I collagen (Cat# 

C3867-1VL; Sigma Aldrich, Singapore) solution was added to the mix at an 

optimized concentration of 1.3 mg/mL to give a ratio of 1:1:1. Human PDL 

cells were mixed in this Gelin-Glycosil-Col1 solution at a concentration of 5 X 

10
6
 cells/mL, to which 1 part of Extralink was added to produce a ratio of 1: 3. 

Three hundred µL of the hydrogel mix was transferred to each of the 13 mm 

rings placed in a 60 mm Petri dish. These constructs measure about 1000 µm 

in thickness which mimics the samples that will be subjected to compression 

as described in the next section. After one hour incubation for gelation at 37
o
C 

incubator, 10 mL of culture media was added and the growth was observed for 

three weeks. 

 

5.3.2. Application of compressive strain 

 

5.3.2.1. Sample preparation 

Human PDL cells were incorporated in the hydrogel as described above. 

Compression strain was carried out using the BioPress
™

 culture plates (Figure 

5.1) and baseplate clamping assembly (Flexcell International Corporation, 

Hillsborough, NC). The BioPress
™

 culture plate contains a foam ring and 

sample holder. As the thickness of the compressed foam is 350 µm, to ensure 

compressibility, the optimum thickness of the sample should be 1000 µm.  

The sample holders were removed from the foam rings using a pair of sterile 
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forceps and 300 µL was transferred to each of the 13 mm (internal diameter) 

foam rings in the six well BioPress
™

 plate. Gelation occurred for one hour in 

the 37
o
 C incubator ; 5 mL of culture media was added to each well and 

cultured at 37
o
C in a humidified atmosphere of 5% CO2/95% air for two 

weeks prior to mechanical loading using the FX-4000C
™

 Flexercell
®

 

Compression Plus
™

 System (Figure 5.1, Flexercell Corporation, 61, 

Hillsborough, North Carolina). 

 

5.3.2.2. Sample loading 

Stationary platens were placed over the gel samples in both the experimental 

and control plates (Figure 5.1). The platens were adjusted by rotating the 

center screws until it touches the gel. Care was taken to not screw the center 

down too far to avoid preloading of the sample which might give inaccurate 

force readings. The experimental group of BioPress
™

 compression plates was 

placed on top of the gaskets in the baseplate.  
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Figure 5.1. BioPress
™

 plate (above) with human PDL cells embedded in 

Extracel
™  

cast in the central 13 mm foam ring to form thicker constructs (900-

1000µm). Below: A picture adapted from the Flexcell user’s manual showing 

the Stationary platens placed in the wells and assembled with Plexiglas
®

 

window in the clamping system and connected to a PC controlled by installed 

software. 
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In the clamping system, the eight clamping pads were adjusted to their 

maximum height and turned so that the bottom of each pad was parallel with 

the surface of each baseplate. The Plexiglas
®
 window was placed into the 

clamping system, evenly along the bottom of the four clamping bars. The 

baseplate assembly was carefully slid into the clamping system so that the 

BioPress
™

 plates were centered under the clamping pads. The wing nuts on 

the clamping pads were turned until they were finger tight. This was to 

compress the plates downward onto the gaskets, creating a seal. The entire 

assembly was placed into the incubator and the FLEX IN and FLEX OUT 

fittings were attached on the compression baseplate. A positive pressure is 

created underneath the BioPress
™

 compression plates by the compressor and 

this pressure provides the force required to push the BioPress
™

 culture plates 

against the stationary platen. This results in compression of the gel samples. 

The control group with the platens was also placed in the incubator and was 

termed as the positive control group.  

 

5.3.2.3. Compression Regimen 

The pressure applied to the sample in the well of the BioPress
™

 plate is 

dependent on the surface area of the sample to which the force is being applied 

(Flexercell
®
 Compression Plus

™
 V4.0 user’s manual). The pressure was 

programmed by using the formula provided by the company which converts 

the desired force to pressure.  
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PMPa = (5.65* Forcelbs)/(Dmm 
2
) 

Where PMPa is the pressure applied to the sample in megapascals (MPa), 

Forcelbs is the force entered into the regimen or displayed on the software 

screen in pounds and Dmm is the diameter of a single sample in mm.  

 

               

                                         

Figure 5.2. Compression loading on human PDL cells using the Flexcell
®

 

machine. The cells were embedded in 13 mm COL1-HA-GLN constructs in 

the culture plate. Pressure was applied underneath the membrane and the 

hydrogel is compressed against the surface of the platen.  

 

 

The compression regimen was programmed to expose the gel the samples to a 

cyclic compression of 1.0 lbs (0.453 kg) for 1.0 sec (1 Hertz) every 60 sec, for 

6, 12 and 24  hours. As per the formula, 1.0 lbs force translates into a 

compressive strain of 33.4 kPa (340.6 gm/cm
2
). The minimum force 

recommended by the Flexcell Corporation for operating the Flexercell FX-

4000C unit is 0.5 lbs; in view of the likelihood that about half the applied 

strain will be transmitted to the cells, a force of 1.0 lb was programmed into 

the computer.  
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5.3.3. Cell viability and apoptosis 

The effect of compression on cell viability and apoptosis was determined by 

the FDA/PI staining method and Caspase 3/7 assay respectively.  

 

5.3.3.1. Confocal microscopy 

After each experimental time period, the BioPress
™

 plates were carefully 

removed from the clamping system. The platens were removed from both the 

experimental and control groups. Media was aspirated from the wells. As the 

laser beam of the confocal microscope does not pass through the membranes 

of the BioPress
™

 plates, samples had to be transferred to a surface which 

allows viewing of the cells. Hence, the membranes were cut off using a scalpel 

and using a sterile pair of forceps, the foam ring around the sample was 

carefully removed without disturbing the sample. Using a sterile flat bottomed 

spatula, the gel was lifted up and transferred to a 24-well flat bottomed 

(Corning
®
 Costar

®
 cell culture plates, Sigma Aldrich, Singapore) plate. The 

same technique was followed for the apoptosis assay and overnight cell 

recovery process for RNA extraction. FDA/PI staining and confocal 

microscopy was carried out as described in Chapter 3, section 3.2.3.  

 

5.3.3.2. Caspase 3/7 assay 

At the end of each time point the constructs were removed and transferred as 

described in section 1.3.3.1. Two constructs were placed in each well to which 

500 µL of the Caspase Glo
®
 3/7 reagent was added and incubated for 1 h in 

the dark at room temperature according to the manufacturer’s instructions. 

Each sample was aliquoted into triplicate tubes and luminescence, expressed 
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as relative light units (RLU), measured with a Sirius Single Tube 

Luminometer (Berthold Detection Systems GmbH, Pforzheim, Germany). 

 

5.3.4. RNA extraction and RT-PCR 

The gel constructs were transferred as described in section 5.3.3.1 and the 

cells were recovered and RNA extracted as described in Chapter 4, section 

4.3.4. The quality of RNA was checked before proceeding with the cDNA 

synthesis. 

The effect of compression on gene expression was investigated on apoptotic 

genes (Table 5.1) in addition to the 18 extracellular genes of (Page 103), using 

real time RT-PCR as described in Chapter 4, section 4.3.1. Genes with 

threshold values from 33-35 were considered non-detectable. 

 

5.3.5. Protein quantification 

Media was aspirated before the gel constructs were treated for cell recovery 

process and stored in -80
o
C for protein quantification using ELISAs. 

Commercially available kits were purchased to estimate the following: 

1) A selection of proteolytic enzymes; MMP-1 (matrix metalloproteinase-

1; collagenase-1); MMP-2 (gelatinase-A); MMP-3 (stromelysin-1) and 

TIMP-1 (tissue inhibitor of metalloproteinases-1) obtained from (R&D 

Systems China, Shanghai, China) 

2) The cell-cell signaling molecules RANKL (receptor activator of 

nuclear kappa factor B) and OPG (osteoprotegerin) from (Cusabio 

Biotech, Wuhan, China). 
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3) The growth factors CTGF (connective tissue growth factor) from 

(Aviscera Bioscience, Santa Clara, CA, USA) and FGF-2 from (R&D 

Systems China).  

The stored media was thawed to room temperature and were assayed in 

triplicates for protein according to the manufacturer’s instructions. 

 

5.3.6. Statistical analysis 

Differences between groups were determined by Student’s t-test (two-tailed) 

using GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) with 

the level of significance set at P < 0.05. 

 

 

 

 

 

 

 

 

 

 

 



137 

 

Table 5.1. Apoptosis-related genes and primer sequences used for real-time 

RT-PCR. 

 

 

 

 

 

HGNC  

agreed gene 

symbol 

 

Description 

 

Primer  sequence 

Annealing 

temperatur

e 

TNFA Tumor necrosis factor, alpha F: GAGCACTGAAAGCATGATCC 

R: CGAGAAGATGATCTGACTGCC 

 

60 

TNFRSF1A Tumor necrosis factor receptor 

superfamily, member 1A 

F: TGCCTACCCCAGATTGAGAA 

R: ATTTCCCACAAACAATGGAGTAG 

 

60 

TNFRSF1B Tumor necrosis factor receptor 

superfamily, member 1B 

F: GCGAGTTACAGCTAAAGCAT 

R: TTATGCAACATGACCTTGGA 

 

60 

TNFSF10 Tumor necrosis factor receptor 

(ligand) superfamily, member 

10 

F: GAGCTGAAGCAGATGCAGGAC 

R: TGACGGAGTTGCCACTTGACT 

 

60 

IL1A Interleukin 1-Alpha F: CCCAACACCTGGACCTCGGC  

R: CGTAGGCACGGCTCCTCAGC 

 

60 

IL1B Interleukin 1-Beta F: AAGCTGAGGAAGATGCTG 

R: ATCTACACTCTCCAGCTG 

 

60 

IL6 Interleukin 6 (interferon, beta 2) F: TGCGTCCGTAGTTTCCTTCT 

R: GCCTCAGACATCTCCAGTCC 

 

60 

CASP1 Caspase 1, apoptosis-related  

cysteine peptidase 

F:AATACTGTCAAATTCTTCATTGCAGATAAT 

R: AAGTCGGCAGAGATTTATCCAATAA 

 

60 

CASP2 Caspase 2, protein phosphatase 

1, regulatory subunit 57 

F: GCACTGAGGGAGACCAAGCA 

R: CACAGCTCAACGGTGGGAGTA 

 

60 

CASP3 Caspase 3, apoptosis-related  

cysteine protease 

F: AGAACTGGACTGTGGCATTGAG 

R: GCTTGTCGGCATACTGTTTCAG 

 

60 

CASP6 Caspase 6, apoptosis-related  

cysteine peptidase 

F: GGCAGTTCCCTGGAGTTCAC 

R: GACCTTCCTGTTCACCAGCG  

 

60 

CASP7 Caspase 7, apoptosis-related  

cysteine peptidase 

F:  AGTGACAGGTATGGGCGTTCG 

R: GCATCTATCCCCCCTAAAGTGG 

 

60 

CASP8 Caspase 8, apoptosis-related  

cysteine peptidase 

F: CTCCCCAAACTTGCTTTATG 

R: AAGACCCCAGAGCATTGTTA 

 

60 

CASP9 Caspase 9, protein phosphatase 

1, regulatory subunit 56 

F: CGAACTAACAGGCAAGCAGC 

R: ACCTCACCAAATCCTCCAGAAC 

 

60 

CASP10 Caspase 10, apoptosis-related 

cysteine peptidase 

 

F: AATCTGACATGCCTGGAG 

R: ACTCGGCTTCCTTGTCTAC 

 60 
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5.4. Results 

Our first attempts at engineering PDL constructs for compression studies 

involved incorporating PDL cells into Extracel in a circular format (13 mm x 

1.0 mm), designed to fit BioPress
™

 culture plates. FDA-PI staining and 

confocal microscopy showed that on encapsulation the cells adopted a rounded 

morphology and retained high viability over a 4-week time-course (Chapter 

3). Nevertheless, it was clear from side views that the body of matrix was 

relatively sparsely populated. Only at the hydrogel surface and the gel-

substrate interface did the cells appear to achieve confluence and assume a 

fibroblastic phenotype suggesting the HA-GLN scaffold was insufficiently 

stiff to facilitate cell attachment (Chapter 3). We therefore added type I rat tail 

collagen to provide additional RGD (Arg-Gly-Asp) binding sites on the triple-

helices of intact collagen, and this enabled the cells to populate the full 

thickness of the gel (Figure 5.3 B&D). However, by the 3rd and 4th weeks of 

culture, in common with all collagen containing hydrogels, the constructs 

showed a tendency to contract. Two-week COLI-HA-GLN constructs were 

therefore used in all loading experiments which minimized this complication, 

although we did find that owing to their low modulus of elasticity, the 

compression regimen reduced the thickness of the constructs to around 300–

400 μm. 
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Figure 5.3. Human PDL cells (5 x 10
6 

cells/mL)  in Extracel
™

 incorporated 

with rat tail type I collagen (1.3 mg/mL) and cultured on 13 mm rings placed 

in 60 mm Petri-dishes. Images were taken by confocal microscopy from an 

area of 1200 x 1200 µm of each sample at 10 x magnification. (A) View from 

above after 14 days; (B) Cross-sectional view  after 14 days measured 

1000µm thick; (C) View from the top after 21 days; (D) Cross-sectional view 

after 21 days when the hydrogel contracted to 300 µm thickness. 

 

 

Cyclic compressive strain resulted in a significant increase in the number of 

nonviable cells after 12 h and 24 h loading (Figure 5.5); however, it was only 

possible to count the dead cells – the dense fibrillary growth of the viable cells 

made their quantification impossible (Figure 5.4). The increase in the number 

of cells undergoing programmed cell death was confirmed by the Caspase 3/7 

assay, which was significantly upregulated across all three time-points (Figure 

5.5), and to investigate this further, we measured the expression of a number  
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Figure 5.4. Confocal microscopy images (10 x) of the samples after each 

cyclic compression time point. Non-viable cells (red) were chosen to count 

due to the dense and clustered appearance of the viable cells (green). (A) 

Control culture; (B) 6 hours of compression did not make much difference 

compared to the control culture. A significantly higher number of non-viable 

cells were seen after 12 hours (C) and 24 hours (D) of 33.4 kPa compressive 

force.  
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Figure 5.5. A compressive strain of 33.4 kPa has a significantly increased 

induced cell death of human PDL cells in COL1-HA-GLN constructs. 

Confocal microscopy cell count showed a significant effect after 12 and 24 

hours (histogram above); Caspase 3/7 assay showed results of a very high 

significance on the induction of apoptotic-cell death after all the three time 

points. *p < 0.05;  ***p < 0.001. 
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Table 5.2. Effect of cyclic compressive strain on the gene expression of 

apoptosis-related genes. 

 

 6 h 12 h 24 h 

TNFA 0.28 1.56 0.24 

TNFRSF1A 0.26 0.38 1.24 

TNFRF1B ND ND ND 

TNFSF10 0.80 0.70 2.45 

IL1A 0.64 0.52 2.00 

IL1B 0.39 1.17 0.74 

IL6 1.17 0.60 0.71 

CASP1 0.53 1.40 1.76 

CASP2 0.68 0.96 1.48 

CASP3 0.35 0.73 0.89 

CASP6 0.23 1.08 1.17 

CASP7 0.40 0.49 1.03 

CASP8 0.67 0.55 1.59 

CASP9 0.49 0.20 1.11 

CASP10 0.24 0.68 2.18 

 

The significant increase in apoptotic cell death assayed (previous page) was 

confirmed by the up-regulation of apoptosis-related genes quantified by real-

time RT-PCR. The data are cross-sectional, expressed as relative quantity 

(RQ) and the mean of two separate determinants. All the genes were up-

regulated by at least one fold induction (RQ > 1.00) at some time point. 

Relative quantity values > 2.00 are highlighted. ND: Not detected. 

 

of genes playing key roles in apoptosis (Table 5.2). TNFRSF1A, TNFSF10 

(TRAIL) and IL1A were all significantly upregulated after 24 h, the latter two 

by RQ values > 2.00. TNFA, IL1B, and the caspase inhibitor gene IL6 in 

contrast, were downregulated at the same time-point. Each of the eight 

caspases (cysteine-dependent aspartate-directed proteinases) involved in the 

apoptosis signalling cascade showed a progressive increase in expression 

(Table 5.2). These included the interleukin-1-converting enzyme CASP1, and 

the initiator caspases CASP2, CASP8, CASP9 and CASP10, which cleave the 

inactive proforms of the executioner caspases CASP3, CASP6 and CASP7; 
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these in turn cleave other intracellular protein substrates to trigger the 

apoptotic process. 

