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Summary

The development of osseointegrated dental implants has significantly enhanced the 

capacity of the dental profession to replace hard and soft dental tissues, lost due to trauma 

or disease (Degidi and Piattelli, 2005). However, deficiencies in bone volume continue to 

provide challenges for dental implant placement. The problems presented by a lack of 

bone volume have been partially overcome by a variety of surgical techniques aimed at 

incorporating a graft of osseoconductive material at a surgical site which would ultimately 

be replaced by a vascularised bed of bone with the capacity to retain a dental implant. The 

drawbacks associated with the current surgical techniques used for bone grafting include 

extra surgical procedures and donor site morbidity in the case of autografts (Younger and 

Chapman, 1989). Although slight, the potential for disease transmission with the use of 

xenografts does exist and the limited capacity o f both xenografts and alloplastic materials 

to resorb and become replaced by bone also limit successful clinical use (Hammerle et al., 

1997, Hinze et al., 2010).

The aim of the study was to develop an in vitro model comprising a tissue engineering 

scaffold bonded to commercially pure titanium to study three dimensional osseous tissue 

generation. Commercially pure titanium discs were wet ground and the surface roughness 

(Ra-value) determined using optical profilometry to ensure a standardised surface. The 

titanium discs subsequently underwent atmospheric pressure plasma deposition using 

polymethylhydrogen siloxane and tetraethyl orthosilicate as the plasma monomer. Acrylic 

acid was grafted to the surface of the plasma deposited titanium discs to facilitate the 

covalent attachment of collagen using l-ethyl-3-(3-diethylaminopropyl) carbodiimide 

(EDAC). The collagen-coupled titanium discs were immersed in a collagen 

glycosaminoglycan (GAG) slurry, processed in a freeze dryer and resulted in a 3 mm layer 

of collagen GAG scaffold which was adherent and subsequently underwent 

dehydrothermal and EDAC crosslinking processes which served to stiffen the collagen 

GAG scaffold and couple the scaffold to the collagen-coated titanium discs.

Adherence of the collagen GAG scaffold was determined by seeding the scaffold surface 

with 5x10^ mesenchymal stem cells (MSCs) obtained from the bone marrow o f Wistar 

rats and maintained in tissue culture medium for 14 days. Cytotoxicity of the scaffold-



titanium specimens was evaluated by seeding the scaffold-titanium specimens with 

MC3T3-E1 murine osteoblasts and using the commercially available CytoTox 96® Non- 

Radioactive Cytotoxicity Assay. MSC proliferation studies were performed over a 28 day 

observation period with the Hoechst 33258 DNA quantitation assay using collagen GAG 

scaffold as control specimens.

To investigate if the scaffold-titanium specimens would support osteogenesis, 5x10^ 

MSCs were seeded on the surface of each scaffold-titanium specimen and maintained in 

supplemented DMEM which was further supplemented with osteogenic factors. Following 

1,7,  14, 21 and 28 days maintenance in culture, MSC-seeded constructs were processed 

for immunoblotting, RT PCR analyses and immunohistochemical analyses to detect and 

quantify the expression levels and synthesis of two bone-specific markers with the 

collagen GAG scaffold acting as a control. Paraffin-wax embedded specimens used for 

immunohistochemical analyses were also used for histological analyses using H&E to 

study the MSC distribution within the constmcts and alizarin red (s) dye to study the 

deposition of a calcified extracellular matrix.

The results indicated that the scaffold-titanium specimens were non-cytotoxic and 

supported MSC proliferation. Additionally, the constructs facilitated the osteogenic 

differentiation of MSCs through the identification of both bone-specific markers by 

immunoblotting, an upregulation of gene expression and a progressive accumulation of 

both bone-specific markers within the constructs throughout the 28 day observation 

period. Furthermore, the histological analyses demonstrated MSC attachment and 

migration into the construct in addition to the deposition of a calcified extracellular 

matrix. The scaffold-titanium specimens remained intact for the 28 day observation period 

and facilitated MSC proliferation. Osteogenic differentiation of the MSCs within the 

constructs resulted in an ordered deposition of a calcified extracellular matrix.
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1.1. Introduction to Dental Implants

1.1.1. History

One of the earliest reports of a dental implant in the literature was from the location of a 

replica of a maxillary incisor carved from shell, which was found during an archaeological 

excavation of a prehistoric cemetery, 160 miles southwest of Aswan in Egypt (Irish, 

2004). The shell implant was believed to be 5,500 years old and had dimensions that 

accurately resembled a lateral incisor (Irish, 2004). Human remains from a Gallo-Roman 

necropolis at Chantambre in France dated to approximately 100 AD, led to the discovery 

of what was thought to be a wrought iron dental implant in a maxilla replacing a premolar 

tooth (Crubezy et ai, 1998). The dental implant was severely corroded but radiographic 

evidence demonstrated a precise fit in the tooth socket, without any evidence of peri- 

implant radiolucency, one of the modem criteria for clinical success of dental implants 

(Smith and Zarb, 1989). However, the finding was challenged, in light of the technical 

skill that would have been required to fabricate the implant and because the implant would 

have been inserted under less than sterile conditions with a limited probability of success 

(Becker, 1998). In addition, the archaeological discovery of a 1300 year old Mayan 

mandible in Honduras in 1931 containing tooth-shaped pieces of shell in the extraction 

sockets of three incisor teeth illustrated that the concept of using dental implants was not 

exclusively linked to the twentieth century (Irish, 2004). Becker (1999) dismissed 

numerous reports of materials used as dental implants in ancient Etruscan, Egyptian and 

Roman times, either because the referenced artifacts could not be located for verification 

or were misinterpreted by archaeologists. Whether or not a functional dental implant 

existed in ancient times remains a controversial subject. However, it was not until the 

twentieth century that the documented use of alloplastic materials as dental implants 

started the field of scientific research aimed at developing a biocompatible substitute 

material for the replacement of the roots of teeth (Branemark et ai, 1983). There was a 

ten-fold increase in the number of dental implants placed in the United States of America 

between 1983 and 2002 and currently, it is estimated that in excess of 700000 implants are 

placed annually (Haswell, 2009). In the United Kingdom, approximately nine dental 

implants are placed per 10000 citizens, which compares with five per 10000 citizens in 

2003 (Haswell, 2009). In addition, prior to the global economic recession in 2008, the 

number of dental implants placed in the United States of America increased by 7.5% 

compared with 2007 (Paterson and Zamanian, 2009).
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1.1.2. Classification

Dental implants may be classified under the broad headings of subperiosteal implants, 

blade endosseous implants, transmandibular implants and root form endosseous implants.

1.1.2.1. Subperiosteal Implants

Subperiosteal implants are comprised of a custom-made framework of cast cobalt- 

chromium alloy, surgically placed on the mandibular or maxillary bone, beneath the 

mucoperiosteum (Schou et a l ,  2000). Subperiosteal implants were produced using an 

impression of the exposed bone, made when the oral mucosa was reflected. The 

impression was then cast in dental stone and the subperiosteal implant was fabricated on 

the cast. Subperiosteal implants were indicated in cases of severe mandibular or maxillary 

atrophy, where extreme resorption of the bone precluded the use of conventional denture 

prostheses (Figure 1.1a). On healing, the subperiosteal implant was eventually surrounded 

by fibrous connective tissue (van Steenberghe et al., 2006). A number of transmucosal 

posts penetrated the mucoperiosteum which served to attach the dental prosthesis (Figure 

1.1b). Chronic inflammation and infection occurring in the soft tissues and bone around 

the transmucosal elements were common clinical complications associated with 

subperiosteal implants which are rarely used today (Bodine et al., 1996).

1.1.2.2. Blade Endosseous Implants

Blade endosseous implants were introduced by Linkow in the 1960s, and were so named 

because of the implant shape (Figure 1.2a) (Babbush, 1972). The blade implant was 

inserted into a narrow longitudinal trench, cut into the crest of the maxillary or mandibular 

bone (Figure 1.2b). When the mucoperiosteal flap was replaced and sutured, a number of 

transmucosal posts penetrated the mucoperiosteum, to which a fixed prosthesis was 

cemented (van Steenberghe et al., 2006). A retrospective study, which included 105 blade 

implants, demonstrated a cumulative survival rate of 55% after an observation period of 

five years (Cranin et al., 1977). Histopathological evidence demonstrated that the blade 

implant was surrounded by a layer of collagenous tissue (Babbush, 1972) which was 

reported to compromise the clinical longevity of blade endosseous implants (Gourley et 

al., 1976). A histopathologic and radiographic study o f failing titanium blade implants in 

monkeys revealed both soft and hard tissue changes. Soft tissue changes included 

hyperaemic, hyperplastic periabutment soft tissue with purulent exudate, while hard tissue 

changes included large areas o f bone loss adjacent to the implant. The implants were
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surrounded by a fibrovascular tissue which separated the implant from the bone (Natiella 

et al., 1973).

1.1.2.3. Transmandibular Implants

The transmandibular implant was developed for edentulous patients with severe 

mandibular atrophy. Initially, a stainless steel and later, a titanium plate was attached to 

the inferior border of the mandible by stabilising screws, termed a mandibular staple. 

From the plate, transmandibular pins entered the inferior border of the mandible through 

channels prepared in the mandibular bone and penetrated the oral mucosa (Figure 1.3). A 

removable complete denture was attached to the transmandibular pins and the reported 

survival rate at five years was 80% from a cohort of 25 patients (Small et al., 1974) and 

84% from 62 patients (Cranin et al., 1977).

Subperiosteal, blade endosseous and transmandibular implants were separated 

from the jaw  bone by a band o f fibrous tissue, which ultimately resulted in premature 

implant failure, as a consequence of implant loosening and infectious processes that 

occurred in association with the transmucosal elements. It was not until the 1960s that the 

modern-day dental implant was developed from the pioneering research work of Per- 

Ingvar Branemark conducted with titanium. Branemark noted that titanium became rigidly 

fixed in bone and coined the term osseointegration as “a direct structural and functional 

connection between ordered Lving bone and the surface of a load-carrying implant” 

(Albrektsson et al., 1981, Branemark et at., 1983). Today, modem dental implants are 

almost exclusively based on commercially pure titanium and the titanium-aluminium- 

vanadium (Ti6A14V) alloy, which are surgically placed in the bone of the maxilla and 

mandible and are employed to support dental restorations that replace missing teeth 

(Figure 1.4). A typical dental implant resembles the shape of the root of a tooth that is 

being replaced and dental implant placement within maxillary or mandibular bone resulted 

in the term root-form endosseous dental implants (Binon, 2000).

1.2. Clinical Procedure for Surgical Placement

The surgical placement of a dental implant involves incision and reflection of a

mucoperiosteal flap to gain access to the underlying bone of the alveolar ridge.

Preparation o f the bone through the cortical plate and into the cancellous bone, termed an

osteotomy, is undertaken with a series of power driven twist drills of increasing diameter,

running at low speed and pressure and with copious saline irrigation. The importance of

the incremental low speed and pressure preparation with saline irrigation is to minimise
8



Figure 1.1 A subperiosteal implant (a) A radiograph demonstrating the 
placement of the subperiosteal implant on the mandibular bone and (b) an 
intraoral view of the transmucosal elements of the subperiosteal implant that 
penetrate the oral mucosa for the attachment of a dental prosthesis (Schou et al., 
2000).
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Figure 1.2 (a) A titanium blade endosseous implant with the transmucosal 
element (arrow) and (b) a radiograph of the blade implant in the mandibular 
bone.



Figure 1.3 A panoramic radiograph of a transmandibular implant placed in a 
severely atrophic mandible with four transmucosal elements (arrow) (Paton et 
al., 2002).



Figure 1.4 (a) Periapical radiograph illustrating three endosseous dental 
implants in the posterior maxilla and (b) an intraoral photograph showing the 
transmucosal elements of the dental implants.



injury to the bone and to ensure the bone temperature does not exceed 47°C, at which 

point significant bone necrosis occurs (Eriksson and Albrektsson, 1983). A study that 

measured the bone temperature in human mandibles demonstrated that with the correct 

use of twist drills operating at low speed and pressure, the maximum temperature within 

bone was limited to 34°C (Eriksson and Adell, 1986). Injury to the bone occurs as a result 

of preparation of the osteotomy, and subsequent implant placement causing compression 

of the walls of the osteotomy site (Lindhe et al., 2008). The collapse of blood vessels 

adjacent to the implant and subsequent loss of nutrition to the bone results in a zone of 

bone necrosis immediately adjacent to the implant. The mucosa is then replaced, sutured 

and the implant is allowed to remain undisturbed for a period o f 3-6 months, to allow for 

wound healing to occur, and to prevent movement of the implant which would 

compromise healing of the osteotomy (Albrektsson et al., 1981). Alternatively, a healing 

abutment may be used to allow the implant to remain exposed (transmucosal) in the mouth 

throughout the healing period, thereby eliminating the need for a second surgical 

procedure to uncover the implant for restoration (Hammerle and Lang, 2001). Throughout 

the wound healing period, immature woven bone replaces the zone of necrotic bone as a 

result of the surgical injury. Replacement of the woven bone occurs with lamellar bone 

which undergoes remodeling, mineralisation and maturation and results in the process of 

osseoiniegralion, where bone growth and adaptation against the biocompatible dental 

implant surface occurs. It is essential that movement of the dental implant is prevented. 

Therefore, loading should not occur throughout the healing period to allow 

osseointegration to progress. Failure to prevent movement resulted in encapsulation of the 

implant by a band of fibrous connective tissue with subsequent failure to osseointegrate 

(Szmukler-M oncler et al., 1998). The development of a bone-implant interface, which 

facilitates the retention of the dental implant and allows the implant to be subjected to 

repeated mechanical stressing during function, is a prerequisite to osseointegration as the 

implant becomes rigidly fixed within mature bone (Albrektsson et al., 1981).

1.3. Clinical Performance of Dental Implants

An early study of the use of osseointegrated commercially pure titanium implants in the

treatment of edentulous jaws demonstrated the success of the treatment modality (Adell et

al., 1981). A total of 2768 implants, placed in 410 edentulous jaws of 371 patients

demonstrated an implant survival rate of 91% in the mandible and 81% in the maxilla

after five to nine years of service. To date, the replacement of lost or damaged dentition

through the employment of endosseous dental implants has become a well established and
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successful treatment modality (Bhatavadekar, 2010). The success of osseointegrated 

dental implants was based on a number of clinical and radiographic criteria (Smith and 

Zarb, 1989):

• the implant should be immobile when tested clinically and show no evidence of 

peri-implant radiolucency when examined radiographically,

• the implant should be asymptomatic with no visible signs of infection,

•  the mean annual bone loss should not exceed 0.2 mm,

• implant placement should not preclude satisfactory restoration of the implant,

•  implant success rates should be greater than 85% at five years and 80% at ten year 

observation periods (Smith and Zarb, 1989).

In the treatment of the edentulous maxilla, 449 implants used to support fixed 

prostheses in 76 patients were reported to have a cumulative survival rate of 92% after 

five years of servace (Jemt, 1994). A 15 year prospective study of 273 dental implants in 

the mandibles of 47 edentulous patients, reported a cumulative survival rate of 98.9% 

(Lindquist et al., 1996). Most of the dental implant failures occurred prior to connection of 

the implant to the prosthesis, indicative of the failure of the implant to osseointegrate 

(Jemt, 1994, Lindquist et al., 1996). Dental implants have also been used to support 

restorations for partially dentate patients. A retrospective study of 1170 implants 

supporting fixed dental prostheses in 445 patients had a survival rate of over 95% over a 

ten year observation period (Eckert and Wollan, 1998). Additionally, in a ten year 

prospective multicentre study of 461 implants in 125 partially dentate patients, the 

reported cumulative implant survival rate was over 90% (Lekholm et al., 1999). Similarly 

a 95% implant survival rate was reported for 57 dental implants in 15 partially dentate 

patients, over a ten year observation period (Leonhardt et al., 2002) confirming the 

success of the treatment modality for partially dentate patients.

Poor clinical survival rates were previously reported for dental implants placed in 

the posterior maxilla and the authors ascribed the higher failure rate (35%) to poor bone 

quality (Jaffin and Berman, 1991). Bone is classified clinically, according to the thickness 

of dense cortical bone and the density o f the underlying trabecular bone (Figure 1.5) 

(Lekholm and Zarb, 1985). A bone category of type I consisted almost entirely o f dense 

cortical bone, type II comprised a thick layer of dense cortical bone with an inner layer of 

dense trabecular bone, type III had a thin layer of cortical bone with underlying dense 

trabecular bone and type IV comprised a thin layer of cortical bone with loose, low 

density trabecular bone (Friberg et al., 1995). The study included 1054 dental implants
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1 2 3 4
Figure 1.5 Schematic diagram to illustrate the clinical classification of differing 
bone qualities highlighting type 1 bone is mainly comprised of thick cortical 
bone, type 2 bone consists of a dense cortical and cancellous bone, type 3 consists 
of bone with a thin cortex and less dense trabecular bone and type 4 bone 
comprises a thin cortical layer with low density trabecular bone (Lekholm and 
Zarb, 1985).



with a machined surface placed over a five year observation period. In total, 10% (105) of 

the implants were placed in bone type IV in the posterior maxilla and 35% failed. 

However, a failure rate of 3% was evident for implants placed in bone types I, II, and III 

over the same study (Jaffin and Berman, 1991). Consequently, the authors recommended 

that implant placement in the posterior maxilla be avoided (Jaffin and Berman, 1991). 

However, a retrospective study of 660 dental implants of the same type used by Jaffin and 

Berman (1991) were placed in the posterior maxillae of 202 partially dentate patients and 

demonstrated a cumulative success rate of 94% at five years and 93% at ten years (Bahat, 

2000) possibly indicating that clinical bone quality had no influence on implant survival. 

The conflicting failure rates between the studies of Jaffin and Berman (1991) and Bahat 

(2000) are difficult to interpret but Bahat (2000) suggested the use of implants with a 

greater diameter were required to increase the implant surface area to bone contact in an 

attempt to reduce the load placed on implants in poor quality bone (type IV). Additionally, 

a prospective three year study o f 405 dental implants placed in the posterior mandible and 

maxilla highlighted that there was no difference in the reported failure rate between 

posterior mandible and posterior maxilla (Testori et a i ,  2002). It was suggested that the 

clinical success was attributed to the surface texture of the implants facilitated through an 

acid etched roughened surface which had previously demonstrated improved levels of 

bone implant contact (Baser et al., 1991).

Dental implant length has been documented as an important factor governing the 

clinical success of dental implants (das Neves et a i ,  2006). A prospective five year study 

of 522 dental implants with a machined surface revealed that 86% of the failed implants 

were 7 mm and 10 mm in length (Lekholm et al., 1994). The findings of Lekholm et al. 

(1994) were confirmed in an examination of four multicenter studies involving 1738 

machined dental implants in 487 patients, where the majority o f implant failures were 7 

mm and 10 mm in length (Herrmann et al., 2005). Another study involving the surgical 

placement of 509 machined dental implants in 146 partially dentate patients demonstrated 

that 88% of failed implants were 7 mm and 10 mm in length (Naert et al., 1992). A 

prospective study of 510 machined dental implants conducted over a three year 

observation period showed that implant length and poor bone quality (type IV) were not 

risk factors for implant failure when assessed in isolation. However, the existence of both 

variables did constitute a significant risk of implant failure (Hutton et al., 1995). Recent 

reports demonstrate that short dental implants are not a risk factor for implant failure (ten 

Bruggenkate et al., 1998, Arlin, 2006, Grant et al., 2009). In a study of 630 dental 

implants placed in 264 patients, the survival of implants which were 6 mm in length did
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not demonstrate a higher failure rate over an observation period of up to five years 

compared with longer implants (Arlin, 2006). In a six year multicenter study o f 253 dental 

implants, no association could be made between the implant length and implant failure 

(ten Bruggenkate et al., 1998). The authors postulated that the rough titanium plasma- 

sprayed implant surface was responsible for the clinical success of the short implants 

employed (ten Bruggenkate et al., 1998). Further to the positive findings with regard to 

short implants, a retrospective study of 335 dental implants which were 8 mm in length 

and placed in the posterior mandibles of 124 patients demonstrated a 99% survival rate 

after a two-year observation period (Grant et al., 2009).

The interpretation of the conflicting results related to the success rates associated 

with the use of short dental implants is complicated by numerous factors. The surface 

topographical features o f the dental implants used in the studies varied from machined 

surfaces (Naert et al., 1992, Lekholm et al., 1994) to roughened titanium plasma-sprayed 

surfaces (ten Bruggenkate et al., 1998) and titanmm plasma-sprayed surfaces which had 

been treated by grit blasting and acid etching (Arlin, 2006) to increase the surface 

roughness of the dental implant. Previously, it had been shown that dental implants with 

rough surfaces demonstrated superior success rates due to improved osseointegration 

(Wennerberg et al., 1998). Additionally, dental implant failure was associated with 

placement in type 4 bone (Lekholm et al., 1994) and furthermore, the use o f short 

implants of a wider diameter (5 mm) achieved better results than implants with a similar 

length (3.75 mm diameter) (Lekholm et al., 1994). Therefore, the causes of dental implant 

failure are multifactorial and consideration of a single variable, namely implant length, 

demonstrates conflicting results.

1.4. Properties of Implant Materials

Metallic biomedical implants including hip replacements, bone plates and dental implants

are routinely fabricated from Ti6A14V titanium alloy or commercially pure titanium.

Generally, the increased mechanical loading associated with hip replacements and bone

plates during function necessitates the need for the stronger Ti6A14V titanium alloy over

the commercially pure alternative. However, com mercially pure titanium is advocated for

dental implants due to the reduced load-bearing capacity required during function and the

increased need for biocompatibility to aid osseointegration. Commercially pure titanium

demonstrates a high degree of biocompatibility (Stanford and Keller, 1991, Parr et al.,

1985), defined as the ability of a material to perform a specific function with an

appropriate host response. Commercially pure titanium implants interact with the
12



surrounding maxillary or mandibular bone such that the implant becom es integrated 

within the surrounding bone structure, and does not illicit a foreign body-type immune 

reaction or generate a chronic inflammatory response (Remes and W illiams, 1992). The 

biocompatibility o f commercially pure titanium is attributed to the rapid formation o f  a 

passive surface oxide layer (McCafferty and Wightman, 1999), almost immediately upon 

exposure o f  titanium to air, as demonstrated by X-ray photoelectron spectroscopic (XPS) 

analysis (Sittig et al., 1999) and reported to be approximately 4-7 nm thick (Pouilleau et 

a i ,  1997). The passive surface oxide layer occurs initially by diffusion o f atmospheric 

oxygen atoms onto the comm ercially pure titanium surface (Carley et al., 1987). The 

growth o f the oxide layer occurs by the continued diffusion o f atmospheric oxygen into 

the titanium oxide layer and the diffusion o f titanium atoms from the bulk metal towards 

the titanium oxide layer (Kasemo, 1983, Carley et a i ,  1987). The resultant passive surface 

oxide layer is strongly adherent to the subsurface metal and renders the surface resistant to 

corrosion (Clark and W illiam s, 1982, Zitter and Plenk, 1987, Khan et a i ,  1996).

Chemically, a variety o f titanium oxides can exist, each with distinct crystalline 

structures, namely TiO, T i02 and Ti2 0 3 , with T i02 being recognised as the most stable 

and abundant o f the titanium oxide (McCafferty and Wightman, 1999). The stability o f  the 

surface titanium oxide layer is responsible for the resistance to corrosion (Clark and 

W illiam s, 1982, Zitter and Plenk, 1987, Khan et al., 1996). Additionally, the rate of 

dissolution o f the titanium oxide surface is low under normal physiological conditions, as 

demonstrated by the lack o f adverse tissue reactions adjacent to titanium implants in vivo 

(Parr et al., 1985, Steinemann, 1998, Krischak et al., 2004). Despite the significantly 

increased corrosion resistance o f commercially pure titanium compared with alternative 

implant metals such as cobalt-chromium based alloys (Clark and W illiams, 1982, Zitter 

and Plenk, 1987) and stainless steel (Nikiforov et al., 2011), commercially pure titanium 

has the capacity to corrode (Khan et al., 1996, Wennerberg et al., 2004). The corrosion o f  

titanium is frequently observed in biomedical implants, namely hip prostheses, where 

corrosion can be accelerated preferentially in contact areas by wear (Willert et al., 1996). 

The presence o f titanium has been identified in the tissues adjacent to biomedical 

Ti6A14V titanium alloy implants, however, the small quantities o f  titanium tend to be well 

tolerated and of little significance in terms o f biocompatibility (Steinemann, 1998, 

Krischak et al., 2004). In vitro studies investigating the toxic effects o f wear particles 

from Ti6A14V titanium alloy on rat peritoneal macrophages highlighted that even though 

the wear particles demonstrated little toxicity, there was an increased detection of  

inflammatory mediators (prostaglandin E2, interleukin-1, tumour necrosis factor and
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interleukin-6) in response to the Ti6A14V wear particles. The authors suggested that the 

increased release of inflammatory mediators may have resulted in osteolysis, namely 

degeneration of the bone tissue which could have resulted in prosthesis failure (Haynes et 

al., 1993).

Commercially pure titanium is the preferred material of choice for use as a dental 

implant even though the yield strength, 345 MPa (McCracken, 1999) is inferior to 

Ti6A14V titanium alloy, 860 MPa (McCracken, 1999). The masticatory loads exerted on 

dental implants during function are lower than a load-bearing hip prostheses and, as a 

result, yield strength is not so critical for a dental implant. Additionally, it is desirable that 

the elastic modulus- or stiffness- of an implant material approximates the bone structure it 

is replacing, thereby enhancing the stress distribution between the implant material and 

the bone under an applied load (Skalak, 1983). The elastic modulus of commercially pure 

titanium is reported to be 102 GPa (McCracken, 1999) and is closer to bone, which has an 

elastic modulus of 18 GPa (McCracken, 1999) compared with other implantable metals. 

Ti6A14V titanium alloy has an elastic modulus of 110 GPa (McCracken, 1999), stainless 

steel 200 GPa (Long and Rack, 1998, McCracken, 1999) and cobalt-chromium 240 GPa 

(Long and Rack, 1998, McCracken, 1999), which suggests these materials are less suitable 

than commercially pure titanium owing to the mismatch in stiffness compared with bone. 

The clinical performance of dental implants has demonstrated the success of commercially 

pure titanium implants (Adell et al., 1981, Jemt, 1994, Lekholm et al., 1999, Leonhardt et 

al., 2002, Bhatavadekar, 2010) which provides a rigid connection between the implant and 

bone (Albrektsson et al., 1981).

1.4.1. Surfaces and Surface Treatments

The surface of a commercially pure titanium dental implant is biologically important since 

the host tissues exclusively interact with the implant surface (Kasemo and Gold, 1999). At 

an atomic level, the titanium surface represents a discontinuity of the bulk material state 

since the surface atoms are in an inhomogeneous electronic environment, containing 

unsaturated bonds with a resultant high energy interfacial atomic layer (Kasemo, 1983). 

The high energy interfacial surface layer makes titanium very reactive and the high 

surface energy tends to equilibrate with the bulk material. Energy equilibration can occur 

by alterations in the crystalline structure of the surface, with rearrangement of the surface 

atoms and adsorption of contaminants from the ambient atmosphere (Kasemo and 

Lausmaa, 1988, Voros et al., 2001). Surface modifications of commercially pure titanium 

aimed at improving cell interactions (Chung et al., 2003, Luthen et al., 2005) and
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biological outcomes, such as tissue development (Ivanoff et al., 2001) influence the 

surface topography, surface chemistry or surface charge.

The surface characteristics of a dental implant are a product of the titanium 

fabrication technique. A combination of machining, treatment and coating operations may 

be undertaken by manufacturers or investigators to produce a surface with specific surface 

characteristics. Machining is an important technique for manufacturing dental implants 

notwithstanding the original research on endosseous root-form implants was carried out 

on dental implants with a machined surface finish (Branemark et al., 1977). As a result, 

machined dental implants are the oldest treatment form and have been extensively 

researched in the dental implant literature (Branemark et al., 1911, Jaffin and Berman, 

1991, Naert et al., 1992, Lekholm et al., 1994, Leonhardt et al., 2002, Herrmann et al., 

2005). Machining is a process that involves the production of a titanium implant of a 

desired geometry using power-driven machining tools. Three main processes are involved 

in machining, classified as turning, milling and drilling. Turning is an operation which 

involves rotating the titanium workpiece against a cutting tool, commonly a lathe (Ashby 

and Jones, 2000). Milling involves bringing a rotating cutting tool into contact with the 

titanium workpiece and is performed on a milling machine (Ashby and Jones, 2000). 

Drilling operations produce holes in a workpiece by bringing the cutting end of a rotating 

cutting tool into contact with a titanium implant (Ashby and Jones, 2000). Variables in the 

machining process that influence the characteristics of a machined surface include the 

cutting speed, the pressure applied by the cutting tool and the choice of lubricant 

employed to facilitate cutting (Ashby and Jones, 2000). In addition to the macroscopic 

geometry developed during machining, a machined surface (Figure 1.6) has microscopic 

grooves, which are oriented along a defined direction (Lausmaa, 2001). Several studies 

have demonstrated the surface topography to be an important variable in osseointegration 

(Buser et al., 1991, Wennerberg et al., 1996a, Ivanoff et al., 2001) and resulted in the 

development of numerous approaches aimed at modifying the surface finish of dental 

implants.

Grit blasting is an erosive process, which involves the delivery of abrasive 

particles suspended in a gas to a substrate surface, to effect the removal of material 

(Addison et al., 2007). Grit blasting has been widely used to generate dental implants with 

rough surfaces (Buser et al., 1991, Wennerberg et al., 1992, Ivanoff et al., 2001). 

Variables which influence the erosive rate of the substrate include the size, hardness and 

velocity of the propelled abrasive particles (Wennerberg et al., 1996a). The geometry of 

the abrasive particles has an effect on the process, whereby sharp, angular particles erode
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a substrate more effectively than smooth, spherical particles (Darvell, 2002). The angle of 

incidence of the propelled stream of particles on the substrate and the distance from the 

substrate surface also influence the erosive potential. In addition, the composition of the 

substrate has a significant effect on the nature of the erosive process. For a ductile 

titanium substrate, sharp alumina particles directed at an angle to the surface (Figure 1.7) 

will be more efficient than spherical particles directed perpendicular to the surface 

(Darvell, 2002). Commonly, alumina particle air abrasion was used to produce dental 

implants with a defined surface finish (Buser et a i,  1991). However, as contamination of 

the titanium surface by the alumina particles was common (Wennerberg et a i,  1996b) 

grit-blasting with titanium dioxide particles as an alternative was investigated 

(Wennerberg et al., 1996a). No difference in the bone to implant contact area or removal 

torque was observed for the implants grit-blasted with alumina or titanium dioxide and 

both techniques continue to be used for implant surface modification today.

Grinding is an abrasive process used to wear the substrate surface and in dental 

implant research grinding is generally used when studying in vitro cell reactions with 

titanium substrates using silicon carbide (SiC) abrasive papers of varying abrasiveness 

(grit-size) (Bowers et al., 1992, Sittig et al., 1999, Linez-Bataillon et al., 2002). The 

mechanism by which SiC abrasive papers operate is that the surface texture of the harder 

abrasive paper is introduced onto the softer substrate by wear processes generated using a 

multi-directional force grinding machine, facilitated by water as a lubricant. The rate of 

substrate removal is dependent on a number of variables including the force applied to the 

specimen and the speed of rotation of the machine. The rate of removal is also dependent 

on the geometry or shape of the abrasive particle and relates to the angle of the advancing 

edge of an abrasive particle to the substrate. In addition to the geometrical considerations, 

sharper and larger abrasive particles demonstrate an increased rate of surface removal 

compared with smaller, spherical particles (Darvell, 2002).

Acid etching of titanium is a corrosive process which results in dissolution of the 

metal surface when it is exposed to a concentrated acid solution. Acid pretreatment is 

carried out to enhance adhesive bonding of polymers (Molitor et al., 2001) to 

decontaminate a titanium surface (Takeuchi et al., 2003) or to alter the surface topography 

to enhance the biological interactions with dental implants (Buser et al., 1991). A number 

of combinations of acids have been used to treat titanium surfaces, including sulfuric acid 

(Ban et al., 2006), a mixture of hydrochloric and sulfuric acid (Cochran et a i, 1996) and a 

mixture of hydrofluoric and nitric acid (Buser et al., 1991). In addition, a solution of 10% 

nitric acid is commonly used for passivation of a titanium surface, which encourages the
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Figure 1.6 A scanning electron micrograph of a thread of a commercially pure 
titanium dental implant with a machined surface illustrating the microscopic 
grooves aligned parallel to the direction of operation of the machining tool (scale 
bar = 10 pm) (Wennerberg et ah, 1996b).



Figure 1.7 A scanning electron micrograph of a thread of a commercially pure 
titanium dental implant which had been grit-blasted with 25 |iim alumina 
particles and demonstrates a random arrangement of the microscopic surface 
topographical features created by the erosive process of the alumina particles 
(scale bar = 10 nm) (Wennerberg et al., 1996b).



formation o f the passive (non-reactive) Ti0 2  layer to enhance resistance to corrosion 

(Bowers et a i ,  1992). Acid etching increases the surface roughness o f a metal and the rate 

o f corrosion o f the metal surface varies with acid type and concentration, temperature o f  

the acid solution and the etching duration to produce a microporous metal surface (Figure 

1.8). The acid solution constitutes a reducing environment which disrupts the surface 

oxide layer o f the titanium and exposes the subsurface metal to attack by the acid and 

surface chemical analysis o f a commercially pure titanium surface etched in a 

concentrated solution o f sulfuric acid demonstrated removal o f the Ti0 2  surface layer and 

the formation o f titanium hydride (TiH and TiH 2) as a result o f reduction o f the titanium 

surface (Ban et a i ,  2006). Verification o f  the removal o f titanium by the acid was 

confirmed by measuring the weight loss after acid etching and it was shown that the 

surface roughness correlates well with the weight loss (Ban et al., 2006). Additionally, as 

the etching time increased, the titanium hydride dissolved in the acid solution and with the 

formation o f Ti'̂ "̂  and gaseous hydrogen (Ban et al., 2006).

1.4.2. Surface Topography

When designing a dental implant, surface topographic characterisation is essential since 

the biological outcome is dependent on the surface properties o f the dental implant (W ong 

et al., 1995). The topography of a surface refers to the size and orientation of the 

irregularities that constitute the surface and can be quantified in terms o f the surface 

roughness, the waviness and the form (Wennerberg and Albrektsson, 2000). The surface 

roughness (Rg-value) is defined as the arithmetic mean o f the absolute departures o f the 

surface roughness profile from the mean line (Fleming et al., 2006). The surface 

roughness features are superimposed on variations o f longer wavelength, namely waviness 

(Wennerberg and Albrektsson, 2000). W aviness has been attributed to error associated 

with machining tool marks and instabilities in the machining process. Larger wavelength 

variations within the surface, termed form, are superimposed on the waviness 

(Wennerberg and Albrektsson, 2000). The form o f the surface defines the macroscopic 

shape or geometry o f  a machined workpiece. W avelengths o f a particular value can be 

suppressed from a surface by means o f a filter to attenuate the waviness and form from the 

surface profile and enable examination of the surface feature o f interest (Darvell, 2002), 

namely surface roughness. The surface roughness measurement is influenced by the filter 

and cut-off used. A cut-off is applied to the profile so that an individual sampling length 

with a surface roughness value characteristic o f the entire profile is chosen. Therefore, the 

type o f the applied filter and the cut o ff length should be reported to allow independently
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measured surface roughness values to be compared (Voros et al., 2001). ISO-4288: 1996 

offers recommendations on the type of filter and cut off length to be used when 

determining the surface roughness value for a particular surface.