 

While the osteoblast-specific transcriptions factor RUNX2 and its 

chondrogenic counterpart SOX9 were initially expressed, they were not 

detectable in 24h cultures; and adipocyte and myoblast-specific transcription 

factors PPARG and MYOD were not detected at any time point. However, 

P4HB a gene that is abundantly expressed by cells synthesizing collagen and a 

useful marker for the fibroblast phenotype was expressed at 6h and 12h, 

although it had declined by 24h (Table 5.3).  Of the fifteen extracellular matrix 

genes screened, twelve were detected at Ct values < 35; BGLAP, the gene 

encoding the bone matrix protein osteocalcin, SP7 (Osterix) the osteoblast 

transcription factor acting downstream of RUNX2, and the cartilage-specific 

collagen gene COL2A1, all failed to be identified. At 6h cyclic compressive 

strain significantly increased the expression of COL1A1, MMP1 and MMP3 

by RQ values > 2.00, and in the case of CTGF > 3.00 at both 6h and 12h. 

Although most genes were upregulated at some point with RQ values > 1.00 

after 6h and/or 12h deformation, all were down-regulated in the 24h cultures 

except for the three MMPs and CTGF (Table 5.3). 
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Table 5.3. Effect of cyclic compressive strain on gene expression by PDL 

cells  

 6 h 12 h 24 h 

P4HB 1.05 ± 0.14 0.96 ± 0.11 0.54  ± 0.05 

RUNX2 0.43±0.07 0.96 ± 0.09 ND 

SOX9 0.76 ± 0.19 1.60 ± 0.18 ND 

PPARG ND ND ND 

MYOD ND ND ND 

COL1A1 2.89 ± 0.54 1.08 ± 0.15 0.93 ± 0.29 

COL2A1 ND ND ND 

COL3A1 1.61 ± 0.23 1.2 ± 0.09 0.31  ± 0.04 

MMP1 2.2  ± 0.28 0.45 ± 0.12 1.12 ± 0.23 

MMP2 1.51 ± 0.20 0.81 ± 0.16 1.23 ± 0.21 

MMP3 2.41 ± 0.98 1.08 ± 0.19 1.30 ± 0.42 

TIMP1 0.71 ± 0.16 0.78 ± 0.13 0.59 ± 0.06 

TGFB1 0.5 ± 0.14 1.41 ± 0.66 0.47  ± 0.06 

BGLAP ND ND ND 

SP7 ND ND ND 

BMP2 1.41 ± 0.08 1.17 ±  0.07 0.34  ± 0.08 

RANKL 1.39 ± 0.39 0.82 ± 0.23 ND 

OPG 0.42 ± 0.16 1.13 ± 0.51 0.38  ± 0.11 

CTGF 3.15 ± 0.56 3.09 ± 0.97 1.92 ± 0.56 

FGF2 1.56 ± 0.23 1.77 ± 0.63 0.63 ± 0.21 

  

Gene expression was quantified by real-time RT-PCR on a panel of 20 

extracellular matrix genes. Of the 15 genes expressed, 12 were up-regulated 

with RQ >1.00 at some time point of the compression. The data are cross-

sectional, expressed as relative quantity and represents the mean ± SEM of 

four separate determinants. RQ values > 2.00 are highlighted. ND: Not 

detected. 

 

Proteins levels of all three MMPs plus TIMP-1 were identified by ELISAs in 

culture supernatants from both experimental and control cultures, although the 

concentrations of MMP-2 and MMP-3 were low in comparison with MMP-1 

and TIMP-1. Both of these proteins were significantly upregulated by cyclic 

compressive strain (Figure 5.6), although after 24h, the concentration of free 

TIMP-1 (760 ng/mL) in compressed cultures was more than twice that of the 

pro-form of MMP-1 (360 ng/mL). Mechanical stress did not seem to have a 

significant effect on RANKL, OPG and FGF-2.  But the concentration of OPG 
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secretion was higher (82-106 ng/mL) compared to the RANKL detected at 61-

73 pg/mL. While FGF-2 was detected at low levels of 13-16 pg/mL, CTGF 

was lower than the detectable levels of the assay (Table 5.4). 

 

 

Figure 5.6. A significant up-regulation of MMP-1 and TIMP-1 synthesis by 

human PDL cells ,was seen after subjecting to 24h of compressive force. At 

each end-point the culture media from 6 wells was pooled in pairs and assayed 

in triplicate. The data is cross-sectional and expressed as means ± SEM. *p < 

0.05. 
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Table 5.4. No significant up-regulation was seen on the synthesis of 

RANKL/OPG, FGF-2. CTGF was synthesized below the detection limit of the 

assay. 

 

 

5.5. Discussion 

This study provided progressive insight into the effects of compressive strain 

on PDL cells through the development of a novel 3D hydrogel construct. The 

BioPress
™

 Compression Plus
™

 system has been used in several studies 

(http://www.flexcellint.com/documents/FlexcellPublications.pdf) to 

investigate the effects of compression on chondrocytes, and tissues like 

cartilage, and meniscus cultured or embedded in gel scaffolds to simulate 

functional compressive loading. 

  

Unlike collagen fibres, fibroblasts and smooth muscle cells cultured in 3D 

collagen gels which become aligned perpendicular to the direction of the 

applied force (Girton et al., 2002), PDL cells in COLI-HA-GLN constructs 

viewed by confocal microscopy showed no particular alignment. However, the 

amount of deformation in the Girton et al. study was much greater at about 

 

Enzyme 

 

  

6 hours 

 

12 hours 

 

24 hours 

RANKL Control 73.69 ± 1.2 61.6±2.4 62.9±2.89 

(pg/mL) Experimental 62.5±4.18 59.88±2.2 64.6±4.3 

OPG Control 82.28±5.3 82.98±4.4 82.42±7.9 

(ng/mL) Experimental 91.94±8.3 94.38±1.2 106.21±6.2 

FGF-2 Control 14.40±0.73 14.01±0.71 13.29±0.20 

(pg/mL) Experimental 14.92±0.83 15.28±0.08 16.07±1.01 

CTGF 

(pg/mL) 

Con/Exp ND ND ND 

http://www.flexcellint.com/documents/FlexcellPublications.pdf
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50%. A study by (Kwok et al., 2013) of human mesenchymal stem cells in 

collagen gel constructs subjected to cyclic compressive loading for 1 h per day 

for 1, 3, 5, or 7 consecutive days at a frequency of 1 Hz found that cell 

alignment did not occur until the 5th day ‒ by day 7, an obvious pattern of 

alignment was observed along the compression loading axis. Interestingly, the 

authors found that compression-induced cell alignment was dependent on the 

concentration of the collagen in the construct.  

 

In the present study a force of 0.5 lbs (230g) was chosen to simulate the 

orthodontic force. This translates to a pressure of 16.7 kPa (170.3g/cm
2
) which 

is much higher than previous studies; these used forces in the range of 

0.5g/cm
2
 to 25.0g/cm

2
 but were applied continuously not intermittently (de 

Araujo et al., 2007; Lee et al., 2007; Kang et al. 2013; Li et al., 2013). The 

difficulty in an in vitro study such as this, given the wide variety of occlusal 

loading to which teeth are subjected during mastication, swallowing and 

speech, is to decide how much force to apply to the cells. In a clinical study of 

the ideal force levels to be applied to the clinical crowns of teeth during 

orthodontic tooth movement, Storey and Smith (1952) found the optimal force 

required to distalize a canine in an orthodontic patient was 200‒300 g. 

However, no clinical studies have yet been reported quantifying force levels in 

the PDL when a certain level of force is applied to the clinical crown. 

Technically, it is difficult to determine the stress/strain within the PDL and 

finite element studies have shown that the stress/strain field is a very complex 

(Jones et al., 2001). In any event, the force magnitude chosen to simulate 

occlusal force was much lower than that reported by Gibbs et al. (1981) for the 
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forces produced during swallowing (about 66.5 lbs) and chewing (about 58.7 

lbs). 

 

PDL cells, as discussed in the previous chapter are a heterogeneous group of 

cells which includes mesenchymal stem cells that can differentiate into 

osteoblast, chondrocytes, adipocytes and myoblasts. The osteoblast-specific 

transcription factor RUNX2 and the chondrogenic regulator SOX9 were 

expressed initially by 6 and 12 hours, but were not detectable at 24 h. The 

adipocyte and myoblast-specific transcription factors PPARG and MYOD were 

not detected at any time point. However, P4HB a gene that is abundantly 

expressed by cells synthesizing collagen and a useful marker for the fibroblast 

phenotype was expressed at 6h and 12h, although it had declined by 24h 

(Table 5.3).  Of the fifteen extracellular matrix genes screened, twelve were 

detected at Ct values < 35; BGLAP, the gene encoding the bone matrix protein 

osteocalcin, SP7 (Osterix) the osteoblast transcription factor acting 

downstream of RUNX2, and the cartilage-specific collagen gene COL2A1, all 

failed to be identified. At 6h compressive strain significantly increased the 

expression of COL1A1, MMP1 and MMP3 by RQ values > 2.00, and in the 

case of CTGF > 3.00 at both 6h and 12h. Although most genes were 

upregulated at some point with RQ values > 1.00 after 6h and/or 12h 

deformation, all were down-regulated in the 24h cultures except for the three 

MMPs and CTGF (Table 5.3). CTGF serves to regulate cell-matrix 

interactions and cell functions and directs cells to fibroblast phenotype. These 

findings together suggest that the stem cell pool was directed towards fibrosis. 
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Orthodontic tooth movement is characterized by bone resorption at sites of 

compressive strain (Sandstedt, 1904, 1905; Bister and Meikle, 2013), and 

because of their role in osteoclast formation and function, RANKL and OPG 

are considered to be important mediators of resorption at the bone-PDL 

interface (Khosla, 2001; Yamaguchi, 2009). However, in the present study, 

although RANKL was upregulated at 6 hours, it was downregulated by 12 

hours and not expressed at 24 hours; OPG was upregulated at 12 hours only, 

and at the protein level, mechanical stress did not alter the synthesis of either 

RANKL or OPG. This is in contrast to previous studies with 2-dimensional 

(Kanzaki et al., 2002; Yamamoto et al., 2006; Nakajima et al., 2008) and 3-

dimensional culture systems (Li et al., 2013), which have consistently reported 

increases in RANKL or OPG expression in PDL cells. 

 

PDL cells and gingival fibroblasts play important roles in bone remodelling 

and protect abnormal bone resorption respectively (Kook et al., 2009). Kook 

et al., (2009) found that mechanical force induced OPG production, inhibiting 

the osteoclastogenesis through ERK-mediated signalling pathway. The same 

authors in their investigation on osteoclastogenesis in response to compression 

force, found that PDL fibroblasts predominantly produced OPG than RANKL 

. In the present investigation, although there were no significant differences in 

the synthesis of either OPG or RANKL by PDL cells in response to 

compression, the levels of OPG detected in the culture supernatants were an 

order of magnitude (80‒100 ng/mL) greater than those for RANKL (60‒73 

pg/mL).  
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In a recent analysis of the effect of compressive stress on gene expression of 

PDL cells, Kang et al. (2013) reported an upregulation of RANKL after and 2 

and 48 hours of compression in both 2- and 3- dimensional culture systems. 

Surprisingly, they did not report on OPG activity. 

  

Apoptosis, a form of programmed cell death in which cells are induced to 

activate their own death or suicide, plays an important role in many 

pathophysiological processes including embryonic development, tissue 

remodelling and homeostasis (Wyllie et al., 1980; Elmore, 2007). The 

significant increase in the number of dead cells and the increased expression 

of a number of apoptosis-related genes, including four initiator caspases 

(CASP2, CASP8, CASP9 and CASP10) and three executioner (CASP3, CASP6 

and CASP7) caspases (Fan et al., 2005; Chowdhury et al., 2008), established 

that apoptotic signaling pathways had been upregulated by the compressive 

strain. Prolonged exposure to compressive strain inhibits cell proliferation (Li 

et al., 2013). This contrasts with the effect of cyclic tensile strain on cultured 

PDL cells in 2-dimensional culture systems, which we have previously shown 

to have a positive, albeit transient effect on apoptosis (Saminathan et al., 

2012), unless more vigorous strain regimens are applied (Zhong et al., 2008; 

Hao et al., 2009; Xu et al., 2011) experiments on human lung fibroblasts, for 

example, have shown that regimens producing 20% cyclic deformation 

activated apoptotic signaling pathways and cell death (Boccafoschi et al., 

2007; Boccafoschi et al., 2010). In other words, the induction of apoptosis in 

mechanically-deformed cells appears to be related as one might expect, to the 

magnitude and frequency of the applied strain, whether it is predominantly 



151 

 

compressive or tensile, and in the case of the PDL, will vary throughout the 

ligament depending on its anatomical relationship with the roots of the various 

teeth. 

  

However, the osteoclasts differentiation from M-CSF derived macrophages 

was assumed to be induced by TNF-α, in a RANKL-independent manner 

(Azuma et al., 2000). TNF-α also promotes RANKL expression by stromal 

cells and osteoblasts and also induces osteoclast differentiation and bone 

resorption in the presence of M-CSF, facilitated by RANKL, during 

orthodontic tooth movement (Takayanagi, 2005; Cho et al., 2010; Kook et al., 

2011). The present finding showed an upregulation of TNF-α at mRNA level 

only by 12 hours and was down regulated during the remaining two time 

points.   

 

Furthermore, interleukin genes IL1A, IL1B and IL6 that are involved in 

osteoclast differentiation in addition to TNF and RANKL were upregulated by 

24 h, 12 h and 6h of compression respectively while the cytokine TGF-β , that 

has inhibitory effects on osteoclastogenesis (Pérez-Sayáns et al., 2010) was 

upregulated by 12 hours like its counterpart OPG. Interestingly, the apoptosis 

inducing TNF-related ligand TRAIL (TNFSF10) was expressed, but 

upregulated after 24 hours of compression. OPG binds and neutralizes TRAIL 

to block the TRAIL-induced apoptosis (Emery et al., 1998). A recent study (Li 

et al., 2013) using static compression force for 6h, 24 h and 72 h on PDL cells 

encapsulated in PLGA scaffolds has found an increase of osteoclastogenesis 

inducers initially and longer exposure (72 h) had increased its inhibitors. But 
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CTGF was reported to be down-regulated due to compression. From our data, 

we noted a random up and down-regulations of these cytokines and 

interleukins across the time points at mRNA level, a further understanding of 

the osteoclastogenesis regulation can be done by the enzyme estimations of 

TNFSF10 and IL1A.  

  

MMPs are a family of proteolytic enzymes synthesized as either secreted 

forms or bound to the plasma membrane that function at neutral pH, and play 

key roles in connective tissue resorption during growth, morphogenesis and 

pathophysiological remodelling (Murphy and Nagase, 2008; Zitka et al., 

2010). All are synthesized in latent pro-forms with activation involving the 

loss of a pro-peptide of around 80 residues. To prevent uncontrolled 

resorption, the actions of MMPs are closely regulated by TIMPs through the 

formation of high affinity, essentially irreversible complexes with the 

activated forms of the enzymes (Reynolds and Meikle, 1997); TIMP-1 is the 

major form, but four have been described to date. In addition to increased 

expression of MMP1, MMP2 and MMP3 following compression, MMP-1, 

MMP-2, MMP-3 and TIMP-1 protein were all released into the culture media, 

and interestingly MMP-1 and TIMP-1 levels were significantly higher in 24h 

cultures despite TIMP1 expression being downregulated, suggesting increased 

matrix turnover. However, because these ELISAs only recognize latent 

proMMP-1 and free TIMP-1, we are not in a position to say whether the 

enzymes are in the active, latent or complex forms without performing activity 

assays and zymography. In any event, human PDL cells constitutively express 



153 

 

sixteen members of the MMP family (Saminathan et al., 2012), so there are 

plenty of other alternatives for degrading the matrix. 

 

One problem encountered with incorporating type I collagen into Extracel was 

a failure of the components to gel with some batches of collagen. Hence, 

repetitions of the experiments with the new batch of type I collagen was 

limited. The hydrogel construct with type I collagen incorporation was 

optimized for two weeks growth when the cells assumed the fibroblast 

phenotype, as a higher concentration (>1.3 mg/mL) and longer periods of 

culture caused the hydrogel to contract quickly. Moreover, the commercially 

purchased rat tail type I collagen (Sigma Aldrich, Singapore) was available by 

reconstituting in 20mM acetic acid by the manufacturers. PDL cells, initially 

experienced a survival shock which might be due to the shift in pH to acidic 

range. A significantly (p < 0.001) lower viability rate compared to the 

Extracel
™

 without the addition of type I collagen was noted after first week of 

culture during the preliminary experiments. By the end of second week, the 

viability number continued to be less, but not at significant level (p = 0.21). 

  

Overcoming such limitation, this culture system can be used as a novel 

construct and investigated for variations in time periods and stress magnitudes 

so that the effects of compressive loading can be studied in a time- and 

magnitude-dependent manner that mimics a particular loading concept 

occurring in vivo.  

 

. 
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6.  Overall discussion and future work 

 

To date, attempts to build tissue-engineering strategies are still at the early 

stage of development to make a significant impact either at the clinical or 

commercial level (Taba et al., 2005; Chen and Jin, 2010; Izumi et al., 2011). 

Nevertheless, our objective in developing 3-dimensional in vitro models of the 

PDL for advancing our understanding of the mechanisms of tooth support and 

tooth movement derived from 2-dimensional models and in vivo animal 

studies was achieved by this study.  

 

6.1. Mechanical view 

The challenge in engineering 3-dimensional constructs using biodegradable 

biomaterials for in vitro studies is to replicate not only tissue complexity, but 

also the mechanical and viscoelastic characteristics (resistance to elastic 

deformation or stiffness) of the native tissue, and it is clear that further 

improvements in the composition of the present constructs are required. For 

the compression study, although we used close to the minimum level 

recommended for use with the Flexercell Compression Plus system, a force of 

32.4 kPa was at the limit appropriate for deforming the constructs in their 

present format, highlighting one of the disadvantages of hydrogels – their poor 

mechanical properties, resulting in tissue constructs with significantly poorer 

mechanical strength than the real tissue. Analysis of the rheological properties 

of cross-linked HA-gelatin hydrogels for use in soft tissue engineering has 

shown that the elastic moduli range from 11 Pa to 3.5 kPa depending on the 

concentration of the HA; increasing the ratio of gelatin reduced gel stiffness 
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by diluting the concentration of the HA component. Extracel has a shear 

elastic modulus of around 70 Pa (Vanderhooft et al., 2009), and although it 

has not been measured, the elastic modulus of the present constructs is likely 

to be similar to the 90 Pa reported recently for a 3-dimensional collagen gel 

populated with PDL cells (Kim et al., 2011). Type I collagen, a commonly 

used scaffold material has specific mechanical properties that has been widely 

investigated (Pedersen and Swartz, 2005; Billiar, 2011) would have altered the 

existing mechanical property of the Extracel
™

. The basic changes to be 

considered are the pH and concentration ‒ pH has been found to be co-related 

to the stiffness of the gel by altering fibril diameters (Christiansen et al., 

2000). For example, a gelation pH from 5 to 8 alters the stiffness from 5 to 25 

kPa (Yamamura et al., 2007).  

 

While this construct may be suitable for imaging cell–cell and cell–matrix 

interactions in studies of tooth support and periodontitis by immunological 

methods and confocal microscopy, for tissue engineering applications a much 

higher stiffness is required. One problem in trying to reconstruct the 

biophysical properties of the human PDL, a complex fibre-reinforced tissue 

that responds to mechanical loading in a viscoelastic and nonlinear manner 

(Jónsdóttir et al., 2006), is that for all practical purposes the elastic modulus is 

unknown. The difficulty of examining a thin tissue (0.1–0.4 mm) sandwiched 

between bone and cementum has resulted in a lack of consistency regarding its 

elastic properties, highlighted by a recent systematic review of 23 studies that 

had used finite element analysis, which found that Young’s modulus ranged 

from 10 kPa to 1750 MPa, a difference approaching six orders of magnitude 
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(Fill et al., 2011). In comparison, the elastic moduli of soft mammalian tissues 

range from near 100 Pa for soft organs such as the brain, to tens of thousands 

in muscle and around 300 MPa for Achilles tendon (Levental et al., 2006).  

 

Culturing cells in three dimensions complicates the perennial question of the 

strain profile experienced by the cells. As discussed previously (Chapter 2), 

this is difficult enough to determine with the methods commonly used to 

deform cells in two dimensions. When a substrate is deformed, irrespective of 

whether in-plane or out-of-plane, uniaxial or biaxial, the cells will be exposed 

to a combination of tensile, compressive and shear strains; the amount of 

deformation will also vary with the position of the cells within the field, and in 

the Flexercell system deformation of the substrate will only be about half that 

programmed into the computer (Vande Geest et al., 2004; Wall et al., 2007). 

In the present study, the strain experienced by the cells at the gel–substrate 

interface, will clearly be different from that experienced by the cells of the 

surface layer or within the body of the gel. The stress profile is therefore likely 

to be similar to the complexity revealed by the finite element analysis of the 

von Mises and principal stresses generated are mechanically loaded in vivo 

(Milne et al., 2009). 

 

One thing is certain, understanding the strain distribution within the hydrogel 

matrix and its effect on the biomechanical behavior of the cells will require 

sophisticated three dimensional finite element modeling (Pfeiler et al., 2008). 

This suggests that recapitulating the biophysical properties of the next 

generation of artificial PDL constructs, requires a much more robust 
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extracellular matrix. Since type I collagen is the major structural protein of the 

PDL, rather than add collagen to the hydrogel matrix, a more rational 

approach would be to permeabilize preformed type I collagen scaffolds with a 

mixture of PDL cells and Extracel followed by gelation.  

 

6.2. Biological view 

The molecular data established from both the tensile and compression studies 

have given a basic knowledge of mechanoresponsive genes to a certain level 

although not exactly as it occurs in vivo which still remains unknown. 

Introducing a new form of hydrogel and regimen used, although seems novel, 

the data obtained was not comparable with similar studies. This could be 

clearly observed from the interpretation of results done in all the chapters. The 

frequency and magnitude of strain can be similar or referred from previous 

studies using fibroblasts. But, it should be considered that the mechanical 

forces which can variedly be shear, compression or tension and the 

biochemical signals vary with microenvironment of the fibroblasts which can 

be from lungs, dermal or tendon fibroblasts. The work done by Kook et al., 

(2012) found that the proliferation rate was stimulated in gingival fibroblasts, 

while it was inhibited in periodontal ligament fibroblasts by tensile force. In 

another example, fibroblast cultured in collagen gels exhibit a “compaction” 

process (Billiar, 2011) and exogenous addition of TGF-β (Halliday and 

Tomasek, 1995) activates the fibrotic pathway (wound healing) by 

differentiating fibroblasts into myofibroblasts (Tomasek et al., 2002; Li and 

Wang, 2011). Myofibroblasts have been identified on the tension side of the 

PDL in vivo and in 2D in vitro cultures (Meng et al., 2010) and the present 
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tissue constructs could be used to investigate this aspect of oral wound 

healing. 

  

The results of RANKL and OPG expression did not exactly agree with the 

previous established studies of PDL cells in 2-D cultures (elaborated in 

discussion section). The complex up- and down-regulation of transcription 

factors, apoptotic genes and interleukins still requires a deeper understanding 

of other possible factors such as other growth factors, effect of cell density, 

alterations of mechanical properties like stiffness due to collagen 

incorporation that could have induced different entropy. Another example is 

the interesting point about the synergistic effect of compression and hypoxia 

(Li et al., 2013). When PDL is subjected to orthodontic force, the compression 

side is under hypoxic condition due to the shut blood vessels and nutrient 

deprivation to the interior. 

  

The study could be taken to a next level by choosing specific pathways and 

gene profiling using microarray analysis which measures the expression of 

multiple genes. de Araujo et al. (2007) conducted a microarray analysis of the 

response of the PDL cells subjected to static compressive force and 

demonstrated the complex interactions of genes involved in the biology of 

tooth movement. It was shown that 108 of 30,000 genes tested were 

differentially expressed, out of which 85 genes were up-regulated and 23 were 

down regulated. However, these data were based in treated/control ratios of ±2 

and contained no statistics. Targeted microarrays have shown that this will 

result in numerous false-positives and false negatives (Wescott et al., 2007; 
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Pinkerton et al., 2008).  A recent study (Li et al., 2013) on time course 

analysis of compression force using microarray analysis showed five 

significant pathways being expressed which included cytokine–cytokine 

receptor interaction, MAPK, and cell cycle signalling pathways, and Cell–cell 

signalling. An interesting bioinformatics analysis comparing 2D and 3D 

culture systems exposed to compressive force have showed MAPK and focal 

adhesion kinase pathways to be relevant to the compression-induced cellular 

response (Kang et al., 2013), one of the few microarrays on PDL cells exposed 

to compressive force. Coupled with greater knowledge on the physiological 

function of the individual gene, the vast information obtained from microarray 

analysis may help facilitate the understanding of the complex interactions of 

biological genes during tooth movement. 

. 

Technical handling of the hydrogel involved a lot more care and attention. The 

reconstituted Gelin-S and Gelatin of the Extracel
™

 becomes oxidized if 

exposed to repeated freeze-thaw cycles. Incubation with trypsin for longer 

time (Chapter 4, section 4.3.4) during cell recovery process can also reduce 

cell viability to yield less RNA. Batch to batch variation of type I collagen 

purchased limited any further repetitions of experiments. These were the 

technical obstacles and limitations faced while handling the hydrogel.  
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The periodontal ligament is a special-

ized connective tissue that has evolved

to provide attachment of teeth to the

bone of the jaws. The periodontal

ligament functions in a mechanically

active environment and, in addition to

its attachment role, serves as a shock

absorber to protect the tooth-support-

ing alveolar bone from excessive
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MC. The effect of cyclic mechanical strain on the expression of adhesion-related

genes by periodontal ligament cells in two-dimensional culture. J Periodont Res
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Background and Objective: Cell adhesion plays important roles in maintaining the

structural integrity of connective tissues and sensing changes in the biomechanical

environment of cells. The objective of the present investigation was to extend our

understanding of the effect of cyclic mechanical strain on the expression of

adhesion-related genes by human periodontal ligament cells.

Material and Methods: Cultured periodontal ligament cells were subjected to a

cyclic in-plane tensile deformation of 12% for 5 s (0.2 Hz) every 90 s for 6–24 h in

a Flexercell FX-4000 Strain Unit. The following parameters were measured: (i) cell

viability by the MTT assay; (ii) caspase-3 and -7 activity; and (iii) the expression

of 84 genes encoding adhesion-related molecules using real-time RT-PCR micro-

arrays.

Results: Mechanical stress reduced the metabolic activity of deformed cells at 6 h,

and caspase-3 and -7 activity at 6 and 12 h. Seventy-three genes were detected at

critical threshold values < 35. Fifteen showed a significant change in relative

expression: five cell adhesion molecules (ICAM1, ITGA3, ITGA6, ITGA8 and

NCAM1), three collagen a-chains (COL6A1, COL8A1 and COL11A1), four

MMPs (ADAMTS1,MMP8,MMP11 andMMP15), plus CTGF, SPP1 and VTN.

Four genes were upregulated (ADAMTS1, CTGF, ICAM1 and SPP1) and 11

downregulated, with the range extending from a 1.76-fold induction of SPP1 at

12 h to a 2.49-fold downregulation of COL11A1 at 24 h.

Conclusion: The study has identified several mechanoresponsive adhesion-related

genes, and shown that onset of mechanical stress was followed by a transient

reduction in overall cellular activity, including the expression of two apoptosis

�executioner� caspases.
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occlusal loading, not only during

mastication, deglutition and speech,

but also due to occlusal trauma and

man-made orthodontic appliances.

Numerous in vitro studies have

investigated the effects of cyclic and

continuous mechanical strain on gene

expression by human periodontal liga-

ment cells. Most have focused on

alterations in the expression of a small

number of cytokine and osteogenic

genes (1–4), but microarrays which

allow the activity of numerous genes to

be monitored simultaneously have also

been reported (5–8). Alterations in

cell–matrix and cell–cell adhesion play

important roles not only in maintain-

ing the structural integrity of connec-

tive tissues, but also in sensing changes

in the biomechanical environment of

cells and mediating the transmission of

bidirectional forces across their plasma

membranes (9–11). Periodontal liga-

ment cells, derived as they are from a

biomechanically active tissue, therefore

offer an excellent experimental model

for investigating the expression of

genes involved in these interactions.

All cells have a finite life span, and

apoptosis, a form of programmed cell

death in which cells are induced to

activate their own death or suicide,

plays an important role in many

pathophysiologcal processes, including

tissue remodelling and homeostasis

(12,13). However, cultured bone and

periodontal ligament cells deprived of

the normal functional loading to which

they are exposed in vivo are in a phys-

iological default state, raising the

question of what effect mechanical

stimuli might have on apoptosis-medi-

ated cell death. The in vitro evidence to

date is equivocal. Although compli-

cated by the use of different model

systems and strain regimens, unlike

cultured bone cells, where mechanical

stimuli have typically been shown to

inhibit apoptosis (14,15), in cultured

human periodontal ligament cells cyc-

lic mechanical strain has been reported

to trigger a transient increase in apop-

tosis (16,17). This is important because

any reductions in metabolic activity

may compromise quantification of

alterations in gene expression.

In the present investigation, human

periodontal ligament cells in two-

dimensional culture were screened for

adhesion-related genes using targeted

real-time RT-PCR microarrays, and

we report, for the first time, the effect

that a predominantly tensile cyclic

mechanical strain has on their expres-

sion. We further show that the imme-

diate response of the cells to a change

in their biophysical environment was a

short-term reduction in overall cellular

activity, including the expression of

two apoptosis �executioner� caspases.

Material and methods

Preparation of human periodontal
ligament cells

Premolar teeth that had been extracted

for orthodontic reasons were used to

establish human periodontal ligament

cell cultures as described previously

(18). Approval to harvest human tissue

from extracted teeth with the consent

of the donor and/or parent was gran-

ted by the Ethics Committees of the

University of Otago (reference 05/069)

and National University of Singapore

(NUS-IRB reference 08-015). Teeth

were washed with phosphate-buffered

saline and fragments of the periodontal

ligament attached to the middle third

of the root removed with a scalpel.

Tissue explants were plated onto 3 cm

Petri dishes in Dulbecco�s modifiied

Eagle�s medium (Gibco, Invitrogen,

Auckland, NZ, USA) supplemented

with 10% fetal calf serum (Gibco)

and antibiotic–antimycotic reagent

(10,000 units penicillin, 10,000 lg stre-

ptomycin and 25 lg/mL amphoter

icin B; Invitrogen), 100 mmol L-gluta-

mine (Invitrogen) and gentamicin

(10 mg/mL; Gibco) and cultured at

37�C in a humidified atmosphere of

5% CO2–95% air. On reaching con-

fluence, the cells were lifted with tryp-

sin–EDTA (Gibco) and serially

passaged through 25, 75 and 175 cm2

tissue culture flasks (Cellstar; Greiner

Bio-One AG, Munroe, NC, USA).

Passage two cells were frozen in Cell

Culture Freezing Medium (Gibco) at

)80�C and transferred to liquid nitro-

gen for long-term storage. Third or

fourth passage cells were used for

experimental purposes.