The characterisation of the surface topography of titanium has been performed 

using a number of techniques from scanning electron to scanning probe microscopy and 

contact or optical profilometers. Scanning electron microscopy (SEM) provides a two 

dimensional image of a surface and does not provide any numerical data regarding the 

surface topography and therefore, can only be used for qualitative descriptions of surface 

topography (Niederauer et al., 1994, Luthen et a i, 2005). Scanning probe (scanning 

tunnel microscopy and atomic force microscopy) microscopes function by drawing a 

silicon tip (6-60 nm radius) over a surface at a constant velocity to produce a high 

resolution image of the surface, but the area of investigation is generally limited to 

approximately 100 x 100 [im at high resolution. As a result, it is difficult to assess the 

global surface roughness using scanning probe microscopy and additionally, the 

maximum measuring range is not suitable for surfaces with a complicated threaded 

geometry such as a dental implant surface (Wennerberg et al., 1996c).

The operating principle of contact profilometers is that a stylus attached to a pick

up is drawn across a surface at a constant speed and force. The stylus tip (2-10 pm 

diameter) records vertical movements of the pick-up which are registered as a signal, 

recorded as a two dimensional profile of the surface. The limitations of contact 

profilometers are governed by the radius of the stylus tip which determine the smallest pit 

into which the tip can penetrate (Wennerberg et al., 1996c, Whitehead et al., 1999) and 

the angle that the stylus is connected to the pick-up which limits the steepest surface angle 

that can be evaluated. Additionally, because the tip contacts the surface, wear of soft 

surface substrates may occur (Voros et al., 2001). Optical profilometers employ a light 

beam which acts as a stylus over a surface and light reflected from the surface registers in 

an objective which records deviations in the surface topography. Optical profilometers 

have better resolution than contact profilometers because the resolution is dependent on 

the wavelength of the incident light beam. However, on polished surfaces a high degree of 

reflectance can provide erroneous data as a result of “spikes”, a phenomenon which also 

occurs when abrupt changes with steep surfaces are encountered by the light beam 

(Wennerberg et al., 1996c, Whitehead et al., 1999). Profilometry can assess large areas of 

a sample surface and therefore can provide a representative value of the global surface 

roughness (Wennerberg and Albrektsson, 2000).
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Figure 1.8 Scanning electron micrograph of a commercially pure titanium 
surface which was acid etched with 48% sulfuric acid and demonstrated the 
microporous surface as a result of acid dissolution of the metal surface (Ban et 
al., 2006)



1.4.3. Surface Chemistry

The surface chemistry of titanium has been characterised by X-ray photoelectron 

spectroscopy (XPS) (Pouilleau et a l ,  1997, Xiao et al., 1997, Nanci et a i ,  1998, Sittig et 

al., 1999, Zreiqat et al., 2003). XPS is a surface-sensitive technique, which uses a 

monochromatic X-ray source, incident on the surface of interest, to excite surface atoms 

which results in the emission of core level (inner shell) electrons, termed photoelectrons. 

Subsequent analysis of the kinetic energy distribution of the emitted photoelectrons 

determines the chemical composition of the surface with the aid of an electron energy 

analyzer. A high vacuum environment is essential to allow the emitted photoelectrons to 

be analysed without interference from collisions. The electron energy analyzer employs an 

electrical field to disperse the emitted photoelectrons according to the associated kinetic 

energy which enables the photoelectron spectrum to be discerned. The energy difference 

of ionised and neutral atoms, termed the binding energy of the electron, is a measure of 

the energy required to remove the electron from the substrate. Each element has a 

characteristic binding energy associated with each core atomic orbital which is associated 

with a characteristic set of peaks determined by the photon energy of the incident X-rays. 

The majority o f the detected photoelectrons come from within one inelastic mean free path 

(the average distance that an electron can travel through a solid before it is inelastically 

scattered) which corresponds to a few atomic layers and therefore x-ray photoelectron 

spectroscopy is surface sensitive (Briggs and Seah, 1983).

1.4.4. Titanium (in vitro studies)

The effect of surface roughness of titanium has been shown to influence cellular 

interactions in many studies, both in vitro (Brunette, 1988) and in vivo (Schwartz et at., 

1999). Cell interactions with a biomaterial surface involve cell adhesion, alterations in cell 

morphology, cell proliferation, differentiation and extracellular matrix protein expression. 

Cell adhesion is a fundamental event in embryogenesis, wound healing, immune response 

and biomaterial integration (Jayaraman et al., 2004). Cell attachment to a biomaterial 

occurs through an adsorbed layer of extracellular proteins that coat the biomaterial surface 

(Kasemo and Gold, 1999). Osteoblasts have demonstrated increased attachment and 

spreading on commercially pure titanium surfaces in the presence of serum (Gronowicz 

and McCarthy, 1996, Kasemo and Gold, 1999). Numerous proteins are involved in the 

process of cell adhesion: the extracellular matrix proteins-fibronectin (luliano et al., 

1993), collagen (Grzesik and Robey, 1994), laminin and vitronectin (Gronowicz and
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McCarthy, 1996, Schneider and Burridge, 1994), cytoskeletal proteins actin (Anselme et 

a i,  2000), talin (Clark and Brugge, 1995) and vinculin (Gronowicz and McCarthy, 1996, 

Anselme et a i ,  2000) and transmembrane receptor proteins (integrins) (Gronowicz and 

McCarthy, 1996, Clark and Brugge, 1995). Cell attachment to the adsorbed protein layer 

of a biomaterial occurs through cell membrane structures termed close contacts or focal 

adhesions. Focal adhesions are formed by a clustering of specialised transmembrane cell 

surface proteins namely, integrins (Clark and Brugge, 1995, Garcia, 2005) and focal 

adhesions are typically closer (10-15 nm) to the surface than close contacts (30-100 nm). 

MC3T3-E1 murine osteoblasts formed focal adhesions on glass and titanium surfaces 

coated with fibronectin or animal serum but similar surfaces without pre-adsorbed 

proteins did not demonstrate focal adhesions nor cell spreading (Schneider and Burridge, 

1994). Cell attachment that occurs between extracellular proteins and integrins induces 

intracellular signal transduction, which subsequently influences cell growth, proliferation 

and differentiation (Jayaraman et a i ,  2004). Osteoblast attachment was significantly 

increased on rough, commercially pure titanium surfaces sandblasted, acid etched and 

sandblasted and acid etched, compared with smooth titanium surfaces which had been 

ground with P600 grit SiC abrasive papers (Bowers et ciL, 1992). The osteoblasts had a 

cuboidal morphology with longer cytoplasmic extensions when seeded on rough titanium 

surfaces compared with the flattened morphology which occurred on machined surfaces 

(Lincks et al., 1998, Linez-Bataillon et ciL, 2002, Luthen et al., 2005). Studies of MG-63 

osteoblast-like cells on commercially pure titanium indicated that surface roughness also 

altered osteoblast proliferation, differentiation and matrix synthesis. Osteoblast 

proliferation was reduced on rough surfaces resulting in lower cell numbers compared 

with smooth surfaces (Linez-Bataillon et al., 2002). In addition, osteoblast differentiation, 

assessed as a measure of alkaline phosphatase expression and mineralised matrix 

expression was increased on rough titanium surfaces compared with machined titanium 

surfaces or tissue culture plastic, indicating that the cells on rough surfaces expressed a 

more differentiated phenotype (Martin et al., 1995). Similarly, the inverse relationship 

between proliferation and differentiation was also observed in rat bone marrow-derived 

osteoblastic cells seeded on commercially pure titanium discs with rough acid etched 

surfaces and smooth machined surfaces. Cells cultured on the rough surfaces 

demonstrated increased levels of collagen expression and RNA expression for the bone- 

related genes, osteocalcin and osteopontin. In addition, mineralised nodules on the rough 

surfaces demonstrated increased hardness and elastic modulus, closer to that of in vivo 

bone (Takeuchi et al., 2005). The surface roughness of the titanium surface can also have
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an influence on the rate of cytokine and growth factor release. MG-63 osteoblast-like cells 

cultured on rough titanium surfaces released higher levels of prostaglandin E2 (PGE2 ) and 

transforming growth factor (3| (TGF-Pi). TGF-(i| is a local factor released by osteoblasts 

that has autocrine and paracrine regulatory effects on bone formation (Kieswetter et al., 

1996, Lincks et al., 1998). The surface roughness of commercially pure titanium was also 

shown to have a significant effect on the response of MG-63 osteoblasts to the systemic 

hormone la ,25 dihoydroxy vitamin D3 (la,25-(OH)2D3). Higher levels of alkaline 

phosphatase activity and osteocalcin expression were recorded on rough titanium surfaces 

in the presence of la,25-(OH)2D3. No such effect was observed on smooth titanium 

surfaces, indicating the surface roughness dependent influence of la,25-(OH)2D3 on the 

osteoblastic differentiation of the MG-63 cells (Boyan et al., 1998). By blocking the 

activity of PGE2 with the cyclo-oxygenase inhibitor, indomethacin, the levels of alkaline 

phosphatase and osteocalcin expression were shown to be dependent on PGE2 production, 

thereby demonstrating that the effects o f la,25-(OH)2D3 production are under the 

influence of PGE2 (Batzer et al., 1998).

Conversely, evidence exists to demonstrate greater osteoblast attachment and 

proliferation on smooth, grooved titanium surfaces compared with rough sandblasted and 

acid etched titanium surfaces (Jayaraman et al., 2004). Additionally, the surface roughness 

had no influence on cell proliferation and differentiation patterns of rat marrow stromal 

cells seeded on titanium with rough, grit-blasted or smooth, machined surfaces (van den 

Dolder et al., 2003). The cell source, cell number and culture conditions were all possible 

factors involved in the differences noted in the literature. Surface topography involves not 

only considerations of surface roughness, but also the type and orientation of surface 

features. Contact guidance refers to the influence of surface topography on cell shape and 

alignment with respect to the size, pattern and direction of surface topographical features 

(Figure 1.9) (Meyle e? a/., 1991).

Scarming electron micrographs of human osteoblasts seeded on grooved Ti6A14V 

titanium alloy surfaces demonstrated alignment within the grooves after 24 h with little 

spreading in the direction lateral to the grooves (Figure 1.10a). Similar cells on polished 

Ti6A14V titanium alloy surfaces demonstrated a random orientation (Figure 1.10b) 

(Anselme et al., 2002). Neonatal rat calvarial osteoblasts seeded on polystyrene surfaces 

with radially oriented grooves (5 |am width and 0.5 |am depth) showed cells aligned within 

the grooves (Chesmel et al., 1995). Anti-vinculin immunostaining of the focal contacts 

(where cells attach to a biomaterial) was carried out on human osteoblasts seeded on 

sandblasted or polished Ti6A14V titanium alloy disc surfaces. On the polished surfaces
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focal contacts were evenly distributed where the cells contacted the titanium alloy surface, 

whereas cells on sandblasted surfaces demonstrated focal contact distribution only at the 

extremities of cell extensions where the cells contacted the Ti6A14V substrate (Anselme et 

a i ,  2000).

Cell function is also dependent on the quality of surface topographical features 

(Linez-Bataillon et al., 2002). MG-63 cell proliferation was enhanced on rough 

commercially pure titanium surfaces, treated by coarse sandblasting (0.25 - 0.5 |jm  

carborundum grit) and acid etching. Qualitatively, the surface had a regular geometry 

compared with less rough surfaces. Differentiation (alkaline phosphatase activity and 

matrix production), however, was similar to that of cells grown on smoother titanium 

surfaces (Martin et al., 1995).

Cells have also been shown to be sensitive to variations in surface chemistry. MG- 

63 human osteoblast-like cells cultured on Ti6A14V titanium alloy surfaces demonstrated 

lower rates of proliferation than cells cultured on commercially pure titanium surfaces 

with a similar surface roughness. Additionally, the MG-63 cells cultured on the 

commercially pure titanium surfaces initiated the expression of the more mature 

osteoblastic phenotype when compared with the cells on the Ti6A14V surface, indicating 

that the cells were more differentiated. Differentiation was determined by measuring 

alkaline phosphatase activity and osteocalcin expression (Lincks et a i ,  1998). The coating 

o f titanium dental implants with calcium phosphate was conducted to improve the rate of 

osseointegration. Calcium phosphate is osseoconductive and resembles the major mineral 

component of bone, namely hydroxyapatite (Le Guehennec et al., 2007). An in vitro study 

was conducted to compare the attachment of goat bone marrow cells on Ti6A14V titanium 

alloy plates with different calcium phosphate coatings namely, octacalcium phosphate, 

carbonate apatite and electrolytically deposited carbonate apatite (W ang et al., 2004). The 

results indicated increased cell attachment on the carbonate apatite-coated surface when 

compared with the octacalcium phosphate and electrolytically deposited carbonate apatite- 

coated surface (W ang et al., 2004). A difficulty with the interpretation o f these results in 

relation to surface chemistry, however, is that in addition to surface chemical changes 

associated with the different coatings, the surface roughness of the coatings were different, 

thereby confounding the results achieved (Wang et al., 2004). Another in vitro study to 

compare cell proliferation on titanium and hydroxyapatite-coated titanium substrates 

demonstrated decreased cell numbers on the hydroxyapatite-coated titanium substrates 

(Knabe et al., 2002). However, the authors attributed the decreased cell numbers to an 

increased pH of the tissue culture medium which occurred due to the partial dissolution of
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Figure 1.9 Fibroblasts seeded on a grooved silicon wafer surface with groove 
depth and pitch of 1 jim. The flbroblasts demonstrate contact guidance by 
attaching and spreading in a direction parallel to the grooves. The arrows 
indicate a cell in the process of attachment. Scale bar = 40 ^m (Meyle et al., 
1991)



Figure 1.10 Scanning electron microscopic images of osteoblasts seeded on (a) a 
grooved Ti6A14V surface at 24 h (Ra-value = 3.35 fim) demonstrating spreading 
parallel to the grooves and (b) a polished Ti6A14V surface at 24 h (Ra-value = 0.3 
pm) demonstrating random spreading over the surface. Scale bar = 32pm 
(Anselme et a!., 2002).



the calcium phosphate coating, therby making comparisons o f the cell numbers impossible 

(Knabe et al., 2002).

Additional evidence that demonstrated the sensitivity o f  cells to the surface 

chemistry o f titanium was provided in a study where chemical modification of  

com m ercially pure titanium discs grit-blasted with Ti0 2  particles was performed by 

immersion in hydrofluoric acid to increase the fluoride ion concentration o f the titanium 

surface (Cooper et al., 2006). Human M SCs were seeded on the fluoride-treated and 

untreated discs and the tissue culture medium was supplemented with a cocktail o f  

chemicals to stimulate the osteoblastic differentiation o f the M SCs. After an observation 

period o f 28 days, a relatively higher expression o f bone-specific markers was recorded by 

the M SCs seeded on the fluoride-treated titanium discs, thereby, indicating that the surface 

chemical alterations o f the titanium supported a more rapid osteodifferentiation o f the 

M SCs (Cooper et al., 2006).

1.4.5. Titanium (in vivo Studies)

In vivo studies have demonstrated surface roughness dependent effects on bone response 

(Buser et al., 1991). H ollow titanium implants with different surface roughness values 

were placed into the tibiae and femurs o f miniature pigs to observe the degree o f  bone to 

implant contact over a three to six week observation period prior to histological 

examination. Rough surface implants generated by sandblasting with large grit (0.25-0.5  

|am) and acid etching with hydrochloric and sulphuric acid were reported to have a surface 

roughness o f 18-23 |am (Buser et al., 1991). Implants with a lesser degree o f  surface 

roughness, produced by sandblasting with 0.12-0.25 |im  particles and acid etching in a 

solution o f hydrofluoric and nitric acid were reported to have a surface roughness o f 6 |um 

(Buser et al., 1991). The author did not specify the parameter used to measure surface 

roughness, providing only numerical surface roughness measurements. After six weeks, a 

significantly greater bone to implant contact o f 50-60% was observed histologically on the 

rough surface implants when compared with the implants with a lesser surface roughness 

(20-25% ) (Buser et al., 1991). When comm ercially pure titanium implants with a 

machined (Ra = 0.34 |am) surface and a surface subjected to grit blasting with 75 |im  

alumina particles (Ra = 1.32 |im ) were implanted in rabbit tibiae, there was a significantly 

greater degree o f bone to implant contact developed on the alumina particle grit-blasted 

surface (38.4% ) when compared with the machined surface implants (19.1% ) after an 

observation period o f twelve weeks. (Wennerberg et al., 1996a). A further in vivo study 

involved the surgical placement o f comm ercially pure titanium implants with two
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different surface topographies; one half of the implant was machined and the other half 

was grit-blasted (Wennerberg et al., 1998). Three dimensional surface roughness variables 

were used to characterise the surface roughness, where Sa is the three-dimensional 

equivalent surface roughness value of the two dimensional Ra-value (Fleming et al., 2006) 

and is defined as the arithmetic mean of the absolute departures of the surface roughness 

profile from the mean plane (Taylor Hobson Ltd., 2003). Histomorphometric evaluation 

was conducted after twelve weeks and demonstrated a significantly greater degree of bone 

to implant contact value of 25% on the surfaces that had been grit-blasted with 75 pm 

alumina particles (Sa-value of 1.4 pm) compared with a bone to implant contact value of 

11% for the machined surface (Sa value of 0.96 pm) (Wennerberg et al., 1998). 

Commercially pure titanium implants were subjected to calcium phosphate magnetron 

sputter coating to deposit layers of differing thickness on the implant surface. The Ra- 

values for the calcium phosphate layers were 1.3, 1.4 and 2.1 pm and the implants were 

inserted in the femoral condyles of goats. After six and twelve week observation periods, 

mechanical testing of implant integration employing torque testing did not demonstrate an 

improved degree of osseointegration with the rougher surface (Vercaigne et al., 2000b). 

Histomorphometric analysis of the implants also failed to demonstrate an improved bone 

response with increasing surface roughness (Vercaigne et al., 2000a). Commerically pure 

titanium implants with two surface finishes, grit-blasted and acid etched surface implants 

(Sa=2.29 pm) and machined surface implants (Sa=0.35 pm) were implanted in the 

mandibles of dogs. Throughout a four week observation period, earlier woven bone 

formation matured to lamellar bone at a faster rate on the rough surface implants when 

compared with the machined surface implants. Additionally, there was more bone to 

implant contact on the rough surface (Abrahamsson et al., 2004).

The quality of the surface roughness features of an implant has also been shown to 

have an effect on the bone response where commercially pure titanium microimplants 

with a diameter of 1.5 mm were inserted into human maxillae and mandibles (Ivanoff et 

al., 2001). The implants had a machined surface or were grit-blasted with 25 pm Ti02 

particles. The surface topographical study of the implant surface revealed that although the 

differences in Sa-values were not statistically significant (machined surface: Sa=1.47 pm 

and grit-blasted surface: Sa=1.43 pm), the machined surface demonstrated surface features 

corresponding to machining marks with a definite orientation, whereas the grit-blasted 

surfaces had a random orientation. Histomorphometric analysis performed on the implants 

after a mean healing time of 6.3 months revealed a significantly increased amount of bone
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and a higher degree of bone to implant contact on grit-blasted implants (Ivanoff et al., 

2001).

It has been hypothesised that varying results between studies may be accounted for 

by differences in measuring surface topography, different animal models, and different 

surgical techniques (Shalabi et al., 2006). Additionally, varying results between human 

and animal studies may be due to differences in bone anatomy, physiology and implant 

loading conditions (Ivanoff et al., 2001).

A number of techniques are available to quantify the degree of osseointegration of 

dental implants. Resonance frequency analysis is a non-invasive technique used to 

determine stability in dental implants and is quantified by a value, nam ely the implant 

stability quotient (ISQ). The ISQ values (range 1-100) are acquired from an implant 

stability meter which uses a probe to emit magnetic pulses to a transducer fixed directly 

onto a dental implant. The magnetic pulse causes the attachment to vibrate and resonate 

with certain frequencies which are detected by the implant stability meter and which vary 

with the stability of the implant and higher ISQ values are associated with implant 

stability (Bilbao et al., 2009). Histomorphometric analyses are used to determine the level 

of osseointegration of a dental implant by measuring the degree o f bone to implant 

contact, determined by analysing microscopic sections of a biopsy specimen of the 

implant and the surrounding bone (Trisi et al., 2002). Hislomorphometry facilitates the 

quantification o f bone to implant contact (BIC) which is a true measure of 

osseointegration (Albrektsson et al., 1981). Therefore, histomorphometric analysis is a 

destructive technique which necessitates the removal of the implant and the surrounding 

bone. In an attempt to validate the non-invasive radiofrequency analytical technique, 

osseointegrated dental implants in the posterior mandible of humans which were 

scheduled for removal were subjected to radiofrequency analysis. Following removal of 

the implants and the surrounding bone, the degree of bone to implant contact was 

determined and the results indicated a significant correlation with the ISQ values (Scarano 

et al., 2006). Another study designed to compare histomorphometric and radiofrequency 

analyses of dental implants with different designs revealed that implant geometry had a 

significant influence on the ISQ values (Al-Nawas et al., 2008). The dental implants with 

a self-tapping screw design demonstrated a significantly higher ISQ value than those with 

a non-self tapping screw (Al-Nawas et al., 2008). Despite the differences in the ISQ 

values, both groups (self-tapping and non-self tapping) demonstrated similar BIC values, 

thereby demonstrating that ISQ values while providing a measure of stability, failed to 

indicate the degree of BIC (Al-Nawas et al., 2008). Another destructive technique used to
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determine the degree of osseointegration is the removal torque measurement, which 

involves the secure connection of an implant mount, which is then engaged by a torque 

wrench with a strain gauge incorporated. Engaging the implant mount and removal of the 

dental implant generates a removal torque measurement (Yeo et al., 2008). Higher 

removal torque measurements may be interpreted as a higher degree of osseointegration, 

however, the removal torque measurements depend on the dental implant geometry in 

addition to the quality of the bone-implant interface (Meredith, 1998). Additionally, 

cylindrical and tapered dental implants placed into dry human mandibles demonstrated 

that the removal torque for the cylindrical implants was greater but there was no 

correlation between the removal torque measurements and ISQ values achieved (Brouwers 

et al., 2009).

Dental implants with surface modifications were subjected to clinical trials to 

determine their long term safety and efficacy when employed in the clinical environment. 

The survival rates of dental implants with a machined surface have the longest 

documented clinical recordings (Albrektsson and Wennerberg, 2004) and clinical trials 

with this dental implant surface in edentulous and partially dentate patients have been 

discussed previously in Section 1.4.1. Long term (greater than five year follow-up) 

cumulative survival rates in excess of 90% were reported with this dental implant type 

(Naert et al., 1992, Lekholm et al., 1994, Leonhardt et al., 2002, Herrmann et al., 2005).

For commercially available dental implants, the processes of grit blasting and acid 

etching are both carried out to modify the dental implant surface with a view to improving 

the rate of osseointegration and shorten healing periods (Roccuzzo et al., 2001, Schatzle et 

al., 2009). In a multicenter retrospective study, a total of 294 dental implants with SLA 

(grit-blasted and acid etched) modified surfaces were placed in 92 edentulous patients. A 

cumulative survival rate of 97.3% was reported for follow-up periods of between 22 and 

59 months (Bae et al., 2011). The authors of a prospective study of 385 SLA implants 

placed in the maxillae and mandibles of 120 patients reported a cumulative survival rate of 

over 99% after a five year observation period (Cochran et al., 2011). A prospective study 

of 54 SLA implants placed in the mandibles of thirteen edentulous patients demonstrated a 

cumulative success rate of 97% after 5 years (Lethaus et al., 2011), thereby confirming the 

high predictability of the SLA surface-modified dental implants.

The use of calcium phosphate to coat titanium surfaces was discussed in Section 

1.4.4 and clinical trials have been conducted using calcium phosphate-coated dental 

implants. A prospective study of 375 hydroxyapatite coated implants placed and loaded in 

121 patients was completed over a five-year observation period and demonstrated a
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cumulative survival rate of 96% (McGlumphy et al., 2003). Another study involved the 

placement of 23 hydroxyapatite-coated dental implants used to retain a single crown 

restoration in 20 patients. Two patients, with three crowns were lost to follow-up resulting 

in a cumulative survival rate of 87% after a five-year observation period (Davis et al., 

2004). Another clinical trial was carried out to compare hydroxyapatite-coated dental 

implants and commercially pure titanium implants. The study involved the placement of 

388 implants (232 hydroxyapatite-coated implants and 156 titanium implants) in the 

maxillae of 120 patients. The mean observation period for all dental implants was 60 ± 

32.3 months and the hydroxyapatite-coated dental implants demonstrated a significantly 

(P<0.03) higher survival rate (93.2%) compared with the titanium implants (89%) 

(Schwartz-Arad et al., 2005). The performance of hydroxyapatite-coated dental implants 

was demonstrated in studies whereby 52 hydroxyapatite-coated dental implants observed 

over a five-year observation period demonstrated a 94.3% survival rate (Vallecillo Capilla 

et al., 2007).

1.4.6. Biochemical Surface Modification of Titanium

Biochemical modification of an implant surface induces specific cellular and tissue 

responses in a controlled manner possibly by immobilising proteins, enzymes or peptides 

(biomolecules) of the extracellular matrix on the surface of a biomaterial (Massia and 

Hubbell, 1990). One of the initial events that occurs on implant placement is the 

adsorption of tissue proteins to the implant surface (Kasemo and Gold, 1999). Therefore, 

it is important that the surface modification prevents unwanted protein adsorption 

(fouling), complement activation and inflammation which would adversely affect the 

intended biological outcome (Barber et al., 2003). Biochemical modifications of titanium 

surfaces have been achieved by a variety of techniques that use either physical adsorption 

(van der Waals forces, hydrophobic interactions or electrostatic forces) o f biomolecules 

(Xiao et al., 2001) or chemical bonding which involves the covalent attachment of a 

molecule to the titanium surface (Morra et al., 2003). Protein adsorption to Ti02 surfaces 

is influenced by the protein concentration, pH (Bierbaum et al., 2003) and the magnitude 

of charge of both the protein and the substrate surface (Wassell and Embery, 1996). 

Additionally, the presence of polyvalent cations which act as ionic bridges between the 

negatively charged Ti02 surface (at physiologic pH; 7.4) and the proteins also mediate 

protein adsorption (Ellingsen, 1991, Wassell and Embery, 1996, Klinger et al., 1997). 

Collagen, the major structural protein in bone has cell adhesive properties and has been 

used in association with biomaterial surfaces to enhance cellular responses (Bierbaum et
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al., 2003). Preadsorption o f Ti6A14V titanium alloy discs with type 1 collagen resulted in 

earlier adhesion o f rat calvarial osteoblasts, in vitro, compared with uncoated Ti6A14V  

titanium alloy discs (Geissler et al., 2000). An in vivo study using commercially pure 

titanium rods preadsorbed with type 1 collagen and implanted into rat tibiae demonstrated 

the attachment o f higher numbers o f osteoblasts at an earlier stage than uncoated titanium  

rods. In addition, the detection of a larger quantity o f bone-specific proteins associated 

with the collagen coated titanium rods suggested that the collagen coating was effective in 

presenting a more favorable surface to the cells, thereby encouraging bone formation 

(Rammelt et al., 2004). M echanisms used to make surfaces protein resistant include 

grafting o f a copolymer o f poly(L-lysine)-gra/r-poly(ethylene glycol) bound to a TiOa 

surface (Hansson et al., 2005). At physiological pH (pH 7.4) the negatively charged T i02  

surface binds the positively charged poly(L-lysine) through electrostatic interactions. The 

resultant polymer layer bound to the Ti0 2  surface was shown to prevent protein binding 

from whole blood plasma and demonstrated its potential as an antifouling surface coating 

(Hansson et al., 2005, Tosatti et al., 2003). Although physical adsorption of protein to a 

titanium surface is a relatively simple technique (Bierbaum et al., 2003), adsorption is 

reversible and proteins adsorbed to a titanium surface may be displaced, diffuse away 

from the surface and may be denatured or conformationally altered (Lewandowska et al., 

1989), with resultant changes in levels o f biochemical activity (Puleo, 1996, Garcia et al., 

1999). Conformational changes in the structure o f the cell adhesive protein, fibronectin on 

silane-coated glass were reported to be responsible for a significant reduction in bovine 

aortic endothelial cell attachment when compared with cell attachment to fibronectin 

adsorbed onto uncoated glass. The reduction in cell attachment on the silane-coated glass 

occurred because o f local conformational changes making the cell binding domain o f the 

adsorbed protein m olecule inaccessible for cell attachment (luliano et al., 1993). In 

addition, adsorbed proteins may exchange with other proteins in tissue fluids in a 

nonspecific manner (Kasemo and Gold, 1999). Covalently bonded proteins, on the other 

hand, are irreversibly bound to a surface and as a result, are more stable under the harsher 

environmental conditions that occur in tissue fluids, than proteins that are merely 

physically adsorbed (Puleo, 1996). Several methods have been employed to covalently 

bond proteins to a titanium surface, thereby providing the opportunity to orient the protein 

in a specific manner, thereby preventing loss o f activity o f the protein (Nanci et al., 1998). 

One technique involves covalent bonding to a titanium oxide surface and was 

accomplished by silanisation which employed (3-aminopropyl)triethoxysilane (APTES), a 

bifunctional m olecule which facilitated bonding to the titanium oxide surface through the
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silane functional group, leaving the amino terminal group available for binding proteins 

(alkaline phosphatase and albumin). It was observed that the alkaline phosphatase enzyme 

activity was retained after coupling to the titanium surface (Nanci et a i ,  1998). APTES 

was also used to covalently bond a peptide with the cell adhesive amino acid sequence 

Arg-Gly-Asp (RGD) to titanium surfaces which demonstrated high levels of MC3T3-E1 

cell adhesion, thereby demonstrating that covalent coupling of RGD resulted in retention 

of the cell adhesive activity (Senyah et al., 2005). RGD is a tripeptide sequence present on 

many extracellular matrix proteins, (fibronectin, vitronectin, osteopontin, collagen 

thrombospondin, fibrinogen and von W illebrand factor) and is recognised by cell-surface 

integrin receptors responsible for mediating cellular attachment (Ruoslahti and 

Pierschbacher, 1987). Integrin interactions with the RGD sequence was shown to increase 

the level of cellular attachment (Xu et al., 2011) and differentiation (Zreiqat et al., 2003) 

on biomaterial surfaces. Covalent bonding of an RGD-containing peptide to the amino 

terminal group of APTES- bound to the Ti6A14V titanium alloy resulted in the adhesion 

o f human bone marrow-derived cells, with significantly increased expression of 

osteocalcin, type 1 collagen and bone sialoprotein. Ti6A14V surfaces with covalently 

bonded, non cell adhesive RGE- served as a negative control (Zreiqat et al., 2003).

Silane chemistry was further used by covalently coupling a cell-adhesive peptide, 

(Arg-Gly-Asp-Cys (RGDC)) to a silanised titanium oxide surface using an additional 

intermediate hetero-bifunctional crosslinking agent, N-succinimidyl-3-maleimido- 

propionate. The crosslinking agent was bound to the terminal amino group of the APTES 

and subsequent immobilisation of the RGDC peptide was accomplished by covalent 

addition of the cysteine thiol group of RGDC to the exposed maleimide group o f the N- 

succinimidyl-3-maleimido-propionate (Xiao et al., 1997).

Another approach to covalent bonding involved electrochemical grafting of a thin 

biocompatible polymer film, namely polypyrrole, to a titanium surface with subsequent 

bonding of cysteine, which enabled covalent attachment of an RGD containing peptide to 

the thiol group of cysteine (De Giglio et al., 1999). In a follow-up study, the authors 

demonstrated that significantly increased levels of neonatal rat calvarial osteoblasts 

attached to the RGD-containing peptide, covalently coupled to titanium using the 

polypyrrole coupling agent, when compared with polypyrrole-coated titanium surfaces 

alone (De Giglio et al., 2000).

A further means of covalently bonding protein to a titanium surface successfully 

employed an interpenetrating polymer network of poly(acrylamide-co-ethylene 

glycol/acrylic acid) to bond an RGD-containing peptide derived from bone sialoprotein of
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rat to a titanium surface. When rat calvarial osteoblasts were seeded on the RGD-coupled 

titanium surface, significantly increased levels of adhesion, proliferation and mineralized 

extracellular matrix formation were demonstrated, compared to a titanium surface grafted 

in a similar marmer with an RGE-containing (non cell adhesive) peptide or an unmodified 

titanium surface (Barber et a i, 2003).

Plasma has been used for biochemical modifications of titanium surfaces (Puleo et 

a i,  2002). Plasma consists of a complex partially charged gaseous environment, 

containing positive and negative ions, free radicals, electrons, atoms, molecules and 

photons and is formed by passing a precursor gas through an electric field in a plasma 

reactor (Peng et al., 20II). Puleo et al. (2002) deposited allyl amine on the surface of 

Ti6A14V titanium alloy discs and successfully bonded bone morphogenetic protein-4 

(BMP-4) to the plasma deposited surface. The activity of the BMP-4 was tested by 

exposing the surface-modified Ti6A14V titanium alloy discs to C3H10T1/2 murine 

fibroblasts. The activity of the BMP-4 resulted in the expression of the bone-specific 

marker, alkaline phosphatase, by the fibroblasts thereby demonstrating that the bioactive 

growth factor could still induce cell differentiation after covalent immobilisation on the 

substrate surface (Puleo et a i, 2002).

Collagen was covalently bonded to titanium using a hydrocarbon plasma (Morra et 

a i, 2003), whereby commercially pure titanium implants underwent surface plasma 

deposition with propylene. Subsequent acrylic acid grafting to the propylene deposited 

layer enabled covalent bonding of collagen. An in vivo study of the collagen-bonded 

titanium implants in the femora of rabbits demonstrated a significantly increased degree of 

bone to implant contact after a three month observation period, when compared with 

uncoated titanium implants.

1.5. Limitations of Dental Implants

An essential prerequisite for the clinical success of a dental implant is the presence of an

adequate volume of bone to accommodate a suitably sized implant (Albrektsson et al.,

1981). However, with resorption of the alveolar ridge occuring as a result of periodontal

disease, infections and following tooth extraction, the alveolar ridge is diminished in

height and width with a resultant reduction in bone volume. Additionally, pneumatisation

of the maxillary sinus may prevent placement of a sufficiently long dental implant in the

posterior maxilla. Bone volume deficits may occur to such an extent that placement of a

dental implant may be precluded, or dental implant placement in a resorbed alveolar ridge

may result in a functionally or esthetically compromised restoration, where stresses on the
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restoration may exert unfavourable biomechanical forces on the dental implant. 

Additionally, the restoration may appear excessively long or excessively contoured 

(Figure 1.11). To overcome the difficulties associated with dental implant placement in a 

resorbed alveolar ridge, bone grafting has been carried out to augment bone volume 

(Misch and Dietsh, 1993).

1.5.1. Autogenous Bone Graft

The autogenous graft remains the standard form o f bone graft against which all other graft 

materials and surgical techniques are judged, because only autogenous grafts are 

osteogenic, carrying with them viable cells and growth factors to the recipient site 

(Damien and Parsons, 1991). Autogenous bone grafts may comprise cortical bone, 

cancellous bone or a mixture of corticocancellous bone (Block and Kent, 1997). After 

being primarily fixed to the recipient site, revascularization, with concomitant osteoclastic 

resorption and osteoblastic replacement of the autogenous bone graft occurs over a period 

of months as the graft consolidates (Burchardt, 1983). The success of autogenous grafts 

with dental implants can be illustrated where 129 autogenous bone grafts with subsequent 

dental implant placement in 99 patients demonstrated over 90% success for an observation 

period of at least one year after implant loading (Triplett and Schow, 1996). A further 

study reported on the use of 53 autogenous bone grafts in 33 patients for augmentation of 

the maxillary sinus to facilitate dental implant placement. Amongst this cohort, two o f the 

grafts failed during the observation period of three to eleven years, one due to medical 

complications and the other due to surgical accident (Block and Kent, 1997). Drawbacks 

associated with the use of autogenous bone graft include a limited supply of grafting 

material and the need for a second surgery to harvest the graft with associated risk of 

donor site morbidity (Younger and Chapman, 1989, M ercier et al., 1992).