Application of cyclic mechanical
strain to periodontal ligament cells

Human periodontal ligament cells

(3 · 105 per well) were subcultured

into six-well, 35 mm flexible-bottomed

UniFlex� Series culture plates con-

taining a centrally located rectangular

strip (15.25 · 24.18 mm) coated with

type I collagen. When the cells had

reached confluence (commonly 3–4 d),

the silicon rubber membranes were

subjected to an in-plane deformation

of 12% for 5 s (0.2 Hz) every 90 s

using a square waveform, around

rectangular ArcTangle� loading posts

(required to correctly apply uniaxial

strain to the cells) in a standard Bioflex

baseplate linked to a Flexercell FX-

4000 strain unit (Flexcell Corp., Hills-

borough, NC, USA). The strain value

of 12% was based on data derived

from a finite element model, which

suggested that maximal periodontal

ligament strains for horizontal dis-

placements of a human maxillary

central incisor under physiological

loading lies in the vicinity of 8–25%,

depending upon the apico-crestal

position. Deformation of 12% correlates

well with strain conditions predicted at

the mid-root (19). Experimental and

control plates were allocated to each of

the three time points (6, 12 and 24 h)

and separate experiments performed

for light microscopy, cell activation,

caspase activity and RNA extraction.

As discussed in detail later, the defor-

mation of the silicon membrane is not

uniform, but generates a tension gra-

dient; any changes in expression will

therefore represent the global average

of cells exposed to different amounts of

strain.

Changes in cell morphology

At the end of the experimental period,

plates were examined by light micros-

copy to determine changes in the ori-

entation of the cells and evidence of

cellular detachment or collagen

delamination. Some cultures were fixed

with acetic methanol (one part glacial

acetic acid; three parts methanol) for

5 min at 25�C and, after aspirating the

fixative, 1% Giemsa stain (G9641;

Sigma-Aldrich, Singapore) in acetic
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methanol was added for 2–5 min at

25�C. After washing with 60% metha-

nol in water for 1–2 min, rectangular

segments were cut from the silicon

membranes and, after mounting on

glass slides, viewed by light micros-

copy.

MTT assay for cell viability

Cell activation was measured by the

MTT assay (Sigma-Aldrich), a colori-

metric assay for estimating mammalian

cell survival, proliferation and activa-

tion based on the ability of viable cells

to reduce yellow 3-(4, 5-dim-

ethythiazol-2-yl)-2, 5-diphenyl tetrazo-

lium bromide (MTT) by mitochondrial

succinate dehydrogenase (20,21). At

the end of each time point the cells

were harvested by trypsinization and

resuspended in fresh media; 50 lL of

this cell suspension was added to

96-well plates and spun at 1800 g for

5 min. The supernatant was removed

and 50 lL of the MTT solution (4 mg/

mL in Dulbecco�s modifiied Eagle�s
medium) added to each well. The cells

were incubated at 37�C for 2 h in the

dark. Following incubation, the plate

was centrifuged and the supernatant

discarded. The resulting formazan

crystals were dissolved by the addition

of 200 lL of dimethylsulfoxide (Sigma-

Aldrich), and absorbance was mea-

sured at 570 nm in a microplate reader

(Tecan SpectrophorPlus, Singapore).

Caspase-3 and -7 assay

Caspases, a family of cysteine protein-

ases that specifically cleave proteins

following aspartate residues, play key

roles in mammalian apoptosis. Two

�executioner� caspases (3 and 7) were

measured by the Caspase-Glo 3/7

Assay (Promega Corp., Madison, WI,

USA), which provides a luminescent

Caspase-3/7 substrate containing the

tetrapeptide sequence (Asp-Glu-Val-

Asp) in a reagent optimized for caspase

activity, luciferase activity and cell

lysis. At the end of each time period,

the collagen-coated rectangular area

was cut and treated with the Caspase-

Glo� 3/7 reagent for 1 h in the dark

at room temperature according to

the manufacturer�s instructions. Each

sample was aliquoted into triplicate

tubes, and luminescence, expressed as

relative light units (RLU), was mea-

sured with a Sirius Single Tube Lumi-

nometer (Berthold Detection Systems

GmbH, Pforzheim, Germany).

Extraction of RNA

Culture media were removed from the

wells and total RNA isolated by a

modification of the method of Chom-

czynski and Sacchi (22). Briefly,

0.5 mL of TRIzol� reagent (Invitro-

gen) was added to each well of the

Uniflex plate. After a 5 min incubation

period, the cell lysate was added to a

tube containing 0.1 mL of chloroform

and shaken vigorously by hand for

15 s. A further incubation of 2–3 min

at room temperature was required

prior to centrifugation of the samples

at 12,000g for 15 min at 4�C. Follow-
ing centrifugation, 300 lL of the clear

aqueous phase was added to an equal

volume of 70% ethanol and vortexed

to disperse the precipitate. Sample

purity was achieved using the Purelink

Micro-to-Midi Total RNA Purification

System (Invitrogen) in accordance with

the manufacturer�s instructions. Total

RNA samples were eluted from the

columns in 50 lL of RNase-free water

and stored at )80�C. The concentra-

tion and purity (based on the A260/280

absorbance ratio) of the samples was

determined using a Nanodrop ND-

1000 Spectrophotometer (Nanodrop

Technologies, Rockland, DE, USA).

This combined extraction technique

yielded 180–250 ng RNA from six wells

with an A260/280 value of 1.96 ± 0.07;

an A260/280 value > 1.9–2.0 cor-

responds to a pure sample free of

contaminating protein (Applied Bio-

systems, Life Technologies Corpo-

ration, Carlsbad, CA, USA).

Real-time PCR array analysis

Total RNA samples were assessed for

degradation status by denaturing aga-

rose gel electrophoresis, prior to anal-

ysis. Contaminating genomic DNA

was removed from total RNA samples

by DNase I digestion prior to first

strand synthesis. First strand synthesis

was performed using the RT2 PCR

array First Strand Kit (SABiosciences,

Fredrick, MD, USA). Samples were

then screened for the expression of 84

genes encoding extracellular matrix

and adhesion molecules using the RT2

Profiler PCR Array System (SABio-

sciences). SABiosciences PCR arrays

are sets of optimized PCR primer

assays that perform gene expression

analysis using the principle of real-time

PCR. They achieve a multigene profil-

ing capability similar to that of

microarray or SuperArray technology

by setting up multiple PCRs in a 96-

well plate format. Experimental and

control samples at each of the three

time points were analysed in triplicate

to allow for biological variation

between samples and provide a statis-

tically sound data set.

Statistical methods

Data from the viability and caspase

assays are expressed as means ± SEM.

Differences between groups was deter-

mined by Student�s t-test (two-tailed)

using GRAPHPAD PRISM (GraphPad

Software Inc., San Diego, CA, USA)

and the level of significance set at

p < 0.05. For the gene expression

study, expression profiles of the target

genes were measured relative to the

mean critical threshold (Ct) values of

five different calibrator genes (GAPDH,

b2-microglobulin, b-actin, HPRT1 and

RPLI3A) using the DDCt method de-

scribed by Livak and Schmittgen (23).

Student�s t-tests were used for statistical

comparison of the control and experi-

mental groups using mean Ct values

derived from the triplicate samples (24).

Results

Under light microscopy, a difference in

cellular orientation was observed as

early as 6 h after the application of

cyclic strain, with no evidence of cell

detachment or plate delamination.

While control cells remained randomly

orientated, mechanically deformed

cells had become reorientated away

from the direction of the applied force,

as previously reported (25,26). How-

ever, realignment of the cells was not

uniform across the whole surface of the

centrally located collagen strip, tending
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to be more pronounced towards the

edges (Fig. 1).

The MTT assay showed that inter-

mittent substrate deformation resulted

in a small, but statistically significant,

reduction in overall metabolic activity

at 6 h (Table 1). There was also a

reduction in caspase-3 and -7 activity

by mechanically strained cells at 6 and

12 h, suggesting that the strain regimen

had delivered a transient anti-apopto-

tic signal to the cells (Fig. 2).

A total of 84 cell adhesion and

extracellular matrix genes were

screened, and the effect of intermittent

tensile strain on their differential

expression is summarized in Table 2. A

gene was regarded as being expressed if

it was detected at a Ct value of < 35,

and using these criteria 73 genes were

detectable, thereby demonstrating sig-

nificant levels of basal expression.

Eleven genes had Ct values ‡ 35, which

were outside the detection threshold of

the system and were therefore consid-

ered not to have been expressed. This

group comprised the genes for three

matrix metalloproteinases (MMP7,

MMP9 and MMP13), two integrins

(ITGAL and ITGAM) and three

selectins (SELE, SELL and SELP),

plus E-cadherin (CDH1); Kallmann

syndrome 1 sequence (KAL1) and

�-sarcoglycan (SGCE).

Over the 24 h time course, we found

statistically significant changes in the

relative expression of mRNAs for 16

genes, suggesting a role for cyclic

mechanical strain in regulating their

function. These included six cell adhe-

sion molecules (ICAM1, ITGA3,

ITGA6, ITGA8, ITGB1 and NCAM1)

and three genes encoding collagen

a-chains (COL6A1, COL8A1 and

COL11A1; Fig. 3); also four members

of the MMP family (ADAMTS1,

MMP8, MMP11 and MMP15), con-

nective tissue growth factor (CTGF),

secreted phosphoprotein (SPP1; also

known as bone sialoprotein/osteopon-

tin) and the cell-attachment protein

vitronectin (VTN; Fig. 4).

Of the mechanoresponsive genes,

only four were found to be upregulated

(ADAMTS1, CTGF, ICAM1 and

SPP1), the remaining 11 being down-

regulated, with the range extending

from a 2.49-fold downregulation of

COL11A1 at 24 h (Fig. 3) to a 1.76-

fold induction of SPP1 at 12 h

(Fig. 4). No genes were found to be

consistently up- or downregulated

across all three time points, and

only two [ADAMTS1 (upregulated)

and ITGA8 (downregulated)] were

expressed across two time points. Four

genes (HAS, ITGB4, LAMA2 and

TIMP3) showed treated/control ratios

of ± 2, but none reached statistical

significance (p < 0.05).

Discussion

In the Flexercell� system, a silicone

membrane is stretched across a loading

post by the application of vacuum

pressure and, depending on the shape

of the loading post, either a biaxial or a

uniaxial strain (as in the present study)

may be applied to the cells. Although

the most widely used commercially

available apparatus for delivering

controlled mechanical strain to cells

in vitro, the Flexercell system does have

limitations, particularly when it comes

to determining the physical character-

istics of the strain. First, the mechani-

cal in-plane deformation applied to

Uniflex plates� does not produce a

purely tensional strain because tension

in one plane is always accompanied by

compressive and shear strains due to

the Poisson effect (27,28). Second, cells

cultured on a Uniflex plate will expe-

rience about half the applied substrate

strain programmed into the computer

(29). And third, the amount of cellular

deformation will vary with the distance

from the middle of the membrane; cells

near the perimeter of the field will

experience greater deformation (27).

Nevertheless, despite the shortcomings

of all existing model systems in pre-

cisely defining the strain profile, in vitro

methodology still remains the most

effective way to screen cells for the

expression of mechanoresponsive

genes. In any event, three-dimensional

finite element analysis of the von Mises

and principal stresses generated in dif-

ferent parts of the periodontal ligament

when multirooted teeth are mechani-

cally loaded by a masticatory force

indicates that the deformation profile

of the cells in vivo is also complex (30).

The MTT assay data, which sug-

gested a reduction in cellular activity in

mechanically deformed cultures at 6 h,

Fig. 1. The application of an in-plane deformation of 12% for 5 s (0.2 Hz) every 90 s, using

a square waveform, around rectangular ArcTangle� loading posts resulted in reorientation

of the cells. Both images were taken at the edge of the centrally located type I collagen strip.

Left, control culture in which cells tend to be randomly orientated. Right, 12 h stressed

culture stained by the Giemsa method. Cells become aligned at varying angles to the long axis

of the applied strain.

Table 1. Effect of cyclic mechanical strain on the viability of periodontal ligament cells

6 h 12 h 24 h

Control 2.932 ± 0.077 3.176 ± 0.195 2.021 ± 0.199

Stressed 2.535 ± 0.135* 3.266 ± 0.148 1.888 ± 0.182

Following the application of a uniaxial, cyclic tensile strain of 12% for 5 s (0.2 Hz) every

90 s, the colorimetric MTT (tetrazolium) assay was used to detect living cells; absorbance

was measured at 570 nm. Data are expressed as means ± SEM for six wells; data are from

three separate experiments. There was a small but statistically significant (*p < 0.05)

reduction in cell viability at 6 h in mechanically stressed cultures.

Expression of adhesion-related genes 215



supports the findings of a recent study

using an out-of-plane, four-point

bending system, which reported that a

cyclic tensile strain as low as 0.5%,

applied to human periodontal ligament

cells for only 2 h, had an inhibitory

effect on cell proliferation and viability

(31). That is not to say that mechanical

stress is cytotoxic, although the MTT

assay is commonly used to study cyto-

toxicity; the signal generated in the

assay is dependent upon the number

and activity of living cells (20,21), but

reductions in the MMT formazan

product can occur without a decrease in

the number of viable cells. Moreover,

Wang et al. (31) also performed a

microarray analysis using a whole-

genome oligonucleotide chip and were

able to identify 110 genes that were dif-

ferentially expressed, 97 of which were

upregulated. These data and the find-

ings of the present study indicate that

mechanically deformed cells remain

metabolically active, and suggest that

any changes in gene expression repre-

sent a short-term adjustment to altera-

tions in their biophysical environment.

Our caspase-3 and -7 data suggest

that the application of an in-plane cyclic

strain to periodontal ligament cells has

a positive, albeit transient, effect on

apoptosis, an observation supported by

comparable data for gingival fibroblasts

(32). It does, however, contrast with

previous reports showing that an

out-of-plane cyclic mechanical strain

transiently increases apoptosis in peri-

odontal ligament cells (16,17). This

seems likely to have been due to the

more vigorous strain regimens used

(1, 10 and 20% deformation at 0.25 Hz

for 10 and 6 cycles/min, respectively),

suggesting that the cellsmight have been

overstressed. Experiments conducted

on human lung fibroblasts, for example,

have shown that 20% cyclic deforma-

tion activated apoptotic signalling

pathways (33), while 25% strain

induced cell death (34). In other words,

induction of apoptosis in mechanically

deformed cells in vitro appears to be

related to the magnitude and frequency

of the applied strain. This is likely to be

reflected in real life, where the peri-

odontal ligament will be more heavily

stressed by occlusal loading during

mastication than in swallowing. The

relationship between the biophysical

environment of a cell and the mecha-

nismsof programmed cell death appears

to be a complicated one and would

benefit from further investigation.

Cells in culture are not uniformly

attached to their substrate, but are

�tack-welded� at focal adhesions, where
integrin receptors physically link

actin-associated cytoskeletal proteins

(talin, vinculin, a-actinin and paxillin)

to the extracellular matrix (11), as well

as to adhesion molecules on the surface

of adjacent cells. Integrin-mediated

adhesive interactions play key roles in

cell migration, proliferation and dif-

ferentiation, and also regulate intra-

cellular signal transduction pathways

that control adhesion-induced (out-

side-in) changes in cell physiology

(9,10). Integrins thus function both as

cell adhesion molecules and intracellu-

lar signalling receptors, and it is likely

that the previously reported changes in

cell signalling in response to mechani-

cal deformation are downstream of

events mediated by integrins (35).

Fourteen integrin subunits were

detected at Ct values < 35, confirming

previous findings that human peri-

odontal ligament cells express numer-

ous integrin receptors (36). Of these,

ITGA3, ITGA6, ITGA8 and ITGB1

were significantly downregulated at

various points in the time scale. All are

involved in cell attachment to collagen

and other substrate adhesion molecules

and function to provide cell–matrix

linkage. Integrin a3b1 is one of the

integrin heterodimers that binds to

type I collagen, while the adhesion of

fibroblastic cells to laminin is mediated

by both a3b1 and a6b1 integrins (37).

Integrin a8 also forms heterodimers

with integrin b1 and functions as a

receptor for tenascin, fibronectin and

vitronectin (38). Reduction in the

expression of these genes is therefore

consistent with detachment and reori-

entation of the cells observed micro-

scopically, as was downregulation in

the expression of the NCAM1 and

VTN genes.