The limited supply of bone available for autogenous bone grafting, particularly in 

the oral cavity, necessitated the use of a suitable alternative material (Burchardt, 1983). 

The basic requirements of a bone grafting material are that it be biocompatible, 

sterilisable, easy to use and inexpensive (Damien and Parsons, 1991). In addition, the 

bone grafting material should be mechanically strong to support a load, when required and 

the grafting material must encourage new bone formation (Damien and Parsons, 1991). 

New bone formation involves osteoinduction, or the ability to recruit undifferentiated 

mesenchymal cells to form the necessary mineralised matrix (Misch and Dietsh, 1993). 

Additionally, osteoconduction means that a bone grafting material provides the necessary
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framework to allow the ingrowth of new blood vessels, thereby providing physical support 

for new bone formation (Damien and Parsons, 1991).

1.5.2. Allogeneic Grafts

Allogeneic bone grafts (allografts) are derived from another human donor, most frequently 

cadaver bone (M isch and Dietsh, 1993). The obvious advantages of allografts include the 

availability of large quantities of allogeneic bone and the elimination of the need for a 

donor site may be offset by the immunogenic risk associated with allografts (Burchardt, 

1983). However, with correct screening procedures, the risk of possible disease 

transmission by an allograft was shown to be negligible (Buck et a i ,  1989). Allografts are 

generally presented in the form of freeze-dried bone (FDBA), or demineralised freeze- 

dried bone (DFDBA), where freezing reduces the antigenicity of the bone graft material 

(Rummelhart et al., 1989). In a clinical study, DFDBA was successfully used to preserve 

alveolar bone volume following tooth extraction. During a period of 14 weeks to 13 

months after placement of the DFDBA, biopsies were taken at the time of dental implant 

placement. Histological analysis of the biopsies showed DFDBA particles incorporated 

into the alveolar bone thereby demonstrating the osteoconductive properties of DFDBA 

(Brugnami et al., 1996). In addition, an in vivo study (Zhang et al., 1997) also illustrated 

osteoinductive properties of DFDBA, whereby demineralised bone matrix introduced 

intramuscularly and subcutaneously into athymic mice demonstrated the deposition of 

calcified matrix over a four week observation period. It is believed, however that 

remodeling and replacement of an allograft occurs at a slower rate and to a lesser extent 

than with an autogenous bone graft due to the lack of osteogenic cells and growth factors 

(Burchardt, 1983). A block-cancellous FDBA demonstrated a graft survival rate of 79% 

after a mean observation period of 37 months for the augmentation of 29 posterior 

maxillae in 21 patients prior to dental implant placement (Nissan et al., 2011). A total of 

85 dental implants were placed into the allografts and the survival rate was 95.3% (Nissan 

et al., 2011). Allografts were assessed in a multicentre evaluation of a mineralised FDBA 

which was carried out to augment 82 atrophic alveolar ridges in 73 patients prior to dental 

implant placement (Keith et al., 2006). The bone grafts were monitored for periods 

ranging from 25 to 36 months following prosthetic restoration of the dental implants. 

During the study period seven of the allografts failed and were removed. However, the 

allografts were replaced successfully and had dental implants placed therein, with the 

authors concluding that the mineralised FDBA was a highly predictable treatment 

modality but longer-term monitoring was required (Keith et al., 2006).
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Figure 1.11 (a) A periapical radiograph showing two endosseous dental implant 
inserted into the alveolar ridge which had resorbed following tooth extraction 
and (b) an intraoral photograph of the dental crowns attached to the implants 
demonstrating the excessive length of the crowns in relation to the adjacent 
teeth.



1.5.3. Alloplastic Materials

Alloplastic materials used for bone grafting include calcium phosphate ceramics such as 

hydroxyapatite (Meffert et al., 1985), and tricalcium phosphate. The chemical structure 

(Caio(P0 4 )6(OH)2) resembles that o f the mineral content o f bone (Dam ien and Parsons, 

1991). Hydroxyapatite and tricalcium phosphate are biocompatible and bioactive (bond to 

bone), where the physical properties and chemical structure determine the clinical and 

biological behaviour. The bioresorbability o f alloplastic materials is related to the particle 

size and porosity, where smaller and more porous materials resorb more quickly because 

o f the increased surface area o f the particles (M isch and Dietsh, 1993). Hydroxyapatite has 

been successfully employed to augment atrophic alveolar ridges for the purpose o f  

providing stability for intraoral prostheses (Mercier et al., 1996) to treat intrabony 

periodontal defects (Stahl and Froum, 1987) and maxillofacial osseous repair (Byrd et al., 

1993). H istologically, healing involved osseous growth onto the hydroxyapatite particles 

and into the pores (Stahl and Froum, 1987). However, the porous architecture o f  

hydroxyapatite and tricalcium phosphate which are not interconnected, do not permit 

complete cellular and vascular infiltration (Bohner, 2010), thereby limiting the depth o f  

osseous regeneration and as a result the clinical usefulness o f these materials. A composite 

bone grafting material comprising hydroxyapatite and P-tricalcium phosphate was placed 

into fifteen tooth extraction sockets in ten patients, to maintain bone volume for dental 

implant placement. After healing periods o f 6 -  74 weeks (mean: 22 w eeks) dental 

implant surgery was carried out and adjacent (non-grafted bone) sites were used as 

controls (De Coster et al., 2011). The osseous tissue in the grafted sites was consistently  

softer than the control sites and comprised loose connective tissue and immature woven  

bone which compromised the stability o f the dental implants. The authors observed that 

the bone grafting material interfered with “the normal healing processes o f the alveolar 

bone” follow ing tooth extraction and postulated that longer healing periods may be 

required to facilitate successful dental implant placement (De Coster et al., 2011). 

Conversely, a five year prospective study o f  20 patients who received a total o f 41 dental 

implants into surgical sites where guided bone regeneration was carried out in conjunction 

with bovine hydroxyapatite as a bone grafting material demonstrated a cumulative implant 

survival rate o f 91.5%  (Dahlin et al., 2010). The bone and soft tissue levels remained 

stable over the five year period and the authors concluded that this protocol was a suitable 

treatment option (Dahlin et al., 2010). In contrast to the study by De Coster et al (2011), 

no histological analysis o f the implant osteotomy sites was carried out in the study by
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Dahlin et al (2010). Histological analysis of dental implant osteotomy sites in the posterior 

maxilla, augmented with a mixture of autogenous particulate bone mixed with bovine 

hydroxyapatite, was carried out at the time of implant placement (de Vicente et al., 2010). 

New bone formation was observed to partially infiltrate the hydroxyapatite particles, but 

no resorption of the hydroxyapatite particles was observed. A cumulative survival rate of 

98.9% was reported for 90 implants placed after an observation period of nine months and 

the authors concluded that the bone grafting yielded sufficient bone formation to facilitate 

implant placement (de Vicente et al., 2010). A retrospective clinical and radiographic 

study was carried out o f 26 patients who received 47 dental implants in the posterior 

maxilla (Garlini et al., 2011). Lateral sinus lifts were completed using hydroxyapatite to 

augment the surgical sites in preparation for implant placement. The dental implants were 

observed throughout a mean observation period of 6 years and a cumulative implant 

survival rate of 100% was reported (Garlini et al., 2011).

Bioactive glass, another form of alloplastic material used for implantation is a 

biocompatible phosphosilicate glass that integrates with surrounding bone following 

dissolution and release of surface ions. The mechanism of bone integration is 

osteoconduction and bone integration prevents further dissolution of the glass (Tilocca, 

2010). Bioactive glass has been successfully used for tooth socket preservation to prevent 

bone resorption (Froum et al., 2002, Yilmaz et al., 1998). How’ever, it was reported that 

when using bioactive glass of small particle size (300-355 fim) mixed with autogenous 

bone to augment maxillary sinuses, resorption of the bioactive glass occurred and lamellar 

bone formation resulted in a similar histological appearance when compared with control 

sites grafted with autogenous bone only (Tadjoedin et al., 2000).

Xenogenic bone grafts (xenografts) are derived from another species (Burchardt, 

1983), and may be classified as a subgroup of alloplastic materials (Misch and Dietsh, 

1993). In some circumstances, the lack of availability of large quantities of autogenous 

bone and the associated morbidity of the donor site make xenogenic grafts an attractive 

alternative (Salama, 1983). A report of xenograft used in isolation or in combination with 

autogenous bone and a coralline material (alloplast) to augment maxillary sinuses prior to 

dental implant placement showed no differences in the clinical outcomes and implant 

survival rates (Hurzeler et al., 1996). Bio-oss® is the commercial name of a form of 

xenograft comprising deproteinised bovine bone mineral used for bone augmentation in 

association with dental implants (Piattelli et al., 1999). When Bio-oss® particles were 

placed into extraction sockets in beagle dogs, histological analysis revealed incorporation 

o f the Bio-oss® into the surrounding bone with partial resorption of the particles occurring
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seven months after placement, demonstrating the osteoconductive nature of Bio-oss® 

(Berglundh and Lindhe, 1997). However, significant quantities of the Bio-oss® particles 

remained, whereby the authors concluded that bone replacement of Bio-oss® was a slow 

process. Despite only partial replacement of Bio-oss® by bone, successful dental implant 

placement of nine titanium dental implants was conducted in nine augmented maxillary 

sinuses of five beagle dogs using Bio-oss® with an observation period of five months 

(Wetzel et al., 1995). In the treatment of the atrophic maxilla, a randomised controlled 

clinical trial was designed to compare the outcomes using short (8 mm) dental implants 

alone versus long implants (10-16 mm) placed in conjunction with a bone grafting 

material comprising 50% autogenous bone and 50% Bio-oss® over an observation period 

of one year (Cannizzaro et al., 2009). Forty patients participated in the trial and no 

clinically significant differences were noted between the two treatment modalities. 

However two post-operative complications occurred in the bone grafted group whereby 

one abscess and one sinusitis led to the loss of four implants. The authors postulated that 

the reduced morbidity associated with the use of the shorter implants was a preferable 

treatment modality, but further studies with larger sample sizes and longer observation 

periods would be required to yield conclusive results (Cannizzaro et al., 2009). 

Deproteinised bovine bone (Bio-oss®) was investigated as a bone grafting material in a 

retrospective study of 31 dental implants placed into the augmented posterior maxillae of 

14 patients and monitored for an average of 43 ± 9 months. An implant success rate of 

93% and a peri-implant bone loss of 1.02 ± 1.4 mm were reported in the case of this 

xenogenic bone grafting material (Sivolella et al., 2011).

1.6. Tissue Engineering

Tissue repair, which involves fibrosis and scarring is the natural healing response

following tissue or organ loss as a result of disease or trauma. However, repair frequently

results in disfigurement due to wound contraction with partial or total loss of function of

the associated tissue or body part (Mutsaers et al., 1997). Unlike repair, regeneration is a

process that involves the restoration of structure and function to the injured tissue or organ

and overcomes the wound contraction deficiencies associated with tissue repair processes

(Tabata, 2003). Previously, surgical techniques such as grafts and transplants were

employed to replace diseased or damaged tissues (Giannoudis et al., 2005). Additionally,

prostheses were implanted with the aim of partially restoring function to a damaged organ

(Nelissen, 2003). More recently, a field of biomedical science has evolved, namely tissue

engineering, which was developed to meet the need for tissue and organ replacement in
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patients who suffer tissue loss and organ failure as a result of trauma or disease (Chapekar, 

2000). According to the United States Organ Procurement and Transplantation Network 

and the Scientific Registry of Transplant Recipients, in 2008, 100597 patients were on a 

waiting list for organs in the United States of America, and only 27281 transplants were 

performed in that year (http://optn.transplant.hrsa.gov/ar2009/). Tissue engineering aimed 

to surpass the limitations of conventional treatments such as the limited availability of 

compatible transplants and was been defined as “an interdisciplinary field that applies the 

principles of engineering and life sciences toward the development of biological 

substitutes that restore, maintain or improve tissue function” (Langer and Vacanti, 1993). 

As a result, tissue engineering has emerged as a potential treatment modality to tissue and 

organ transplantation. At a basic level, tissue engineering involves the in vitro seeding and 

attachment of relevant cells to an appropriate scaffold material, in which cells migrate, 

proliferate, differentiate and secrete the extracellular matrix of a specific tissue. The cell- 

seeded construct is then implanted into the diseased or damaged host site, where 

integration with the host tissue occurs to form a three-dimensional support structure for 

lost or damaged tissue with the eventual regeneration and restoration of function (Chen et 

al., 1997, Niklason et a i, 1999, Lanza and Chick, 1997). Unseeded scaffolds may be 

implanted with the intention of host cell population (Fabiani et a i ,  1995), however this 

procedure is not routinely performed.

In the 1990s, progression in the field of tissue engineering led researchers to 

investigate mammalian tissues and organs and develop surgical and laboratory techniques 

for implanting tissue engineered replacements for diseased heart valves (Fabiani et al., 

1995), atherosclerotic blood vessels (Niklason et al., 1999), pancreatic islets for diabetic 

patients (Lanza and Chick, 1997) and damaged liver (Chen et al., 1997). In addition, 

research was undertaken to develop tissue engineered replacements for kidney function 

(Humes et al., 1999), diseased urinary bladder (Oberpenning et al., 1999) and peripheral 

nerve regeneration (Borkenhagen et al., 1998). Efforts have also been made in 

ophthalmological engineering towards the regeneration of the cornea (Germain et al., 

1999) and retina (Hadlock et al., 1999). Advances have also been made in orthopaedic 

tissue engineering primarily aimed at the repair and regeneration of tendon (Awad et al., 

1999), cartilage (Stading and Langer, 1999, Schreiber et al., 1999) and ligaments (Huang 

et al., 1993).

Tissue engineering involves three essential components: Scaffold material, which 

acts as a structural and inductive structure that mimics the shape of the three dimensional 

tissue; a population of cells required to populate the scaffold and express the extracellular
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matrix of the tissue; and molecular inductive cues to encourage the cells to differentiate 

(Figure 1.12) (Stock and Vacanti, 2001). Tissue engineered constructs require interaction 

between all three components for success to be achieved (Lavik and Langer, 2004).

A porous scaffold acts as a structural component for the developing tissue to 

facilitate cell attachment and to ensure the delivery o f nutrients to and the removal of 

waste products from a tissue replacement and is an essential tissue engineering component 

(Langer and Vacanti, 1993). One approach to providing a scaffold is employing 

decellularised biological matrices derived from allogeneic or xenogenic sources 

(M acchiarini et al., 2008). Decellularisation is necessary to remove the immunogenic 

cellular component and may be accomplished by enzymatic means or with the use of 

detergents (Courtman et al., 1994). Alternatively, decellularisation may be conducted by 

freeze drying the tissue (Curtil et al., 1997). More commonly, biomaterials are employed 

as scaffold materials for tissue engineering applications and the correct choice of the 

scaffold requires an understanding o f the composition, architecture and three-dimensional 

environment which influences the attachment and function of specific cell types 

(Hutmacher, 2000). Natural polymers have been employed as scaffold materials but pose 

certain challenges and limitations, such as the ability to control degradation rates and lack 

of stiffness to support the developing tissue (Schmidt and Baier, 2000, Lee et al., 2001a). 

Additionally there is the possibility of inducing an immune response or the transmission 

of pathogenic microorganisms (Schmidt and Baier, 2000).

Advances in stem cell biology have enabled the isolation of appropriate 

populations of cells suitable for a wide range o f tissue types which allow for ex vivo 

expansion (Reyes et al., 2001) while preserving the cell phenotype and function 

(Shamblott et al., 1998). An understanding of the factors related to the identification, 

isolation, proliferation and differentiation of a population of stem cells which are 

uncontaminated by other cell types is critical to predictably controlling the development of 

specific tissues (M orrison et al., 1999). In a similar manner to the scaffolds, the host 

immune response to allogeneic and xenogenic cell lines must be controlled to prevent 

disease transmission (Schmidt and Baier, 2000).

In addition to a suitable scaffold matrix and a population of competent cells, a 

tissue engineered construct requires stimuli to induce appropriate phenotypical alterations 

to cells leading to differentiation and extracellular matrix deposition (Langer and Vacanti, 

1993). The stimuli may be mechanical (Kelly and Jacobs, 2010) or chemical (Solheim, 

1998) in nature. In vivo mechanical loading has a significant impact on tissue generation, 

whereby, loads of a low magnitude and high frequency significantly increased the callus
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stiffness and bone mineral content in the healing of surgically-induced mid diaphyseal 

osteotomies in sheep tibiae, compared with the untreated controls (Goodship et ah, 2009). 

Bioreactors are routinely employed to apply mechanical stimuli in vitro and operate by 

encouraging fluid flow perfusion of constructs (Jaasma and O'Brien, 2008) or by applying 

mechanical strain to cells (Thorpe et a i ,  2008) as a stimulus to accelerate extracellular 

matrix synthesis and expression. A variety of cytokines, growth factors and hormones 

provide chemical stimuli (Giannobile, 1996) and bind to cell membrane receptors (Urist et 

al., 1983). Consequently, signal transduction results in changes in gene expression causing 

cell differentiation or matrix synthesis (Urist et al., 1983).

1.6.1 Bone Tissue Engineering

The earliest report of successful bone repair and regeneration in the literature dates to 

1668 when a dutch surgeon used an allogeneic graft from the skull of a dog to repair a 

cranial defect in a human (Deboer, 1988). Currently, bone grafting is routinely practiced 

in the orthopedic field and a description o f the materials available for bone grafting in 

relation to dental implants was outlined previously (Section 1.5). The field of bone tissue 

engineering attempted also to overcome the difficulties and limitations associated with the 

traditional treatment modalities of grafting and transplantation (Chapekar, 2000). The 

treatment of bone defects requires consideration of the mechanical and biological factors 

involved in natural repair mechanisms. Specifically, bone tissue engineering involves 

interactions of the extracellular matrix, the cellular component and the molecular signaling 

mechanisms that regulate bone repair and regeneration in an attempt to develop a suitable 

construct that will integrate with the surrounding bone and successfully generate new bone 

(Goldstein et al., 1999). The construct must be sufficiently rigid to support a three- 

dimensional osteoconductive environment which is essential to facilitate cell function for 

controlled extracellular matrix expression, in response to osseoinductive signals 

(Hutmacher, 2000). Furthermore, the scaffold should degrade at a controlled rate as bone 

formation progresses, yet still maintain the structural integrity o f the construct (Navarro et 

al., 2008).

In an attempt to stimulate osseoinduction - the ability to actively recruit osteoblasts 

and osteoblast progenitor cells in the process of bone formation (osteogenesis) (Davies, 

2003) - a large number of bioactive factors, normally stored in bone and secreted by 

osteoblasts have been utilised. Bioactive factors including the polypeptide growth factors: 

platelet derived growth factor, transforming growth factor-(3, basic and acidic fibroblast 

growth factor, insulin-like growth factor and the bone morphogenetic proteins have been
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Figure 1.12 The tissue engineering triad, demonstrating the interdependence of 
the factors necessary for a successfully engineered tissue prosthesis (Stock and 
Vacanti, 2001).



employed to stimulate osteogenesis (Giannobile, 1996, Solheim, 1998). Additionally, the 

hormones: growth hormone, parathyroid hormone and 1,25-dihydroxyvitamin D 3 have 

also demonstrated osseoinductive potential in vivo (Alsberg et al., 2001).

1.7. Stem Cells

1.7.1. Introduction

W hen tissue cells expire or are traumatically damaged, there is a requirement for cell 

replacement to ensure a continuous turnover and maintain physiologic function (Caplan 

and Dennis, 2006). Epidermal cells (Watt, 1998), cells of the haematopoietic system 

(Keller, 2002) and epithelial cells of the digestive system (Jiang et al., 2002) must 

undergo constant renewal throughout the lifetime of an individual to replenish cell 

populations with a limited lifespan, and the cells responsible for the constant turnover are 

termed stem cells (Keller, 2002). Stem ceils, characterised by the capacity for self-renewal 

and multilineage differentiation potential (W eissman, 2000) may be classified broadly as 

embryonic stem cells and adult stem cells (Anderson et al., 2001).

1.7.2. Embryonic Stem Cells

Derived from the inner cell mass of the embryonic blastocyst, embryonic stem cells were 

originally isolated from murine embryos (Martin, 1981), later from human embryos 

(Bongso et al., 1994) and have been successfully maintained and expanded in vitro (Chen 

et al., 2010). Embryonic stem cells are referred to as pluripotent, a term which describes 

the differentiation potential into cells derived from all three embryonic germ layers, 

namely ectoderm, mesoderm and endoderm (Keller, 2002). Human embryonic stem cells 

have been expanded extensively without the loss of differentiation potential (Thomson et 

al., 1998), thereby demonstrating the capacity for self-renewal. In vitro expansion of 

embryonic stem cells requires culture medium to be supplemented with leukaemia 

inhibitory factor (Ying et al., 2002), a cytokine normally expressed by the trophectoderm 

(outer cell layer) o f the blastocyst, which maintains the embryonic stem cells in a 

proliferative state and thereby preventing differentiation. After extensive proliferation in 

vitro, embryonic stem cells still retain multipotential specialised function to differentiate 

into progenitors derived from all three germ layers (Thomson et al., 1998). W ithdrawal of 

the leukaemia inhibitory factor from stem cell culture medium results in the 

commencement of differentiation and commitment towards a single cell lineage (Keller, 

2002).
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1.7.3. Adult Stem Cells

Traditionally, adult stem cells were distinguished from embryonic stem cells by the 

capacity for both cell types to differentiate. Embryonic stem cells are pluripotent and can 

differentiate into cell types of any tissue in the body (Keller, 2002). Adult stem cells can 

be described as multipotent as they were thought to only differentiate into mature cells of 

the tissue of origin (Friedenstein et al., 1970). However, the concept of restricted 

differentiation potential o f adult stem cells was questioned, because in vivo studies 

demonstrated that adult stem cells of a tissue could adopt the morphology and expression 

profiles of cells from other tissues, thereby demonstrating that adult stem cells may have 

the ability to cross traditional lineage barriers (i.e. generate cells foreign to the tissue of 

origin) (Morrison, 2001). The ability of adult stem cells to adopt the morphology and 

phenotypic characteristics of cells foreign to the tissue of origin was termed plasticity, and 

several mechanisms have been suggested to explain how stem cell plasticity occurs 

(Herzog et al., 2003). In the first instance, an adult stem cell population may contain a 

pluripotent subpopulation of cells that can differentiate into a diverse range of cells types 

(Herzog et al., 2003). In support of Herzog’s statement, a population of pluripotent cells 

termed multipotent adult progenitor cells, present in bone marrow mesenchymal stem cell 

culture, was shown to have the capacity to differentiate into cells of all three germ layers 

in vitro, namely mesoderm, neurectoderm and endoderm (Jiang et al., 2002). Additionally, 

when transplanted in vivo, the mutipotent adult progenitor cells were also capable of 

differentiating into cells of the haematopoietic lineage (Jiang et al., 2002). Alternatively, 

adult stem cell plasticity may be explained by a mature (differentiated) tissue cell 

undergoing a process termed transdifferentiation, which implies that an undifferentiated 

cell type progressing along a specific developmental lineage could switch gene expression 

to that of another phenotype (Herzog et al., 2003). Transdifferentiation was reported to 

occur when hypertrophic chick chondrocytes (terminally differentiated) were stimulated to 

differentiate into osteogenic cells (Cancedda et al., 1995). Additionally, differentiated 

osteoblasts, characterised by osteocalcin release (late stage marker of osteogenic 

differentiation), were observed to revert to an adipogenic lineage with appropriate 

molecular cues (Nuttall et al., 1998). It has been postulated that transdifferentiation may 

occur in a direct or indirect manner (Herzog et al., 2003). Direct transdifferentation refers 

to an adult stem cell changing gene expression to that of another cell type, whereas 

indirect transdifferentiation implies that a committed (differentiated) cell could 

dedifferentiate and adopt the gene expression of another type of uncommitted cell
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(redifferentiation) (Herzog et al., 2003). It was reported that rodent bone marrow stem 

cells injected into an irradiated host could be encouraged to differentiate into hepatic oval 

cells (Petersen et al., 1999). Additionally, murine adult neural stem cells injected into an 

irradiated host could generate blood cells, thereby implying that transdifferentiation of 

adult stem cells could even cross germ line barriers (Bjom son et al., 1999). Another 

proposed mechanism to explain the phenomenon of plasticity was termed cell fusion, 

which indicated that an undifferentiated adult stem cell could fuse with a committed tissue 

cell and the resultant fused cell would adopt the phenotypic pattern of the committed cell 

(Terada et al., 2002, Ying et al., 2002). At the present time, however, the evidence for the 

proposed adult stem cell plasticity has largely been based on the assessment of cell 

morphological changes and changes in expression of specific surface antigens. In vivo 

functional activity of “transdifferentiated” cells remains to be clarified (Anderson et al., 

2001) and it is not known if the behaviour of cultured adult stem cells replicates the in 

vivo differentiation mechanisms (M orrison, 2001).

1.7.4. Mesenchymal Stem Cells

In the 1960s, a subset of bone marrow cells was identified that had osteogenic potential 

after in vivo transplantation and the cells could reconstitute a haematopoeitic environment 

(Friedenstein et al., 1968). W hen adherent bone marrow cells were seeded on tissue 

culture plastic, discrete colonies of fibroblast-like cells that proliferated were termed 

colony-forming unit fibroblasts; these had the capacity to form bone in vitro (Friedenstein 

et al., 1970). Furthermore, it became clear that the colony-forming unit fibroblasts isolated 

by Friedenstein could differentiate in vitro, into a variety of tissue types and became 

known as mesenchymal stem cells (M SCs) (Caplan, 1991). Numerous investigators have 

demonstrated that MSCs constitute a population o f multipotent cells with the capacity for 

self replication (Bruder et al., 1997) and differentiation into mature cells of tissues derived 

from the embryonic mesoderm, including bone (M aniatopoulos et al., 1988, Nuttall et al., 

1998, Pittenger et al., 1999), cartilage (W akitani et al., 1994, Hanada et al., 2001), fat 

(Beresford et al., 1992, Nuttall et al., 1998, Pittenger et al., 1999, Xu et al., 2005), tendon 

(Awad et al., 1999) and muscle (Saito et al., 1995).

It was originally believed that differentiation of MSCs occurred through a series of 

discrete steps with the generation of intermediate progenitor cell types having 

progressively more limited differentiation potential (Aubin et al., 1995). Studies using 

human MSCs reported the potential for cellular transdifferentiation, whereby fully 

differentiated osteoblasts were reported to dedifferentiate (reverse the differentiation
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process), resume proliferative activity and subsequently differentiate along adipogenic and 

chondrogenic pathways in response to inductive extracellular cues (Song and Tuan, 2004). 

Additionally, transdifferentiation of fully differentiated adipocytes and chondrocytes was 

reported to occur along chondrogenic and osteogenic pathways, respectively (Song and 

Tuan, 2004).

It has been estimated that 0.001-0.01% of cells present in bone marrow are MSCs 

(Bruder et al., 1997, Pittenger et al., 1999) and, with advancing age, the number (Majors 

et al., 1997, D'Ippolito et al., 1999) and function of the MSCs diminishes, which may be a 

causal factor in age-related degenerative bone disorders (Stolzing et al., 2008). MSCs may 

have a role in maintaining tissues, for example in bone remodeling and fracture repair 

(Prockop, 1997, Krebsbach and Robey, 2002). MSCs play an important supportive role in 

haematopoiesis by acting as a substrate to provide mechanical support for haematopoietic 

cells (Taichman and Emerson, 1998). Additional means by which MSCs support 

haematopoiesis is through direct cell contact with haematopoietic cells and the production 

of cytokines that stimulate haematopoietic cell proliferation (Taichman and Emerson, 

1998) and differentiation (Caplan and Dennis, 2006). In vitro studies to demonstrate the 

supportive role of MSCs on haematopoiesis have been aimed at examining 

haematopoietic-specific markers expression in cell culture (Rafii et al., 1997). Cultured 

marrow stromal cells and a subpopulation of MSCs from the same human bone marrow 

aspirates were examined to assess the respective cell’s ability to support haematopoiesis in 

vitro (Majumdar et al., 1998). When cocultured with haematopoietic progenitor cells 

(CD34‘̂ ), proliferation of haematopoietic cell colonies occurred as the supportive cells 

expressed a wide array of stimulatory growth factors and haematopoietic cell-specific 

cytokines (Majumdar et al., 1998).

1.7.4.1. Isolation o f MSCs

Bone marrow is a readily accessible source of haematopoietic and stromal cells. Rat 

MSCs have been collected by flushing bone marrow from the tibiae and fibulae with 

tissue culture medium in a hypodermic syringe (Maniatopoulos et al., 1988). When cells 

from a bone marrow aspirate are seeded on tissue culture plastic, the adherent stromal 

cells become separated from the nonadherent haematopoietic cells, which remain 

suspended in the tissue culture medium (Prockop, 1997, Pittenger et al., 1999). From the 

adherent cell fraction, fibroblastic (spindle-shaped) MSCs with a more homogenous 

morphology proliferate to form individual colonies and successive passaging of the MSCs
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eliminates the remaining haematopoietic cells (Maniatopoulos et al., 1988, Haynesworth 

et al., 1992b, Pittenger et al., 1999).

In addition to isolation from bone marrow (Caplan, 1991, Aubin et al., 1995), 

MSCs have been isolated from a variety of adult tissues, including periosteum (Hanada et 

al., 2001), skeletal muscle (Williams et al., 1999), fat (Zuk et al., 2001), peripheral blood 

(Zvaifler et al., 2000), dermis (Young et al., 2001) and umbilical cord blood (Lee et al., 

2004, Erices et al., 2000). Alternatively, MSCs may be isolated by employing a Percoll- 

density gradient to remove unwanted cells (Bruder et al., 1997, Pittenger et al., 1999, 

Caterson et al., 2002). MSC isolation has also been conducted using flow cytometric 

analysis, using specific antibodies to separate cells according to the expression of specific 

cell-surface antigens, or the failure to express cell surface antigens associated with 

haematopoietic cells (Pittenger et al., 1999). Another means of isolating MSCs was by 

size-sieving where the cellular contents of a bone marrow aspirate was passed through a 

tissue culture plate with 3 |jm  pores and the cells isolated had the capacity for self renewal 

and multilineage differentiation to bone, fat and cartilage (Hung et al., 2002).

1.7.4.2. Characterisation o f MSCs

Characterisation of MSCs is essential for positive identification, so that results and data 

from independent investigators with variable cell isolation procedures and experimental 

protocols related to MSCs may be compared (Dominici et al., 2006). MSCs may be 

separated from haematopoietic cells of the bone marrow by the adherence of MSCs to 

tissue culture plastic (Bianco et al., 2008). However, all cells of the marrow stromal 

system, in which MSCs reside display adherence to tissue culture plastic (Deans and 

Moseley, 2000). Therefore, characterisation of MSCs has focused on the in vitro 

identification of specific cell surface antigens, because an in vivo assay to characterise 

MSCs is not yet available. A single mono-specific MSC-surface antigen does not exist and 

therefore, the characterisation of MSCs is based on the use of monoclonal antibodies to 

positively identify the presence of a range of cell surface antigens, while simultaneously 

demonstrating the absence of cell surface antigens associated with haematopoietic cells 

(Dominici et al., 2006). The Stro-1 monoclonal antibody was used in conjunction with 

flow cytometric analysis to recognise an unknown antigen present on colony forming unit 

fibroblasts in marrow stromal cell populations which had multilineage differentiation 

potential (MSCs) (Simmons and Torokstorb, 1991). Later, MSCs demonstrated positive 

immunostaining with the SH2, SH3 and SH4 monoclonal antibodies, but these antibodies 

(SH2, SH3 and SH4) also cross-reacted with human dermal fibroblasts, providing further
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evidence that cell-surface antigens characteristic of MSCs are not mono-specific 

(Haynesworth et a i,  1992a). It was later discovered that the SH2 antibody was specific for 

an epitope on CD105 (Endoglin), a TGF-(3 receptor present on MSCs (Barry et a i,  1999). 

Pittenger et al. (1999) characterised MSCs using a range of cell surface antigens, which 

included SH2, SH3, CD29, CD44, CD71, CD90, CD106, CD120a and CD124, and in a 

review of MSCs, Deans and Moseley (2000) provided an even more comprehensive list of 

cell-surface markers.

In addition to demonstrating the expression of cell surface antigens, 

characterisation of MSCs is also aimed at verifying that the cell population does not 

include haematopoietic cells present in bone marrow (Deans and Moseley, 2000). 

Therefore, MSCs must demonstrate negative immunostaining for haematopoietic cell 

surface markers, which include CD 14 (lipopolysaccharide receptor), CD34, CD45 

(leukocyte common antigen) (Pittenger et al., 1999), CD79a and HLA-DR (Dominici et 

al., 2006).

MSCs have also demonstrated changes in expression profile of cell surface 

markers which occur during the differentiation process (Haynesworth et al., 1992a). 

MSCs differentiating into osteoblasts and osteocytes failed to express SH2, SH3 and SH4 

surface markers present on the primitive stem cell, indicating a change in expression 

during development (Haynesworth et al., 1992a). Chronological alterations in cell-surface 

antigen expression were used to define transitional stages in the differentiating pathway of 

embryonic chick osteogenic cells, where monoclonal antibodies facilitated the recognition 

of the differentiating osteogenic cells during their lineage progression (Bruder and Caplan, 

1990). Furthermore, attempts have been made to define a temporal sequence of bone- 

specific marker expression in conjunction with the stages of MSC differentiation (Aubin 

et al., 1995). The process of categorising differentiation stages of osteogenic cells is 

complicated because MSC populations from primary cell lines contain a heterogeneous 

collection of cells at various stages in the differentiation pathway and, when cell lines are 

employed, it is not known if certain aspects of culture conditions have an influence on 

normal differentiation marker expression and regulation (Aubin et al., 1995).

1.7.4.3. Differentiation o f MSCs

Human MSCs were shown to remain in a stable undifferentiated state during culture 

expansion and underwent differentiation with molecular cues (Haynesworth et al., 1992b, 

Pittenger et al., 1999). Adipogenic differentiation was induced in MSCs by supplementing 

the tissue culture medium with l-methyl-3-isobutylxantine, dexamethasone, insulin and
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indomethacin, and was recognised by the presence of lipid-filled vacuoles within the cells 

(Pittenger et al., 1999). Chondrogenic differentiation was encouraged by centrifuging the 

MSCs, seeding at a high density and supplementing serum-free culture medium with 

transforming growth factor-pS (Pittenger et al., 1999). Chondrocytes were identified by 

staining for chondrocytic markers, for example type 2 collagen (Caplan, 1991), the 

collagen type found in cartilage (van der Rest and Garrone, 1991).

1.7.4.3.1. Osteoblastic Differentiation o f MSCs

Osteoblastic differentiation has been associated with a number of distinct periods of 

cellular activity: cell growth and proliferation, the cessation of proliferation with the 

development and organisation of a collagenous extracellular matrix, followed by 

mineralisation of the extracellular matrix (Lian and Stein, 1995). Osteoblastic 

differentiation of MSCs routinely occurs by supplementing culture medium with 

compounds that have been shown to regulate differentiation (3-glycerophosphate, ascorbic 

acid-2-phosphate and dexamethasone (Maniatopoulos et al., 1988, Jaiswal et al., 1997, 

Pittenger f-r a/., 1999).