The next puzzle is how this might be

mediated. Members of the MMP fam-

ily of proteolytic enzymes are the most

likely candidates. Sixteen members of

the MMP family were constitutively

expressed at Ct values < 35, including

seven MMPs, three membrane type

matrix metalloproteinases (MT-MMPs),

three a disintegrin and metalloprotei-

nases with thrombospondin motifs

(ADAMTSs) and three TIMPs. TIMPs

are important extracellular regula-

tors of MMPs, and numerous stud-

ies suggest that pathophysiological

resorption is correlated with an

6 h 12 h 24 h
Control × 103 118.52 ± 0.59 151.21 ± 0.48 117.83 ± 0.27
Stressed × 103 100.87 ± 0.35 114.86 ± 0.86 124.32 ± 0.43

0

50

100

150

200

6 h
12 h

24 h

100.87 114.86 124.32

118.52
151.21

117.83

R
LU

 ×
 1

03
Caspase 3/7 activity

Stressed Control

*** ***

Fig. 2. The effect of cyclic mechanical strain on the activity of two �executioner� caspases
(caspase-3 and caspase-7) in response to a uniaxial, cyclic tensile strain of 12%. Mechanically

induced strain resulted in a significant reduction in caspase activity at 6 and 12 h. Data are

expressed in relative light units (RLU) as means ± SEM for six wells; data are from three

separate experiments with the same batch of cells. ***p < 0.001.
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Table 2. Alterations in the expression of adhesion-related genes by human periodontal ligament cells following cyclic mechanical strain

Name of gene Description

Fold up- or downregulation (experimental/control)

6 h p-Value 12 h p-Value 24 h p-Value

ADAMTS1 Metallopeptidase thrombospondin I motif 1 1.29 0.0066 1.11 0.3452 1.32 0.0226

ADAMTS13 Metallopeptidase thrombospondin I motif 13 )1.53 0.3163 1.28 0.4690 )1.81 0.2037

ADAMTS8 Metallopeptidase thrombospondin I motif 8 1.04 0.9293 )1.07 0.8240 1.48 0.5384

CD44 CD44 molecule 1.03 0.6003 1.06 0.3214 1.05 0.1468

CDH1 Cadherin 1, type 1, E-cadherin (epithelial) ND ND ND ND ND ND

CLEC3B C-type lectin domain family 3, member B 1.02 0.8951 )1.13 0.7379 1.12 0.6066

CNTN1 Contactin 1 )1.04 0.8663 )1.15 0.5570 )1.41 0.0926

COL1A1 Collagen, type I, a1 )1.08 0.4576 )1.04 0.9074 1.02 0.8773

COL4A2 Collagen, type IV, a2 1.04 0.7795 1.06 0.7367 )1.04 0.6374

COL5A1 Collagen, type V, a1 )1.01 0.9314 )1.19 0.3741 1.15 0.3449

COL6A1 Collagen, type VI, a1 )1.06 0.5398 )1.64 0.0425 1.06 0.6791

COL6A2 Collagen, type VI, a2 )1.11 0.2276 )1.44 0.1504 )1.14 0.5632

COL7A1 Collagen, type VII, a1 )1.03 0.8950 1.13 0.6816 1.10 0.7741

COL8A1 Collagen, type VIII, a1 )1.19 0.3865 )1.35 0.0165 )1.28 0.2641

COL11A1 Collagen, type XI, a1 1.03 0.9373 1.13 0.4348 )2.49 0.0169

COL12A1 Collagen, type XII, a1 )1.18 0.5391 )1.21 0.6089 )1.14 0.2274

COL14A1 Collagen, type XIV, a1 )1.37 0.1790 1.07 0.4394 )1.01 0.9558

COL15A1 Collagen, type XV, a1 )1.06 0.7353 )1.20 0.6717 1.09 0.3297

COL16A1 Collagen, type XVI, a1 )1.09 0.3610 )1.07 0.5466 1.01 0.9213

CTGF Connective tissue growth factor )1.29 0.1011 )1.26 0.3554 1.36 0.0156

CTNNA1 Catenin (cadherin-associated protein), a1 1.06 0.7314 )1.61 0.1544 )1.03 0.5492

CTNNB1 Catenin (cadherin-associated protein), b1 )1.13 0.2498 )1.13 0.3472 )1.08 0.1917

CTNND1 Catenin (cadherin-associated protein), d1 1.02 0.8601 )1.66 0.1624 )1.05 0.4233

CTNND2 Catenin (cadherin-associated protein), d2 )1.02 0.9193 1.02 0.8303 )1.30 0.3117

ECM1 Extracellular matrix protein 1 )1.03 0.6846 )1.04 0.7175 )1.04 0.4154

FN1 Fibronectin 1 )1.09 0.5283 1.27 0.1587 1.10 0.4764

HAS1 Hyaluronan synthase 1 )1.01 0.9887 ND ND )2.34 0.1135

ICAM1 Intercellular adhesion molecule 1 (CD54) 1.62 0.1396 1.74 0.0262 1.00 0.9986

ITGA1 Integrin, a1 )1.17 0.2650 )1.32 0.1899 )1.27 0.1350

ITGA2 Integrin, a2 )1.03 0.8958 )1.69 0.1760 )1.20 0.3546

ITGA3 Integrin, a3 1.03 0.8138 )1.22 0.0469 )1.09 0.6196

ITGA4 Integrin, a4 )1.05 0.7425 )1.13 0.6331 )1.19 0.2664

ITGA5 Integrin, a5 1.01 0.8561 )1.05 0.5481 1.17 0.2033

ITGA6 Integrin, a6 )1.16 0.1839 )1.11 0.6650 )1.23 0.0283

ITGA7 Integrin, a7 )1.13 0.4213 1.01 0.9716 )1.06 0.7357

ITGA8 Integrin, a8 )1.14 0.0157 )1.25 0.0348 1.23 0.3822

ITGAL Integrin, aL ND ND ND ND ND ND

ITGAM Integrin, aM ND ND ND ND ND ND

ITGAV Integrin, aV )1.14 0.4016 )1.03 0.8566 )1.14 0.1614

ITGB1 Integrin, b1 )1.30 0.6177 )1.18 0.0367 )1.03 0.7270

ITGB2 Integrin, b2 )1.15 0.4842 1.28 0.1568 1.00 0.9833

ITGB3 Integrin, b3 1.06 0.9117 )1.65 0.5671 )1.71 0.1364

ITGB4 Integrin, b4 )1.31 0.3184 )1.15 0.5688 )2.25 0.1559

ITGB5 Integrin, b5 )1.02 0.8581 )1.07 0.1374 1.09 0.1953

KAL1 Kallmann syndrome 1 sequence ND ND ND ND ND ND

LAMA1 Laminin, a1 1.08 0.5504 )1.06 0.7369 1.01 0.8778

LAMA2 Laminin, a2 4.77 0.4376 )1.31 0.2733 )1.16 0.3614

LAMA3 Laminin, a3 )1.13 0.4386 )1.16 0.0702 )1.07 0.7036

LAMB1 Laminin, b1 )1.17 0.3092 )1.06 0.3932 )1.10 0.2048

LAMB3 Laminin, b3 )1.05 0.5515 )1.23 0.1162 )1.16 0.2154

LAMC1 Laminin, c1 (formerly LAMB2) )1.03 0.8356 )1.40 0.2434 )1.20 0.1382

MMP1 Matrix metallopeptidase 1 1.08 0.5536 ND ND 1.03 0.5905

MMP2 Matrix metallopeptidase 2 )1.10 0.3379 )1.04 0.6927 )1.08 0.4806

MMP3 Matrix metallopeptidase 3 )1.03 0.7509 1.30 0.0759 )1.29 0.0609

MMP7 Matrix metallopeptidase 7 ND ND ND ND ND ND

MMP8 Matrix metallopeptidase 8 )1.33 0.0788 )1.21 0.5606 )2.02 0.0103

MMP9 Matrix metallopeptidase 9 ND ND ND ND ND ND

MMP10 Matrix metallopeptidase 10 )1.21 0.2620 1.14 0.2692 1.03 0.8722

MMP11 Matrix metallopeptidase 11 )1.23 0.1800 )1.35 0.0364 )1.09 0.5464

MMP12 Matrix metallopeptidase 12 )1.13 0.4218 1.20 0.1692 )1.16 0.3762
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imbalance of inhibitors and proteinas-

es (39). Many biological processes have

been linked to these enzymes, but given

the similarities in the functional do-

mains of MMPs, MT-MMPs and

ADAMTSs and the fact they are all

inhibited by TIMPs to varying degrees,

considerable potential exists for func-

tional redundancy in their biological

activities. Four members of the MMP

family showed significant alterations in

expression; MMP8 (neutrophil colla-

genase), MMP11 (stromelysin-3) and

MMP15 (MT2-MMP) were all down-

regulated, while ADAMTS1 was

upregulated. The upregulation of

ADAMTS1 at 6 and 24 h suggests an

important role for this enzyme in

mechanically induced matrix remodel-

ling, and of interest in this regard is the

finding that parathyroid hormone

stimulates ADAMTS-1 synthesis and

collagen degradation by human osteo-

blasts in culture (40). Both TIMP1 and

TIMP2 were expressed at high copy

numbers, but were not responsive to

mechanical deformation.

Of the twelve genes encoding colla-

gen a-chains that were constitutively

expressed, three were significantly

downregulated, the short-chain colla-

gens COL6A1 and COL8A1 at 12 h

and COL11A1 at 24 h. We have pre-

viously reported that cyclic tensile

strain downregulates COL3A1 and

COL11A1 expression (6). Collagen

type VI is a ubiquitous extracellular

matrix protein, which forms microfi-

brillar networks with other matrix

proteins (41,42), while collagen type -

VIII is a nonfibrillar collagen present

in a variety of extracellular matrices,

including basement membranes (43).

Although the function of these colla-

gens is not well understood, their

binding activity suggests that they have

an anchoring function and play a role

in cell migration and differentiation.

Although not a cell-adhesion factor,

CTGF, which functions as a growth

factor for fibroblasts and other con-

nective tissue cells (44), was included in

the gene array. Connective tissue

growth factor is mitogenic and che-

motactic for fibroblasts and is selec-

tively induced by transforming growth

factor-b (TGF-b; 45), and its role as a

downstream mediator of TGF-b sig-

nalling has led to it being widely stud-

ied in wound repair and various types

of fibrotic disease (46). Most recently,

CTGF has been shown to direct

fibroblast differentiation from peri-

odontal ligament progenitor cells (47)

and human mesenchymal stem/stromal

cells (48), which has implications for

Table 2.(Continued)

Name of gene Description

Fold up- or downregulation (experimental/control)

6 h p-Value 12 h p-Value 24 h p-Value

MMP13 Matrix metallopeptidase 13 ND ND ND ND ND ND

MMP14 Matrix metallopeptidase 14 1.01 0.9360 )1.22 0.1830 1.11 0.4988

MMP15 Matrix metallopeptidase 15 )1.92 0.0077 1.54 0.2398 ND ND

MMP16 Matrix metallopeptidase 16 )1.04 0.8018 )1.07 0.6069 )1.16 0.1985

NCAM1 Neural cell adhesion molecule 1 )1.09 0.0268 )1.31 0.3457 1.22 0.0535

PECAM1 Platelet/endothelial cell adhesion molecule 1.23 0.6156 )1.11 0.8371 ND ND

SELE Selectin E (endothelial adhesion molecule 1) ND ND ND ND ND ND

SELL Selectin L (lymphocyte adhesion molecule 1) ND ND ND ND ND ND

SELP Selectin P ND ND ND ND ND ND

SGCE Sarcoglycan, � ND ND ND ND ND ND

SPARC Secreted protein, acidic, cysteine-rich )1.06 0.4308 1.08 0.5330 1.16 0.2112

SPG7 Spastic paraplegia 7 1.00 0.9901 1.06 0.6940 )1.24 0.5028

SPP1 Secreted phosphoprotein 1 1.12 0.4623 1.76 0.0037 1.08 0.4308

TGFBI Transforming growth factor, b1 )1.07 0.6058 )1.42 0.2495 )1.06 0.5762

THBS1 Thrombospondin 1 1.03 0.8460 )1.00 0.9998 )1.06 0.0916

THBS2 Thrombospondin 2 )1.06 0.7065 )1.13 0.1886 )1.38 0.1202

THBS3 Thrombospondin 3 )1.16 0.3227 )1.00 0.9994 )1.07 0.6746

TIMP1 TIMP metallopeptidase inhibitor 1 )1.04 0.8334 1.46 0.3405 1.29 0.1863

TIMP2 TIMP metallopeptidase inhibitor 2 )1.06 0.5450 )1.22 0.1819 )1.07 0.5713

TIMP3 TIMP metallopeptidase inhibitor 3 1.45 0.4867 )2.41 0.2673 ND ND

TNC Tenascin C (hexabrachion) )1.00 0.9796 1.62 0.0853 1.37 0.1043

VCAM1 Vascular cell adhesion molecule 1 )1.48 0.0619 )1.08 0.8198 1.16 0.6055

VCAN Versican )1.08 0.8172 )1.23 0.7692 )1.32 0.2985

VTN Vitronectin )1.78 0.0051 1.26 0.6872 )1.70 0.0995

Calibrator genes

B2M b2-Microglobulin )1.11 0.1353 )1.02 0.7025 )1.10 0.4223

HPRT1 Hypoxanthine phosphoribosyltransferase 1 )1.05 0.4378 )1.02 0.9281 )1.07 0.3070

RPL13A Ribosomal protein L13A 1.07 0.3091 1.15 0.2733 )1.02 0.8371

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 1.04 0.5191 )1.25 0.2964 1.19 0.0824

ACTB Actin, b 1.05 0.0990 1.13 0.1943 1.01 0.8100

A grey box indicates a statistically significant change (*p < 0.05). ND, not detected.
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the present study. The increase in

CTGF expression together with upreg-

ulation of the genes for two TGF-b
isoforms (TGFB1 and TGFB3) in the

same model system (8) is strongly

indicative of a causal relationship, and

suggests that CTGF functions in the

periodontal ligament to maintain the

fibroblast phenotype.

Previous studies of the effect of

mechanical strain on gene expression

by periodontal ligament cells have been

referenced against a single calibrator or

housekeeping gene, most commonly

GAPDH or ACTB. By measuring

expression profiles relative to the mean

Ct values of five different calibrator

genes (Table 1), the present methodol-

ogy represents an important advance.

Ideally, the experimental conditions

should not influence the expression of

the calibrator gene, but calibrator gene

expression is invariably affected by the

experimental conditions (49). If vali-

dation data do exist, calibrator genes

should be selected on the basis of their

predicted stability in specific experi-

mental conditions, because currently

there is no calibrator gene that is stable

in every system, in every circumstance

and for every cell type (50). In other

words, because an all-purpose calibra-

tor gene does not exist, accurate nor-

malization of real-time RT-PCR data

can only be achieved by averaging

multiple calibrator gene expression

(51,52). Another advantage of the

experimental design is that by mea-

suring the samples in triplicate, it is

possible to obtain more statistically

robust data than obtainable by using a

treated/control ratio of ± 2 as repre-

senting significant change. The present

study indicates that use of the latter

will result in a considerable number of

false negatives as well as some false

positives; of the fifteen genes recording

a statistically significant change in

expression, for the majority (n = 13)

the Ct ratio was < 2.

In conclusion, this investigation has

demonstrated a complex set of interac-

tions between human periodontal liga-

ment cells cultured in vitro and a

mechanically active two-dimensional

collagen substrate. The Ct ratios may

seem modest, but the alterations in rel-

ative expression represent averages over

the entire strain field, where the mag-

nitude and type of strain experienced

will vary depending on the location of

the cells within the field. Nevertheless,

alterations in the pattern of expression

are suggestive of a homeostatic mech-

anism whereby cell adhesion molecules

are predominately downregulated to

facilitate cellular reorientation in

response to their altered functional

environment. Some of these genes are

also involved in cellular mechanosen-

sing, and changes in their pattern of

expression carry implications for the

activation of a number of downstream

mechanotransduction pathways.

Nevertheless, additional studies will

be necessary to establish whether the

Fig. 3. Fold-induction (Ct ratio) of nine genes showing a statistically significant (p < 0.05)

change in mRNA expression in response to a uniaxial, cyclic tensile strain of 12%, three

coding collagen a-chains, two cell-adhesion molecules and four integrin subunits. All were

downregulated, with the exception of the transmembrane protein ICAM1, which was

upregulated 1.74-fold.

Fig. 4. Three-dimensional profile showing statistically significant alterations (p < 0.05) in

mRNA expression (Ct ratio) of the following seven genes encoding four members of the

MMP family of proteolytic enzymes: the fibroblast differentiation gene, CTGF, and the

extracellular matrix proteins, SPP1 (osteopontin) and VTN. ADAMST1 was one of only two

genes altered across two time points.
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expressed genes are translated into

protein and, if they are, whether they

are biologically active. This will require

assaying culture supernatants for the

expressed proteins of interest and

immunolocalization of the proteins

in situ with specific antibodies in ani-

mal models of tooth movement.

Another consideration is that the

traditional two-dimensional culture

systems in widespread use for investi-

gating the response of cells to

mechanical strain in vitro have a num-

ber of limitations, not least the fact

that periodontal ligament cells are

normally surrounded by a complex

network of collagens, proteoglycans

and noncollagenous proteins, which

are not grown on tissue culture plastic

or films of matrix proteins, such col-

lagen or fibronectin. Some attempt has

been made to address this shortcoming

for compressive force application by

seeding periodontal ligament cells into

type I collagen gels (4,5), but collagen

is only one of the major structural

macromolecules found in extracellular

matricies. For the field to progress,

therefore, it is clear that future in vitro

analyses of mechanoresponsive gene

and protein expression require well-

characterized three-dimensional mod-

els incorporating periodontal ligament

cells into hydrogel matrices designed to

produce a tissue construct resembling

more closely the periodontal ligament

in vivo.
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Agilent 2100 Bioanalyzer  output – RNA integrity check               
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Appendix 3        

Agarose gel images – Chapter 4: 

Agarose gel electrophoresis of amplified real-time PCR products following 

mechanical stress on gene expression by human periodontal ligament cells ± CTGF 

(100 ng/mL) and FGF-2 (10 ng/mL), ± cyclic mechanical strain for 6 h/day ,reverse 

transcription of RNA extracted from PDL/Extracel constructs for 7, 14 and 21 

days in Tissue Train
®
 plates. The images are representative examples of the 

results of four independent experiments. 
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Engineering three-
dimensional constructs of
the periodontal ligament in
hyaluronan–gelatin hydrogel
films and a mechanically
active environment

Saminathan A, Vinoth KJ, Low HH, Cao T, Meikle MC. Engineering three-

dimensional constructs of the periodontal ligament in hyaluronan–gelatin hydrogel

films and a mechanically active environment. J Periodont Res 2013; doi: 10.1111/

jre.12072. © 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Background and Objective: Periodontal ligament (PDL) cells in stationary two-

dimensional culture systems are in a double default state. Our aim therefore was

to engineer and characterize three-dimensional constructs, by seeding PDL cells

into hyaluronan–gelatin hydrogel films (80–100 lm) in a format capable of

being mechanically deformed.

Material and Methods: Human PDL constructs were cultured with and without

connective tissue growth factor (CTGF) and fibroblast growth factor (FGF)-2

in (i) stationary cultures, and (ii) mechanically active cultures subjected to cyclic

strains of 12% at 0.2 Hz each min, 6 h/d, in a Flexercell FX-4000 Strain Unit.

The following parameters were measured: cell number and viability by laser

scanning confocal microscopy; cell proliferation with the MTS assay; the expres-

sion of a panel of 18 genes using real-time RT-PCR; matrix metalloproteinases

(MMPs) 1–3, TIMP-1, CTGF and FGF-2 protein levels in supernatants from

mechanically activated cultures with Enzyme-linked immunosorbent assays.

Constructs from stationary cultures were also examined by scanning electron

microscopy and immunostained for actin and vinculin.

Results: Although initially randomly distributed, the cells became organized into

a bilayer by day 7; apoptotic cells remained constant at approximately 5% of

the total. CTGF/FGF-2 stimulated cell proliferation in stationary cultures, but

relative quantity values suggested modest effects on gene expression. Two tran-

scription factors (RUNX2 and PPARG), two collagens (COL1A1, COL3A1),

four MMPs (MMP-1–3, TIMP-1), TGFB1, RANKL, OPG and P4HB were

detected by gel electrophoresis and Ct values < 35. In mechanically active cul-

tures, with the exception of P4HB, TGFB1 and RANKL, each was upregulated

at some point in the time scale, as was the synthesis of MMPs and TIMP-1.

SOX9, MYOD, SP7, BMP2, BGLAP or COL2A1 were not detected in either

stationary or mechanically active cultures.
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Conclusion: Three-dimensional tissue constructs provide additional complexity

to monolayer culture systems, and suggest some of the assumptions regarding

cell growth, differentiation and matrix turnover based on two-dimensional cul-

tures may not apply to cells in three-dimensional matrices. Primarily developed

as a transitional in vitro model for studying cell–cell and cell–matrix interactions

in tooth support, the system is also suitable for investigating the pathogenesis of

periodontal diseases, and importantly from the clinical point of view, in a

mechanically active environment.

Two-dimensional culture systems have

been widely used to investigate the

pathophysiology and mechanobiology

of the periodontal ligament (PDL), a

specialized connective tissue that

evolved to provide attachment of teeth

to the bones of the jaws (1–4). How-

ever, two-dimensional systems are lim-

ited by the fact that cells are normally

embedded in a complex extracellular

network of collagens, proteoglycans

and non-collagenous proteins, not

attached to tissue culture plastic or

substrates composed of matrix pro-

teins such as collagen or fibronectin.

The PDL also functions in a mechani-

cally active environment, which means

that cells in conventional stationary

two-dimensional culture systems lack

the mechanical stimuli to which they

are exposed in vivo. In other words,

PDL cells in monolayer culture are

effectively in a double default state.

First, by the absence of the three-

dimensional structure of a tissue

construct, and second, the lack of

biomechanical stimuli provided by

mastication and other forms of occlu-

sal loading.

Because they have material proper-

ties that resemble naturally occurring

extracellular matrices and bridge the

gap between two-dimensional cell

culture systems and animal models,

hydrogels have been widely used to

create three-dimensional tissue con-

structs for use in cell biology, bioengi-

neering and regenerative medicine.

Hydrogels are a class of polymer

materials that can absorb large

amounts of water without dissolving,

due to the physical or chemical cross-

linkage of the various hydrophilic

polymer chains from which they are

composed (5,6). Not only do hydro-

gels mimic more closely the environ-

ment experienced by cells in vivo, they

also confer beneficial effects on gene

expression, cell adhesion, morphology

and phenotype (7–10).
Collagens are the most abundant

proteins in connective tissues, and

collagen hydrogels have been widely

used as tissue culture scaffolds for

numerous cell types since first being

described by Elsdale and Bard (11)

40 years ago. Nevertheless, collagen is

just one of the major structural mac-

romolecules found in extracellular

matrices. The challenge for engineer-

ing three-dimensional tissue constructs

has been to replicate not only connec-

tive tissue complexity with minimal

components, but also the mechanical

and viscoelastic characteristics of the

native tissue – the intention being to

enable the incorporated cells repro-

duce their parent tissue as closely as

possible (12,13). To address the

limitations posed by two-dimensional

cultures, the aim of the present

investigation was to engineer and

characterize a tissue that more closely

resembled the structure of the PDL

by seeding cells into ExtracelTM,

a commercially-available hydrogel

matrix composed of hyaluronan (HA)

and gelatin (14,15), and in a format

that could be mechanically deformed.

Although primarily developed as a

transitional in vitro model for study-

ing mechanisms of tooth support, the

system is also suitable for investigat-

ing the pathogenesis of periodontal

diseases.

Material & methods

Preparation of periodontal ligament

cell/ExtracelTM constructs in

stationary culture

Primary human PDL fibroblasts were

purchased from a commercial source

(ScienCell Research Laboratories,

Carlsbad, CA, USA; Lot number:

5145). The cells, isolated from human

periodontal tissue from several donors

are cryopreserved at passage 1, deliv-

ered frozen on dry ice, and immedia-

tely transferred to liquid nitrogen on

receipt. They were subsequently thawed

and expanded in Dulbecco minimal

Eagle’s medium (DMEM) supple-

mented with 10% fetal bovine serum

(FBS; Gibco, Invitrogen, Singapore)

and antibiotic–antimycotic reagents as

described below. The expanded cells

were harvested, aliquoted and stored in

liquid N2 until required; passage three

cells were used in all subsequent experi-

ments. ExtracelTM was purchased from

Glycosan Biosystems (Salt Lake City,

UT, USA). The hydrogel is formed

when the cross-linking agent, Extra-

linkTM (polyethylene glycol diacetate)

is added to a mixture of GlycosilTM

(thiol-modified HA) and Gelin-STM

(thiol-modified gelatin). The three

components come as lyophilized solids,

and DG WaterTM (degassed, deionized

water) was used to dissolve the Glyco-

sil, Gelin-S and Extralink in individual

vials. Glycosil and Gelin-S were mixed

1 : 1 and 2.5 9 106/mL PDL cells

added. Extralink was added to the

Glycosil–Gelin-S mix at a ratio of 1 : 4,

and after blending in a pipette, 300 lL
of the gel mixture was added to 35 mm

diameter type I collagen coated six-

well plates (Sigma-Aldrich, Singa-

pore) and spread to form a film 80–
100 lm in thickness. The constructs

were allowed to gel at 37°C, which

occurred after about 20 min; PDL/

Extracel cultures were then incubated

in 3 mL DMEM (Gibco, Invitrogen,

Singapore) supplemented with 10%FBS,

antibiotic–antimycotic reagent (10,000

units, penicillin, 10,000 lg streptomy-

cin and 25 lg/mL amphotericin B;
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Invitrogen), 100 mM L-glutamine

(Invitrogen) and Gentamycin (10 mg/

mL, Gibco) and cultured at 37°C in a

humidified atmosphere of 5% CO2/

95% air. The culture mediumwas chan-

ged every 2 d.

To promote fibroblast proliferation

and differentiation, gel constructs were

cultured with and without human

recombinant connective tissue growth

factor (CTGF; 100 ng/mL; BioVendor

Laboratories, Guangzhou, China) and

human recombinant fibroblast growth

factor (FGF)-2 (10 ng/mL; Gibco).

Growth factors were incorporated

into both the gel matrix and culture

media.

Scanning electron microscopy

To examine the tissue constructs by

scanning electron microscopy, culture

media was aspirated from the 35 mm

culture dishes and the constructs fixed

in 2.5% glutaraldehyde at 4°C over-

night, washed in phosphate-buffered

saline (PBS) twice and then post-fixed

for 2 h at room temperature in 2%

osmium tetroxide. They were then

dehydrated in a graded series of etha-

nols and dried by transferring the

specimens in 100% ethanol to a criti-

cal point drying apparatus (Leica EM

CPD030, Singapore) and ethanol

exchanged for liquid CO2 under pres-

sure. After six cycles of this exchange,

the temperature of the chamber was

raised to 40°C, a point at which the

liquid changes into a gas and drying

occurs. The dried specimens were

mounted on to aluminium specimen

stubs with conductive tape and sputter

coated with gold–palladium alloy for

120 s, placed in a vacuum and viewed

in a scanning electron microscope

(Philips/FEI XL30 FEG scanning

electron microscopy, Singapore) at an

accelerating voltage of 10 kV.

Laser scanning confocal

microscopy

Laser scanning confocal microscopy

was used for the following.

Analysis of cell viability— The effect

on cell viability of incorporating cells

into Extracel was determined by the

fluorescein diacetate (FDA)–propidi-
um iodide (PI) method (16). At the

end of each time point, culture super-

natants were discarded and the cells

stained with 0.1 mL (2 lg) FDA and

0.3 mL (6 lg) PI from stock solutions

(Sigma-Aldrich) and viewed with a

Carl Zeiss, LSM 510 META confocal

imaging system – viable cells fluoresce

bright green, nonviable cells bright

red. Three fields (120 lm 9 120 lm),

one in the centre and two approxi-

mately 1 cm on either side were cho-

sen for analysis, and the number of

viable and nonviable cells in three

wells at each time point counted using

Image-Pro Plus (version 6.1.0.346)

software (Media Cybernetics,

Bethesda, MD, USA).

Immunostaining— The cells were

washed with PBS and fixed in 4%

formaldehyde at room temperature

for 15 min. The Extracel gel con-

structs were permeabilized with 0.1%

Triton X-100 in PBS, and blocked

with 5% normal goat serum or FBS

for 1 h at room temperature. The cells

were then triple-stained with an Actin

Cytoskeleton/Focal Adhesion Staining

Kit (Merck Millipore, Singapore) as

follows: first, a mouse antivinculin

monoclonal antibody (1 mg/mL)

diluted with blocking solution in the

ratio of 1 : 150 was incubated with

prepared cells at 4°C overnight. The

constructs were washed with PBST

(0.1% Tween-20 in PBS) for 2 h and

a secondary antibody, goat antimouse

IgG conjugated to fluorescein isothio-

cyanate (2 mg/mL) added at a dilu-

tion of 1 : 300. Second, orientation of

the actin filaments was mapped by

adding tetramethyl rhodamine isothio-

cyanate-conjugated phalloidin (60 lg/
mL) at a dilution of 1 : 250, and after

60 min incubation the cells washed

three times with PBST. Finally, the

constructs were incubated with 4′,6-di-
amidino-2-phenylindol (0.1 mg/mL)

to stain nuclei. Cells were viewed with

an Olympus Fluoview FV 1000

(Olympus, Japan) confocal imaging

system at 60 9 magnification and

processed using Imaris version 6.1.5

software.

Application of cyclic mechanical

strain to constructs of the

periodontal ligament

PDL/Extracel constructs 80–100 lm
in thickness were formed on type I

collagen-coated silicone membranes in

six-well, 35 mm flexible-bottomed Tis-

sue Train� culture plates (Flexcell

International Corporation, Hillsbor-

ough, NC, USA) fitted with a bonded

foam perimeter to improve cell attach-

ment. The constructs were subjected

to an in-plane biaxial cyclic strain of

12% for 5 s (0.2 Hz) every 60 s for

6 h/d, using a square wave-form

around circular loading posts in a

standard Bioflex baseplate linked to a

Flexercell FX-4000T Tension Plus

Strain Unit (Flexcell International).

The strain value of 12% was based on

data derived from a finite element

model, which suggested that maximal

PDL strains for horizontal displace-

ments of a human maxillary central

incisor under physiological loading lies

close to 8–25% depending upon the

apico-crestal position (17). We have

previously used the figure of 12% cor-

responding to the mid-root position,

to deform PDL cells in two-dimen-

sional cultures (3,4,18).

Cell recovery from Extracel

At the end of the experimental period

the culture medium was aspirated

from each well and the hydrogel sur-

face washed with PBS; 1.5 mL tryp-

sin-EDTA (Invitrogen) was added

and incubated at 37°C for 3 h. After

a further wash, 1.5 mL of 10 9

collagenase/hyaluronidase in DMEM

(StemCell Technologies, Singapore)

was added and incubated overnight

at 37°C. This was based on a proto-

col developed and recommended by

Glycosan Biosystems, the manufac-

turers of Extracel. At the end of the

second incubation, 3 mL DMEM

supplemented with 10% FBS was

added to the hydrolysed gel and

the cell suspension centrifuged at

290 g for 5 min. The resulting pellet

was resuspended in 1.5 mL DMEM

and centrifuged again at 6708 g for

2 min.
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RNA extraction

Extraction of RNA was carried out

using an RNeasy PlusMini kit (Qiagen,

Singapore) according to the manufac-

turer’s instructions. This yielded RNA

with an A260/280 value > 1.95 and an

A230/280 value > 1.2 in a NanoDrop

2000 Spectrophotometer (Thermo Sci-

entific, Wilmington, DE, USA), indica-

tive of a pure sample. Integrity of the

RNAwasassessedbygelelectrophoresis

on anAgilent 2100 Bioanalyser (Agilent

Technologies, Santa Clara, CA, USA);

the RIN (RNA Integrity Number)

valueswere in the range9.0–9.9.

Gene expression using real-time

polymerase chain reaction

A known amount (500 ng) of total

RNA was reverse transcribed using

the iScript cDNA Synthesis Kit

(Bio-Rad Laboratories, Hercules, CA,

USA) and a MyCyclerTM thermal

cycler (Bio-Rad). Real-time PCR was

performed in triplicate using Fast

SYBR� Green Master Mix (Applied

Biosystems, Singapore) with a

StepOnePlusTM Real-Time PCR Sys-

tem (Applied Biosystems). Samples

were screened for the expression of 18

genes; the primer sequences (First

Base, Singapore) used and the anneal-

ing temperatures are listed in Table 1.