A characteristic change in MSC morphology has been reported with the onset of 

differentiation where the use of scanning electron microscopy of differentiating bone 

marrow cells showed that the morphology changed from a spindle-shaped fibroblastic to a 

polygonal morphology (Coelho and Fernandes, 2000). Similar observations were made by 

Cheng et al., (1994) and Jaiswal et al., (2004) where the morphology of human marrow 

stromal cells altered from spindle-shaped to cuboidal when dexamethasone was added to 

the tissue culture medium to induce osteogenic differentiation. During osteogenic 

differentiation of human MSCs, drug induced alteration in the cytoskeletal actin 

microfilament organisation had significant effects on alkaline phosphatase expression and 

calcium deposition, thereby indicating that morphological changes had a regulatory role in 

MSC differentiation (Rodriguez et al., 2004).

The hydrolysis o f P-glycerophosphate results in the release of inorganic phosphate 

ions necessary for osteoblastic differentiation and calcified matrix deposition (Bellows et 

al., 1991). The presence of inorganic phosphate ions was shown to be associated with high 

levels of the osteoblastic marker, alkaline phosphatase (Chung et al., 1992). The omission 

of P-glycerophosphate from tissue culture medium of osteoblasts resulted in a higher cell 

proliferation rate, a reduction in osteoblastic differentiation and a failure to deposit a 

mineralised matrix (Coelho and Fernandes, 2000), demonstrating that phosphate ions are 

necessary for MSC differentiation.
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The addition o f dexamethasone to tissue culture medium resulted in cell growth, alkaline 

phosphatase activity and the deposition of calcified deposits (Coelho and Fernandes, 

2000). Dexamethasone is a synthetic glucocorticoid frequently used as an in vitro 

osteoinductive agent (M aniatopoulos et al., 1988). The presence of dexamethasone in 

culture medium was identified as being essential for osteoblastic differentiation of MSCs 

(Cheng et al., 1994, Hanada et al., 1997, Jaiswal et al., 1997). Supplementation of the 

tissue culture medium of rat MSCs with dexamethasone resulted in the expression of bone 

specific markers (bone sialoprotein and osteocalcin) (Kasugai et al., 1991). Cultured 

human periodontal ligament cells demonstrated earlier mineralisation and more abundant 

calcium phosphate deposits when the tissue culture medium was supplemented with 

dexamethasone and p-glycerophosphate compared to p-glycerophosphate supplementation 

alone (Cabral et al., 2007). In vitro, dexamethasone-induced osteogenic differentiation of 

rat MSCs was modulated by the presence of basic fibroblastic growth factor in the tissue 

culture medium, which stimulated MSC proliferation. In combination with bone 

morphogenetic protein-2, dexamethasone resulted in earlier and increased calcified matrix 

deposition in culture (Hanada et al., 1997).

Ascorbic acid has an important role in collagen biosynthesis by acting as a 

cofactor in hydroxylation reactions between the amino acids proline, hydroxyproline and 

lysine, contained in collagen, which are responsible for the formation of the characteristic 

triple helical structure of collagen (Franceschi, 1992). The mechanism by which ascorbic 

acid contributes to MSC differentiation is unknown but ascorbic acid used to supplement 

the tissue culture medium of rat fetal osteoblasts coincided with a reduction in cell 

proliferation and a rise in collagen expression in cell culture when compared with cultures 

without ascorbic acid (Owen et al., 1990). Additionally, the level of collagen 

accumulation in the extracellular matrix increased with increasing ascorbic acid 

concentrations up to 50 |ig/ml and the absence of ascorbic acid resulted in a failure of 

matrix mineralisation.

1.8. Tissue Engineering Scaffolds

1.8.1. Introduction

Tissue engineering involves the regeneration of functional tissues lost as a result of trauma 

or disease (Griffith and Swartz, 2006) and the three-dimensional nature of the tissues 

necessitates the replacement by a similarly shaped tissue engineered construct (Sachlos 

and Czem uszka, 2003). In tissue engineering, the scaffold serves as a physical support for
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newly formed tissue by providing a three-dimensional structure to guide tissue generation 

(Rose and Oreffo, 2002). At the cellular level, the scaffold used for tissue engineering 

functions as a three-dimensional analogue of the extracellular matrix which supports cell 

function, namely attachment, migration, proliferation, differentiation and extracellular 

matrix expression (Rose and Oreffo, 2002). Biological interactions, including cell 

behaviour are different when studied in two-dimensional environments, such as tissue 

culture plastic, compared with a three-dimensional tissue culture in a scaffold (Farrell et 

al., 2007). Consequently, the structural and biochemical properties of the extracellular 

matrix govern cell function, while the scaffold facilitates the improved study of cell 

interactions with extracellular matrix analogue components. This three dimensional model 

resembles in vivo tissue function more closely than two-dimensional cell studies on tissue 

culture plastic (Griffith and Swartz, 2006).

1.8.2. Scaffold Requirements

Scaffolds may be fabricated using a variety of technologies and compositions (Sachlos 

and Czemuszka, 2003). To successfully facilitate tissue regeneration, the scaffold must 

fulfil a number of criteria (Hutmacher, 2000, O 'Brien et al., 2004, Navarro et al., 2008). In 

the first instance, the biocompatibility of the scaffold material is essential and the same 

definition applies to scaffold materials as was considered with titanium in Section 1.4. 

Biocompatibility refers to “the ability of a material to perform with an appropriate host 

response in a specific application”, and therefore the implication is that the scaffold 

material implanted in vivo will not elicit an immunologic response or a foreign body-type 

reaction (Remes and Williams, 1992). The physical and biochemical com position defines 

the ability of a scaffold to interact with cells and tissues in an appropriate marmer to 

facilitate tissue regeneration (Navarro et al., 2008).

To enable tissue replacement with normal morphology and function, the scaffold 

must be removed as tissue generation proceeds, so the scaffold must be biodegradable 

(Burke et al., 1981). Biodegradability involves macromolecular degradation of the 

scaffold material by hydrolysis, enzymatic action or dissolution, with dispersion o f the 

degraded by-products in vivo (Vert et al., 1992). Ideally, the rate of scaffold 

biodegradation should be controlled in a manner that mimics the rate of tissue 

regeneration (Hutmacher, 2000). Furthermore, the by-products of a biodegraded scaffold 

must also be biocompatible in that it does not elicit an immunologic response or a foreign 

body-type reaction (Yannas and Burke, 1980).
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A scaffold material should be sufficiently rigid to enable function after in vivo 

implantation and thereby serve as a structural framework, maintaining space for the 

developing tissue (Yannas and Burke, 1980). Ideally, as gradual degradation occurs, the 

scaffold should maintain structural integrity, mediated through the stiffness until the tissue 

engineered construct is fully remodeled and has sufficient structural integrity to withstand 

loading (Hutmacher, 2000).

The predominant mechanical property of interest for scaffold integrity is the 

stiffness which can have a significant influence on cell behaviour in vitro (Engler et a i ,  

2004b). Rat aorta-derived smooth muscle cells demonstrated significantly different 

morphologies when seeded on collagen-coated polyacrylamide gel substrates with a range 

o f stiffness values, controlled by varying the degree of crosslinking of the polyacrylamide 

gel. Cells seeded on stiffer substrates were flat and demonstrated increased degrees of 

spreading (Engler et al., 2004a). Additionally, substrate stiffness was also shown to 

influence the lineage progression of undifferentiated MSCs (Engler et al., 2006). 

Recently, MC-3T3 murine osteoblast-like cells seeded in compliant scaffolds expressed 

significantly higher levels of bone specific markers when compared with similar cells 

seeded on more rigid scaffolds, thereby providing evidence of a modulatory role of the 

mechanical properties of tissue engineering scaffolds on cell function (Keogh et al., 2010).

Scaffolds used for tissue engineering have a porous structure which facilitates 

permeability, thereby enabling fluid conductivity within the scaffold, which increases with 

increasing pore size (O'Brien et al., 2007). The porous structure also enables cells to 

penetrate the scaffold (Chvapil, 1977, Yannas and Burke, 1980, Tierney et al., 2009b), 

which should contain sufficient cell binding ligands to facilitate attachment o f a critical 

cell number (Zeltinger et al., 2001). The pore size of a scaffold has been shown to 

determine the cell seeding efficiency (O'Brien et al., 2005) and the specific surface area of 

a scaffold which refers to the ligand density available for cell attachment is inversely 

proportional to the pore size (O'Brien et al., 2007). In a similar manner to enabling fluid 

conductivity, scaffold permeability is necessary to maintain cell function by allowing for 

the transport o f nutrients into and removal of waste products from the scaffold (Buckley 

and O'Kelly, 2010). It has been hypothesised that the pore size of a scaffold must be large 

enough to allow cells to migrate into the scaffold but small enough to achieve a high 

specific surface area for attachment of a sufficient number of cells (Hutmacher, 2000). An 

optimal scaffold pore size for cell attachment is dependent on the cell type and scaffold 

composition (Doillon et al., 1986, Tsuruga et al., 1997). A greater amount of bone matrix 

synthesis was recorded for osteoblast-seeded ceramic scaffolds with a pore size of 300-
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400 |am (Tsuruga et a l ,  1997) but fibroblast infiltration o f a collagen-hyaluronate scaffold  

implanted in guinea pigs was maximised with a pore size o f 50-250 |um (D oillon and 

Silver, 1986). Additionally, a series o f in vitro assays recording cell attachment in a 

synthetic polymer (poly(L-lactic acid)) scaffold demonstrated similar results for canine 

dermal fibroblasts irrespective o f pore size (Zeltinger et a l ,  2001). Vascular smooth 

muscle cells attachment was significantly higher with pore sizes ranging from 38-150 |am 

and endothelial cell attachment was significantly higher when using pore sizes less than 

38 |jm  (Zeltinger et al., 2001), which indicates that optimal pore size is unique for each 

tissue engineering application.

1.8.3. Scaffold Materials

Tissue engineering scaffolds may be constructed from ceramics, naturally occurring 

polymeric materials, synthetic polymeric materials or composites.

1.8.3.1. Ceramics

Ceramics are brittle, non-metallic, inorganic materials that have been used mainly for 

bone tissue engineering (Navarro et al., 2008). Hydroxyapatite was used for bone tissue 

engineering because it’s chemical structure (Caio(P0 4 )6(OH)2) closely resembles that o f  

bone mineral (Rezwan et al., 2006). Dense hydroxyapatite implanted into the tibiae o f rats 

demonstrated the biocompatibility o f  hydroxyapatite, which was well incorporated into 

the bone (Denissen et al., 1980). The chemical composition o f hydroxyapatite materials is 

dependent on the calcium:phosphate ratio, the presence o f  elemental impurities in the 

hydroxyapatite preparation and the pH of the surrounding medium (M isch and Dietsh, 

1993). The clinical applications o f dense hydroxyapatite were limited because the material 

is brittle and had poor tensile strength and was therefore unsuitable as a load bearing 

scaffold (Tancred et al., 1998, Wang, 2003, Bohner, 2010). In addition, the 

bioresorbability o f dense hydroxyapatite is very low, remaining in the body for prolonged 

periods after implantation with bone apposition at the surface o f the implant only 

(Denissen et al., 1980, Moore et al., 1987). In an attempt to overcome the problem o f bone 

apposition only to the surface o f dense hydroxyapatite implants, porous hydroxyapatite 

was implanted and demonstrated in vivo osteoconductivity and incorporation o f  bone into 

the porous hydroxyapatite implant (Shimazaki and M ooney, 1985, Holmes et al., 1987, 

Yoshikawa and M youi, 2005). However, the degree o f bioresorbability o f  porous 

hydroxyapatite was limited (Marcacci et al., 2007) and the strength o f the hydroxyapatite 

implant decreased with increasing porosity (Tancred et al., 1998).
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Tricalcium phosphate (Ca3(P0 4 )2), used for bone tissue engineering has a 

calcium:phosphate ratio o f 3:2, is more soluble than hydroxyapatite and is biodegraded 

more rapidly in vivo (Shimazaki and M ooney, 1985). An in vitro study using M SC-seeded  

gelatin-P-tricalcium phosphate sponges demonstrated osteogenic differentiation o f the 

M SCs (Takahashi et al., 2005). An in vivo study involving implantation of tricalcium  

phosphate into the femoral condyles o f rats demonstrated resorption o f the tricalcium  

phosphate by phagocytic cells, with replacement by new ly formed bone (Kondo et al., 

2005). The use o f  P-tricalcium phosphate in human subjects for bone replacement 

confirmed the osteoconductivity and biodegradability o f  P-tricalcium phosphate where the 

tricalcium phosphate implant was replaced by newly formed bone (O gose et al., 2006). 

However, tricalcium phosphate remains brittle, with poor tensile strength (Moore et al., 

1987, Bohner, 2010) and the handling properties are poor, thereby making it difficult to 

adapt to specific shapes required for bone tissue regeneration (Wang, 2003). Furthermore, 

despite the porous nature o f tricalcium phosphate, the pore size was not large enough to 

facilitate invasion of the material by cells and blood vessels (Bohner, 2010).

Bioactive ceramics form a chemical bond with bone and their use in bone tissue 

engineering began with the development o f Bioglass® (Na2 0 -Ca0 -Si0 2 -P205) (Hench and 

Paschall, 1973). An in vivo study using Bioglass® to repair periodontal defects in monkeys 

demonstrated evidence o f Bioglass® bonded to the collagen o f surrounding newly formed 

bone, but no evidence o f the biodegradability o f Bioglass® was evident (W ilson and Low, 

1992). Bioglass is non-porous and therefore prevents blood vessel ingrowth (Knapp et 

al., 2003). Knapp et al, (2003) studied Bioglass® to augment edentulous alveolar ridges to 

facilitate dental implant placement but failed to demonstrate significant augmentation and 

therefore the authors advised against the use o f Bioglass® for this application.

1.8.3.2. Synthetic Polymers

Biodegradable synthetic polymers are attractive as potential scaffold materials because 

synthetic polymers can be produced under controlled conditions and enable scaffold  

fabrication with specific pore sizes, pore distributions and degradation kinetics (Hennink 

and van Nostrum, 2002). Additionally, functional groups may be attached to polymers to 

direct specific cell interactions (Hennink and van Nostrum, 2002). The poly-a-hydroxy 

esters (aliphatic polyesters) are particularly useful because aliphatic polyesters have 

potential for structural alteration to tailor degradation rates (Rezwan et al., 2006). 

Additionally, aliphatic polyesters are degradable by hydrolysis o f the ester linkage and the 

monomeric products o f degradation are routinely removed through the common metabolic
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pathways (Rezwan et al., 2006). The most commonly utilised poly-a-hydroxy esters 

include poly(glycolic acid) (PGA), poly(lactic acid) (PLA), the copolymer, poly(glycolic- 

co-lactic acid) (PGLA) and poly(caprolactone) (PCL) (Burg et al., 2000).

PGA is a biodegradable polymer primarily used in the fabrication of resorbable 

sutures (Chu, 1981) and is an attractive material for potential use in tissue engineering 

applications because the degradation product, glycolic acid, is further metabolised into 

carbon dioxide and water for excretion (Gunatillake and Adhikari, 2003). The generation 

of glycolic acid may cause a localised increase in acid concentration resulting in tissue 

damage but this has not been demonstrated in vivo (Martin et al., 1996). An in vitro study 

which involved seeding PGA scaffolds with avian bone marrow stromal cells showed that, 

with the addition of appropriate molecular cues, the cells could be encouraged to 

differentiate along osteogenic or chondrogenic pathways (Martin et al., 1998). PGA was 

successfully used as an osteogenic scaffold to correct femoral defects in rats by seeding 

the scaffold with culture expanded periosteum-derived cells (Puelacher et al., 1996). After 

twelve weeks the femoral defects were bridged by newly formed bone, whereas control 

sites, containing no PGA scaffold or unseeded PGA scaffold, did not demonstrate bone 

regeneration (Puelacher et al., 1996). PGA was also used as a scaffold to encourage 

cartilage formation (Dunkelman et al., 1995). Rabbit articular chondrocytes were seeded 

on a PGA scaffold and demonstrated positive staining for glycosaminoglycan deposition 

and positive immunostaining for collagen type 11 (cartilage specific marker), thereby 

confirming the capacity for the scaffold material to support chondrogenesis (Dunkelman et 

a l,  1995).

PLA is more hydrophobic than PGA and is more resistant to hydrolytic breakdown 

(Rezwan et al., 2006). In vivo, the degradation product of PLA is lactic acid, which enters 

the tricarboxylic acid cycle and is excreted as water and carbon dioxide (Rezwan et al., 

2006). A PLA membrane used to cover surgically-induced mid-diaphyseal defects in 

rabbits facilitated osseous healing of the defects (Meinig et al., 1996). The controls healed 

with muscle and connective tissue interposed between the fracture ends (Meinig et al., 

1996). A further study by the same author used PLA membrane to encourage healing of 

critically sized mid-diaphyseal defects in minipig radii and confirmed the biocompatibility 

of the PLA membrane (Meinig et al., 1997). The histological examination demonstrated 

continuity between the newly formed bone and the membrane with little evidence of 

fibrous tissue interposition and an absence of foreign body reactions to the membrane 

(Meinig et al., 1997). One study outlined complications following internal fixation of 

unstable zygomatic fractures using PLA in human subjects over a period of up to five
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years. The PLA implant had degraded into smaller particles with a high crystallinity, but 

total biodegradation of the implant had not taken place (Bergsma et al., 1995). Clinically, 

the patients presented with swelling over the site of the PLA implant and microscopic 

examination of biopsy specimens revealed small particles of PLA enclosed in a thin 

fibrous capsule, with the presence of fibrocytes and macrophages thereby questioning the 

biocompatibility o f PLA (Bergsma et al., 1995).

PCL is a member of the poly-a-hydroxy ester family which biodegrades in a 

similar manner to PLA and PGA, by hydrolytic cleavage o f the ester functional group (Pitt 

et al., 1981) but biodegradation of PCL occurs at a slower rate (Gunatillake and Adhikari, 

2003). An in vitro study demonstrated that composite scaffolds of PCL and elastin 

supported adhesion and proliferation of primary chondrocytes (Annabi et al., 2011). A 

copolymer scaffold of PCL-PLA paste was also used for bone tissue engineering, where 

the PCL-PLA paste was implanted into the abdominal muscle and surgically-induced 

defects in the femora o f rats (Ekholm et al., 1999). However, the scaffolds were associated 

with severe inflammation in the muscle and moderate inflammation in the bone, with bone 

healing delayed when compared with control sites, where no scaffold was implanted 

(Ekholm et al., 1999).

Scaffolds may be fabricated from copolymers with differing properties in an 

attempt to tailor the degree of porosity, pore architecture and rates of scaffold 

biodegradation (Taboas et al., 2003). An in vitro study which employed a copolymer of 

PLA and PGA, poly(DL-lactic-co-glycolic acid), seeded with marrow stromal cells was 

shown to support cell attachment, proliferation and osteogenic differentiation, when the 

tissue culture medium was supplemented with osteogenic factors (P-glycerophosphate, 

ascorbic acid and dexamethasone) (Ishaug et al., 1997). Poly(DL-lactic-co-glycolic acid) 

was used as a tissue engineering scaffold to repair critical sized defects in rat crania 

(W hang et al., 1999). Radiographic and histologic examination of newly formed tissue 

within the defect sites revealed significantly greater amounts of osteoid and new bone 

formation when compared with negative controls where a scaffold was not implanted 

(W hang et al., 1999).

I.8.3.3. Natural Polymers

Natural polymers used for the purpose of tissue engineering may be more suitable than 

synthetic polymers because natural polymers contain specific cell recognition signals (cell 

binding ligands) and resemble natural extracellular matrix components more closely 

(Drury and Mooney, 2003). A wide range o f natural polymers including alginate, chitosan,
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silk, fibrin, collagen and glycosaminoglycans have been used for tissue engineering 

applications (Lee and Mooney, 2001).

1.8.3.3.1. Alginate

Alginate is a biodegradable polysaccharide comprising of monomer units, 1,4 linked P-D- 

mannuronic acid and a-L-guluronic acid which forms a stable gel at room temperature in 

the presence of divalent cations, barium and calcium (Wang et at., 2003). Alginate has 

been used as a scaffold material in tissue engineering and was shown to facilitate the in 

vitro differentiation of mesenchymal stem cells along chondrogenic (Steinert et a i,  2003) 

and osteogenic (Wang et a i,  2003) lineages. New bone formation was demonstrated with 

the use of alginate as a scaffold, in conjunction with a vascularised tibial flap in the rat 

(Vogelin et al., 2002) and chondrocyte-seeded alginate was also used to engineer new 

cartilage formation in mice (Marijnissen et al., 2002).

1.8.3.3.2. Chitosan

Chitosan is a biocompatible and biodegradable polysaccharide (1,4-linked 2-amino-2- 

deoxy-P-D-glucan) derived from chitin, which is derived from the shells of marine 

crustaceans (Di Martino et al., 2005). A modified chitosan, employed as an in vitro 

antithrombogenic molecule immobilised on glass showed reduced levels of platelet 

adhesion and fibrinogen adsorption when compared with an uncoated glass surface, 

demonstrating the potential as a blood-compatible surface for a vascular device (Mao et 

a i,  2004). Chitosan was shown to support the in vitro attachment and proliferation of 

primary rat calvarial osteoblasts in a study of bone tissue engineering (Seol et al., 2004). 

In addition, rat calvarial osteoblasts were shown to express alkaline phosphatase and 

deposited calcified matrix, confirming the potential of chitosan as a bone tissue 

engineering scaffold (Seol et al., 2004).

1.8.3.3.3. Fibrin

The final product of the coagulation cascade, fibrin is an important polypeptide involved 

in wound healing and is formed by the enzymatic polymerisation of fibrinogen in the 

presence of thrombin (Blomback, 1996). Fibrin has been widely used in surgery as a tissue 

adhesive to improve post-surgical healing (Lee and Mooney, 2001). Fibrin sealant was 

shown to improve fracture fixation in the femora of dogs, when compared with wire 

fixation alone (Keller et al., 1985). A fibrin scaffold for cardiovascular tissue engineering, 

seeded with culture-expanded human aortic myofibroblasts, facilitated cell proliferation
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and histological sections demonstrated a uniform cell distribution with an abundance of 

collagen expression (Ye et al., 2000). It was noted that the fibrin scaffolds were 

proteolytically degraded within a short time in tissue culture, so the inclusion of a protease 

inhibitor (aprotinin) was required to prevent degradation of the scaffold (Ye et al., 2000). 

Combinations of alginate and fibrin (including aprotinin) investigated as suitable scaffolds 

for in vitro cartilage tissue regeneration demonstrated cell proliferation and 

immunohistochemical evidence (collagen type 11 and proteoglycan expression) of cartilage 

matrix expression (Perka et al., 2000). Interestingly, a study which investigated the 

potential for fibrin as an osteogenic scaffold demonstrated that human periosteum-derived 

cell-seeded fibrin scaffolds demonstrated a reduction in osteogenic differentiation 

(reduced Runx2 and alkaline phosphatase expression) when compared with similar cells 

seeded on tissue culture plastic (Demol et al., 2011). The authors reported that the cells 

seeded in the fibrin scaffold maintained a rounded morphology indicating that the cells 

failed to spread on the scaffold. It is postulated that poor cell attachment and spreading 

negatively influenced the capacity of the cell population to differentiate.

1.8.3.3.4. Collagen

Collagen is the most abundant protein in the natural extracellular matrices of mammalian 

tissues, including skin, bone, cartilage, tendon, ligament, vitreous body and basement 

membrane (Gelse et al., 2003). Collagen has a fibrillar structure and is responsible for 

providing structural integrity to the tissues (van der Rest and Garrone, 1991). Collagen 

comprises a family of over 20 polypeptides with three left-handed helical polypeptide 

chains assembled in a right-handed triple helix (Figure 1.13), thus forming a collagen 

fibril and the structural variety of the collagen types characterises diverse functional roles 

in different tissues (Gelse et al., 2003).

The primary structure of the collagen molecule is common to all collagen types, 

containing 33% glycine residues, and is also rich in the imino acid residues, proline and 

hydroxyproline (Kleinman et al., 1981). The regularity of glycine, as every third amino 

acid residue, positioned within the helix is responsible for the stability of the helix, which 

is further stabilised by the larger imino acids facing outwards from the helix (Hulmes et 

al., 1981). For the fibrillar collagens, a staggered arrangement of collagen molecules with 

regularly placed gaps at 67 nm intervals gives collagen a characteristic banded 

appearance, when viewed under electron microscopy (Hulmes et al., 1981). The ability of 

collagen to bind drugs, growth factors (Schuppan et al., 1998) and cells (Frenkel et at., 

1997) makes collagen a potential delivery vehicle for tissue engineering.
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Figure 1.13 The triple helical structure of the collagen fibril composed of three 
left-handed helices assembled into a right-handed helix (Gelse et al., 2003).



A porous collagen scaffold used to study the healing of surgically-induced skin loss in rats 

was shown to facilitate fibroblast infiltration with deposition and organisation of new 

collagen fibres by the cells (Doillon and Silver, 1986). Bovine collagen fibres were 

successfully used to repair surgically induced defects in the Achilles tendon o f rabbits and 

after 20 weeks, the newly repaired tendon was shown to have similar mechanical 

properties to the native tendon (Goldstein et al., 1989). An in vitro study using a collagen- 

coated PLA scaffold was shown to facilitate the attachment and function of hepatocytes of 

the rat, thereby demonstrating the potential for the scaffold to be used for tissue 

engineering of liver (Kaufmaim et a l ,  1997). Additionally, studies have also focused on 

the use of collagen gels to regenerate skin (Auger et al., 1998), blood vessels (Seliktar et 

al., 2000) and small intestine (Voytik-Harbin et al., 1998)

1.8.3.3.5. Glycosaminoglycans (GAGs)

GAGs, with the exceptions of heparin and hyaluronic acid, are negatively charged protein- 

bound linear polysaccharides with a disaccharide repeat sequence, com prising an amino 

sugar with D-glucosamine or galactosamine and a uronic acid residue o f D-glucuronic 

acid or iduronic acid (Jackson et al., 1991). GAGs are located within the extracellular 

matrix of all tissues, having a structural role and are also involved in protein binding and 

modulation of growth factors, cytokines, protease inhibitors and extracellular matrix 

proteins (Jackson et al., 1991). GAGs also serve as cell-surface receptors, involved in cell 

adhesion, migration, proliferation and differentiation (Jackson et al., 1991).

Hyaluronic acid- a linear polysaccharide comprised of the repeating disaccharide 

units (3-D-glucuronic acid and N-acetyl-P-D-glucosamine- is a GAG located in the 

extracellular matrix of almost every mammalian tissue and is present in large amounts in 

the synovial fluids of joints and during wound healing (Drury and Mooney, 2003). 

Hyaluronic acid was combined with collagen (Park et al., 2002) and alginate (Oerther et 

al., 1999, Oerther et al., 2000) in attempts to fabricate a non-cytotoxic porous, crosslinked 

tissue engineering scaffold. In vitro studies of an alginate-hyaluronic acid scaffold was 

shown to facilitate chondrocyte adhesion and expression of collagen type 11, which 

confirmed that the scaffold had the potential for use in cartilage engineering (Miralles et 

al., 2001).

Despite the promise shown by natural substances as tissue engineering scaffolds, a 

number of significant issues remain which have limited their clinical usage. The stiffness 

and compressive moduli of porous chitosan (Suh and Matthew, 2000), fibrin and 

hyaluronic acid (Barrere et al., 2008) are poor, thereby precluding usage as a scaffold
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unsuitable for load-bearing applications. The water solubility and rapid biodegradability 

of natural polymers such as hyaluronic acid limited potential applications as the scaffold 

material failed to remain stable for a time period that would facilitate tissue formation 

(Campoccia et al., 1998). To improve the cellular behaviour, porous architecture, 

mechanical properties and the rate of biodegradability, composite scaffolds have been 

evaluated for potential use in tissue engineering applications (Jiang et al., 2006).

I.8.3.4. Collagen GAG Scaffolds

A biocompatible, porous composite scaffold, produced by freeze drying a co-precipitate of 

collagen and GAG was originally developed for use as a skin substitute for bum patients 

(Burke et al., 1981) and was shown to significantly prevent wound contracture (Yannas et 

al., 1989). Type 1 collagen, which comprises 90% of the organic content of bone is the 

collagen type employed in the fabrication of collagen GAG scaffold (Gelse et al., 2003). 

The GAG employed, chondroitin 6-sulphate was incorporated into collagen as a means of 

controlling the biodegradation rate of the collagen, improving the mechanical properties 

and porosity of the scaffold (Yannas and Burke, 1980). Subsequently, collagen GAG 

scaffold was successfully employed for conjunctival and peripheral nerve regeneration 

(Chamberlain et al., 1998). A silicone tube containing the collagen GAG matrix located 

between the cut ends of a nerve resulted in a greater number of axons, nerve fibre diameter 

and action potential velocity, when compared with tubes containing no collagen GAG 

matrix (Chamberlain et al., 1998).

A collagen GAG scaffold is produced by freeze-drying a suspension of type 1 

collagen and chondroitin 6-sulphate. Type 1 collagen suspended in a dilute aqueous

solution of acetic acid is blended with chondroitin 6-sulphate at 4°C to prevent

denaturation of the tertiary structure o f the collagen (O’Brien et al., 2004). Following 

blending, air is removed under vacuum which is necessary to facilitate uniform heat 

conductance through the suspension during freezing and to ensure homogeneity of the 

pore size and distribution of the final scaffold (Figure 1.14).

Freezing, the first step in the freeze-drying process involves lowering the 

temperature of the suspension until the water solidifies as ice as a result o f nucleation and 

growth of ice crystals around the solute of the suspension. The collagen GAG becomes 

localised between the growing ice crystals (Freyman et al., 2001a) which mirrors the

eventual pore morphology of the scaffold, so the rate and growth o f the ice crystals

governs the size, shape, distribution and interconnectivity o f the scaffold pores (O 'Brien et 

al., 2004). Supercooling (cooling of the suspension below 0°C) is necessary to initiate ice
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Figure 1.14 A scanning electron microgrpah of a collagen GAG scaffold formed 
by a freeze drying technique and demonstrating the pore structure (O'Brien et 
al., 2004)



crystal nucleation (O'Brien et al., 2004). The rate of crystal nucleation and the rate of ice 

crystal growth are dependent on the rate of cooling of the suspension and the nature of the 

solute particles. Therefore, a faster rate of cooling results in the formation of smaller ice 

crystals (Doillon et al., 1986) and a therefore smaller pore size (O'Brien et al., 2004). 

Additionally, increasing the solute concentration was shown to increase the freezing 

temperature of the suspension, which resulted in larger ice crystal formation and larger 

pore size of the scaffold (Tierney et al., 2009a). Drying, the second step in the freeze- 

drying process involves the removal of the water from the frozen suspension and therefore 

the application of heat is required. At the low pressure involved, heat application results in 

the ice being converted directly into water vapour which is removed from the scaffold by a 

process termed sublimation. During sublimation, the amount of heat added to the scaffold 

is sufficient to remove the ice but not to heat the scaffold. Water molecules bound to 

solute particles are removed subsequently, when the scaffold undergoes physical 

crosslinking.

Collagen-GAG complexes involve ionic interactions between the negatively 

charged GAG and the positively charged collagen. With increasing acidity, the collagen 

becomes more positively charged thereby strengthening the collagen-GAG interaction 

(Yannas et al., 1980). GAGs may be covalently bonded to collagen by gluteraldehyde 

(Yannas et al., 1980) or the water soluble l-ethyl-3(3-dimelhylaminopropyl) carbodiimide 

(EDAC) (Pieper et al., 2000a, Pieper et al., 2000b) coupling. Complexing GAG with 

collagen produces a scaffold which is more resistant to collagenase degradation (Yannas 

and Burke, 1980, Pieper et al., 2000a), with improved mechanical properties (increased 

elastic modulus and higher energy to fracture) (Yannas and Burke, 1980) and with a 

“more open pore structure” (increased pore interconnectivity) (Tierney et al., 2009b). 

Furthermore, incorporating GAG into the collagen scaffold facilitates fibroblast 

infiltration and migration throughout the collagen GAG scaffold (Docherty et al., 1989). 

Covalently bonding GAGs to collagen scaffolds using chondroitin sulphate and heparin 

sulphate was shown in vivo to preserve the porous architecture of the scaffold and to 

modulate the tissue response when implanted in rats by improved angiogenesis (Pieper et 

al., 2000b). A reduced inflammatory and foreign body reaction was also evident when 

compared to collagen scaffolds without GAGs (Pieper et al., 2000b).

Previously, collagen GAG scaffold was fabricated without controlling the freezing 

parameters, which led to increased heterogeneity of pore size and shape (Yannas et al., 

1989). The importance of controlling the pore structure (pore size, shape and volume 

fraction) has led to attempts to fabricate a collagen GAG scaffold with a homogenous pore

57



structure (O'Brien et al., 2004). A homogenous pore size and alignment with an equiaxed 

pore shape was achieved when the rate of cooling of the collagen GAG suspension was 

maintained at 0.9°C/min (O'Brien et al., 2004). Additionally, a cooling rate of 0.9°C/min 

was shown to produce a scaffold with a significantly smaller pore size with less variation 

(O'Brien et al., 2004). Using a range of supercooling temperatures, collagen GAG scaffold 

variants were fabricated with differing pore sizes (O'Brien et al., 2005). A significantly 

greater number of MC3T3-E1 cells attached to collagen GAG scaffolds with the smallest 

mean pore size (O'Brien et al., 2005). However, when collagen GAG scaffold variants 

were fabricated by varying the collagen content, it was shown that the pore size of the 

scaffold increased with an increase in collagen, and significantly more MC3T3-E1 cells 

attached within those scaffolds with the larger pore size (Tierney et al., 2009a). The 

contradictory results presented by Tierney et al, (2009a) were attributed to a larger 

number of cell binding sites (specific surface area) made available by increasing the 

collagen content and increased permeability due to the increase m pore size, which 

resulted in the increased levels of cell attachment.

More recently, collagen GAG scaffolds were investigated as a potential treatment 

modality for osseous tissue generation and the collagen GAG scaffolds facilitated 

osteogenic differentiation of MSCs when the tissue culture medium was supplemented 

with osteogenic factors (P-glycerophosphate, ascorbic acid and dexamethasone) (Farrell et 

al., 2006, Byrne et al., 2008). Crosslinking of collagen GAG scaffolds is conducted to 

improve the mechanical properties of collagen GAG scaffold making it more suitable for 

tissue engineering (Weadock et al., 1995, Haugh et al., 2011). Collagen GAG crosslinking 

involves the introduction of intermolecular crosslinks by esterification of the carboxyl 

groups of aspartic and glutamic acid residues and acetylation of amide functional groups 

of lysine and hydroxylysine residues of adjacent collagen molecules (Yannas and 

Tobolsky, 1967, Bailey et al., 1980). Crosslinking may be carried out by heating the 

scaffold to temperatures above 90°C under vacuum which is routinely termed 

dehydrothermal (DHT) crosslinking. In DHT crosslinking the heat removes water bound 

to the collagen molecules, thereby facilitating crosslinking (Wang et al., 1994). 

Alternatively, a further regimen for DHT crosslinking of collagen GAG scaffold involves 

heating the scaffold between 105°C and 180°C under vacuum (Yannas et al., 1980). 