The amplification was carried out via

the first step at 95°C for 10 min, fol-

lowed by 40 cycles with 15 s at 95°C,
10 s at the particular annealing tem-

perature, and 20 s at 72°C. The fluo-

rescence signal was acquired at 72°C.
The relative expression of these genes

was normalized to the expression of

two calibrator genes: ACTB (b-actin)
and GAPDH (glyceraldehyde-3-phos-

phate dehydrogenase) using the stan-

dard curve method. Critical threshold

(Ct) values were calculated using the

StepOnePlusTM Version2.1 software

Table 1. Genes and primer sequences used for real-time RT-PCR

HGNC agreed

gene symbol Description Primer sequences

Annealing

temperature

ACTB Actin, beta F: CCAAGGCCAACCGCGAGAAGATGAC

R: AGGGTACATGGTGGTGCCGCCAGAC

58

GAPDH Glyceraldehyde-3-phosphate dehydrogenase F: ACCACAGTCCATGCCATCAC

R: TCCACCACCCTGTTGCTGTA

60

P4HB Prolyl-4-hydroxylase, beta subunit F: GTCTTTGTGGAGTTCTATGCCC

R: GTCATCGTCTTCCTCCATGTCT

62

RUNX2 Runt-related transcription factor 2 F: TGAGAGCCGCTTCTCCAACC

R: GCGGAAGCATTCTGGAAGGA

58

SOX9 SRY (sex determining region Y)-Box 9 F: GAACGCACATCAAGACGGAG

R: TCTCGTTGATTTCGCTGCTC

58

PPARG Peroxisome proliferator-activated receptor-gamma F: ATTGACCCAGAAAGCGATTC

R: CAAAGGAGTGGGAGTGGTCT

62

MYOD Myogenic differentiation antigen 1 F: CGGCGGAACTGCTACGAAG

R: GCGACTCAGAAGGCACGTC

60

COL1A1 Collagen type I, Alpha-1 F: GAACGCGTGTCATCCCTTGT

R: GAACGAGGTAGTCTTTCAGCAACA

60

COL2A1 Collagen type II, Alpha-1 F: TTCAGCTATGGAGATGACAATC

R: AGAGTCCTAGAGTGACTGAG

58

COL3A1 Collagen Type III, Alpha-1 F: AACACGCAAGGCTGTGAGACT

R: GCCAACGTCCACACCAAATT

60

MMP1 Matrix metalloproteinase 1; collagenase 1 F: GGGAGATCATCGGGACAACTC

R: GGGCCTGGTTGAAAAGCAT

60

MMP2 Matrix metalloproteinase 2; gelatinase A (72 kDa) F: TGATCTTGACCAGAATACCATCGA

R: GGCTTGCGAGGGAAGAAGTT

60

MMP3 Matrix metalloproteinase3; stromelysin 1 F: TGGCATTCAGTCCCTCTATGG

R: AGGACAAAGCAGGATCACAGTT

60

TIMP1 Tissue inhibitor of metalloproteinases 1 F: CTGTTGTTGCTGTGGCTGATA

R: CCGTCCACAAGCAATGAGT

60

TGFB1 Transforming growth factor, beta 1 F: GCAACAATTCCTGGCGATACCTC

R: AGTTCTTCTCCGTGGAGCTGAAG

60

BGLAP Gamma carboxyglutamic acid protein; Osteocalcin F: ATGAGAGCCCTCACACTCCTC

R: GCCGTAGAAGCGCCGATAGGC

60

SP7 Transcription factor Sp7; Osterix F: TGGCGTCCTCTCTGCTTGA

R: TCAGTGAGGGAAGGGTGGGT

58

BMP2 Bone morphogenetic protein 2 F: CAGAGACCCACCCCCAGCA

R: CTGTTTGTGTTTGGCTTGAC

58

TNFSF11 Tumour necrosis factor ligand superfamily,

member 11; RANKL

F: TCCCATCTGGTTCCCATAAA

R: GGTGCTTCCTCCTTTCATCA

60

TNFRSF11B Tumour necrosis factor receptor superfamily

member 11B; Osteoprotegerin

F: TTCCGGAAACAGTGAATCAA

R: CGCTGTTTTCACAGAGGTCA

60
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(Applied Biosystems); a gene was

excluded if it could not be detected by

agarose gel electrophoresis or had a

threshold value exceeding 33–35.

Agarose gel electrophoresis

The PCR products were checked by

electrophoresis with 1.5% agarose gel

stained with 1 9 SYBR� Safe DNA

Gel Stain (Invitrogen). Two microli-

tres of 6 9 loading dye (10 mM

Tris-HCl, 0.03% bromophenol blue,

0.03% xylene cyanol FF, 60% glyc-

erol and 60 mM EDTA; Fermentas,

Singapore) was mixed with 8 lL of

the PCR products and loaded against

8 lL of 100 bp DNA ladder (Fermen-

tas). The gels were run for 55 min at

75V in 1 9 TBE buffer and observed

by ultraviolet transillumination on a

BioRad imaging system using Quan-

tity One� v 4.6 software (BioRad,

Hercules, CA, USA).

MTS assay for cell proliferation

The laser beam in confocal microscopy

does not penetrate the silicone mem-

brane used to support cell cultures in

Flexcell Bioflex plates. For the

mechanical stress experiments, cell

proliferation was therefore measured

by the CellTiter 96� AQueous One

Solution Cell Proliferation Assay (Pro-

mega, Singapore), a colorimetric assay

based on the ability of viable cells to

reduce the novel tetrazolium com-

pound [3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulf-

ophenyl)-2H-tetrazolium, inner salt;

MTS] with an electron coupling

reagent (phenazine ethosulphate) by

mitochondrial NADPH or NADH

dehydrogenase into a coloured forma-

zan product (19). At the end of each

time point, the supernatant was

removed and 1.2 mL of MTS solution

(200 lL of CellTiter 96� AQueous

One Solution reagent/mL of DMEM)

was added to each well of the tissue

train plates. The plates were incubated

at 37°C in 5% CO2/95% air for

30 min. Absorbance was measured at

490 nm by an uQuant microplate spec-

trophotometer (Biotek, Singapore) the

formazan product being directly pro-

portional to the number of viable cells.

Measurement of enzymes and

growth factors in culture

supernatants by Enzyme-linked

immunosorbent assays

Conditioned media from the 24 h per-

iod before each end-point were har-

vested. Enzyme-linked immunosorbent

assays (ELISAs) were used to quanti-

tate levels of a selection of proteolytic

enzymes used by fibroblasts to remodel

their extracellular matrices: the

panel included matrix metalloprotein-

ase MMP-1 (collagenase-1); MMP-2

(gelatinase-A; 72 kDa); MMP-3

(stromelysin-1); and TIMP-1 (tissue

inhibitor of metalloproteinases-1). All

were assayed using Quantikine� colori-

metric sandwich ELISAs (R&D Sys-

tems China, Shanghai, China) accor

ding to the manufacturer’s instructions.

We also assayed the culture media for

CTGF (Aviscera Bioscience, Santa

Clara, CA, USA) and FGF-2 (R&D

Systems China).

Statistical methods

Differences between the groups were

determined by Student’s t-test (two-

tailed) using GraphPad Prism (Graph-

Pad Software Inc., San Diego, CA,

USA) with the level of significance set

at p < 0.05.

Results

Our initial experiments were carried

out on stationary cultures in 35 mm

six-well culture plates – these were

chosen because the wells are the same

diameter as the Tissue Train plates,

with the added advantage that laser

scanning confocal microscopy can be

used to visualize the cells. On being

encapsulated into the HA–gelatin
matrix, PDL cells remained rounded

over the first few days, gradually

acquiring a fibroblastic phenotype,

and although initially distributed

evenly throughout the gel, with cell

growth the central two-thirds of the

wells became densely populated with

the peripheral one-third less so. When

the constructs were viewed in profile,

the cells were found to be initially dis-

tributed randomly throughout the gel,

but by the second wk had became

organized into a double cell layer, one

at the gel–substrate interface, and the

other near the surface (Fig. 1).

Laser scanning confocal micros-

copy and FDA/PI staining proved

effective at distinguishing viable and

nonviable cells (Fig. 2). A progressive

increase in the number of cells in sta-

tionary cultures occurred both with

and without the addition of growth

factors, which plateaued about 2 wk,

the number of nonviable cells remain-

ing fairly constant at approximately

5%. However, the addition of CTGF

and FGF-2 resulted in a significant

increase in the number of cells per

field compared to controls (Table 2).

We also found that maintaining the

cultures for up to 6 wk had no signifi-

cant effect on the number of viable

cells, but increased the number under-

going apoptosis to about 14% in cul-

tures with growth factors, and 12% in

those without (data not shown).

Lack of stiffness of the gel was a

disadvantage when attempting to

examine the tissue constructs by scan-

ning electron microscopy, the speci-

mens collapsing during the critical

point drying stage of preparation.

Nevertheless, adequate images of the

cells and the dense network of HA

and gelatin fibrils were still obtained,

although the density of the fibrillary

matrix is likely to be exaggerated by

shrinkage during dehydration (Fig. 3).

Laser scanning confocal microscopy

and triple staining for vinculin, actin

and DNA, however, enabled images

of the morphology and organization

of the cells within the hydrogel matrix

to be captured. At the gel–substrate
interface the cells assumed an amoe-

boid-like morphology, and near the

surface the characteristic elongated

fusiform appearance of fibroblasts in

two-dimensional culture (Fig. 4).

We next examined the effects of

CTGF and FGF-2 on gene expression

by cells in the stationary cultures. Of

the panel of 18 genes screened

(Table 1), 12 were detected at Ct val-

ues < 35 (Table 3), and subsequently

confirmed by agarose gel electropho-

resis (Fig. 5). We failed to detect

SOX9, MYOD, SP7 (osterix), BMP2,

BGLAP (osteocalcin) or COL2A1 in

either stationary or mechanically
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activated cultures. The relative quan-

tity (RQ) values suggested addition of

growth factors had modest effects on

gene expression, apart from RUNX2,

COL1A1 and TGFB1, which were

upregulated at RQ values > 2.00 at

some point in the time-scale; MMP1

was upregulated across all three

time-points (Table 3).

The effect of mechanical stress on

gene expression with and without

growth factors is shown in Table 4. A

higher number of genes were expressed

at RQ values > 2.00, particularly

COL3A1, MMP3, TIMP1 and OPG.

However, we were unable to detect

any significant additive or synergistic

effects between the effects of mechani-

cal stress alone and CTGF/FGF-2

with the sole exception of PPARG.

Protein levels of MMP-1–3 and TIMP-

1 in supernatants from cultures that

had been mechanically stressed in the

absence of CTGF/FGF-2 were signifi-

cantly upregulated at various points in

the time-scale, with MMP-3 and

TIMP-1 across all three time-points

(Fig. 6).

Finally, we performed an experi-

ment to exclude the possibility that

increases in gene and protein expres-

sion in mechanically stressed cultures

were due to an increase in cell popu-

lation. As Flexercell plates are unsuit-

able for use with laser scanning

confocal microscopy, cell growth was

measured by the MTS (tetrazolium)

assay; this showed that mechanical

stress did not have a significant effect

on cell number (Table 5). Assays of

the supernatants from these cultures

showed that CTGF was constitutively

synthesized by the cells in picogram

quantities; however, no significant dif-

ferences in CTGF synthesis could be

Fig. 1. Human periodontal ligament cells in hyaluronan–gelatin hydrogel films (80–100 lm
in thickness) in 35 mm diameter type I collagen coated six-well plates, cultured with con-

nective tissue growth factor (100 ng/mL) and fibroblast growth factor-2 (10 ng/mL). Left:

24 h. Right: 2 wk. The cells were stained with 0.1 mL (2 lg) fluorescein diacetate and

0.3 mL (6 lg) propidium iodide and viewed with a Carl Zeiss, LSM 510 META confocal

imaging system; viable cells fluoresce bright green, non-viable cells bright red. Images are

viewed from above and in profile. Profile view shows that cells are initially distributed ran-

domly throughout the gel, but as they proliferate they become organized into a double cell

layer; the field measures 120 9 120 lm.

Table 2. Effect of growth factors on the proliferation of periodontal ligament cells

7 d 14 d 21 d 28 d

Control 288.44 � 47.04 1619.67 � 234.50 1543.00 � 76.36 1731.67 � 117.89

Experimental 1127.44 � 59.22*** 2185.89 � 156.14*** 2239.78 � 44.52*** 2304.89 � 52.43***

Human periodontal ligament cells were incorporated into Extracel films and cultured with and without connective tissue growth factor

(100 ng/mL) and fibroblast growth factor-2 (10 ng/mL). At the end of each time-point the cells were stained with fluorescein diacetate

and propidium iodide and viewed with a Carl Zeiss, LSM 510 META confocal imaging system. Three fields were chosen from three wells

and the number of viable and non-viable cells counted using Image-Pro Plus (version 6.1.0.346) software. The data are cross-sectional and

expressed as means � SEM.

***p < 0.001.

Fig. 2. Viability of human periodontal ligament cells incorporated into Extracel films (80–

100 lm thickness) cultured in 35 mm diameter type I collagen coated six-well plates in the

presence of connective tissue growth factor (100 ng/mL) and fibroblast growth factor-2

(10 ng/mL). At the end of each time-point the cells were stained with fluorescein diacetate

and propidium iodide and viewed with a Carl Zeiss, LSM 510 META confocal imaging

system; viable cells (green) and non-viable cells (red). Three fields were selected from three

wells and the number of viable and nonviable cells counted using Image-Pro Plus (version

6.1.0.346) software.
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detected between control and mechan-

ically stressed cultures (Fig. 7). FGF-

2 was also detected in the media in

picogram quantities, but at levels (12–
17 pg/mL) close to the detection limit

of the assay.

Discussion

A number of attempts to engineer

three-dimensional constructs of the

PDL in vitro by incorporating liga-

ment cells into various natural and

synthetic polymers have been reported.

Collagen has been most commonly

used for obvious reasons given that

collagens are the major structural

proteins in connective tissues (20–25),

but one disadvantage of collagen

constructs is a tendency for fibroblast-

populated collagen gels to contract

over time unless cultured in the pres-

ence of MMP inhibitors (26,27).

We therefore carried out prelimin-

ary experiments to compare the suit-

ability of 2% agarose gels with the

commercially available preparation,

Extracel. Agarose, a naturally occur-

ring linear polysaccharide composed

of galactose subunits obtained from

agar, has been widely used in ortho-

paedic research due its ability to

support the chondrocyte phenotype

(28–30). The attraction of Extracel

was that it is composed of two major

structural molecules, HA and collagen

(albeit in denatured form). It soon

became apparent, however, that a

marked difference existed between the

two polymers in terms of cell survival;

after 24 h in agarose almost 50% of

the ligament cells were non-vital com-

pared to about 5% in Extracel

(unpublished findings). There was an

improvement in cell growth in agarose

cultures over a 4 wk time-course, but

the added difficulty of spreading

agarose into films that could be

mechanically deformed led to our

focus on Extracel.

Our reason for adding growth fac-

tors to the constructs was based on

reports that CTGF is mitogenic for

fibroblasts, and able to direct

fibroblast differentiation from PDL

progenitor cells and mesenchymal

stem cells (31,32), while FGF-2 is a

mitogen for PDL cells (33). Originally

identified as a polypeptide growth fac-

tor and downstream mediator of

transforming growth factor-b (34,35),

CTGF has been reclassified as a ma-

tricellular protein, residing in the peri-

cellular matrix and a member of the

CCN family, the nomenclature of

which is based on Cysteine-rich pro-

tein 61 (Cyr61/CCN1), CTGF/CCN2

and Nephroblastoma overexpressed

(Nov/CCN3). In addition to being a

mitogen, FGF-2 has been shown to

regulate the expression of another

matricellular protein osteopontin in

PDL cells (36); also known as bone

sialoprotein 1 and secreted phospho-

protein 1, as the name implies it was

originally discovered in bone cells but

is synthesized by many cell types. Both

CTGF and osteopontin in common

with other matricellular proteins do

not play a structural role in the extra-

cellular matrix, but serve to regulate

cell–matrix interactions and cell func-

tion (37). This is achieved via direct

binding to specific integrin receptors

and heparin sulphate proteoglycans,

triggering signal transduction in a

wide variety of events such as cell

adhesion, migration, proliferation, dif-

ferentiation and apoptosis (38).

Previous investigations, including

our own, have shown that in mono-

layer culture, CTGF is a mechanore-

sponsive gene (18,39–41). However,

we were unable to confirm this find-

ing. The present data further suggest

that the addition of exogenous CTGF

or FGF-2 to either stationary or

mechanically stressed constructs was

of limited benefit. In retrospect this is

perhaps not surprising, given that

real-time RT-PCR microarrays (3,4)

have shown that PDL cells in vitro

constitutively express numerous cyto-

kines and growth factors that exhibit

overlapping biological activities

(redundancy), as well as multiple bio-

logical effects (pleiotropy); it would

seem that endogenous production of

growth factors by the cells was suffi-

cient to promote growth. Another

unexpected finding was that while

mechanical stress upregulated the

expression of multiple genes, we were

Fig. 3. Scanning electron micrograph

showing the ultrastructure of the dense

network of cross-linked hyaluronan and

gelatin fibrils of the hydrogel matrix. This

is likely to be exaggerated to some extent

by dehydration during specimen prepara-

tion. In the lower right-hand corner are

three periodontal ligament cells.

Fig. 4. Confocal immunofluorescent images of human periodontal ligament cells in three-

dimensional Extracel films. Left: Cells near the gel surface. Right: cells at the gel substrate

interface. Cells were fixed, permeabilized and triple stained with: (i) an antibody against

vinculin (green), which links integrin receptors at focal adhesions to the actin cytoskeleton;

(ii) rhodamine (TRITC) conjugated-phalloidin, which binds actin filaments (F-actin; red);

and (iii) DAPI, a fluorescent stain that binds strongly to DNA (nuclei, blue).
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unable to detect a significant increase

in cell proliferation as previously

reported for epithelial cells and osteo-

blasts strained in monolayer culture

(42,43).

While predominantly fibroblastic in

phenotype, cells cultured from the

PDL and expanded in vitro constitute

a heterogeneous cell population that

includes STRO-1-positive mesenchy-

mal stem cells with the potential to

differentiate into osteoblasts, chondro-

blasts, myoblasts and adipocytes (44–
46). The osteoblast-specific transcrip-

tion factor RUNX2 was expressed by

the cells and upregulated by growth

factors and mechanical stress and

given its location one might expect to

find precursors for osteogenic and

cementogenic cells. However, none of

the downstream mediators of osteo-

genesis such as SP7 (Osterix), BMP2

or BGLAP (Osteocalcin) were

detected, which suggests that RUNX2-

expressing osteoprogenitor cells were

part of the mesenchymal stem cell

pool, but remained just that. Unlike

SOX9 and MYOD, which we failed to

detect, expression of the adipocyte-

related transcription factor PPARG

and its responsiveness to mechanical

strain was intriguing. PPAR-c ligands

induce bone marrow stem cell

adipogenesis but also inhibit osteo-

genesis (47), and the secretion of adi-

pocyte hormones such as leptin,

which affect bone development, goes

some way to explaining the poorly

understood pathophysiological associ-

ation between fat and bone (48). The

reasons for this in the present context

are not immediately obvious, but with

the PDL bordered on one side by a

surface lined with osteoblasts and on

the other by cementoblasts, inhibition

of osteogenesis by peroxisome prolif-

erator-activated receptor -c ligands

may form part of a mechanism pre-

venting ossification of the ligament.

The genes for RANKL and OPG,

two cytokines customarily synthesized

by osteoblasts and stromal cells were

expressed, OPG being highly respon-

sive to mechanical stress. RANKL,

which exists in both membrane-bound

and soluble forms stimulates the dif-

ferentiation and function of osteo-

clasts, an effect mediated by RANK,

a member of the TNF receptor family

expressed primarily on cells of the

monocyte/macrophage lineage, includ-

ing osteoclasts and their precursor

cells (49). OPG is a secreted protein

that inhibits bone resorption by acting

as a decoy receptor, binding to and

neutralizing both cell-bound and solu-

ble RANKL (50). The RANK/

RANKL/OPG triad thus constitutes a

Fig. 5. Agarose gel electrophoresis of amplified real-time polymerase chain reaction prod-

ucts following reverse transcription of RNA extracted from periodontal ligament/Extracel

constructs cultured with (+) and without (�) connective tissue growth factor (100 ng/mL)

and fibroblast growth factor-2 (10 ng/mL) for 7, 14 and 21 d in 35 mm six-well plates.

The images are representative examples of the results of four independent experiments.

For description of gene symbols please see Table 1.

Table 3. Effect of growth factors on gene expression by human periodontal ligament cells

7 d 14 d 21 d

P4HB 1.41 � 0.73 0.72 � 0.25 0.44 � 0.19

RUNX2 0.94 � 0.27 2.01 � 0.77 2.21 � 0.82

PPARG 1.48 � 0.84 0.95 � 0.30 0.53 � 0.25

COL1A1 0.81 � 0.35 3.35 � 0.49 1.27 � 0.82

COL3A1 0.89 � 0.37 1.35 � 0.25 0.61 � 0.27

MMP1 4.02 � 1.18 4.62 � 1.42 3.16 � 0.86

MMP2 1.21 � 0.82 0.47 � 0.26 1.45 � 1.03

MMP3 0.42 � 0.18 0.31 � 0.09 1.15 � 0.46

TIMP1 0.78 � 0.26 0.30 � 0.19 0.66 � 0.57

TGFB1 0.97 � 0.35 0.82 � 0.38 3.07 � 0.71

RANKL 1.06 � 0.16 1.14 � 0.28 0.61 � 0.22

OPG 0.67 � 0.37 1.29 � 1.08 0.83 � 0.23

Human periodontal ligament cells were cultured in three-dimensional hyaluronan/gelatin

films � connective tissue growth factor (100 ng/mL) and fibroblast growth factor-2

(10 ng/mL) and gene expression quantified by real-time RT-PCR. The data are cross-sec-

tional, expressed as relative quantity � SEM, and represents the mean of four separate

determinations. Relative quantity values > 1.00 signify an increase in gene expression by

growth factor-treated cultures over controls.
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ligand–receptor system that directly

regulates the final steps of the bone

resorptive cascade, irrespective of the

initiating signal (51). The finding that

PDL cells also express RANKL and

OPG has led to their being widely

investigated in vitro, both genes being

upregulated by compressive and ten-

sile mechanical strain (52–54). Again,

the reasons for this are not clear, but

again may be related to limiting ossifi-

cation of the ligament; the clinical

observation that most ankylosed teeth

are lower deciduous molars out of

occlusion (55) is perhaps relevant.

The MMPs (matrixins) are a family

of proteolytic enzymes synthesized in

either secreted forms or bound to the

plasma membrane, that play key roles

in cell–cell and cell–matrix interac-

tions during growth, morphogenesis

and pathophysiological remodelling

(56). MMPs function at neutral pH

and are released as latent proforms,

activation involving the loss of a pro-

peptide of about 80 residues (57).

TIMPs, of which TIMP-1 is the major

form (58), closely regulate MMP

activity by forming high affinity,

essentially irreversible complexes with

the activated enzyme to prevent

uncontrolled resorption. The three

major secreted MMPs, MMP-1 (colla-

genase-1), MMP-2 (gelatinase-A) and

MMP-3 (stromelysin-1), as well as

Table 4. Effect of mechanical stress on gene expression by human periodontal ligament cells

No growth factors � mechanical stress Growth factors � mechanical stress

7 d 14 d 21 d 7 d 14 d 21 d

P4HB 0.78 � 0.21 0.84 � 0.15 1.08 � 0.10 0.85 � 0.10 0.91 � 0.42 1.02 � 0.22

RUNX2 0.86 � 0.29 1.13 � 0.12 2.62 � 0.48 1.20 � 0.41 1.66 � 0.17 1.38 � 0.37

PPARG 0.49 � 0.15 1.00 � 0.39 3.00 � 0.41* 1.47 � 0.36 1.78 � 0.18 1.00 � 0.26

COL1A1 0.87 � 0.21 1.53 � 0.45 1.40 � 0.09 0.85 � 0.08 2.01 � 0.73 0.84 � 0.15

COL3A1 2.02 � 0.92 0.98 � 0.19 3.14 � 1.15 1.49 � 0.24 1.35 � 0.52 3.46 � 0.45

MMP1 0.44 � 0.18 1.48 � 0.67 4.31 � 1.46 1.06 � 0.26 2.05 � 1.13 5.41 � 1.70

MMP2 1.00 � 0.25 1.44 � 0.58 1.83 � 0.17 0.88 � 0.27 2.34 � 0.65 2.11 � 0.33

MMP3 2.66 � 0.47 2.56 � 0.26 13.47 � 2.27 0.77 � 0.10 1.53 � 0.62 13.00 � 4.49

TIMP1 0.88 � 0.23 2.10 � 0.17 2.71 � 0.62 1.17 � 0.22 3.45 � 0.62 5.54 � 1.70

TGFB1 0.78 � 0.27 1.13 � 0.48 1.03 � 0.14 0.63 � 0.11 1.39 � 0.22 1.05 � 0.46

RANKL 0.12 � 0.01 0.56 � 0.38 1.12 � 0.40 0.12 � 0.05 0.05 � 0.02 0.63 � 0.59

OPG 1.26 � 0.11 2.31 � 0.84 5.02 � 1.37 0.37 � 0.13 2.58 � 1.06 2.28 � 0.31

Human periodontal ligament cells were cultured in three-dimensional hyaluronan/gelatin films � connective tissue growth factor

(100 ng/mL) and fibroblast growth factor-2 (10 ng/mL), � cyclic mechanical strain for 6 h/d and gene expression quantified by

real-time RT-PCR. The data are cross-sectional, expressed as relative quantity � SEM, and represents the mean of four separate

determinations. Relative quantity values > 1.00 signify an increase in gene expression by mechanically active cultures over the corre-

sponding controls.

*p < 0.05.

Fig. 6. Matrix metalloproteinases (MMP)-1–3 and TIMP-1 synthesis by human periodon-

tal ligament cells in Extracel films subjected to an in-plane biaxial cyclic strain of 12% for

5 s (0.2 Hz) every 60 s for 6 h/d. At each end-point the culture media from six wells was

pooled in pairs and assayed in triplicate. The antibodies to MMP-1 recognize pro-MMP-1

only, not active enzyme or MMP-1 complexed to TIMP. The TIMP-1 immunoassay only

recognizes natural TIMP-1. The data are cross-sectional and expressed as means � SEM.

*p < 0.05, **p < 0.01, ***p < 0.001.
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their inhibitor TIMP-1, were all

released into the culture media as well

as being stimulated by mechanical

stress at various points in the time-

scale. However, whether they were

involved in degrading the pericellular

matrix, the supporting scaffold or

both is unclear and additional

research using activity assays and

gelatin and casein zymography will be

necessary to establish whether the

enzymes are in the active, latent or

complexed forms; the MMP-1 ELISA,

for example, only recognizes proM-

MP-1. We have previously reported

that human PDL cells in monolayer

culture constitutively expressed 16

members of the MMP family at

Ct values < 35 (18). The list included

seven MMPs, three MT-MMPs

(membrane type-MMPs) and three

ADAMTSs (a disintegrin and metallo-

proteinase with thrombospondin

motifs), a family of proteinases

anchored to the extracellular matrix

whose actions include cleavage of the

matrix proteoglycans aggrecan and

versican (59), plus three TIMPs.

There are therefore plenty of alterna-

tive enzymes available for matrix deg-

radation depending on the substrate,

and MMP-1 in addition to cleaving

native collagen can also act as a gelat-

inase (60).

Engineering three-dimensional tissue

constructs is rather more complicated

than it might first appear, and the chal-

lenge is to replicate not only the com-

plexity, but also the mechanical and

viscoelastic characteristics (resistance

to elastic deformation or stiffness) of

the native tissue. One of the disadvan-

tages of hydrogels is their poor

mechanical properties, resulting in tis-

sue constructs with significantly poorer

mechanical strength than the real tis-

sue (12). In an analysis of the rheologi-

cal properties of cross-linked HA–
gelatin hydrogels for use in soft tissue

engineering, the elastic moduli ranged

from 11 Pa to 3.5 kPa depending on

the concentration of HA (61); Extracel

has a shear elastic modulus of about

70 Pa (Glycosan Biosystems; personal

communication), which is similar to

the 90 Pa reported recently for a three-

dimensional collagen gel populated

with PDL cells (24). For the purposes

of the present investigation this

enabled the gel to be mechanically

deformed, but for tissue engineering

applications a much higher stiffness is

required. One problem in trying to

reconstruct the biophysical properties

of the human PDL, a complex fibre-

reinforced tissue that responds to

mechanical loading in a viscoelastic

and nonlinear manner (62), is that the

elastic modulus is, for all practical pur-

poses, unknown. The difficulty of

examining thin tissue sandwiched

between bone and cementum has

resulted in a lack of consistency

regarding its elastic properties, high-

lighted by a recent systematic review

where Young’s modulus in 23 studies

using finite element analysis, was

found to range from 10 kPa to

1750 MPa, a difference approaching

six orders of magnitude (63).

Culturing cells in three dimensions

complicates the perennial question of

the strain profile experienced by the

cells. As discussed previously (18),

this is difficult enough to determine

with the methods commonly used to

deform cells in two dimensions. When

a substrate is deformed, irrespective

of whether in-plane or out-of-plane,

uniaxial or biaxial, the cells will be

exposed to a combination of tensile,

compressive and shear strains; the

amount of deformation will also vary

with the position of the cells within

the field, and in the Flexercell system

deformation of the substrate will only

be about half that programmed into

the computer (64,65). In the present

study, the strain experienced by the

cells at the gel–substrate interface, will

clearly be different from that experi-

enced by the cells of the surface layer

or within the body of the gel. The

stress profile is therefore likely to be

similar to the complexity revealed by

the finite element analysis of the von

Mises and principal stresses generated

in the PDL when multirooted teeth

are mechanically loaded in vivo (66).

One thing is certain, understanding

the strain distribution within the

hydrogel matrix and its effect on the

biomechanical behaviour of the cells

will require sophisticated three-

dimensional finite element modelling.

In summary, we have demonstrated

that the addition of a third dimension

provides another level of complexity

to the existing two-dimensional

culture systems designed to investigate

the mechanobiology of the PDL.

While thin films are suitable for stud-

ies of tensile strain, thicker constructs

will be needed for investigating the

Table 5. Effect of mechanical stress on periodontal ligament cell proliferation

7 d 14 d 21 d

Control 0.281 � 0.017 0.864 � 0.136 1.104 � 0.105

Experimental 0.225 � 0.015 0.838 � 0.110 0.996 � 0.100

The effect on cell proliferation of an in-plane, biaxial cyclic mechanical strain of 12% for 5 s

(0.2 Hz) every 60 s for 6 h/d measured by the colorimetric MTS (tetrazolium) assay to detect

living cells; absorbance was measured at 490 nm. Data are expressed as means � SEM for

six wells from three separate experiments. Mechanical strain did not have a significant effect

on cell number.

Fig. 7. The effect of an in-plane cyclic

mechanical strain of 12% for 5 s (0.2 Hz)

every 60 s for 6 h/d on the synthesis of

CTGF by human periodontal ligament

cells. At each end-point the culture media

from six wells was pooled in pairs and

assayed in triplicate. The data are cross-

sectional and expressed as means � SEM.

There was no statistically significant differ-

ence between control and mechanically

stressed cultures. CTGF, connective tissue

growth factor.
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effects of compression. This will

require increasing the complexity of

the scaffold by incorporating addi-

tional structural molecules such as

type I collagen and fibronectin into

the matrix to provide extra RGD

(Arg-Gly-Asp) binding sites; these will

aid cell attachment, proliferation and

function, enabling cells to populate

the entire gel, while the triple helices

of intact collagen will stiffen the

matrix. Although primarily developed

as a transitional in vitro model for

studying cell–cell and cell–matrix

interactions in tooth support, the sys-

tem is also suitable for investigating

the pathogenesis of periodontal dis-

eases, and importantly from the clini-

cal point of view, in a mechanically

active environment.
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