Investigations into increasing the temperature from 105°C to 180°C and the increasing 

duration of heat treatment from 24 h to 48 h demonstrated an increase in crosslink density, 

with a resultant improvement in compressive and tensile properties of the scaffold (Haugh 

et al., 2009) with increasing temperature and increased time. The main advantage with
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DHT crosslinking is that this strategy does not rely on the use o f potentially cytotoxic 

chemicals but DHT crosslinking fails to significantly improve the ability o f collagen GAG 

scaffolds to resist degradation by the action of proteolytic enzymes, collagenase and 

pronase (Pieper e? a/., 1999)

In addition to DHT treatment, crosslinking of collagen GAG scaffolds was also 

carried out chemically by treatment with glutaraldehyde (Dagalakis et al., 1980), which 

maintained the structural integrity o f the scaffold and rendered the scaffold resistant to 

degradation by collagenase, when compared to non crosslinked collagen GAG scaffolds 

(Zhong et al., 2005). Glutaraldehyde forms crosslinks by reacting with amine groups in 

adjacent collagen molecules and becomes incorporated into the resultant crosslinked 

collagen (Khor, 1997). Despite the effectiveness of glutaraldehyde (Lee et al., 2001b), 

concerns exist over potential cytotoxic effects as a result o f inadequate removal of residual 

glutaraldehyde or slow release into surrounding tissues following gradual degradation of 

the crosslinked matrix (Khor, 1997). It was thought that residual glutaraldehyde was 

responsible for a delay in chondrocyte proliferation in collagen GAG scaffolds which did 

not occur when DHT crosslinking was employed (Lee et al., 2001b). Contrary to the 

findings of Lee et al., (2001b), a recent study investigating the biological effects of 

crosslinking collagen GAG scaffolds reported no evidence of cytotoxicity associated with 

glutaraldehyde crosslinking (Haugh et al., 2011). Furthermore, glutaraldehyde 

crosslinking resulted in scaffolds with an increased compressive modulus and a resultant 

improvement in MC3T3-E1 cell proliferation and rate o f scaffold infiltration by the cells 

(Haugh et al., 2011).

The use of carbodiimides offers a further additional means of crosslinking collagen 

(Khor, 1997). N-hydroxysuccinimide (NHS) is used as a catalyst in conjunction with a 

carbodiimide to increase the number and rate of crosslinking reactions (Olde Damink et 

al., 1996). The water soluble carbodiimide, l-ethyl-3(3- 

dimethylaminopropyl)carbodiimide (EDAC) activates the carboxyl groups o f aspartic and 

glutamic acid residues and NHS facilitates amide bond formation in the presence of lysine 

or hydroxylysine residues of an adjacent collagen molecule, with the generation of urea as 

a by-product (Olde Damink et al., 1996). EDAC/NHS-crosslinked collagen GAG 

scaffolds were shown to be significantly more resistant to degradation by proteolytic 

enzymes than DHT crosslinking alone (Pieper et al., 1999). In contrast to crosslinking 

with gluteraldehyde, EDAC does not become incorporated into the crosslinked collagen, 

though extensive washing of the collagen GAG scaffold is required to remove residual 

traces of the cytotoxic EDAC and urea prior to assessment using biological assays (Lee et

59



a i ,  2001b). In vitro studies have also dem onstrated that EDAC/NHS-crosslinked collagen 

GAG scaffolds were non-cytotoxic following the efficient removal o f the residual 

cytotoxic elements, l-ethyl-3(3-dim ethylaminopropyl)carbodiimide and urea (Pieper et 

al., 1999, Lee et al., 2001b, Haugh et al., 2011).

The overall aim of the study was to develop a three-dimensional scaffold that 

would adhere to a titanium surface and support the growth and differentiation of 

osteogenic cells.

The objectives of the current study were to:

•  Fabricate a tissue engineering scaffold adherent to a commercially pure titanium 

substrate.

•  Culture an appropriate primary cell line to facilitate the study of osteogenic 

differentiation.

•  Evaluate the cytotoxicity of the tissue scaffold adherent to the titanium substrate.

• Investigate if the scaffold adherent to titanium supported cell growth and 

proliferation.

• Determine if the scaffold adherent to titanium would facilitate osteogenic 

differentiation of the primary cell line and deposition of a calcified matrix by the 

primary cell line.

Characterisation o f the titanium surface was required to standardise cellular behaviour 

with a surface o f defined surface roughness. Surface chemical characterisation was 

essential to define the surface with which the cells interact, to identify surface 

contaminants and to verify changes in the chemical species introduced onto the titanium 

surface during the course of the study. The study of osseous tissue formation required the 

evaluation of a cell population capable of populating the titanium surface and producing a 

calcified extracellular matrix characteristic o f bone. Three dimensional tissue generation 

required the use of a biocompatible scaffold material to facilitate cellular attachment, 

cellular proliferation and cellular differentiation. Additionally, a means of combining the 

scaffold material with the titanium surface was required to evaluate the generation of an 

osseous tissue-titanium interface similar to an osseointegrated dental implant.

All components o f the proposed tissue engineering specimen are required to be non- 

cytotoxic and facilitate cellular attachment and cellular proliferation to generate sufficient 

cell numbers and facilitate the identification of osseous tissue deposition. Histological 

analyses were required to assess cell attachment and cell migration and provide a visual 

representation of the cellular distribution within the tissue engineered specimen. The
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identification of the osseous tissue was facilitated by a number of techniques aimed at 

detecting and quantifying the production of marker molecules specific to bone and 

studying the upregulation of RNA for bone-specific marker expression. The techniques 

employed provided complementary information of the temporal sequence of osteogenic 

marker detection ranging from quantitation of nuclear transcription to post-translational 

production of the bone-specific markers. Immunoblotting facilitated the quantitation of the 

bone-specific markers and required primary and secondary antibodies specific to each 

bone-specific m arker under investigation. Analysis of the RNA expression required the 

design and use o f primers to enable amplification o f the RNA for the bone-specific 

markers. Immunohistochemistry employed primary and secondary antibodies specific to 

the bone-specific markers and these antibodies are frequently different to the antibodies 

used for im m unoblotting because antigen recognition for both techniques were different. 

Immunohistochemistry complemented immunoblotting by highlighting the location of 

bone-specific markers within the microscopic section. Further histological analyses were 

aimed at identifying a calcified extracellular matrix deposited by the cells within the tissue 

engineering specimen.
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Chapter 2

Development of a Tissue Engineering Scaffold Bonded to

Titanium
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2.1. Introduction

An adequate volume of bone is an essential prerequisite for the successful placement of a 

dental implant (Albrektsson et al., 1981, Branemark et al., 1983). However, alveolar bone 

resorption occurs as a result of tooth loss and trauma, resulting in clinical difficulties when 

attempting to place a dental implant in bone volume deficient sites (M isch and Dietsh, 

1993). Not least, there are significant limitations with the currently available bone grafting 

materials (Burchardt, 1983, Mercier et al., 1992, Tancred et al., 1998) that are used to 

facilitate implant placement. A readily available supply of a biocompatible, non-antigenic, 

osteoconductive bone grafting material would be particularly useful for bone 

augmentation procedures (Chapekar, 2000). Additionally, a means of predictably 

accelerating bone formation would be desirable to shorten treatment times and restore oral 

function efficiently (Hutmacher, 2000). Tissue engineering has the capacity to provide an 

unlimited supply of biocompatible scaffold material, which may be pre-seeded with 

autogenous stem cells in vitro so that stem cell differentiation and tissue formation has 

already progressed prior to implantation in vivo. This approach may accelerate bone 

formation and shorten treatment times for patients (Langer and Vacanti, 1993). 

Osseointegration involves the development of a bone implant interface (Albrektsson et al., 

1981) so a scaffold with potential bone tissue engineering applications must remain in 

intimate contact or be adherent to the dental implant surface. Hence, a bioengineered 

adherent (to titanium), osteogenic scaffold could have significant advantages in placing 

implants in bone deficient sites.

To facilitate a tissue engineering approach and mimic the clinical environment 

dental implants encounter, three separate components are required, namely a standardised 

titanium surface and a tissue engineering collagen GAG scaffold which is seeded with an 

appropriate cell population.

The aim of this chapter was to identify a means of adhering a tissue engineering 

scaffold to a commercially pure titanium surface which would remain adherent when 

seeded with the primary cell population.

The objectives of the chapter were to:

•  Generate and characterise a commercially pure titanium surface with a 

standardised surface topography.

•  Characterise the surface chemical characteristics of the titanium.

•  Fabricate a suitable tissue engineering scaffold.

• Culture and characterise a suitable cell population.
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• Develop a technique to adhere the tissue engineering scaffold to the standardised 

titanium surface.

• Verify the mechanisms by which the scaffold adhered to the titanium surface.

2.2. Titanium Disc Surface Modification

Commercially pure grade 2 titanium discs, 16 mm diameter and 2 mm thickness, were 

punched out (Graepel Perforators and Weavers Ltd., Dublin, Ireland) of a sheet of 

commercially pure titanium (4 m length, 1 m width and 2 mm thickness) (Impact Ireland 

Metals Ltd., Dublin, Ireland). The titanium discs underwent surface modification 

treatments to produce a range of surface roughnesses with the aim of facilitating the 

bonding of a collagen GAG scaffold.

Thirty disc-shaped commercially pure titanium specimens were mounted in 

Varidur two part cold-setting acrylic resin (Beuhler, Lake Bluff, IL, USA) to produce 

cylinders, 25.0 ± 0.1 mm diameter and 10.0 ± 0 . 1  mm height, compatible with the 

chambers of the Beta grinder-polisher (Beuhler, Lake Bluff, IL, USA). Prior to mixing the 

acrylic resin, the specimens were located at the centre of individual cylindrical mounting 

cups (Metset Cups, Beuhler, Lake Bluff, IL, USA). The acrylic resin was mixed, using a 

mixing ratio of 2 g of powder to 1 ml of liquid in accordance with the manufacturer’s 

instructions for 30 s. The acrylic resin was poured into the cylindrical mounting cups 

containing the specimens and the mounted specimens were removed from the mounting 

cups 45 min after the commencement of mixing. The 30 mounted specimens were wet 

ground using water as the lubricant on the Beta grinder-polisher with P I80 Silicon 

Carbide (SiC) abrasive paper (Beuhler, Lake Bluff, IL, USA) operating at 250 rpm at a 

force of 10 N on each specimen for 30 s (Table 2.1).

Five of the mounted specimens, wet ground with P I80 SiC abrasive paper, were 

steam cleaned. This involved delivering steam, at a pressure of 5 bar from a 2 cm distance 

at a 90° angle to the mounted titanium disc for 2 min. These specimens were then stored 

prior to profilometric analysis (Group A). The remaining 25 mounted specimens were wet 

ground on P240 SiC abrasive paper on the Beta grinder-polisher (also operating at 250 

rpm and a force of 10 N on each specimen for 30 s) (Table 2.1) and five were steam 

cleaned and stored prior to profilometric analysis (Group B). The remaining 20 mounted 

specimens were wet ground on P320 SiC abrasive paper on the Beta grinder-polisher 

under the same operating conditions (250 rpm at 10 N force on each specimen for 30 s) 

(Table 2.1) and five mounted specimens were steam cleaned and stored prior to 

profilometric analysis (Group C). The 15 remaining specimens were wet ground on P400
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SiC abrasive paper under similar operating conditions (Table 2.1) and five of the mounted 

specimens were steam cleaned and stored prior to profilometric analysis (Group D). The 

ten remaining specimens were wet ground on P600 SiC abrasive paper (Table 2.1) and 

five specimens were steam cleaned and stored prior to profilometric analysis (Group E). 

The last five specimens were wet ground on P800 SiC abrasive paper (Table 2.1), steam 

cleaned and stored prior to profilometric analysis (Group F). Five commercially pure 

titanium disc-shaped specimens were also alumina particle air-abraded in an ECO Dry 

Oxide System (Dentalfarm, Torino, Italy) alumina particle air abrader. The disc surface 

was abraded using 50 |am alumina particles delivered in an air stream, at a pressure of 5 

bar from a 2 cm distance at a 90° angle to the pressure jet, for 2 min. The titanium surface 

was steam cleaned according to the procedure outlined above for groups A-E and stored 

prior to profilometric analysis (Group G).

A non-contact optical profilometer (Talysurf CLI2000, Taylor Hobson Precision, 

Leicester, United Kingdom) was used to determine the surface roughness of the ground 

mounted titanium specimens (Groups A-F) and the alumina particle air abraded discs 

(Group G). The analysis method employed used the Ra-value which is the arithmetic mean 

of the absolute departures of the surface roughness profile from the mean line (Fleming et 

al., 2006) to quantify the surface roughness. The Ra-value was determined using a 3 mm 

range chromatic length aberration gauge operating at a scanning speed of 2 mm/s to a 

resolution of 0.232 nm (z-direction). Longitudinal traces were taken at 0.5 |j.m intervals 

(x-direction) across the disc with a measurement recorded at 0.5 ^m intervals (y-direction) 

generating a three dimensional (3D) profile using the TalyMap analysis software package 

(Talysurf CLI2000, Taylor-Hobson Precision, Leicester, United Kingdom) and applying a 

Gaussian filter (8 [am) to the surface roughness measurements. Four random areas on each 

of the five mounted specimens (Groups A-F) and the alumina particle air abraded 

specimens (Group G) were identified and the corresponding areas (2000 |im  , 40 [im 

length and 50 |am width) were scanned according to the regimen outlined above. The 3D 

profiles were analysed and the Ra-values were determined using the TalyMap analysis 

software package.

2.2.1. Statistical Analysis

A one-way analysis of variance (ANOVA) at a significance level of P<0.05 was used to 

compare the mean Ra-value for the four randomly selected areas of each titanium disc

shaped specimen which was wet ground with the same grade of SiC paper or alumina
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Table 2.1 The protocol employed for wet grinding the commercially pure 
titanium discs with the particular grade of SiC abrasive paper. Each V was 
representative of 30 s on the grinder/polisher operating at 250 rpm with a force 
of 10 N on each mounted specimen.

Grit Level Specimen Group
A B c D E F

PI 80 V V V V V V
P240 - V V V V V
P320 - - V V V V
P400 - - - V V V
P600 - - - - V V
P800 - - - - - V



particle air abraded (intra-group comparison). Additionally, a one-way ANOVA and post 

hoc Tukey’s test was used to determine if the mean of the Ra-values differed between 

Groups A-F. To determine if there was a significant trend in the mean Ra-values as the 

SiC abrasive paper grit size was reduced, a regression analysis was conducted.

2.3. Surface Chemical Characterisation

The surface chemical composition of the commercially pure titanium discs wet ground 

with SiC abrasives were determined using X-ray Photoelectron Spectroscopy (XPS) to 

check for possible contamination. XPS was performed in a Kratos AXIS 165 spectrometer 

using monochromatic A1 Ka radiation (1486.6 eV) with high resolution spectra recorded 

at a fixed pass energy (20 eV). The core level binding energies were determined using C 

Is peak at 284.8 eV as the charge reference. Surface charge was efficiently neutralised by 

flooding the sample surface with low energy electrons. For peak synthesis of high 

resolution spectra, a mixed Gaussian-Lorenzian function with a Shirley type background 

subtraction were used. The relative sensitivity factors used were according to the 

CasaXPS library containing Scofield cross-sections.

2.4. Results 

2.4.1. Wet Grinding

When the surface of the commercially pure titanium discs were altered by wet grinding 

(Groups A-F) and alumina particle air abrasion (Group G), the mean Ra-values for the five 

discs wet ground with P I80 SiC abrasive paper (Group A) varied from a minimum of 

0.160 |im to a maximum of 0.181 (am with an overall mean Ra-value and associated 

standard deviation of 0.171 ± 0.032 |im. Wet grinding with P240 SiC abrasive paper 

(Group B) resulted in mean Ra-values that varied from 0.131 (am to 0.162 (im with an 

overall mean Ra-value and associated standard deviation of 0.143 ± 0.022 (im while for 

P320 SiC abrasive paper (Group C) the mean Ra-value varied from a minimum of 0.136 

(jm to a maximum of 0.162 (im with an overall mean Ra-value and associated standard 

deviation of 0.147 ± 0.021 |im. Wet grinding with P400 SiC abrasive paper (Group D) 

resulted in variation from a lowest recorded Ra-value of 0.124 (am to the highest of 0.142 

(im with an overall mean Ra-value and associated standard deviation of 0.134 ± 0.019 |im. 

The mean Ra-value following wet grinding with P600 SiC abrasive paper (Group E) 

varied from 0.124 (im to 0.151 (im with an overall mean Ra-value and associated standard 

deviation of 0.136 ± 0.016 (im and for P800 SiC abrasive paper (Group F) varied from a
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minimum Ra-value o f 0 .116  |am to a maximum Ra-value o f  0.172 |am with an overall 

mean Ra-value and associated standard deviation o f 0 .152 ± 0.027 |am. The mean Ra-value 

for the alumina particle air abraded commercially pure titanium disc-shaped specimens 

varied from a minimum o f 0.267 |im  to a maximum o f  0.416 |im  with an overall mean Ra- 

value and associated standard deviation o f 0.362 ± 0 .1 4 1  [am (Table 2.2).

A one-way A N O V A  at a significance level o f  P<0.05 was used to compare the 

mean o f the Ra-values for the four randomly selected areas o f each titanium disc-shaped 

specim en wet ground with the same grade o f SiC paper or alumina particle air abraded 

(intra-disc comparison). Analysis o f the Ra-values indicated that there was no significant 

difference within discs in groups A-F (Group A (P>0.938), Group B (P>0.319), Group C 

(?>0.597), Group D (P>0.695), Group E (?>0.081) and Group F (P>0.334), however, a 

significant difference within Group G specimens was evident (?<0.03).

A one-way AN O V A  and post hoc Tukey’s test was used to determine if the overall 

mean o f the Rj-values for the five nominally identical titanium disc-shaped specimens in 

each group differed between the groups investigated. The mean Ra-values for Group G 

specim ens were significantly higher (?<0.001) compared with the mean Ra-values for the 

groups that had been wet ground with SiC abrasive paper (Groups A-F). To determine if 

there was a significant trend in the mean Ra-values as the SiC abrasive paper grit size was 

reduced, a regression analysis was conducted (Figure 2.1) and a significant decrease 

(P=0.008) in the mean Ra-value as the grit size o f the SiC abrasive paper was reduced 

from P I 80 (Group A) to P800 (Group F), was evident.

2.4.2. XPS Analysis

The surface chemical characteristics o f a comm ercially pure titanium disc that was wet 

ground with SiC abrasive paper is outlined by the survey spectrum shown in Figure 2.2. 

The core levels for titanium (Ti 2p), oxygen (O Is), zinc (Zn 2p), nitrogen (N Is), calcium  

(Ca 2p) and carbon (C Is) were observed. The presence o f the C Is peak at 284.8 eV is 

attributed to surface hydrocarbon contamination (Crist, 2000). Silicon was not observed 

despite the use o f SiC abrasive paper used to abrade the surface (Miyakawa et al., 1996).

A  high resolution scan o f  the Ti 2p peak is shown in Figure 2.3. The Ti 2p peak 

forms a doublet consisting o f Ti 2p3/2 at a binding energy o f  458.2 eV and Ti 2pi/2 at a 

binding energy o f  463.9 eV, which represents titanium as Ti"̂ ”̂ corresponding to T i02  

(Isaac et al., 2010). In addition, there are contributions o f approximately 10% from minor 

doublet peaks with Ti 2p3/2 at 453.3 eV representing metallic titanium (Ti°), at 454.6 eV  

demonstrating the presence o f TiO (Ti^^) and 456.3 eV indicative o f T i203  (Tî "̂ ). The
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Table 2.2 The mean Ra-values (associated standard deviation in parentheses) for 
commercially pure titanium disc-shaped specimens that were wet ground with 
P180, P240, P320, P400, P600 and P800 SiC abrasive paper and alumina particle 
air abraded (AA) with 50 |im alumina particles.

Disc 1 
( l̂m)

Disc 2 
(|im)

Disc 3 
(|jm)

Disc 4 
(Mm)

Disc 5 
(urn)

Overall
(Mm)

Group A 
(PI 80)

0.160
(0.024)

0.170
(0.052)

0.181
(0.023)

0.175
(0.027)

0.171
(0.040)

0.171
(0.032)

Group B 
(P240)

0.144
(0.014)

0.133
(0.014)

0.142
(0.022)

0.162
(0.027)

0.131
(0.028)

0.143
(0.022)

Group C 
(P320)

0.138
(0.018)

0.150
(0.027)

0.149
(0.014)

0.162
(0.028)

0.136
(0.019)

0.147
(0.021)

Group D 
(P400)

0.135
(0.015)

0.129
(0.015)

0.142
(0.008)

0.124
(0.004)

0.141
(0.039)

0.134
(0.019)

Group E 
(P600)

0.126
(0.015)

0.151
(0.018)

0.145
(0.011)

0.124
(0.011)

0.136
(0.016)

0.136
(0.016)

Group F 
(P800)

0.172
(0.023)

0.159
(0.031)

0.116
(0.010)

0.156
(0.020)

0.154
(0.022)

0.152
(0.027)

Group G 
(AA)

0.369
(0.057)

0.267
(0.079)

0.304
(0.099)

0.452
(0.264)

0.416
(0.071)

0.362
(0.141)
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Figure 2.1 The regression analysis employed to determine if there was a 
signiflcant trend in the Rg-value with the grit size of the SiC abrasive paper 
employed.
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Figure 2.2 The survey spectrum of a commercially pure titanium disc that was 
wet ground with silicon carbide abrasive paper highlighting the presence of zinc 
(Zn 2p), oxygen (O Is), titanium (Ti 2p), nitrogen (N Is), calcium (Ca 2p) and 
carbon (C Is),
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Figure 2.3 The high resolution spectrum for the core level of titanium (Ti 2p) for 
the commercially pure titanium disc that was wet ground with SiC abrasive 
paper indicating the presence of titanium in multiple valencies: Ti 2pa/2 at 458.2 
eV and Ti 2pi/2 represent TiOz, Ti 2p3/2 at 453.3 eV represents Ti", Ti 2p3/2 at 
454.6 eV representing Tî '̂  and Ti 2p3/2 at 456,3 representing Tî '̂ .



presence of metallic titanium (Ti°) indicated that the thickness of the oxide layer was no 

more than 10 nm.

2.5. Discussion

Wet grinding commercially pure titanium with SiC abrasive paper under the polishing 

protocol (250 rpm with a force of 10 N for 30 s under water lubrication) consistently 

generated a surface that was reproducible, such that there was no statistically significant 

difference (P>0.05) between the individual mean Ra-values for the disc-shaped specimens 

that were wet ground with each specific grade of SiC abrasive paper when the intra-disc 

comparisons were examined. The titanium discs wet ground with SiC abrasive paper were 

mounted in Varidur cold-setting acrylic resin which had dimensions that were compatible 

with the Beta grinder-polisher to accommodate the wet grinding process. The grinding 

was performed under controlled conditions - at a speed of 250 rpm under an applied force 

of 10 N for a time period of 30 s with water lubrication, which resulted in surfaces with 

mean Rg-values that were not significantly different. When a regression analysis was used, 

a significant decrease (P=0.008) in the mean Rg-values was evident when the titanium 

discs were sequentially wet ground with increasing grades of SiC abrasive paper from 

P I80 (Group A) to P800 (Group F), as would be expected with significant overlap in the 

standard deviations between successive grades of silicon carbide papers evident.

The commercially pure titanium discs altered by alumina particle air abrasion

demonstrated a statistically significant difference in the mean Ra-values between the

specimens (P=0.03). The process of alumina particle air abrasion employed in the current

study involved directing the alumina particle jet at right angles to the titanium surface, at a

distance of 2 cm from the specimen surface and using a sweeping motion to deliver the

alumina particles from the jet at a constant rate over the surface for 2 min in an attempt to

alter the surface. The process of alumina particle air abrasion is routinely employed in

dentistry to modify surfaces to make them more conducive to bonding or to remove

investment materials. Although operating conditions may vary, including the angle of

delivery of the alumina particles, distance from the specimen surface, air pressure,

abrasion time and alumina particle size, depending on the application, alumina particle air

abrasion is thought to produce a reproducible surface roughness (Addison et al., 2007). In

the current study, the alumina particle air jet and the titanium discs were hand held in the

alumina particle air abrading chamber, which may have led to operator variability that

would explain the differences in the Ra-values calculated between specimens in Group G.

Additionally, operator variability could also be introduced by inconsistency in maintaining
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the 2 cm distance for the time interval of 2 min, at right angles to the alumina particle air 

je t and the obvious difficulty in ensuring the sweeping motion allowed for the alumina 

particles to be delivered evenly across the disc surface. The results of the profilometric 

study namely, the lack of reproducibility of the alumina air abraded surface identified that 

the treatment was inconsistent and therefore was eliminated from further consideration.

The commercially pure titanium discs that were wet ground with SiC abrasive 

paper resulted in Ra-values that were statistically identical. The inter-group comparison for 

the wet grinding of the commercially pure titanium with the SiC abrasive paper showed no 

significant difference between groups. The process o f wet grinding with P I80 SiC 

abrasive paper was therefore chosen as the surface modification process to generate a 

reproducible surface for the titanium discs since successively increasing grades of silicon 

carbide abrasive paper did not significantly reduce the Ra-values.

The five commercially pure titanium discs in group A were removed from the 

cold-setting acrylic resin by fracturing the acrylic cylinders. The specimens in Groups A 

were sterilised in an autoclave (LTE Touchclave 100, LTE Scientific Ltd., Oldham, 

United Kingdom) operating at 121°C for 16 min at a pressure of 3.1 bar. The discs were 

then placed into an ultrasonic bath (Vitasonic 11, Vita Zahnfabrik, Bad Sackigen, 

Germany) maintained under aseptic conditions in a laminar flow hood (M icroflow Class 11 

Biological Safety Cabinet, Bioquell UK Ltd., Andover, United Kingdom). The titanium 

discs were first immersed in 100 ml of acetone (Sigma Aldrich Ltd., Dublin, Ireland) and 

ultrasonically vibrated for 10 min. The acetone was aspirated and replaced with 100% 

ethanol (Sigma Aldrich Ltd., Dublin, Ireland) before being ultrasonically vibrated for a 

further 10 min. The ethanol was aspirated and the specimens underwent a final 10 min of 

ultrasonic vibration in 100 ml o f sterile ultra pure water. The Milli Q Biocel system 

(Millipore Ireland, Carrigtwohill, Co. Cork, Ireland) was used to provide ultra pure water 

which was sterilised in the LTE Touchclave 100 autoclave (operating at I2 I°C  for 16 min 

at 3.1 bar). The discs in group A were removed from the Vitasonic 11 ultrasonic bath, 

placed in sterile 10 cm tissue culture dishes (M edical Supply Co. Ltd., Dublin, Ireland) 

and stored in a desiccator prior to further testing and analysis.

2.6. Fabrication of a Collagen GAG Scaffold

Collagen GAG scaffold was fabricated according to the protocol previously described

(O'Brien et al., 2004) where 0.32 g of chondroiton-6-sulphate sodium salt isolated from

shark cartilage (Catalogue number: C4384, Sigma Aldrich Ltd., Dublin, Ireland) was

dissolved in 120 ml of 0.05 M acetic acid (Sigma Aldrich Ltd., Dublin, Ireland) with a pH
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of 3.2. The pH was determined using an Orion pH meter (Thermo Scientific, Beverly, 

MA, USA). A collagen suspension was prepared using 3.6 g of type 1, microfibrillar 

collagen, isolated from bovine tendon (Collagen Matrix, Inc., NJ, USA) and 600 ml of the 

0.05 M acetic acid (pH of 3.2). The collagen suspension was mixed at 15000 rpm using an 

overhead blender (Ultra Turrax T18, IKA Works Inc., NC, USA) while maintaining the 

temperature at 4°C throughout the mixing process using a water circulation cooling system 

(WKL 250, Lauda, Germany). The chondroitin 6-sulphate solution was added by dropping 

the solution onto the collagen suspension in the overhead blender over 23 min using an 

Ecoline peristaltic pump (Ismatec SA, Glattbrugg, Switzerland) while maintaining the 

temperature at 4°C. The suspension was further blended for an additional 90 min in the 

overhead blender at 15000 rpm, at an operating temperature of 4°C and the final 

suspension contained 0.5 wt% collagen and 0.05 wt% chondroitin 6-sulphate. In an 

attempt to remove air bubbles incorporated during the blending process, degassing of the 

suspension was carried out in a vacuum oven operating at 50 mTorr for 60 min. The 

collagen GAG suspension was then freeze-dried in a grade 304 stainless steel tray (VirTis, 

Gardiner, NY, USA) with dimensions 12x12x5 cm, in a Genesis Freeze-dryer (VirTis, 

Gardiner, NY, USA) where the temperature of the suspension was reduced from 4°C to - 

40°C at 0.9°C/min. The frozen suspension was sublimated under vacuum in the Genesis 

Freeze-dryer with the vacuum operating at less than 100 mTorr for a further 17 h at O^C. 

The resultant sheet of collagen GAG scaffold was 3 mm in thickness and was removed 

from the stainless steel tray in the Genesis Freeze-dryer and sealed in aluminium foil. To 

improve the stiffness of the collagen GAG scaffold to prevent collapse of the scaffold 

during function, dehydro thermal crosslinking was carried out in a vacuum oven (Vacucell 

22, MMM, Germany) at 50 mTorr and 150°C for 48 h. The dehydrothermal crosslinking 

process also served to sterilise the collagen GAG scaffold and enabled further use in cell 

culture studies. Following removal of the aluminium foil containing the collagen GAG 

scaffold from the vacuum oven, the sheets of collagen GAG scaffold were placed in the 

Microflow Class 11 laminar flow hood and individual discs, 16 mm diameter and 3 mm 

thickness, were produced using a sterile punch. The punched disc-shaped collagen GAG 

specimens were placed in sealed tissue culture dishes isolated from light and stored at 

room temperature prior to further testing and analysis.

The mass of collagen in each collagen GAG scaffold disc-shaped specimens was 

calculated according to Equation 2.1

M„ = 0.004
12.7

Equation 2.1
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where Me was the mass o f collagen (g), 0.004 was the mass o f collagen (g) in a circular 

collagen GAG scaffold (12.7 mm diameter and 3 mm thickness, fabricated w ith a 

concentration o f 0.5 wt% collagen) and d was the diameter o f the collagen GAG scaffold 

disc-shaped specimen (mm) measured w ith a digital micrometer accurate to 100 |j,m 

(M itotoyo, Kawasaki, Japan).

Dulbecco’ s Phosphate Buffered Saline (DPBS) containing 100 m M  NaCl, 80 mM 

Na2?04  and 20 mM  Na2H 2?04  (pH 7.0), sterile-filtered and cell-culture tested, was 

supplied by Sigma A ldrich Ltd. (Dublin, Ireland). The DPBS was supplied at a 

concentration o f lOX and was used as a buffer in a wide range o f chemical solutions. The 

DPBS was diluted to IX  concentration using ultra pure water, which had been filtered 

using a M inisart 0.2 |im  pore size cellulose acetate filte r prior to being sterilised in the 

LTE Touchclave 100 autoclave, operating at 121°C for 16 min at 3.1 bar. The M ill i Q 

Biocel system (M illipore  Ireland, Carrigtwohill, Ireland) was used to provide ultra pure 

water used for the preparation o f buffers.

The dehydrothermally crosslinked collagen GAG scaffold discs were placed in the 

M icro flow  Class 11 laminar flow  hood and hydrated by immersion in sterile IX  DPBS. 

The dehydrothermally crosslinked collagen GAG scaffold discs underwent further 

crosslinking using l-ethyl-3-(3-diethylaminopropyl)carbodiim ide (EDAC, Sigma A ldrich 

Ltd., Dublin, Ireland), and N-hydroxysuccinimide (NHS, Sigma A ldrich  Ltd., Dublin, 

Ireland). An aqueous solution containing EDAC and NHS was prepared where the 

standard molar mass o f EDAC and the standard molar mass o f NHS required was 

determined for each mole o f collagen according to Equations 2.2 and 2.3.

^ E D A C  =

Equation 2.2

^  EDAC ~  ^ c  EDAC/  NHS ^  EDAC NHS ^  NHS )

Equation 2.3

where M e d a c  was the mass o f EDAC (mg) and M ^ h s 'w a s  the mass o f NHS (mg).

The aqueous solution o f EDAC and NHS was then filte r sterilised using 0.2 pm cellulose 

acetate filte r to prevent microbial contamination o f the sterile collagen GAG scaffold. The 

dehydrothermally crosslinked collagen GAG scaffold discs were immersed in 4 ml o f the
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aqueous solution of ED AC and NHS and placed on a UNIMAX 2010 orbital platform 

shaker (Heidolph, Metrohm USA, FL, USA) operating at 100 rpm for 2 h to uniformly 

infuse the dehydrothermally crosslinked collagen GAG scaffold with EDAC and NHS. 

The resulting EDAC and NHS crosslinked scaffolds were washed in DPBS for 30 min on 

the orbital shaker operating at 100 rpm and stored at 4°C in DPBS for 48 h with the DPBS 

being replaced every 16 h to ensure removal of all traces of the cytotoxic EDAC prior to 

cell culture experiments.

2.6.1. Results

When the disc-shaped, dehydrothermally crosslinked collagen GAG scaffold was hydrated 

by immersion in IX DPBS, shrinkage occurred such that the mean diameter of the 

resultant scaffold was 11±0.5 mm (Figure 2.4).

2.7. Culture of primary MSC Cell Line

When cultivated on standard tissue culture plates, rat mesenchymal stem cells (MSCs) can

be utilised as an in vitro simulation model for tissues of mesodermal origin and therefore

rat MSCs were used as described by Maniatopoulous et al. (1988). All of the chemicals

and antibiotics used for the culture of primary rat MSCs in the current part of this study

were of analytical-grade, molecular biology-grade or cell culture-grade and were

purchased from Invitrogen Corporation (Grand Island, NY, USA) unless otherwise

specified. The tissue culture medium and chemical solutions exposed to the MSCs were

always heated to 37°C in a Clifton shaking water-bath (Camlab Ltd., Cambridge, United

Kingdom) prior to being employed in the study to maintain the primary rat MSCs at body

temperature. The cell line was maintained in Dulbecco’s modified Eagle’s medium

(DMEM Sigma Aldrich Ltd., Dublin, Ireland) which was supplied at pH 7.0 and

comprised 4500 mg/1 of glucose, sodium bicarbonate and phenol red (without L-glutamine

and sodium pyruvate). The DMEM was received in a sterile-filtered and cell culture tested

condition from the manufacturer. The DMEM was supplemented with 6 ml/1 of 200 mM

L-Glutamine, 6 ml/1 of 200 mM Glutamax-1 and 12 ml/1 of non essential amino acids. The

DMEM was further supplemented with 20 ml/1 of a penicillin-streptomycin solution

which comprised 5000 units/ml of penicillin G (sodium salt) and 5 mg/ml of streptomycin

sulphate in 0.85% saline (as received from the manufacturer). To facilitate the culture of

primary rat MSCs the supplied DMEM was supplemented with 100 ml/1 of foetal bovine

serum (FBS) which was supplied by the manufacturers as heat-inactivated, of South

American origin, sterile-filtered and cell-culture tested. The heat inactivation of the FBS
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solution was a process carried out by the manufacturer at 60°C for 30 min to destroy the 

complement component contained in FBS which would cause complement-mediated cell 

lysis when cellular antibody binding occurred during immunoassays. Prior to use in the 

culture o f primary M SCs, DPBS was modified to a IX  concentration using ultra pure 

water (Section 2.6) and sterilised in the LTE Touchclave 100 autoclave at I21°C for 16 

min at 3.1 bar.

2.7.1. Animal Dissection

To avoid the risk o f bacterial, viral or fungal contamination during cell culture an aseptic 

environment was required when handling animals, tissues and cells. A ll bench surfaces 

used for dissecting animals were sprayed liberally with 70% ethanol and covered with 

Benchkote (Lennox Laboratory Supplies Ltd., Dublin, Ireland). The cell culture procedure 

was carried out in the M icroflow Class 11 laminar flow  hood which was sprayed liberally 

with 70% ethanol. In addition, non-disposable instruments were wrapped in sterilisation 

pouches (Henry Schein Inc., M elville, NY, USA) and sterilised in the LTE Touchclave 

100 autoclave at 121°C for 16 min at 3.1 bar. The pouches were liberally sprayed with 

70% ethanol prior to being opened in the laminar flow  hood. The supplemented DMEM  

and reagents used for the cell culture procedure were aliquoted in the M icroflow Class 11 

laminar flow  hood using pre-sterilised containers and bottles used to aliquot the DMEM  

were sterilised in the LTE Touchclave 100 autoclave operating at I2I°C for 16 min at 3.1 

bar. All reagents were filter-sterilised using a 0.2 |im  cellulose acetate membrane syringe 

filter prior to being introduced to the DMEM.

Young male Wistar rats which were 3-4 months old and weighing approximately 

300 g were obtained from the Bioresources Department, Trinity C ollege Dublin, Ireland. 

The animals were sacrificed by CO 2 asphyxiation by placing the animals in an empty CO 2 

chamber, prior to 5% CO2 being introduced for 3 min in accordance with European Union 

and Irish guidelines for the care and use o f laboratory animals. After removal from the 

chamber, death was verified by cervical dislocation. Each animal was handled separately 

by the operator with disposable latex gloves to prevent contamination. The instruments 

used and the gloves worn were changed at regular intervals to avoid cross-contamination. 

The animals were liberally sprayed with 70% ethanol and the hind legs were dislocated 

from the hip joint, the skin and fur was removed and the femur was isolated by dissecting  

at the knee joint. The ligaments and Achilles tendon were severed, and the foot was turned 

towards the knee to remove the tibia and fibula. All soft tissue and m uscle was carefully
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Figure 2.4 (a) Dehydrothermally crosslinked collagen GAG scaffold (diameter 16 
mm) and (b) the resultant dehydrothermally crosslinked collagen GAG scaflfold 

following hydration (diameter 11 mm)



dissected from the bones, which were stored in the supplemented DMEM maintained at 

37°C, prior to being placed in the laminar flow hood.

2.7.2. Harvesting Bone Marrow

The bones were cut at the epiphyses and the marrow was removed by flushing with 

supplemented DMEM maintained at 37°C through a 25 gauge hypodermic needle (Becton  

Dickinson UK Ltd., Oxford, United Kingdom). The bone marrow from each animal was 

collected in a 50 ml centrifugation tube (Sarstedt Ltd., W exford, Ireland) and centrifuged 

at 650  g  for 5 min. The supernatant was discarded and a single cell suspension was created 

by slow ly  triturating the pellet three times through 16, 18 and 20 gauge hypodermic 

needles (Becton Dickinson UK Ltd., Oxford, United Kingdom), respectively. The single 

cell suspension was then passed through a 40 |im  nylon mesh (Cell strainer, BD Falcon, 

Franklin Lakes, NJ, USA) to remove any particulate matter. The cells were seeded in a 10 

cm tissue culture dish (Medical Supply Co. Ltd, Dublin, Ireland) and returned to the CO 2 

incubator for 30 min where they were maintained under normal incubation conditions at 

37°C, namely 5%  CO 2 and 98% relative humidity in a Biotech Galaxy CO 2 incubator (RS 

Biotech Laboratory Equipment Ltd., Irvine, United Kingdom). The non-adherent cells 

were re-suspended in supplemented DMEM and a cell count using a Bright-Line 

Haemacytometer (Hausser Scientific, Horsham, PA, U SA ) was performed. The cells were 

subsequently seeded at a density o f 5x10^ cells for each 75 cm^ tissue culture flask (T75), 

(Sarstedt Ltd., Wexford, Ireland) and returned to the CO 2 incubator for 24 h under normal 

incubation conditions (98% relative humidity in 5% C O 2 at 37°C). Following 24 h 

incubation the cells were washed with 5 ml o f supplemented DM EM  maintained at 37°C  

and the supplemented DMEM was discarded after washing. A further 10 ml o f fresh 

supplemented DMEM maintained at 37°C was added to the T75 tissue culture flask and 

placed under normal incubation conditions in the CO 2 incubator where the cells were 

maintained and passaged.

2.7.3. Cell Maintenance and Passage

Rat M SCs o f passage 0 and passage 1 were cultured in T75 tissue culture flasks and cells 

o f subsequent passages were cultured in 175 cm^ tissue culture flasks (T175) (Sarstedt 

Ltd., W exford, Ireland) as the cells proliferated. Cell proliferation was observed daily by 

em ploying a Nikon™ TMS inverted phase contrast m icroscope (Nikon Instruments'”, 

Micron Optical Co. Ltd., Dublin, Ireland) at a magnification o f x400. The cell passages 

were maintained twice weekly by aspirating and discarding half o f the supplemented
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DMEM and replacing the same volume with fresh supplemented DM EM  maintained at 

37°C. The rat MSCs were maintained in the CO2 incubator under normal incubation 

conditions until approximately 50-60% cell confluence (Freshney, 2005) had been 

achieved. On achieving 50-60% confluence the cells were trypsinised which involved  

removing the cells from the tissue culture flask by decanting and discarding the DMEM  

from the tissue culture flask. The cells were washed twice by em ploying a pipetting 

procedure using 5 ml o f DPBS to remove any remaining supplemented DMEM and dead 

cells. For the T75 and the T175 tissue culture flasks 3 or 5 ml, respectively o f 0.25%  

Trypsin - EDTA disodium (Trypsin-EDTA, Sigma Aldrich Ltd., Dublin, Ireland) 

maintained at 37°C was added to the tissue culture flask.

2.7.4. Trypsinisation

The trypsin-EDTA (comprised 2.5 g o f porcine trypsin, 0.2 g o f EDTA.4Na/l Hank’s 

Balanced Salt solution with phenol red which was sterile-filtered by the manufacturer) 

was added to the rat M SCs, and incubated for 3 min under normal conditions (98% 

relative humidity, in a 5% CO 2 environment maintained at 37°C). The rat M SCs, detached 

from the tissue culture flask by knocking the side o f the flask and the resultant cell 

suspension was aliquoted into a 50 ml centrifugation tube. The tissue culture flask was 

then washed twice with supplemented DMEM maintained at 37°C (3 ml for a T75 tissue 

culture flask or 5 ml for a T175 tissue culture flask), aliquoted into the 50 ml 

centrifugation tube and in the process the activity o f the trypsin-EDTA was neutralised. 

The M SCs were centrifuged in an Eppendorf Centrifuge 5804 (Davidson & Hardy Ltd., 

Belfast, United Kingdom) at 650 g for 5 min at 20°C. The supernatant was discarded and 

the cells were re-suspended in 10 ml o f  supplemented DMEM that had been preheated to 

37°C prior to use. A single cell suspension was made by carefully triturating the cells on 

three consecutive occasions through a 20 gauge hypodermic needle.

To determine the cell density, 10 |j 1 o f  the MSC suspension was aliquoted into a 

L5 ml polypropylene Eppendorf micro tube (Eppendorf, Hamburg, Germany) with 10 |al 

o f trypan blue dye (Sigm a Aldrich Ltd., Dublin, Ireland) and mixed by careful pipetting to 

m inim ise damage to the delicate cell walls follow ing trypsinisation. The Bright-Line 

Haemacytometer was used to estimate the cell density by adding a 10 |al mixture o f  the 

MSC suspension and trypan blue dye solution to the haemacytometer slide. The cells were 

visualised using the N i k o n T M S  inverted phase contrast microscope at a magnification 

o f  x400 and the viable cells were counted. Cells that absorbed trypan blue were considered 

non-viable and were therefore excluded. The viable cells were passaged (at half the
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original cell density) and the flasks were returned to the CO 2 incubator and maintained 

under normal incubation conditions (98% relative humidity in 5% C O 2 at 37°C). Before 

long term cryo-storage the M SCs were counted and resuspended in a 1 ml solution o f 10% 

dimethyl sulphoxide (DM SO ), (Sigm a Aldrich Ltd., Dublin, Ireland) and 90% FBS which 

served as the freezing medium. One millilitre aliquots o f the cell suspension in the DM SO  

and FBS solution were stored in 2 ml polypropylene Eppendorf micro tubes at a cell 

density o f 1x10^ cells/m l. The MSC temperature was reduced at l°C /m in by placing the 

micro tubes into a Cryo -1°C freezing container (Nalgene^^ Ltd., Hereford, United 

Kingdom) and incubating at -85°C (Ultra low freezer U 41085, New Brunswick Scientific 

Ltd., Hertfordshire, United Kingdom) for 24 h to avoid intracellular water freezing which 

would have caused the cell wall to rupture. The cells were immediately placed into the 

cryogenic liquid nitrogen storage system (MVE X C 47/11-6 unit. Biogenics Ltd., CA, 

USA) prior to further use.

To thaw the cryo-preserved cells, the 2 ml polypropylene Eppendorf micro tubes 

were removed from the liquid nitrogen storage system  and quickly brought to room 

temperature by placing in the Clifton Water Bath maintained at 37°C. Having com pletely  

thawed, the MSC suspension (1 ml) was mixed with 14 ml o f supplemented DMEM at 

37°C in a 50 ml centrifuge tube and added to a T75 tissue culture flask prior to incubation 

in the CO 2 incubator under normal incubation conditions until the cells had reached 50- 

60% confluence.

2.7.5. Waste Disposal

All used tissue culture medium and associated supplements and reagents were retained, 

placed in glass bottles and sterilised in the LTE Touchclave 100 autoclave operating at 

121°C for 16mins at B.lbar prior to disposal. A ll used plasticware and disposables 

(pipettes, tips, containers and gloves) were sterilised under the same conditions and the 

animal carcasses were sent to the hazardous material facility in Trinity College Dublin for 

incineration in accordance with Irish and EU legislative requirements.

2.7.6. Results

Follow ing culture and proliferation o f the adherent fraction o f  bone marrow cells from the 

rat, passaging (Section 2.7.3) involved making a single cell suspension and evenly 

redistributing the cells on fresh tissue culture plastic. Following 24 h incubation, cell 

attachment was evident with an even distribution o f cells throughout the tissue culture 

flask (Figure 2.5a). Ninety six hours later, multiple discrete colonies o f spindle-shaped
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MSCs (Bruder et al., 1997) were evident throughout the tissue culture flask (Figure 2.5b) 

and MSC proliferation occurred up to approximately 168 h incubation resulting in the 

growth o f the individual colonies and the approximation o f adjacent colonies (Figure 

2.5c), when preparation was made for further passaging.

2.8. Characterisation of the Rat MSCs

In an attempt to ensure the presence o f  rat M SCs, characterisation o f cultured cells from

the bone marrow o f rats was carried out by probing for the presence o f cell surface

antigens specific to rat MSCs. All o f the chem icals and reagents used in the current study

were purchased from Sigma-Aldrich Ltd. (Dublin, Ireland) unless specified otherwise.

Eight glass cover slips were sterilised in the M icroflow Class 11 laminar flow  hood by

flaming in ethanol and were placed in a 24-w ell plate. The M SCs harvested by cell culture

from the bone marrow o f rats were passaged (passage 3), trypsinised and resuspended in

supplemented DMEM to a cell density o f 5x10"* cells/m l. The cell suspension (100 |al),

containing 5x10^ cells, was placed on each sterile glass cover slip in the 24-w ell plate and

placed in the CO 2 incubator for 1 h under normal incubation conditions (98% relative

humidity in 5% CO 2 maintained at 37°C) to allow time for the initial attachment o f the

MSCs. In the M icroflow Class 11 laminar flow  hood 300 |j 1 of supplemented DMEM,

maintained at 37°C, was added to each M SC-seeded cover slip and the 24-w ell plate was

returned to the CO 2 incubator for 72 h under normal incubation conditions. The

supplemented DMEM was aspirated and the cover slips were rinsed tw ice with sterile IX

DPBS, maintained at 37°C, which was discarded. A  solution o f 4% paraformaldehyde was

prepared by dissolving 4 g o f paraformaldehyde powder in 100 ml o f  sterile IX DPBS.

The 4% paraformaldehyde solution was filter- sterilised using a 0.2 pm  cellulose acetate

filter. The M SCs were fixed by placing 300 |al o f the filter sterilised 4% paraformaldehyde

solution on each M SC-seeded cover slip for 30 min at room temperature. The

paraformaldehyde solution was discarded and the cover slips were rinsed three times with

500 |il o f Tris-buffered saline (TBS) which was discarded. The TBS consisted o f 20 mM

Tris-HCl and 10 mM NaCl and adjusted to pH 7.4. The TBS was sterilised in the LTE

Touchclave 100 autoclave (operating at 121°C for 16 min at 3.1 bar). The cell membranes

o f the fixed M SCs were permeabilised in 300 |j 1 o f  0.1% Triton X -100 solution for 10 min

at room temperature. A  0.1 vol% Triton X -100 (detergent) solution was prepared by

dissolving 100 |j 1 o f  Triton X -100 in 100 ml o f  TBS and sterilised in the LTE Touchclave

100 autoclave (operating at 121°C for 16 min at 3.1 bar). The M SCs were re-fixed in the

4% paraformaldehyde solution for a further 30 min before further washing with TBS for
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Figure 2.5 Visual representation of rat MSC distribution following incubation at 
(a) 24 h after first passage, (b) colony formation at 96 h and (c) colony growth at 
168 h.



five minutes on three occasions. Non-specific antigen binding sites were blocked by 

placing 300 |jl of blocking buffer over the cover slips and incubating at room temperature 

for 2 h. The blocking buffer consisted of a solution of 1 g/1 Triton X-100, 100 ml/1 of heat- 

inactivated horse serum (Invitrogen Corp., NY, USA) dissolved in TBS. The MSC-seeded 

cover slips were divided into four groups. Four of the MSC-seeded cover slips were 

incubated in a 1:250 solution of primary antibody. The primary antibody for Endoglin 

(CD105) consisted of a 1:250 solution of polyclonal anti-CD105 antibody raised in the 

rabbit (Santa Cruz Biotechnology, CA, USA) in blocking buffer. The primary antibody for 

Thy-1 (CD90) consisted of a 1:250 solution of monoclonal anti-CD90 antibody raised in 

the mouse (Santa Cruz Biotechnology, CA, USA). The MSC-seeded cover slips with 

primary antibody were incubated in a humidified chamber overnight at 4°C and half were 

designated as Group A and the others as Group B. The remaining four cover slips were 

incubated in blocking buffer overnight at 4°C without primary antibody to serve as 

controls to assess if non-specific binding of the secondary antibody (Group C) or the 

fluorescent dye (Group D) to the MSCs was occurring. All eight MSC-seeded cover slips 

were washed for 5 min with TBS three times and groups A and C were incubated in a 1:50 

solution of secondary antibody in blocking buffer for 1 h at room temperature. The 

secondary antibodies consisted of a biotinylated anti-rabbit IgG raised in goat (Vector 

Laboratories, CA, USA) directed against the polyclonal anti-CD 105 antibody raised in the 

rabbit and a biotinylated anti-mouse IgG raised in goat directed against the monoclonal 

anti-CD90 antibody raised in the mouse (Vector Laboratories, CA, USA). Groups B and D 

MSC-seeded cover slips were incubated in blocking buffer for 1 h at room temperature 

without secondary antibody to serve as controls to assess if non-specific binding of the 

fluorescent dye was occurring to the primary antibody (in the case of group B) and to 

assess if non-specific binding of the fluorescent dye to the cells was occurring (in the case 

of group D). All MSC-seeded cover slips (Groups A-D) were washed for 5 min with TBS 

three times and exposed to a 1:50 solution of Fluorescein Streptavidin (Vector 

Laboratories, CA, USA) in TBS for 1 h at room temperature in a dark room. The cover 

slips were washed six times with sterile ultra pure water, inverted, mounted on glass slides 

using Vectashield Mounting Medium (Vector Laboratories, CA, USA) and the edges of 

the coverslips were sealed with clear nail polish. The MSCs were visualised at x400 

magnification using a fluorescence microscope (Axio Imager Z. 1, Zeiss UK, Welwyn 

Garden City, United Kingdom) with excitation and emission wavelengths of 495-500 nm 

and 514-521 nm, respectively using Axiovision software Version 4.8 (Zeiss UK, Welwyn
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Garden City, United Kingdom). The corresponding bright field images were made for 

each fluorescent image and the intensity and brightness were kept constant for each image.

2.8.1. Results

The results for the characterisation of the cultured cells from the bone marrow of rats are 

shown in the staining of CD105 (Figure 2.6a) and CD90 (Figure 2.7a) with the fluorescent 

images of the MSCs. The corresponding bright field images are presented in Figure 2.6b 

and Figure 2.7b, respectively. The cells attached to the glass cover slips displayed positive 

staining for CD 105 (Figure 2.6a) and CD90 (Figure 2.7a) and the corresponding bright 

field images indicated all cells in the field were positively stained for CD 105 (Figure 2.6b) 

and CD90 (Figure 2.7b). Furthermore, all cells in the microscopic fields studied were 

positively stained for CD 105 and CD90. Figure 2.6c and Figure 2.7c demonstrate the 

absence of fluorescent staining for the control cells (Group C) in which the primary 

antibody was omitted for CD 105 and CD90, respectively. The corresponding bright field 

images (Figure 2.6d and Figure 2.7d, respectively) indicate the presence of cells in the 

microscopic field although these cells were not positively stained for CD 105 and CD90 

and therefore acted as a negative staining control.

Figure 2.6e and Figure 2.7e demonstrate the absence of fluorescent staining for 

cells in which the secondary antibody was omitted (Group B) and the corresponding 

bright field images indicated the presence of cells in the microscopic field (Figure 2.6f and 

Figure 2.7f, respectively) and therefore act as a further staining control. Figures 2.6g and 

2.7g demonstrate the absence of fluorescent staining for cells that were neither exposed to 

the primary antibody nor the secondary antibody (Group D) although the corresponding 

bright field images demonstrate that cells were present in the microscopic field (Figures 

2.6h and 2.7h, respectively) despite the negative staining result.

2.8.2. Discussion

The aim of the current section (Section 2.8) was to verify the presence of MSCs in the 

adherent cell fraction of marrow stromal cells harvested from adult rats. In general, 

verification of the presence of MSCs in the cell culture is important not only to enable 

investigators to define MSCs, but also to compare and contrast studies from different 

groups working with the MSC primary cell line. The established method of isolating 

MSCs harvested from bone marrow cells to tissue culture plastic is based on the adherence 

of marrow-derived fibroblastic cells and the concomitant lack of adherence of other 

marrow derived cells (Dexter, 1982, Alhadlaq and Mao, 2003, Dominici et al., 2006).
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Figure 2.6 Fluorescent images using indirect immunofluorescence for (a) staining 
for CD105 (Group A), (b) corresponding bright field image, (c) control group in 
which primary antibody was omitted (Group C), (d) corresponding bright field 
image, (e) control group in which secondary antibody was omitted (Group B), (f) 
corresponding bright field image, (g) control group in which both antibodies were 
omitted (Group D) and (h) corresponding bright field image. The images presented 
are representative of 5 randomly chosen fields per sample and the experiment was 
conducted on three separate occasions with independent cell cultures.
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Figure 2.7 Fluorescent images using indirect immunofluorescence for (a) staining 
for CD90 (Group A), (b) corresponding bright field image, (c) control group in 
which primary antibody was omitted (Group C), (d) corresponding bright field 
image, (e) control group in which secondary antibody was omitted (Group B), (f) 
corresponding bright field image, (g) control group in which both antibodies were 
omitted (Group D) and (h) corresponding bright field image. The images presented 
are representative of 5 randomly chosen fields per sample and the experiment was 
conducted on three separate occasions with independent cell cultures.



Bone marrow-derived cells isolated from the tibiae and femurs of adult rats contain not 

only MSCs but also many other cells of the stromal system including osteocytes, 

chondrocytes, tenocytes, adipocytes, smooth muscle cells (Deans and Moseley, 2000), 

haematopoietic cells and their progeny and endothelial cells. In the current study, MSC 

identification was verified not only by morphological identification as fibroblastic cells 

(Haynesworth et al., 1992b) but also by identifying the presence of cell surface antigens 

known to be associated with MSCs. The currently available criteria to define MSCs 

dictate that in excess of 95% of a cell population must express CD 105 and CD90 

(Dominici et al., 2006). CD 105 (endoglin) is a TGPp receptor present on the cell surface 

of MSCs (Barry et al., 1999) and comprises a dimeric glycoprotein that has been detected 

in bone marrow stroma. CD90 (Thy-1) is a cell surface glycoprotein that has been detected 

in humans and rodents (Ades et al., 1980). Indirect immunofluorescent staining of the 

bone marrow-derived cells grown in a monolayer on glass cover slips displayed positive 

stainmg for two cell surface antigens associated with MSCs, namely CD 105 and CD90 

(Figure 2.6a and Figure 2.7a, respectively) thus verifying the presence of MSCs.

Figure 2.6c and Figure 2.7c demonstrated very low levels of fluorescent staining 

for the negative control (Group C cells) in which the primary antibody was omitted for 

CD 105 and CD90, respectively. Hence, the secondary antibody did not bind non- 

specifically to the cells and was specific to the primary antibody. Figure 2.6e and Figure 

2.7e demonstrated the absence of fluorescent staining for cells in which the secondary 

antibody was omitted (Group B), indicating that the Fluorescein Streptavidin was not 

binding non-specifically to the primary antibody, thereby providing a further negative 

control. Figures 2.6g and Figure 2.7g demonstrated the absence of fluorescent staining for 

cells that were exposed to neither the primary nor secondary antibody (Group D) 

indicating that the Fluorescein Strepavidin did not bind to non-specific sites on the cell 

surface and was therefore specific to the secondary antibody, providing a further negative 

control.

2.9. Bonding MSC-Seeded Collagen GAG Scaffold to Titanium

The aim of this section was to explore a suitable means of bonding the collagen GAG 

scaffold to the commercially pure titanium discs, so that it could then be seeded with rat 

MSCs.
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2.9.1. Collagen GAG Scaffold Placed on the Surface of Commercially Pure 

Titanium Discs

Five commercially pure titanium disc-shaped specimens wet ground with P I 80 SiC 

abrasive paper were sterilised and degreased as described in Section 2.2. All sterile 

com mercially pure titanium disc-shaped specimens and tissue culture plastic were stored 

under normal incubation conditions for 1 h prior to use to raise the temperature to 37°C 

for cell culture experiments. Five disc-shaped specimens of EDAC crosslinked collagen 

GAG scaffold (as described in Section 2.6) were removed from IX  DPBS and placed in 

supplemented DMEM in the CO 2 incubator 1 h before use.

The MSCs harvested by cell culture from the bone marrow of rats (Section 2.7.2) 

passaged (passage 3) (Section 2.7.3) and trypsinised (Section 2.7.4) were resuspended in 

supplemented DMEM to a cell density of 2.5x10^ cells/ml. The MSC suspension (200|il) 

containing 5x10^ cells was placed evenly on the surface of five EDAC crosslinked 

collagen GAG scaffold disc-shaped specimens in 6-well plates. The five seeded scaffold 

specimens were returned to the CO 2 incubator operating under normal incubation 

conditions for 30 min to allow time for the initial attachment of the MSCs to the EDAC 

crosslinked collagen GAG scaffold. Following 30 min incubation, the seeded scaffold 

specimens were returned to the M icroflow Class 11 laminar flow hood, inverted onto a 

commercially pure titanium disc-shaped specimen (Figure 2.8) and 200 pi o f MSC 

suspension (containing 5x10^ cells) was placed on the surface and incubated for an 

additional 30 min. Following 30 min incubation, the seeded collagen GAG scaffold on 

titanium disc specimens were placed in the Microflow Class 11 laminar flow hood and 6 ml 

of supplemented DMEM added to each well.

2.9.1.1. Results

On removal from the M icroflow Class 11 laminar flow hood, following 30 min incubation, 

the scaffold appeared to be adherent to the surface of the titanium disc. However, the 

introduction of the 6 ml of supplemented DM EM, to each well, resulted in separation of 

the cell-seeded collagen GAG scaffold from the surface of the titanium.

2.9.1.2. Discussion

The aim of the current section of the investigation (Section 2.9) was to determine if the 

M SC-seeded collagen GAG scaffold would adhere to the sterile commercially pure 

titanium surface. Cell adhesion to biomaterials involves cell surface integrin interactions
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Figure 2.8 A photograph of EDAC crosslinked collagen GAG scaffold placed 
onto a commercially pure titanium disc prior to seeding with MSCs.



with proteins of the extracellular matrix (Lange et al., 2002). MSCs have been shown to 

attach to titanium surfaces (Massas et al., 1993, Ozawa and Kasugai, 1996, Knabe et al., 

2002, Rosa and Beloti, 2003) and in the current study it was anticipated that the MSCs 

attached to the EDAC crosslinked collagen GAG scaffold would also attach to the 

com mercially pure titanium disc surface, causing both materials to become adherent. The 

seeded crosslinked scaffolds remained on the surface o f the commercially pure titanium 

discs during the 30 min incubation period. During incubation the M SC-seeded scaffolds 

were maintained at 98% relative humidity in 5% CO 2 at 37°C to allow time for the 

adhesion process to take place, prior to placement of the additional 6 ml of supplemented 

DMEM. Therefore it was deduced that the M SCs within the EDAC crosslinked collagen 

GAG scaffold did not attach sufficiently to the titanium surface, since cell adhesion was 

insufficient to maintain the integrity of the adhesion when the supplemented DMEM was 

added. In an effort to improve the adhesion capability, the five MSC-seeded collagen 

GAG scaffold disc-shaped specimens were placed on the surface of the five titanium disc

shaped specimens and a stainless steel clip was employed to retain the MSC-seeded 

collagen GAG scaffold on the titanium surface.

2.9.2. Stabilising Clips to Retain Collagen GAG Scaffold on the Surface of the 

Titanium

Stainless steel wire (0.5 mm thickness) was used to fabricate five clips to retain the 

collagen GAG scaffold on the surface of titanium disc-shaped specimens. The clips were 

sterilised in the LTE Touchclave 100 autoclave operating at 121°C for 16 min at a 

pressure of 3.1 bar. The clips were degreased by immersion in 100 ml of acetone and 

ultrasonically vibrated for 10 min. The acetone was aspirated and replaced with 100% 

ethanol before being ultrasonically vibrated for a further 10 min. The ethanol was 

aspirated and the specimens underwent a final 10 min o f ultrasonic vibration in 100 ml of 

sterile ultra pure water. The resulting M SC-seeded collagen GAG scaffold was clipped 

along two sides of the titanium disc-shaped specimens (Figure 2.9). The resultant clipped 

structure was placed in a new 6-well plate and returned to the CO 2 incubator for 60 min 

under normal incubation conditions. In the M icroflow Class 11 laminar flow hood, 6 ml of 

supplem ented DMEM was added to the clipped structure and returned to the CO 2 

incubator. Half of the supplemented DMEM was replaced every second day. One clipped 

structure was placed in the Microflow Class 11 laminar flow hood every third day to 

determine if the M SC-seeded collagen GAG scaffold had adhered to the titanium disc

shaped specimen. Adhesion was determined by removing the stainless steel clip,
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submerging and agitating the construct in the 6 ml o f supplemented DMEM. The 

procedure was repeated up to a maximum time of 15 days.

2.9.2.1. Results

Every third day one clipped structure was removed from the supplemented DMEM. The 

stainless steel clip was removed and the structure was replaced in the supplemented 

DMEM. The M SC-seeded collagen GAG scaffold was observed to separate from the 

commercially pure titanium surface at each time point investigated up to 15 days. 

Therefore the M SC-seeded collagen GAG scaffolds retained with clips on the surface o f  

titanium discs which had been wet ground with P I 80 SiC abrasive paper (Section 2.2) 

were not adherent at any time up to 15 days. Additionally, the M SC-seeded collagen GAG  

scaffold underwent significant deformation in the form of shrinkage while being retained 

on the commercially pure titanium disc.

2.9.2.2. Discussion

When investigating the adhesion of the collagen GAG scaffold to the commercially pure 

titanium discs, 15 days was chosen as the point which would facilitate time for production 

o f  sufficient extracellular matrix and cell proliferation following seeding the scaffold with 

rat MSCs (Jaiswal et al., 1997). The clips used served to maintain intimate contact 

between the M SC-seeded collagen GAG scaffold and the com m ercially pure titanium  

surface in anticipation that given time, the extracellular matrix secreted by the M SCs 

would facilitate adhesion to the comm ercially pure titanium surface. However, the clips 

were ineffective and it is postulated that the stainless steel clips may not have provided 

uniform retention o f the scaffold over the entire surface o f the titanium disc. Furthermore, 

shrinkage and deformation o f the M SC-seeded collagen GAG scaffold occurred during 

incubation and the shrinkage was exacerbated in regions where the sterile stainless steel 

clips did not provide contact. Therefore, the stainless steel clips were discontinued from  

further use in the study.

2.9.3. Titanium Disc Placed on the Collagen GAG Scaffold

Five commercially pure titanium disc-shaped specimens wet ground with P I80 SiC  

abrasive paper were sterilised and degreased (Section 2.2) and placed in the CO2 incubator 

1 h before use to raise their temperature to 37°C for cell culture experiments. Five disc

shaped specim ens o f EDAC crosslinked collagen GAG scaffold (Section 2.6) were 

removed from the sterile IX DPBS and placed in supplemented DM EM  in the CO 2
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Figure 2.9 A photograph of the clipped structure consisting of an EDAC 
crosslinked collagen GAG scaffold retained on a commercially pure titanium 
disc with a stabilising clip fabricated from 0.5 mm stainless steel.



incubator 1 h before cell seeding. The M SCs harvested by cell culture from the bone 

marrow o f rats (Section 2.7.2), passaged (Section 2.7.3) and trypsinised (Section 2.7.4) 

were resuspended in supplemented DMEM to a cell density o f  2.5x10^ cells/m l. A  volume 

o f 200 |j1 (5x10^ cells) o f the MSC suspension was placed evenly on the surface o f five 

EDAC crosslinked collagen GAG scaffold disc-shaped specimens. To provide a control, 

200 |il o f supplemented DMEM (with no cells) was evenly placed on the surface o f the 

remaining five EDAC crosslinked collagen GAG scaffold disc-shaped specimens. The 

M SC-seeded and cell-free collagen GAG scaffold discs were placed in 6-w ell plates and 

returned to the CO 2 incubator for 30 min under normal incubation conditions to allow time 

for the initial attachment o f the M SCs to the EDAC crosslinked collagen GAG scaffold. 

Following 30 min incubation the seeded collagen GAG scaffold discs were placed in the 

M icroflow Class 11 laminar flow  hood, inverted, and 200 fal o f MSC suspension containing 

5x10^ cells was placed on the second surface o f  the M SC-seeded collagen GAG scaffold 

discs. Subsequently, 200 |j1 o f  supplemented DM EM  was also placed on the second 

surface o f the cell-free collagen GAG scaffold discs and a comm ercially pure titanium 

disc was placed on top of each collagen GAG scaffold disc (Figure 2.10). The resulting 

specimens, termed constructs, were returned to the CO 2 incubator for 1 h under normal 

incubation conditions. Following incubation, 3 ml o f  supplemented DMEM was added to 

each w ell, the constructs were returned to the CO 2 incubator under normal incubation 

conditions and half o f the supplemented DMEM was replaced every second day. Every 

third day, one construct was placed in the M icroflow Class 11 laminar flow  hood and 

removed from the 6-w ell plate. A tweezers was used to hold the construct on its side to 

determine if the seeded collagen GAG scaffold was adherent to the surface o f the titanium 

disc up to 15 days incubation.

2.9.3.1. Results

On removal o f the constructs, produced by placing the titanium discs on top o f the MSC- 

seeded EDAC crosslinked collagen GAG scaffolds, from the medium, the scaffolds 

appeared to be adherent to the sterile SiC roughened titanium surfaces. On closer 

examination the scaffolds were found to disintegrate under their own weight and the 

scaffold peeled from the surface o f the titanium when held in a tweezers. In addition, there 

was no evidence o f increased adhesion with time up to the 15 day incubation time period 

investigated.

85



2.93.2. Discussion

The aim was to determine if the M SC-seeded EDAC crosslinked collagen GAG scaffold 

would adhere to the sterile wet ground surface of the commercially pure titanium discs 

through the extracellular matrix interactions. By placing the titanium discs onto the MSC- 

seeded scaffold it was intended that the titanium would be held in close uniform contact 

with the scaffold by gravity, thereby facilitating improved adhesion. Although on removal 

from the medium, the scaffolds appeared to be adherent, any adhesion proved to be 

negligible, as the scaffold disintegrated and peeled from the surface of the titanium under 

its own weight when held in a tweezers. It was concluded from these results for the 15 day 

incubation and from Section 2.9 that MSCs seeded on the EDAC crosslinked collagen 

GAG scaffolds would not facilitate adhesion to the commercially pure titanium surface. 

An alternative approach was trialled by fabricating the collagen GAG scaffold directly 

onto the titanium discs.

2.9.4. Collagen GAG Scaffold Fabricated Directly on Commercially Pure 

Titanium Discs

Five commercially pure titanium disc-shaped specimens wet ground with P I 80 SiC 

abrasive paper were sterilised and degreased in accordance with the procedure outlined in 

Section 2.2. Stainless steel wire (0.5 mm thickness) was used to fabricate spacers (3 mm 

height) which served to position the surface-treated titanium discs at a specific height (3 

mm) above the surface of a grade 304 stainless steel tray. The stainless steel spacers were 

sterilised in the LTE Touchclave 100 autoclave operating at 121°C for 16 min at a 

pressure o f 3.1 bar. The stainless steel spacers were degreased by immersion in 100 ml of 

acetone and ultrasonically vibrated for 10 min. The acetone was aspirated and replaced 

with 100% ethanol before being ultrasonically vibrated for a further 10 min. The ethanol 

was aspirated and the specimens underwent a final 10 min o f ultrasonic vibration in 100 

ml of sterile ultra pure water. The five titanium discs were positioned with the SiC 

roughened surface placed face down onto the stainless steel spacers on the stainless steel 

tray to allow the roughened surface to be coated with the collagen GAG slurry. Then 60 

ml of the collagen GAG suspension (Section 2.6) was pipetted into the stainless steel tray 

to coat the ground surface of the titanium discs. The stainless steel tray was positioned in 

the Genesis Freeze-dryer where the temperature o f the suspension was reduced from 4 to - 

40°C at 0.9°C/min. The frozen suspension was sublimated under vacuum in the Genesis 

Freeze-dryer with the vacuum operating at less than 100 mTorr for a further 17 h at 0“C.
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Figure 2.10 A photograph of a commercially pure titanium disc placed on the 
ED AC crosslinked collagen GAG scaffold.



The resultant sheet o f titanium discs bonded to collagen GAG scaffold was removed from 

the Genesis Freeze-dryer in the stainless steel tray. Individual specim ens o f collagen GAG  

scaffold-bonded to the titanium discs were isolated by cutting the scaffold from around the 

titanium discs with a sharp scissors, such that the diameter o f the scaffold (16 mm) was 

the same as the titanium discs (Figure 2.11).

The individual collagen GAG scaffold-bonded to the titanium disc specimens were 

sealed in individual aluminium foils and underwent dehydrothermal crosslinking in a 

vacuum oven (Vacucell 22, MMM, Germany) at 50 mTorr and 150°C for 48 h (Section  

2.6). The aluminium foils were then stored in the dark under aseptic conditions until 

required for further experimental testing. Three days prior to cell culture experiments, the 

individually wrapped dehydrothermally crosslinked collagen GAG scaffolds on titanium 

discs were placed in the M icroflow Class 11 laminar flow hood and were hydrated by 

immersion in sterile IX  DPBS. The scaffolds bonded to titanium disc specimens 

underwent further crosslinking using EDAC and NHS. An aqueous solution containing 

EDAC and NHS was prepared where the standard molar mass required o f each to react 

with the collagen was determined according to Equations 2.2 and 2.3. The aqueous 

solution o f EDAC and NHS was then filter-sterilised using a 0.2 |im  cellulose acetate 

filter. The dehydro thermally crosslinked collagen GAG scaffold bonded to titanium discs 

were immersed in 4 ml o f the aqueous solution of EDAC and NHS and placed on the 

UNIM AX 2010 orbital platform shaker operating at 100 rpm for 2 h to uniformly infuse 

the dehydro thermally crosslinked collagen GAG scaffold with EDAC and NHS. The 

resulting EDAC and NHS crosslinked scaffolds bonded to titanium discs were washed in 

6 ml o f sterile IX DPBS for 30 min on the UNIM AX 2010 orbital platform shaker 

operating at 100 rpm and stored at 4°C in sterile IX DPBS for 48 h with the sterile IX  

DPBS being replaced every 16 h to ensure removal o f all traces o f the cytotoxic EDAC  

prior to cell culture experiments.

2.9.4.I. MSC Seeding

The EDAC crosslinked collagen GAG scaffolds bonded to the titanium discs were placed 

in 6-w ell plates with 5 ml o f supplemented DMEM and maintained at 37°C in the CO2 

incubator under normal incubation conditions for 1 h prior to cell seeding. The MSCs 

harvested by cell culture from the bone marrow o f rats (Section 2.7.2) passaged (Section  

2.7.3) and trypsinised (Section 2.7.4) were resuspended in supplemented DMEM to give a 

cell density o f  1x10^ cells/m l. The scaffold-titanium discs were replaced in new 6-well 

plates and 50 pi o f the cell suspension (containing 5x10^ cells) was evenly placed on the
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EDAC crosslinked collagen GAG scaffold surface. The scaffold-titanium discs were 

returned to the CO2 incubator for 30 min under normal incubation conditions to allow time 

for initial cell attachment. After incubation, 6 ml o f  supplemented DMEM was placed into 

each well and the 6-well plates were returned to the CO 2 incubator for a further 24 h under 

normal incubation conditions. Follow ing the 24 h incubation period, the scaffold-titanium  

discs were replaced into new 6-w ell plates and 6 ml o f fresh supplemented DMEM was 

added. The 6-well plates were incubated for further periods o f 24 h with the 6-well plates 

being placed in the M icroflow Class 11 laminar flow hood daily to assess if the scaffold- 

titanium discs remained adherent. Half o f the supplemented DMEM was replaced with 

fresh supplemented DM EM  every second day.

2.9.4.2. Results

The process o f fabricating the collagen GAG scaffold directly onto the commercially pure 

titanium discs that were wet ground with P I 80 SiC paper resulted in attachment o f the 

collagen GAG scaffold to the com m ercially pure titanium disc. Furthermore, the integrity 

o f the collagen GAG scaffold attached to titanium disc-shaped specimens was maintained 

after undergoing dehydrothermal and EDAC crosslinking procedures. However, when 

MSCs were seeded on the surface o f  the EDAC crosslinked collagen GAG scaffold, initial 

separation o f the edges from the titanium surface was observed after 48 h o f incubation 

(Figure 2.12). During the follow ing 72 h, the M SC-seeded EDAC crosslinked collagen  

GAG scaffold gradually detached from the com m ercially pure titanium surface.

2.9.43. Discussion

In the current study, the mechanism by which the collagen GAG scaffold was initially 

attached to the wet ground surface o f the commercially pure titanium disc-shaped 

specimen was postulated to be through the mechanical retention o f the collagen GAG  

fibres into the microscopic surface asperities o f the titanium surface. However, it is 

proposed that throughout the duration o f the study, contractile forces exerted by the MSCs 

on the struts o f the EDAC crosslinked collagen GAG scaffold (Spector, 2002) overcame 

any potential for retentive force to the titanium surface and the M SC-seeded EDAC  

crosslinked collagen GAG scaffold gradually detached. Cell-mediated contraction occurs 

naturally as part o f wound healing, repair and scar formation and occurs in the presence o f  

myofibroblasts (Grinnell, 1994). Myofibroblasts, located in granulation tissue have the 

ultrastructural features o f  smooth m uscle cells and express a-sm ooth muscle actin, the 

protein involved in generating contractile forces (Gabbiani, 1992). The expression o f  a-
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Figure 2.11 A photograph of the collagen GAG scaffold fabricated directly on 
the surface of a commercially pure titanium disc, indicating total coverage of the 
disc by the scaffold at 16 mm diameter.



Figure 2.12 A photograph of the EDAC crossiinked collagen GAG scaffold 
fabricated directly on a commercially pure titanium disc following immersion in 
supplemented DMEM showing partial separation of the scaffold from the 
titanium disc 48 h after seeding with 5x10^ MSCs.



smooth muscle actin and the process of cell contraction are also phenotypic traits of other 

connective tissue cells namely, chondrocytes, osteoblasts and musculoskeletal fibroblasts. 

MSCs seeded in scaffold matrices used in tissue engineering have also been shown to 

undergo contraction (Spector, 2002). Cell-mediated contraction of collagen GAG matrices 

has been shown to alter the rate of cell proliferation and biosynthetic activity, but the 

postulated mechanisms by which these findings arise (changes in the cellular 

microenvironment in collapsed pores or signalling pathway changes occurring due to 

changes in the cell shape (Lee et al., 2001b)) remain to be elucidated. In vitro models to 

simulate cell-mediated contraction employ a cantilever attached at one end to the collagen 

GAG matrix and the other to a strain gauge which monitors the deflection of the cantilever 

(Freyman et al., 2001b). A contractile force of 1 nN was reported when rabbit dermal 

fibroblasts were seeded on a collagen GAG scaffold (Freyman et al., 2001b) and 0.3 nN 

when canine articular chondrocytes were seeded on the collagen GAG scaffold (Zaleskas 

et al., 2004). Live cell imaging of the chondrocytes in the study of Zaleskas et al, (2004) 

provided evidence of chondrocytes distorting individual struts of the collagen GAG 

scaffold. Furthermore, chondrocytes of subsequent passages generated larger contractile 

forces, which was reflected by an increase in cellular a-smooth muscle actin as determined 

by immunoblotting (Zaleskas et al., 2004). It was therefore concluded from this section of 

the study (Section 2.9.4) and the results of the previous sections (Sections 2.9.1-2.9.3) that 

there was no means of successfully adhering the collagen GAG scaffold directly to the 

commercially pure titanium surface that could overcome the contractile forces of the 

MSCs and thereby prevent separation of the seeded collagen GAG scaffold from the 

prepared titanium surface. It was concluded that a cell compatible adhesive would be 

required to maintain intimate contact between the MSC-seeded collagen GAG scaffold 

and the titanium disc surface. One of the first proteins reported to encounter a dental 

implant surface is fibrin (Davies, 2003) and fibrin is also commonly used as a surgical 

adhesive (Hivelin et al., 2011). Consequently, fibrin was explored as a possible means of 

developing an adhesive bond between the organic collagen GAG scaffold and the metallic 

titanium surface.

2.9.5. Fibrin Gel

2.9.5.1. Fibrinogen Solution Production

Fibrinogen is a globular plasma protein involved in the final stages of the coagulation 

cascade, resulting in the formation of a haemostatic plug or clot in the process of
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haemostasis (Le Guehennec et al., 2004). The reaction of fibrinogen and thrombin in the 

presence of calcium ions results in conformational change in the fibrinogen molecule to 

form the fibrous protein fibrin. The fibrin monomers polymerise by means of hydrogen 

bonds and electrostatic interactions into unstable, soluble fibrin fibres that elongate and 

increase in diameter (Le Guehennec et al., 2004). Fibrin attachment to the surface of 

titanium is one of the initial events that occurs during osseointegration and osteoblasts 

attach to the fibrin before initiating bone matrix production (Davies, 2003). The objective 

of this study was to employ fibrin to facilitate the adherence of the collagen GAG scaffold 

to the commercially pure titanium surface. All of the chemicals and antibiotics used in the 

production of the fibrinogen solution were of analytical-grade, molecular biology-grade or 

cell culture-grade and were purchased from Invitrogen Corporation (Grand Island, NY, 

USA) unless stated otherwise. The tissue culture medium and chemical solutions exposed 

to cells were always heated to 37°C in a Clifton shaking water-bath prior to use, to 

maintain the cells at body temperature.

A 10 mg/ml solution of bovine fibrinogen (contained 65 mass% protein) was 

prepared by dissolving 154 mg of bovine fibrinogen powder (Sigma Aldrich Ltd., Dublin, 

Ireland) in 10 ml of DMEM. The DMEM was supplemented with 6 ml/1 of 200 mM L- 

Glutamine, 6 mI/1 of 200mM Glutamax-1 and 12 ml/1 of non essential amino acids. The 

DMEM was further supplemented with 20 ml/1 of a penicillin-streptomycin solution 

which comprised 5000 units/ml of penicillin G (sodium salt) and 5 mg/ml of streptomycin 

sulphate in 0.85% saline (as received from the manufacturer). The Bovine Fibrinogen 

dissolved in the serum-free supplemented DMEM solution was filter sterilised using a 

Minisart 0.2 ^am cellulose acetate filter prior to further testing and analysis.

2.9.5.2. Thrombin Solution Production

To facilitate the gelation of bovine fibrinogen dissolved in the serum-free supplemented 

DMEM solution, a thrombin solution consisting of 50 units of Thrombin extracted from 

bovine plasma (Sigma Aldrich Ltd., Dublin, Ireland) was dissolved in 500 |il of a sterile 

0.1% aqueous solution of Bovine Serum Albumin (Sigma Aldrich Ltd., Dublin, Ireland) as 

recommended by the supplier resulting in a final thrombin concentration of 100 units/ml.

2.9.5.3. Fibrin Gel Production

In an attempt to produce a fibrin gel that would facilitate adherence of the collagen GAG 

scaffold to titanium, a range of thrombin concentrations in fibrinogen was assessed. The 

thrombin solutions investigated were made by mixing 3 pi (Group A), 5 pi (Group B), 10
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|j 1 (Group C) and 20 |il (Group D) of thrombin prepared to 100 units/ml. The fibrinogen 

solution (1 ml) (prepared at 10 mg/ml) was placed into a 1.5 ml Eppendorf micro tube 

(Eppendorf, Hamburg, Germany) prior to the addition of the thrombin solutions. Each of 

the four thrombin to fibrinogen concentrations was triturated ten times with a 1 ml pipette 

tip and 200 |al of each solution was placed on the aseptic surface of five commercially 

pure titanium discs, which had been wet ground with P I80 SiC abrasive paper as 

described in Section 2.2. The various concentrations of thrombin to fibrinogen coated 

titanium discs were maintained at room temperature under aseptic conditions in the 

Microflow Class 11 laminar flow hood and observed for 30 min by palpating and prodding 

the solution with a tweezers every 2 min.

2.9.5.4. Results

The fibrin gels produced with 3, 5, 10 and 20 |j 1 of thrombin (Groups A-D) and placed 

onto the surface of each of five SiC abraded titanium disc-shaped specimens were 

identified to have formed a semi-solid gel within 20 min, for all specimens within each 

group examined. Although it was difficult to differentiate the consistency of the gels, each 

fibrin gel was raised by engaging the edge of the fibrin gel with a sterile tweezers and all 

fibrin gels (Groups A-D) were observed to be adherent to and supported the weight of, the 

titanium disc-shaped specimen.

2.9.5.5. Discussion

Fibrin sealants act as natural scaffolds that facilitate cell attachment and growth and 

therefore have been widely used in bone surgery as a result of their adhesive and 

haemostatic properties (Saffarzadeh et al., 2009, Zhang et a i, 2011). Fibrin sealant has 

also been used in conjunction with allografts and bioceramics (Le Guehennec et al., 2004) 

as a bone substitute aimed at augmenting or regenerating functional bone tissue. In the 

current study, mixing the bovine thrombin and bovine fibrinogen it was possible to form a 

semi solid gel which was adherent to the surface of the titanium disc and facilitated a 

means of adhering the collagen GAG scaffold to the commercially pure titanium surface. 

However, adherence of the collagen GAG scaffold to the titanium surface could only be 

verified if the contractile forces exerted by the MSCs could be withstood and therefore, 

MSC seeding was required.
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2.9.S.6. Cell Seeding Collagen GAG Scaffold with Cells Suspended in Fibrinogen

All aseptic commercially pure titanium disc-shaped specimens and tissue culture plastic 

were stored under normal incubation conditions for 1 h prior to use to raise the 

temperature to 37°C for all cell culture experiments. The M SCs harvested by cell culture 

from the bone marrow of rats (Section 2.7.2), passaged (Section 2.7.3) and trypsinised 

(Section 2.7.4) were resuspended in serum-free supplemented DMEM before being mixed  

with an equal volume o f 10 mg/ml fibrinogen solution (Section 2.9.5.1) to a cell density o f  

2.5x10^ cells/m l. Then 1 ml o f the M SC-suspended serum-free supplemented DMEM and 

fibrinogen solution was mixed with 3 |il o f  thrombin solution and 200 |al was pipetted 

onto the surfaces o f five aseptic com m ercially pure titanium disc-shaped specimens (P I80 

SiC surface finishing condition). Five discs o f dehydrothermally crosslinked collagen  

GAG scaffold maintained at 37°C (16 mm diameter and 3 mm thickness) were 

immediately placed onto the titanium discs. An additional 200 |il o f the M SC-suspended 

serum-free supplemented DM EM  and fibrinogen solution was placed over the collagen  

GAG scaffold discs. The fibrin-collagen GAG scaffold-titanium discs were placed in 6- 

well plates and returned to the CO 2 incubator, maintained under normal incubation 

conditions, for 30 min to allow the fibrin gel to become adherent. The 6-well plates were 

returned to the M icroflow Class 11 laminar flow hood and 6 ml o f supplemented DMEM  

containing 100 ml/1 PBS was placed into each of the five w ells and returned to the CO 2 

incubator. The 6-w ell plates were examined daily to determine if the fibrin gels remained 

adherent to the respective surfaces with half o f the supplemented DMEM being replaced 

every second day over the 15 day investigation period. To provide a control, 200 |al o f the 

MSC-suspended serum-free supplemented DMEM and fibrinogen solution was also 

pipetted onto five wells o f the tissue culture plastic o f  a 6-w ell plate (B io-Sciences, 

Dublin, Ireland). Five discs o f dehydrothermally crosslinked collagen GAG scaffold  

maintained at 37°C (16 mm diameter and 3 mm thickness) were immediately placed onto 

the fibrinogen solution in the 6 -w ell plate. An additional 200 pi o f the MSC-suspended  

serum-free supplemented DM EM  and fibrinogen solution was placed over the collagen  

GAG scaffold discs. The fibrin-collagen GAG scaffold discs were returned to the CO 2 

incubator, for 30 min to allow the fibrin gel to become adherent prior to returning the 6- 

well plates to the M icroflow Class 11 laminar flow  hood where 6 ml o f supplemented 

DMEM containing 100 ml/1 FBS was placed into each o f the five w ells and returned to the 

CO 2 incubator. The 6-well plates were examined daily to determine if the fibrin gels 

remained adherent to the tissue culture plastic. To provide a negative control, 200 |al o f
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serum-free supplemented DMEM mixed with an equal volume of 10 mg/ml fibrinogen 

solution (which contained no cells) was applied to the surface of five commercially pure 

titanium discs. Five discs of dehydrothermally crosslinked collagen GAG scaffold 

maintained at 37°C (16 mm diameter and 3 mm thickness) were immediately placed onto 

the fibrinogen solution. An additional 200 pi o f the serum-free supplemented DMEM and 

fibrinogen solution was placed over the collagen GAG scaffold discs. The MSC-free 

fibrin-collagen GAG scaffold-titanium discs were placed in 6-well plates and returned to 

the CO2 incubator, maintained under normal incubation conditions, for 30 min to allow 

the fibrin gel to become adherent. The 6-well plates were returned to the Microflow Class 

11 laminar flow hood and 6 ml of supplemented DMEM containing 100 ml/1 FBS was 

placed into each of the five wells and returned to the CO2 incubator and the 6-well plates 

were examined daily to determine if the fibrin gels remained adherent to the titanium 

surfaces.

2.9.5.7. Results

During the 15 day observation period, the MSC-seeded fibrin gels on the titanium discs 

detached from the titanium surface and at the end of day five of the observation period, all 

of the fibrin gels had completely detached. The MSC-seeded fibrin gels placed on the 

tissue culture plastic of the 6-well plate also separated over the 5 day period. However the 

fibrin gels (without MSCs) remained adherent to the commercially pure titanium for the 

duration of the 15 day observation period.

2.9.5.8. Discussion

When an endosseous implant is initially placed in an osteotomy site, fibrin adheres to the 

implant surface and osteogenic precursor cells adhere to the fibrin strands (Davies, 2003). 

The osteogenic precursors migrate along the fibrin to come into close contact with the 

implant surface and the process is termed osteoconduction (Davies, 2003). In the current 

study, fibrin was used for its adhesive properties to facilitate the adhesion of the 

dehydrothemially crosslinked collagen GAG scaffold to the prepared surface of the 

commercially pure titanium discs. However, when the MSCs were seeded onto the 

dehydrothermally crosslinked collagen GAG scaffold, the contractile forces exerted by the 

MSCs (Zaleskas et al., 2004) overcame the adhesive force retaining the fibrin gel to the 

titanium surface and detachment occurred. It is suggested that the contractile MSCs 

generated sufficient tensile forces to separate the collagen GAG scaffold containing fibrin 

gel from the titanium surface as evidenced by the adherent titanium and fibrin containing
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collagen GAG scaffold with no MSCs. Therefore, attempts to effectively retain MSC- 

seeded dehydro thermally crosslinked collagen GAG scaffold on the prepared 

commercially pure titanium surface using fibrin gel were discontinued and different 

titanium surface treatments were initiated.

2.10. Titanium Surface Treatment

The aim of the current part of the study was to create a commercially pure titanium 

surface facilitating a collagen GAG scaffold to remain adherent when seeded with MSCs. 

Morra et a i, (2003) demonstrated a means of covalently bonding collagen to titanium 

using plasma enhanced chemical vapour deposition. Plasma consists of a complex 

partially charged gaseous environment, containing positive and negative ions, free 

radicals, electrons, atoms, molecules and photons (Peng et al., 2011). The plasma is 

formed by passing a precursor gas through an electric field in a plasma reactor (Peng et 

al., 20II). Surface modification using plasma technology is generated from a low-pressure 

ionised gas commonly known as the monomer and can be grouped into three general 

categories (Ratner et a i, 1990).

• Plasma enhanced chemical vapour deposition occurs as a result of energetic 

plasma species reacting with the substrate surface which results in deposition of 

the plasma monomer (Peng et al., 2011). The nature and characteristics of the 

plasma ensure that deposits are thin (10-1000 nm), conformal to ensure uniform 

pinhole-free coating of complex shapes and tightly adherent to the substrate to 

ensure durability of the surface plasma-treated layer. Furthermore, plasma 

treatment ensures sterility of the substrate (Favia and d'Agostino, 1998). A number 

of parameters interplay in influencing the nature and quality of a deposited 

substrate coating. The chemical nature and flow rate of the monomer gas, the 

excitation power, frequency and geometry of the plasma reactor interact with 

additional substrate factors including the geometry, temperature and electrical 

potential to influence the chemistry and thickness of the substrate coating (Ratner 

et a i, 1990).

• Plasma treatments refer to the grafting of functional groups onto a substrate 

surface using non-depositing plasma monomers, namely oxygen, nitrogen, 

hydrogen, ammonia and carbon dioxide or inert plasma monomers such as argon 

or helium (Ratner et al., 1990).
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• Plasma etching refers to surface changes of a substrate that occur as a result of 

plasma treatment with non-depositing or inert plasma monomers (Azimi et al., 

2011, Matsutani et al., 2011). Plasma etching is routinely employed as a cleaning 

procedure prior to plasma enhanced chemical vapour deposition processes 

(Cvelbar, 2011). Plasma techniques are widely used not only in the biomedical 

field for the development of novel biomaterials but in microelectronics and the 

food industry (Favia and d'Agostino, 1998).

In the current study, the precursor gas was generated from a mixture of MH 1107 

(polymethylhydrogen siloxane) and TEOS and thin film deposition using MH/1107 and 

TEOS had previously been shown to increase the adhesion of siloxane elastomer to 

stainless steel (O' Neill et al., 2008).

2.10.1. Atmospheric Pressure Plasma Treatment

To facilitate the adhesion of the organic collagen GAG scaffold to the titanium, 

atmospheric pressure plasma treatment was performed (O' Neill et al., 2008). Titanium 

discs (16 mm diameter and 2 mm thickness), wet ground with P I80 SiC abrasive paper, 

were sterilised and degreased (Section 2.2) and subjected to surface plasma deposition, 

using an atmospheric plasma jet system (SE-2100 PlasmaStream^^ system, Dow Coming 

Ireland Ltd., Cork, Ireland). The precursor liquid for the surface plasma deposition was 

formed from a 3:1 mixture of MH 1107 (Figure 2.13a) (Dow Coming Ireland Ltd., Cork, 

Ireland), (polymethylhydrogen siloxane):tetraethylorthosilicate (TEOS) (Sigma Aldrich 

Ltd., Dublin, Ireland) (Figure 2.13b). The mixture was nebulised at a flow rate of 5 |al/min 

into a helium plasma with a helium flow rate of 7 fjl/min and an electric field formed by 

supplying low frequency (10-20 kHz) radio frequency power (106 V) to two metal 

electrodes mounted 12 mm apart. The resultant plasma was passed through a nozzle (70 

mm length and 15 mm diameter) that deposited the plasma over the disc surface three 

times at a velocity of 10 mm/s delivered from a distance of 15 mm.

2.10.1.1. Results

XPS analysis of the plasma-deposited titanium

The survey spectmm for the surface plasma deposited titanium is shown in Figure 2.14. 

The peaks represent the core levels of oxygen, carbon and silicon. The absence of a peak 

for titanium is indicative of the surface plasma deposition to a depth of at least 10 nm over 

the titanium surface.
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A high resolution spectrum for the C Is (carbon) peak is shown in Figure 2.15 

which consists of a single peak at a binding energy of 284.8 eV and can be assigned to a 

C-C (carbon-carbon) species.

A high resolution spectrum for the Si 2p (silicon) peak is shown in Figure 2.16 

consisting of a peak at a binding energy of 102.6 eV and can be assigned to the silicate 

species of the surface plasma coating (O' Neill et al., 2008).

2.10.2. Acrylic Acid Grafting

The surface plasma-deposited discs were then subjected to acrylic acid grafting to 

facilitate the subsequent adhesion of collagen (Bisson et al., 2002). Grafting of acrylic 

acid was a chemical modification of the plasma-deposited titanium surface undertaken to 

introduce carboxyl functional groups which would facilitate the subsequent 

immobilisation of collagen (Bisson et al., 2002).

A number of potential mechanisms exist for the oxidation of the plasma-deposited 

titanium surface to facilitate acrylic acid bonding, catalysed by cerium ammonium nitrate 

(Gounko, 2010). Hydrosilylation (Linford et al., 1995, Cicero et al., 2000) is an addition 

reaction of the silicon hydride group of MH 1107 across the unsaturated bond of the 

acrylic acid, and is depicted schematically in Figure 2.17.

A second potential mechanism whereby acrylic acid bonds to the plasma-deposited 

thin film involves the formation of an epoxide bond (Sharpies et al., 1972) and is 

schematically represented in Figure 2.18.

Acrylic acid bonding to the plasma-deposited thin film may also occur following 

simultaneous cerium ammonium nitrate-catalysed oxidation of both MH 1107 and acrylic 

acid with subsequent ester bond formation as illustrated in Figure 2.19 (Gounko, 2010).

An addition reaction across the unsaturated bond of the acrylic acid provides a 

further potential mechanism by which acrylic acid could bond to the MH 1107 and is 

represented schematically in Figure 2.20. The reactions involving hydrosilylation, 

epoxidation and the formation of an ester bond all require heating to temperatures of 120- 

200°C and therefore are not applicable to the current study. Therefore, the mechanism by 

which acrylic acid bonded to MH 1107 was most probably through the addition reaction 

outlined below (Figure 2.20).

A 40 vol% aqueous acrylic acid solution was prepared in a fume hood by 

dissolving 80 ml of acrylic acid (Sigma Aldrich Ltd., Dublin, Ireland) in 120 ml of ultra 

pure water using a magnetic stirrer bar for 2 min. Argon (Sigma Aldrich Ltd., Dublin, 

Ireland) was gently bubbled through the acrylic acid solution for 10 min to displace the
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Figure 2.14 The survey spectrum for a commercially pure titanium disc that 
underwent atmospheric plasma treatment with poiymethylhydrogen siloxane and 
tetraethylorthosilicate highlighting the presence of oxygen (O Is), carbon (C Is) and 
silicon (Si 2p) species that constitute the surface.
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Figure 2.15 The high resolution C Is spectrum for the commercially pure 
titanium disc that underwent atmospheric plasma treatment with 
polymethylhydrogen siloxane and tetraethylorthosilicate indicating the presence 
of single bonded carbon species.
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Figure 2.16 The high resolution Si 2p spectrum for the commercially pure 
titanium disc that underwent atmospheric plasma treatment with 
polymethylhydrogen siloxane and tetraethylorthosilicate to which the silicate 
species may be attributed.
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oxygen from the solution. A 3 mass% solution o f  cerium ammonium nitrate in nitric acid 

was prepared by adding 6 ml o f 0.1 M cerium ammonium nitrate (Sigm a Aldrich Ltd., 

Dublin, Ireland) dissolved in 1 M nitric acid (Sigm a Aldrich Ltd., Dublin, h’eland) to the 

acrylic acid solution and stirring for a further 2 min without argon bubbling. A ll surface 

plasma-deposited discs were immersed in the acrylic acid solution for 30 min to graft the 

surface with the acrylic acid. The resulting acrylic acid-grafted titanium discs were 

washed five times in sterile ultra pure water maintained at 4°C for a total o f  1 h and stored 

in the dark in sterile ultra pure water maintained at 4°C overnight. Four discs were 

subsequently removed, dried in the M icroflow Class 11 laminar flow  hood and stored 

individually in 6-well plates prior to dark storage at 4°C to protect the acrylic acid-grafted 

surface until required for XPS analysis.

2.10.2.1. Results

XPS analysis o f the acrylic acid-grafted discs

The survey spectrum for the acrylic acid-grafted disc is shown in Figure 2.21 and 

illustrates the core levels o f oxygen (O Is) at 532.5 eV, carbon (C Is) at 284.8 eV and 

silicon (Si 2p) at 102.6 eV. The peak for Si 2p assigned to the surface’s plasma coating 

was attenuated when compared with the Si 2p peak seen in Figure 2.14.

A high resolution spectrum for the C Is peak is shown in Figure 2.22. In addition 

to the peak component at a binding energy o f 284.8 eV characteristic o f C-C species, two 

additional peaks appeared at 286.3 and 288.7 eV characteristic o f carbon-oxygen species 

(C-O) and carboxyl species (0 -C = 0 )  o f acrylic acid, respectively (Bockova et al., 2008, 

Seo et al., 2010).

2.10.2.2. Discussion

Oxidation o f the deposited plasma layer was required to facilitate the introduction of  

acrylic acid to the plasma-coated titanium surface and was undertaken with the use o f the 

oxidising agent (cerium ammonium nitrate) and em ploying argon to displace oxygen from 

solution. Cerium ammonium nitrate is an inorganic compound with the chemical formula 

(NH4)Ce(N 03)6  and is a water soluble salt used as an oxidising agent in organic synthesis 

reactions (Yun et al., 1995). The salt consists o f  the anion [Ce(N0 3 )6] ’ and a pair of 

ammonium (NRj^) cations which are not involved in the oxidation reactions o f the salt. 

The oxidation reaction involves a one-electron change in the redox process and resulted in 

the conversion o f Ce(IV) to Ce(III). The use o f I M nitric acid with the cerium ammonium
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nitrate encouraged the removal of inorganic residues (Rasmussen et a i, 1977) resulting 

from the oxidation of the plasma-deposited layer.

2.10.3. Collagen Coaling

Bovine collagen was subsequently bonded to the grafted acrylic acid layer with the aim of 

forming a link between the carboxylic acid groups of the acrylic acid and the amine 

groups of the collagen, facilitated by the water-soluble carbodiimide, which would act as a 

coupling agent (Lee et a i, 1996). The acrylic acid-grafted, surface plasma-deposited discs 

were further immersed in a solution of 0.5% collagen for 2 h to induce collagen coating of 

the acrylic acid-grafted surface. The collagen-coated discs were rinsed six times in an 

aqueous solution of 1% acetic acid to remove the excess adsorbed collagen. Four discs 

were dried in the Microflow Class 11 laminar flow hood and stored at 4°C prior to XPS 

analysis.

2.10.3.1. Results

The survey spectrum for a collagen coated disc (Figure 2.23) indicated core levels of 

oxygen (O Is) at 531.5 eV, nitrogen (N Is) at 399.7 eV, carbon (C Is) at 284.8 eV and 

silicon (Si 2p) at 102.6 eV. The N Is peak was assigned to nitrogen from the collagen 

coating. Significant attenuation of the Si 2p peak of the plasma coating was observed as 

the surface becomes coated with collagen.

A high resolution spectrum of the C Is peak (Figure 2.24) contains four peak 

components. The C Is signal at 286 eV was reduced from 286.3 eV (Figure 2.22) and was 

attributed to carbon-nitrogen (C-N) bonding of the collagen. The additional peak at 287.8 

eV is characteristic of the N-C=0 species of the peptide bond (Sionkowska et al., 2006) 

and the peak at 288.9 eV corresponds with either the carboxyl species (0-C=0) of 

collagen or from the acrylic acid graft.

2.10.4. Collagen Coupling

The remaining discs underwent treatment in an EDAC and NHS solution overnight to 

couple the collagen with the acrylic acid-grafted surface. The solution of 2.5 g/1 EDAC 

and 2.5 g/1 NHS was prepared by dissolving 250 mg of EDAC and 250 mg of NHS in 100 

ml of ultra pure water and filter sterilised using a 0.2 |jm pore size cellulose acetate filter. 

The EDAC and NHS-treated discs were rinsed in an aqueous 1% acetic acid solution 

followed by rinsing in ultra pure water and dried in the Microflow Class 11 laminar flow 

hood and stored at 4°C prior to XPS analysis.
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Figure 2.21 The survey spectrum for the acrylic acid-grafted, plasma-coated 
commercially pure titanium disc highlighting the presence of oxygen (O Is), 
carbon (C Is) assigned to the acrylic acid and silicon (Si 2p) of the plasma 
coating.
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Figure 2.22 A high resolution C Is spectrum for acrylic acid-grafted to a plasma-deposited 
commercially pure titanium disc highlighting the presence of the carbon species: C-C at 
284.8 eV, C-O at 286.3 eV and 0-C =0 at 288.7 eV.
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Figure 2.23 The survey spectrum for an collagen-coated acrylic acid-grafted 
titanium disc highlighting the presence of oxygen (O Is), nitrogen ( N Is), carbon 
(C Is) and silicon (Si 2p) on the collagen coated surface.
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Figure 2.24 High resolution C Is spectrum for a collagen-coated, acrylic acid 
grafted commercially pure titanium disc indicating that carbon on the surface 
existed in the forms: C-N at 286 eV, N-C=0 at 287.8 eV and 0 -C = 0  at 288.9 eV.



W hen bovine collagen was bonded to the grafted acrylic acid, the temperature was 

maintained at 4°C to prevent denaturation o f the collagen. The use of NHS increased the 

number and rate of crosslinking reactions (Olde Damink et al., 1996).

2.10.4.1. Results and Discussion

The survey spectrum for the collagen coupled disc is shown in Figure 2.25. A signal at a 

binding energy of 197.6 eV was assigned to chlorine and was most likely due to the 

chloride ion in the coupling reagent ED AC. This was supplied by the manufacturer in the 

hydrochloride form. There was an increased silicon signal at 102.7 eV when compared 

with the same signal in Figure 2.23 and indicated that some of the collagen had been 

removed from the collagen-coated titanium disc in the aqueous solution of EDAC and 

NHS. EDAC functions to activate the carboxylic residues o f acrylic acid which forms 

bonds with the free amine groups of lysine and hydroxylysine of the collagen chain (Olde 

Damink et al., 1996).

A high resolution spectrum of the C Is peak (Figure 2.26) contains the same four 

peak components illustrated in Figure 2.24. The C Is signal at 284.8 eV was attributed to 

the single bonded carbon (C-C), at 286.3 eV characteristic o f the carbon-oxygen species 

(C-O), the signal at 287.8 eV assigned to the carbon associated with the peptide bond (N- 

C = 0) and al 288.9 eV attributed to the carboxyl species (0 -C = 0 ).

High resolution spectra of N Is (Figure 2.27) shows in addition to peak at 399.8 

eV, an additional peak at 402.1 eV which can be assigned to the quaternary ion (-NH'^"  ̂

and -N (C H 3)-̂ )̂.

2.10.5. Processing Collagen GAG scaffold on Collagen - Coupled Titanium Disc.

Spacers (3 mm height) fabricated from stainless steel wire (0.5 mm thickness) served to 

position the surface-treated titanium discs 3 mm above the surface of the stainless steel 

tray. The stainless steel spacers were sterilised and degreased in accordance with the 

procedure outlined for the clips in Section 2.9.4. The surface-treated titanium discs were 

inverted and positioned on the stainless steel spacers (Figure 2.28) in the stainless steel 

tray.

A specific volume (60 ml) of collagen GAG suspension (Section 2.6) was pipetted 

into the tray to coat the collagen coated side of the titanium discs. The stainless steel tray 

was positioned in the Genesis Freeze-dryer, the temperature reduced from 4 to -40°C at 

0.9°C/min and the resultant frozen suspension sublimated under vacuum operating at less 

than 100 mTorr for a further 17 h at 0°C. The resultant sheets of surface-treated titanium
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discs bonded to collagen GAG scaffold (3 mm thickness) were removed from the stainless 

steel tray in the Genesis Freeze-dryer. Individual specimens of collagen GAG scaffold- 

bonded to surface-treated titanium discs were isolated by cutting the collagen GAG 

scaffold from around the titanium discs with a sharp scissors to ensure the diameter of the 

collagen GAG scaffold was the same diameter as the titanium discs (16 mm) (Figure 

2.29).

Individual collagen GAG scaffold-bonded to the surface-treated titanium disc 

specimens were sealed separately in aluminium foils and underwent dehydrothermal 

crosslinking in the vacuum oven at 50 mTorr and 150°C for 48 h (Section 2.6) before 

storage in the sealed aluminium foil in the dark under aseptic conditions. Three days 

before cell culture experiments the individually wrapped dehydrothermally crosslinked 

collagen GAG scaffolds bonded to surface-treated titanium discs were placed in the 

Microflow Class 11 laminar flow hood and were hydrated by immersion in sterile IX 

DPBS. The specimens underwent further crosslinking using EDAC and NHS. An aqueous 

solution containing EDAC and NHS was prepared where the standard molar mass of 

EDAC and the standard molar mass of NHS required was determined for each mole of 

collagen according to Equations 2.2 and 2.3. The aqueous solution of EDAC and NHS 

was then filter-sterilised using a 0.2 |um cellulose acetate filter to prevent microbial 

contamination. The scaffold-bonded discs were immersed in 4 ml of the aqueous solution 

of EDAC and NHS and placed on the UNIMAX 2010 orbital platform shaker operating at 

100 rpm for 2 h to uniformly infuse the dehydrothermally crosslinked collagen GAG 

scaffold with EDAC and NHS. The resulting EDAC and NHS crosslinked scaffolds 

bonded discs were washed in sterile IX DPBS for 30 min on the UNIMAX 2010 orbital 

platform shaker operating at 100 rpm and stored at 4°C in sterile IX DPBS for 48 h with 

the sterile IX DPBS being replaced every 16 h to ensure removal of all traces of the 

cytotoxic EDAC prior to cell culture experiments.

In the study, the collagen GAG slurry was freeze-dried and the subsequent use of 

EDAC and NHS to crosslink the collagen GAG scaffold facilitated the bonding of the 

collagen GAG scaffold to the collagen coupled titanium discs. It was postulated that the 

collagen coating alone would not have been covalently coupled to the titanium surface 

(Morra et al., 2003) and therefore, EDAC and NHS coupling of the collagen to the grafted 

acrylic acid layer was necessary to ensure covalent coupling of the collagen (Lee et al., 

1996).
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Figure 2.25 The survey spectrum for the collagen coupled to acrylic acid-grafted 
commercially pure titanium disc with ED AC and NHS highlighting the presence 
of oxygen (O Is), nitrogen (N Is), carbon (C Is), chloride (Cl 2p) and silicon (Si 
2p).
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Figure 2.26 A high resolution spectrum of the C Is peak for collagen on a 
collagen coupled titanium disc.
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Figure 2.27 A high resolution spectrum of the N Is spectra of collagen from a 
collagen coated titanium disc indicating the presence of nitrogen in two forms: 
C-N at 399.8 eV and -N H 3  ̂or -NCCHa)’^



Figure 2.28 The surface treated titanium disc-shaped specimen positioned on a 
stainless steel spacer (3 mm height) fabricated from stainless steel wire (0.5 mm 
thickness).



Figure 2.29 The collagen GAG scaffold bonded to surface-treated titanium (a) 
surface-treated titanium disc (2 mm thickness) and dehydrothermally crosslinked 
collagen GAG scaffold (3 mm thickness) and (b) the stainless steel spacer within the 
dehydrothermally crosslinked collagen GAG scaffold (16 mm diameter).



2.10.6. MSC Seeding

To determine if  the ED AC crosslinked collagen GAG scaffold would remain adherent to 

the surface-treated titanium discs, the EDAC crosslinked collagen GAG scaffold was 

seeded with M SCs harvested from the bone marrow o f  rats. The scaffold-disc structures 

were placed in 6-well plates with 5 ml o f supplemented DM EM  and maintained at 37°C in 

the CO 2 incubator under normal incubation conditions for 1 h prior to cell seeding (Figure 

2.30). The M SCs harvested by cell culture from the bone marrow o f rats, passaged 

(passage 3) and trypsinised were resuspended in supplemented DMEM to a cell density o f  

1x10^ cells/m l as outlined previously in Section 2.7. The scaffold-disc structures were 

replaced in new 6 -well plates and 50 |al o f the cell suspension containing 5x10^ cells was 

evenly placed on the EDAC crosslinked collagen GAG scaffold surface. The M SC-seeded  

scaffold-disc structures, termed the constructs for the purpose o f the current investigation, 

were returned to the CO2 incubator for 2 h under normal incubation conditions to allow  

time for initial cell attachment to commence. After incubation, 5 ml o f supplemented 

DM EM  was placed into each well and the constructs were returned to the CO 2 incubator 

for a further 24 h under normal incubation conditions. Follow ing the 24 h incubation 

period the constructs were placed into new 6-w ell plates and 5 ml o f fresh supplemented 

DMEM was added. The 6-well plates were incubated for a further 24 h time periods with 

the 6-w ell plates being placed in the M icroflow Class 11 laminar flow hood daily to assess 

if the M SC-seeded collagen GAG scaffold remained adherent to the surface-treated 

titanium surfaces o f the constructs. Half o f the supplemented DMEM was replaced with 

fresh supplemented DMEM every second day for 14 days.

Following 14 days incubation the constructs were placed in the Micro flow  Class 11 

laminar flow  hood. To determine if the M SC-seeded collagen GAG scaffold remained 

adherent to the surface-treated titanium discs the constructs were tilted at an angle o f 45° 

for 150 s and observed. The constructs were then replaced into the supplemented DMEM  

and returned to the CO2 incubator for 30 min under normal incubation conditions. 

Follow ing incubation, the constructs were inverted by holding the edge o f the titanium  

disc with a tweezers for 30 s. The constructs were then returned to the CO2 incubator for 

30 min under normal incubation conditions before placing the 6-w ell plates containing the 

constructs on the UNIM AX 2010 orbital platform shaker for 3 min at 100 rpm. The 6-well 

plates containing the constructs were returned to the CO 2 incubator for a further 30 min 

under normal incubation conditions and replaced on the UNIM AX 2010 orbital platform  

shaker for 3 min at 150 rpm.
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2.10.6.1. Results

Collagen GAG scaffold fabricated on the surface of the acrylic acid-grafted, collagen- 

coated titanium and EDAC-coupled collagen-coated titanium discs resulted in the 

formation of a mass of collagen GAG scaffold of 3mm thickness that remained adherent 

to the surface-treated titanium discs. In addition, adhesion was maintained throughout the 

dehydrothermal and EDAC crosslinking processes prior to MSG seeding. Observation of 

the constructs daily (for 14 days) confirmed the adhesion potential of the MSC-seeded 

EDAC crosslinked collagen GAG scaffolds and the surface-treated titanium discs with no 

separation evident (Figure 2.31).

2.10.6.2. Discussion

The generation of an adhesive bond between the collagen GAG scaffold and the titanium 

was essential to ensure the construct remained intact in the presence of rat MSCs. 

Previously, the author showed that MSC-mediated contraction lifted the non-adherent 

collagen GAG scaffold from the roughened titanium surface. The process whereby the 

collagen GAG scaffold was bonded to the surface of the titanium disc involved a number 

of reactions which resulted in an ordered deposition of chemical species on the titanium 

surface and the presence of each deposited chemical species was verified by XPS (Figure 

2.32).

Atmospheric pressure plasma treatment resulted in the deposition of a thin film of 

MH1107 and TEOS (O' Neill et al., 2008). Oxidation of the plasma-deposited layer 

(Gounko, 2010) (catalysed by the oxidising agent cerium ammonium nitrate (Yun et al., 

1995)) facilitated the grafting of acrylic acid which provided a source of carboxylate 

groups. Following collagen coating of the acrylic acid layer, the water soluble 

carbodiimide (EDAC) generated a coupling reaction between the carboxylate functional 

groups of the acrylic acid and the amide groups of the collagen (Lee et al., 1996). The 

collagen GAG scaffold, produced by the freeze drying process, was subsequently coupled 

to the collagen-coupled titanium disc using the DHT and EDAC processes routinely used 

to enhance the stiffness of the collagen GAG scaffold (Olde Damink et al., 1996). When 

the rat MSCs were seeded on the collagen GAG scaffold surface, the scaffold remained 

adherent to the titanium disc, thereby verifying the potential of the scaffold-titanium 

specimen to evaluate MSC-mediated osteogenesis on titanium in three dimensions.
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Figure 2.30 EDAC crosslinked collagen GAG scaffold bonded to plasma- 
deposited (MH 1107 and TEOS), acrylic acid-grafted, collagen-coupled wet- 
ground commercially pure titanium disc following immersion in supplemented 
DMEM.



Figure 2.31 EDAC crosslinked collagen GAG scaffold bonded to plasma- 
deposited (MH1107 and TEOS), acrylic acid-grafted, collagen-coupled 
commercially pure titanium disc after 14 days incubation with 5x10  ̂MSCs.
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Figure 3.32 A schematic representation (not to scale) to illustrate the sequence of 
chemical species deposited on the surface of the titanium disc, which facilitated 
the bonding of the collagen GAG scaffold.



The conclusions of this chapter:

• Wet grinding the titanium surface with SiC abrasive papers represented a means of 

generating a reproducible surface topography.

• The chemical characteristics of the wet ground titanium surface were consistent 

with the previously documented titanium surface oxide layer containing airborne 

carbon contamination.

• A tissue engineering scaffold comprising a copolymer of collagen and chondroitin 

6-sulphate was fabricated by a controlled freeze drying technique.

• The primary MSC line was successfully cultured from the bone marrow of Wistar 

rats and characterised by morphological features of the cells and by the presence of 

cell surface antigens characteristic of this cell type.

• Atmospheric pressure plasma treatment resulting in the deposition of a film of 

MH1107 and TEOS facilitated the coupling of collagen and the subsequent 

adhesion of the collagen GAG scaffold which remained adherent in the presence of 

the rat MSCs.

• The chemical reactions resulting in the ordered deposition of each chemical 

species was successfully confirmed with XPS.
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Chapter 3

Cell Compatibility of the ED AC Crosslinked Collagen GAG 

Scaffold Bonded to the Commercially Pure Titanium Disc
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Aims and Objectives

The aim of the current chapter was to evaluate the suitability of the EDAC crosslinked 

collagen GAG scaffold bonded to commercially pure titanium as a tissue engineering 

construct.

The objectives of the chapter were to:

• Culture an appropriate mammalian cell line to facilitate the evaluation of the 

cytotoxicity of the EDAC crosslinked collagen GAG scaffold bonded to titanium 

specimen.

• Evaluate the cytotoxicity of the scaffold bonded to titanium specimen.

• M easure the proliferation of the rat MSCs on tissue culture plastic.

• Compare the proliferation o f rat MSCs on the EDAC crosslinked collagen GAG 

scaffold and the EDAC crosslinked collagen GAG scaffold bonded to 

commercially pure titanium.

3.1. Cytotoxicity Assay

Cellular toxicity of the EDAC crosslinked collagen GAG scaffold bonded to the 

com mercially pure titanium disc was determined measurmg lactate dehydrogenase (LDH) 

release from co-incubated MC3T3-E1 cells. The commercially available CytoTox 96® 

Non-Radioactive Cytotoxicity Assay (Promega, Medical Supply Company Ltd., Dublin, 

Ireland) was used. All of the chemicals and antibiotics used in the current study were of 

analytical-grade, molecular biology-grade or cell culture-grade and were purchased from 

Sigma-Aldrich Ltd. (Dublin, Ireland) unless specified otherwise. The cell line used to 

determine cellular toxicity was the MC3T3-E1 cell (Health Protection Agency Culture 

Collections, Salisbury, United Kingdom) which is an immature murine osteoblast-like cell 

line. W hen cultivated on standard tissue culture plates, MC3T3-E1 cells grow as a 

confluent monolayer which can be utilised as an in vitro simulation model for osteoblasts 

(Sudo et al., 1983). The tissue culture medium and chemical solutions exposed to the 

MC3T3-E1 cell line were consistently heated to 37°C in the Clifton shaking water bath 

prior to being used. The cell line was maintained in Minimum Essential Medium Eagle a- 

modification (aM EM ) which was supplied at pH 7.0 and was comprised of 

ribonucleosides, deoxyribonucleosides, sodium bicarbonate, and phenol red without L- 

glutamine and sodium pyruvate. The aM EM  was supplemented with 100 ml/1 of FBS 

which was supplied by the m anufacturer as heat-inactivated (56°C), of non-USA origin, 

sterile filtered and cell culture tested. The aM EM  was also supplemented with 10 ml/1
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Sodium Pyruvate and 10 ml/1 o f an L-glutamine-penicillin-streptomycin solution which 

comprised 200 mM L-glutamine, 10000 units/ml penicillin and 10 mg/ml streptomycin as 

supplied by the manufacturer. A second type o f Minimum Essential Medium Eagle a- 

m odification (M EM a) (Invitrogen Corp., NY , U SA ) which was supplied at pH 7.0 and 

contained ribonucleosides, deoxyribonucleosides, sodium bicarbonate, L-glutamine, 

sodium pyruvate and 1000 mg/1 o f  glucose without phenol red. M EM a was used in the 

current study because phenol red had the potential to negatively interfere with the cellular 

assay results. The MEMa used was supplemented with 100 ml/1 o f  FBS and 10 ml/1 o f the 

penicillin-streptomycin solution.

3.1.1. Ceil Maintenance

The M C3T3-E1 cells were incubated in 10 ml o f supplemented aM EM  in a 10 cm tissue 

culture dish maintained under normal incubation conditions (98% relative humidity in a 

5% CO 2 environment at 37°C) in the CO 2 incubator. The MC3T3-E1 cell passages were 

either maintained after every 4-5 days or alternatively when the phenol red indicator in the 

supplemented aM EM  turned from red to yellow. The colour change indicated the pH 

levels were becom ing increasingly acidic. Cell maintenance was achieved by aspirating 

and discarding 9 ml o f  the aM EM  before replacement with 9 ml o f fresh supplemented 

aM EM  maintained at 37°C. The MC3T3-E1 cells were maintained in the CO 2 incubator 

under normal incubation conditions until approximately 70% cell confluence had been 

achieved. The MC3T3-E1 cells were then trypsinised and removed from the tissue culture 

dish by decanting and discarding the aMEM. The MC3T3-E1 cells were washed twice to 

remove all traces o f  supplemented aMEM and dead cells by a pipetting procedure using 5 

ml o f sterile IX  DPBS maintained at 37°C which was then discarded. Two millilitres of  

the trypsin-EDTA solution (Section 2.7.4) maintained at 37°C was then added to the cells. 

The MC3T3-E1 cells were incubated for 3 min in the CO 2 incubator under normal 

incubation conditions, detached from the tissue culture dish by knocking the tissue culture 

dish and the resultant cell suspension was aliquoted into a 50 ml centrifugation tube. The 

tissue culture dish was washed twice with 2 ml o f  supplemented aMEM maintained at 

37°C and added to the 50 ml centrifugation tube. The MC3T3-E1 cells were then 

centrifuged in the Eppendorf Centrifuge at 300 g  for 5 min at 20°C. The supernatant was 

discarded and the MC3T3-E1 cells were re-suspended in 1 ml o f  aMEM. To determine the 

cell density, 10 |j1 o f the MC3T3-E1 cell suspension was aliquoted into a 1.5 ml 

Eppendorf micro tube with 10 |j1 o f trypan blue dye and m ixed by careful pipetting to 

m inim ise the damage to the delicate cell walls follow ing trypsinisation. The Bright-Line

107



Haemacytometer was used to estimate the cell density by adding a 10 |j1 mixture of the 

MC3T3-E1 suspension and trypan blue dye solution to the haemocytometer slide. The 

MC3T3-E1 cells were visualised on the Nikon " TMS inverted phase contrast microscope 

at a magnification of xlOO and the viable cells were counted. Cells that absorbed trypan 

blue were considered non-viable and were therefore excluded. The viable MC3T3-E1 cells 

were passaged to a density of 1x10^ cells in 10 ml o f aMEM and returned to the CO2 

incubator and maintained under normal incubation conditions. The supplemented aMEM 

was changed on the fourth day or when the cells had achieved 70% confluence prior to the 

cell trypsinisation and counting. Before long term cryo-storage, the MC3T3-EI cells were 

counted and resuspended in a solution of 10% dimethyl sulphoxide (DMSO) and 90% 

PBS which served as the freezing medium. One millilitre of the cell suspension in the 

DMSO and FBS solution was stored in 2 ml polypropylene Eppendorf micro tubes at a 

cell density of 1x10^ cells/ml. The MC3T3-E1 cell temperature was reduced at l°C/min 

by placing the micro tubes into the Cryo -1°C freezing container and incubating at -85°C 

in the U41085 Ultra low freezer for 24 h to avoid intracellular water freezing which would 

have caused the cell wall to rupture. The cells were immediately placed into the 

MVEXC47/11-6 cryogenic liquid nitrogen storage system for storage prior to further use.

To thaw the cryo-preserved cells, the 2 ml polypropylene micro tubes were 

removed from the liquid nitrogen storage system and quickly brought to room temperature 

by placing in the water bath maintained at 37°C. Having completely thawed, the MC3T3- 

E1 cell suspension (1 ml) was mixed with 9 ml of supplemented aMEM at 37°C in a 50 

ml centrifuge tube and added to a 10 cm tissue culture dish prior to incubation in the CO2 

incubator under normal incubation conditions until the cells had reached 70% confluence.

3.1.2. Morphological Studies of MC3T3-E1 Cells on Commercially Pure 

Titanium

Seven titanium discs wet ground with P I80 SiC abrasive paper, sterilised and degreased in 

accordance with Section 2.2, were placed in 6-well plates in the CO2 incubator for 1 h to 

raise the temperature to 37°C for cell culture experiments. MC3T3-E1 cells were 

maintained, passaged (passage 20), trypsinised and resuspended in supplemented aMEM 

at 37°C to give a cell density of 1x10^ cells/ml. Five titanium discs were placed in the 

Microflow Class 11 laminar flow hood and 200 pi of the MC3T3-E1 cell suspension 

(containing 2x10^ MC3T3-E1 cells) was pipetted onto the surface of the titanium discs. A 

volume of 200 pi of supplemented DMEM was placed on the surface of the remaining two 

titanium discs and served as MC3T3-E1 cell-free control specimens. The 6-well plates
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were returned to the CO2 incubator under normal incubation conditions for 2 h to allow 

time for attachment of the MC3T3-E1 cells to the titanium surface. Following incubation 

the 6-well plate was returned to the Microflow Class 11 laminar flow hood, the 

supplemented aMEM was discarded and the titanium discs were rinsed carefully with 5 

ml of sterilised IX DPBS maintained at 37°C, which was discarded. The adherent 

MC3T3-E1 cells were fixed in 3%  gluteraldehyde (Sigma Aldrich Ltd, Dublin, Ireland) 

for 30 min. The 3% gluteraldehyde solution consisted of 3 g of gluteraldehyde dissolved 

in 100 ml o f 0.05 M phosphate buffer. The phosphate buffer consisted o f a solution made 

up o f 51 ml of 0.2 M potassium dihydrogen phosphate (KH2PO4, Sigma Aldrich Ltd, 

Dublin, Ireland) and 49 ml of 0.2 M dipotassium hydrogen phosphate (K2HPO4, Sigma 

Aldrich, Dublin, Ireland) at a pH of 6.8. The gluteraldehyde was discarded and the 

MC3T3-E1 cell-seeded titanium discs were washed with 0.05 M phosphate buffer (pH 

6.8) six times for a total washing time o f 1 h before being dehydrated in a series of 

increasing concentrations of ethanol and acetone dissolved in sterile ultra pure water. The 

dehydration process involved successive 10 min immersions in each of 10, 30, 50, 75 and 

90 vol% ethanol (Sigma Aldrich Ltd, Dublin, Ireland) which were discarded. Following 

immersion in ascending concentrations of ethanol, the MC3T3-E1 cell-seeded titanium 

discs were immersed in 100% ethanol twice for 15 min and once for 30 min. These 

dehydrated MC3T3-EI cell-seeded titanium discs were then critical point-dried, sputter 

coated in a Polaron SC500 machine (Quorum Technologies Inc., Ontario, Canada) 

operating at 15 mA for 3 min to provide an approximate thickness of 20 nm of gold and 

viewed in a Hitachi S4300 Field Emission Scanning Electron Microscope (Hitachi High- 

Technologies Europe GmbH, Maidenhead, United Kingdom) with an accelerating voltage 

of 5 kV.

3.1.2.1. Results

Figure 3.1 shows a series of field emission scanning electron micrographs that 

demonstrate the surface topography of a titanium disc which was (a) wet ground with 

P180 SiC abrasive paper, sterilised and degreased (cell-free control) at x500, (b) seeded 

with MC3T3-E1 cells 2 h prior to fixation at x500 and (c) an individual MC3T3-E1 cell 

on the titanium surface at x3500. The spherical appearance of the MC3T3-E1 cell 

surrounded by a sheet-like spreading of the cytoplasm terminates with multiple finger-like 

extensions of the cell membrane which form a means of attachment to the underlying 

substrate. Figure 3.1 (d) and (e) are micrographs o f MC3T3-E1 cells at x2500, assuming a 

progressively more flattened morphology as a result of cell spreading on the commercially
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pure titanium surface. As spreading progresses (Figure 3.1 (c), (d) and (e)), the periphery 

o f the cytoplasm ic membrane becom es less distinct.

3.1.2.2. Discussion

The aim o f the field em ission scanning electron microscopy study was to demonstrate the 

morphological characteristics o f MC3T3-E1 cells seeded on the commercially pure 

titanium discs wet ground with P I80 SiC abrasive paper in accordance with in Section 2.2. 

The grinding process is non-discriminatory and scratches on the surface o f the titanium are 

random and occur in no particular orientation (Figure 3.1a). The nature o f MC3T3-E1 cell 

attachment and spreading is similar to previous morphological studies o f cell attachment 

and cell spreading (Rajaraman et al., 1974, Melder et a i ,  1990, Bowers et a i ,  1992, 

Passey et al., 2007). Immediately after trypsinisation, the cells were spherical in shape and 

demonstrated initial attachment through microvillus-like projections o f the cell membrane 

(Passey et al., 2007). Figure 3.1(b) illustrates the distribution o f the MC3T3-E1 cells 

attached to the surface o f the titanium disc. Elongation and enlargement o f the cell 

membrane projections (Figure 3.1c) appeared as filopodial elongations extending radially 

from the spherically shaped cell (Bowers et al., 1992). Plasma membrane-enclosed 

cytoplasm ic sheets extended between the adjacent filopodia which gave the cell the 

characteristic appearance o f spreading (Melder et al., 1990). As spreading progressed the 

spherical mass o f  the cell gradually flattened Figure 3.1(d) and further flattened (Figure 

3.1e) on the substrate surface, until eventually the cell assumed a fully flattened sheet-like 

appearance (Bowers et al., 1992, Rajaraman et al., 1974).

3.2. Determination of Cell Number

To assess cellular toxicity o f the construct, proficiency in using the cytotoxicity assay was 

ensured using tissue culture plastic and the MC3T3-E1 cell line. MC3T3-E1 cells were 

maintained, passaged (passage 6), trypsinised and resuspended in supplemented M EM a at 

37°C to give a cell density o f 1.25x10^ cells/m l. The MC3T3-E1 cells were seeded in a 

24-w ell plate in 200 |il o f  supplemented MEMa maintained at 37°C with cell numbers o f  

0, IxIO'*, 5x10" ,̂ 1x10^, 2x10^ and 2.5x10^ in triplicate and placed in the CO2 incubator for 

1 h under normal incubation conditions to allow for the attachment o f the MC3T3-E1 cells 

to the tissue culture plastic. In the M icroflow Class 11 laminar flow  hood the supplemented 

M EM a was removed and the wells were washed carefully with sterile IX DPBS  

maintained at 37°C to remove dead or unattached cells, and the IX DPBS was discarded. 

Then 300 |il o f  fresh supplemented MEMa and 45 |il o f  the lOX lysis solution were added
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Figure 3.1 Field emission scanning electron micrographs of (a) MC3T3-E1 cell- 
free control titanium discs wet ground with P180 SiC abrasive paper that was 
sterilised and degreased in accordance with Section 2.1 at x500 (b) MC3T3-E1 
cells seeded on the titanium surface at x500, (c) an individual MC3T3-E1 cell at 
x3500, (d) an MC3T3-E1 cells demonstrating a more flattened morphology at 
x2500 and (e) further spreading of an MC3T3-E1 cell at x2500.



to each MC3T3-E1 cell-seeded well and the 24-w ell plate was replaced in the CO2 

incubator for a further 1 h under normal incubation conditions. Follow ing the 1 h 

incubation, the 24-w ell plate was placed on the UNIM AX 2010 orbital platform shaker for 

5 min at 150 rpm to disrupt the cell monolayer. After the orbital platform shaker, 50 |j1 o f  

supernatant from each well was placed into a 96-well plate and 50 |il o f  the manufacturers 

reconstituted substrate mix was added. The 96-w ell plate was incubated for 30 min at 

room temperature in a dark room to protect the light sensitive reagents and 50 |al o f the 

manufacturers stop solution was added to each well to prevent the reaction from 

progressing. The absorbance was recorded at 480 nm on a Tecan Genios 

spectrophotometer (MTX lab systems. Inc., VA, USA) immediately after the reaction was 

stopped. The absorbance readings for the MC3T3-E1 cell-free w ells were subtracted from 

the absorbance readings from the MC3T3-E1 cell-seeded w ells to correct for the 

contribution o f the supplemented M EM a to the absorbance readings.

3.2.1. Results

Figure 3.2 demonstrates an increase in the absorbance values for MC3T3-E1 cell number. 

The absorbance values did not rise for the cell numbers o f 2x10^ and 2.5x10^ and 

therefore the maximum cell number that could be detected in the wells o f a 24-w ell plate 

was 1x10^ cells. The data were plotted with a third order polynomial curve fit to 

demonstrate that the absorbance values did not increase with cell numbers above 1x10^ 

MC3T3-E1 cells.

3.2.2. Discussion

The CytoTox 96® Non-Radioactive Cytotoxicity Assay was used to determine a measure 

of the maximum number o f cells that could be measured in the w ells o f the 24-w ell plate. 

When the attached MC3T3-E1 cells reached confluence, the remainder o f the cells present 

in the supplemented M EM a were removed by washing. Therefore, a maximum number o f  

cells that could be accommodated in the well existed. The lOX lysis solution caused 

release o f the entire content o f intracellular LDH which was measured by recording 

absorbance at 480 nm. Figure 3.2 demonstrates that the maximum number o f  cells 

detectable in the w ells o f the 24-well plate was 1x10^ and this cell number was used in 

further studies using the cytotoxicity assay.
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3.3. The Effect of FBS on Background Recordings of Cytotoxicity

To investigate the effectiveness o f an FBS background control on the recordings o f the 

CytoTox 96® Non-Radioactive Cytotoxicity Assay, MC3T3-E1 cells were maintained, 

passaged (passage 9), trypsinised and resuspended in supplemented M EM a (maintained at 

37°C) to a cell density o f 5x10^ cells/m l. The MC3T3-E1 cells were seeded in 24-w ell 

plates in 200 |̂ 1 o f  supplemented M EM a maintained at 37°C with cell numbers o f  0, 

IxlO" ,̂ 5x10“̂ and 1x10^ in triplicate. The 24-w ell plates were returned to the CO 2 

incubator for 1 h under normal incubation conditions to allow time for attachment o f  the 

MC3T3-E1 cells. In the M icroflow Class 11 laminar flow hood the supplemented M EM a 

was removed and the wells were washed carefully with sterile IX DPBS maintained at 

37°C to remove dead or unattached cells and the IX DPBS was discarded. Preparations o f  

supplemented M EM a were made with 0, 50 and 100 ml/1 o f  FBS and 300 |j1 o f each o f the 

three supplemented MEMa preparations and 45 |il o f  lOX lysis solution were added to 

each MC3T3-E1 cell-seeded well. The 24-w ell plates were placed in the CO 2 incubator for 

1 h under normal incubation conditions and placed on the UNIM AX 2010 orbital platform  

shaker for 5 min at 150 rpm to disrupt the cell monolayer. Subsequently, 50 |il o f  

supernatant from each well was placed in a 96-w ell plate and 50 |al o f  the manufacturers 

reconstituted substrate mix was also added. The 96-w ell plate was incubated for 30 min at 

room temperature in the dark room and 50 |al o f the manufacturers stop solution was 

added to each well to prevent the reaction from progressing. Absorbance was recorded at 

480 nm on the Tecan Genios spectrophotometer immediately after the reaction was 

stopped. The absorbance readings for the MC3T3-E1 cell-free w ells with each 

concentration o f  FBS (0, 50 and 100 ml/1) were subtracted from the absorbance readings 

from the MC3T3-E1 cell-seeded w ells to correct for the contribution o f  the supplemented 

M EM a to the absorbance readings.

3.3.1. Statistical Analysis

A one-way AN O V A  at a significance level o f P<0.05 and post hoc Tukey’s test was 

conducted to determine if  there was a significant difference between the background 

absorbance values for the MC3T3-E1 cells with cell numbers o f IxlO" ,̂ 5x1 O'* and 1x10^ 

maintained in supplemented M EM a with 0, 50 and 100 ml/1 FBS when an MC3T3-E1 

cell-free control was employed.
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Figure 3.2 A graph demonstrating the relationship between absorbance readings at 
480 nm (LDH release) from the CytoTox 96® Non-Radioactive Cytotoxicity Assay 
against MC3T3-E1 cell number when seeded in 24-well plates. The results 
presented are representative of three independent runs of the experiment 
performed in triplicate.



3.3.2. Results

Table 3.1 contains all o f the absorbance recordings for the MC3T3-E1 cells maintained in 

M EM a supplemented with 0, 50 and 100 ml/1 FBS.

Figure 3.3 represents the absorbance recordings at 480 nm for IxlO" ,̂ 5x1 O'* and 1x10^ 

MC3T3-E1 cells maintained in supplemented M EM a with 0, 50 and 100 ml/1 FBS that 

were seeded in the w ells o f the 24-w ell plate and lysed using the CytoTox 96® Non- 

Radioactive Cytotoxicity Assay and when a tissue culture medium background control 

was used. The one-way AN O V A  o f the absorbance values at 480 nm indicated that there 

was no significant difference between the absorbance recordings at 0, 50 and 100 ml/1 

FBS for cell counts o f  10000 (P=0.090), 50000 (P=0.230) and 100000 (P=0.360).

3.3.3. Discussion

The manufacturers o f the CytoTox 96® Non-Radioactive Cytotoxicity A ssay suggest that 

phenol red in tissue culture medium and LDH from animal sera may contribute to 

background absorbance when using the assay. Phenol red was eliminated from the tissue 

culture medium by using M EM a which contained no phenol red. The purpose o f  this 

experiment was to demonstrate the effect o f varying the concentration o f FBS 

supplementation o f  the MEMa on the absorbance recordings from the CytoTox 96® Non- 

Radioactive Cytotoxicity Assay. No significant difference in absorbance values for the 

MC3T3-E1 cells maintained in supplemented MEMa (0, 50 and 100 ml/1 FBS) (P>0.05) 

and therefore the tissue culture medium background control was effective in reducing the 

background absorbance recording irrespective o f the concentration o f FBS.

3.4. The Effect of Omitting FBS from the Tissue Culture Medium

Supplemented M EM a was prepared with FBS concentrations o f  0, 50 and 100 ml/1. 

MC3T3-E1 cells maintained, passaged (passage 8), trypsinised and resuspended in 

supplemented M EM a (with FBS concentrations o f  0, 50 and 100 ml/1) maintained at 37°C  

to a cell density o f 5x10^ cells/m l. The MC3T3-E1 cells were seeded in 24-w ell plates in 

200 1̂1 o f  the supplemented M EM a preparations maintained at 37°C with cell numbers 0, 

5x10^, 1x10^, 5x10“* and 1x10^ in triplicate. The 24-w ell plates were placed in the CO2 

incubator for 24 h under normal incubation conditions. In the M icroflow Class 11 laminar 

flow  hood the M EM a was aspirated and the w ells were washed carefully with sterilised 

IX DPBS. Then 300 |il o f  each o f  the supplemented M EM a preparations (with 0, 50 and 

100 ml/1 FBS) and 45 |il o f  lOX lysis solution were added to each o f the MC3T3-E1 cell-
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seeded wells and placed in the CO2 incubator for 1 h under normal incubation conditions. 

The cell monolayer was disrupted by placing the 24-well plates on the UNIM AX 2010  

orbital platform shaker for 5 min at 150 rpm. Subsequently, 50 |j1 o f supernatant from 

each well o f  the 24-w ell plates was placed in a 96-well plate and 50 |j1 o f  the 

manufacturers reconstituted substrate mix was added to the supernatant. The 96-w ell plate 

was incubated in the dark at room temperature for 30 min and 50 |il o f the manufacturers 

stop solution was added to each well to prevent the reaction from progressing with the 

absorbance recorded at 480 nm on the Tecan Genios spectrophotometer immediately. The 

absorbance values recorded for the MC3T3-E1 cell-free wells with the respective 

concentrations o f FBS were subtracted from the absorbance values recorded for the 

MC3T3-E1 cell-seeded w ells to correct for contributions to the absorbance values from 

the supplemented MEMa.

3.4.1. Statistical Analysis

A one-way ANO VA at a significance level o f P<0.05 and a post hoc Tukey’s test was 

used to compare the absorbance values for MC3T3-E1 cell-seeded wells with MC3T3-E1 

cell numbers 0, 5x10^, 1x10" ,̂ 5x10“̂ and 1x10^ maintained in supplemented M EM a with 

0, 50 and 100 ml/1 FBS for 24 h.

3.4.2. Results

When the 24-well plates were seeded with M C3T3-EI cell numbers o f 0, 5 x l0 '\  IxlO'*, 

5x10“̂ and 1x10^ maintained in supplemented M EM a with 0, 50 and 100 ml/1 FBS for 24 

h, the absorbance values recorded at 480 nm were in proportion to the initial MC3T3-E1 

cell number for each concentration o f FBS and are presented in Table 3.2.

The absorbance values for MC3T3-E1 cells maintained in MEMa with 0 ml/1 FBS 

ranged from 0.0363 to 0.6721 absorbance units. The absorbance values recorded for the 

MC3T3-E1 cells maintained in MEMa with 50 ml/1 FBS ranged from 0.1228 to a 

maximum value o f 1.5636 absorbance units and for those MC3T3-E1 cells maintained in 

MEMa with 100 ml/1 FBS, the absorbance values were from 0.2531 to 2.4730 (Figure 

3.4).

Statistical Analysis o f  the absorbance values indicated that there was a significant 

reduction in absorbance readings for the MC3T3-E1 cells maintained in supplemented 

MEMa with 0 ml/1 FBS compared with the MC3T3-E1 cells maintained in supplemented 

MEMa with 50 ml/1 FBS, for cell numbers o f  IxlO'^, 5x10"  ̂ and 1x10^, respectively (all 

P<0.001). Significant reductions in the absorbance values were also evident for the
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Table 3.1 The triplicate absorbance readings for the MC3T3-E1 cells seeded in 24- 
well plates maintained in supplemented MEMa supplemented with 0, 50 and 100 
ml/1 FBS. The results presented are representative of two independent runs of the 
experiment performed in triplicate.

FBS
concentration

ml/I

MC3T3-E1 cell number

0 1x10^ 5x10^ 1x10®

0
0.1081 0.3036 1.6302 1.6375
0.1233 0.3346 1.5780 1.7822
0.0988 0.2385 1.4676 2.0259

50
0.1399 0.2915 1.2825 2.3055
0.1401 0.3229 1.6065 1.8502
0.1684 0.3451 1.4413 2.0962

100
0.1743 0.2941 1.4980 2.2686
0.1882 0.2975 1.4565 2.2537
0.1871 0.3024 1.5288 1.8788
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Figure 3.3 A histogram of the absorbance values recorded at 480 nm (LDH release) 
from the CytoTox 96® Non-Radioactive Cytotoxicity Assay against the MC3T3-E1 cell 
number for 1 h cell incubation in MEMa supplemented with 0, 50 and 100 ml/1 FBS. 
The results presented are representative of two independent runs of the experiment 
performed in triplicate.



Table 3.2 The triplicate absorbance readings for the MC3T3-E1 cells seeded in 24- 
well plates maintained in supplemented MEMa supplemented with 0, 50 and 100 
ml/I FBS for a 24 h incubation period. The results presented are representative of 
two independent experiments performed in triplicate.__________________________

FBS
concentration

ml/1

MC3T3-E1 cell number

0 5x10’ 1x10^ 5x10^ 1x10^

0
0.1062 0.1182 0.1518 0.3839 0.8469
0.0932 0.1241 0.1778 0.3607 0.7719
0.1054 0.1713 0.1383 0.3715 0.7023

50
0.1550 0.2564 0.3932 1.0980 1.6752
0.1511 0.2880 0.3901 1.0231 1.7079
0.1531 0.2811 0.3543 1.0471 1.7649

100
0.2226 0.5351 0.6826 2.0030 2.8708
0.2147 0.4271 0.7103 1.8885 2.7278
0.2191 0.4535 0.6988 2.0814 2.4769
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Figure 3.4 A histogram demonstrating the relationship between MC3T3-E1 cell 
numbers seeded in 24-well plates for a 24 h incubation period and the absorbance 
values recorded at 480 nm (LDH release) from the CytoTox 96® Non-Radioactive 
Cytotoxicity Assay where the MEMa was supplemented with 0, 50 and 100 ml/1 
FBS. The results presented are representative of two independent experiments 
performed in triplicate.



MC3T3-E1 cells maintained in supplemented M EM a with 50 ml/1 FBS compared with the 

MC3T3-E1 cells maintained in supplemented M EM a with 100 ml/1 FBS with cell 

numbers o f 1x10“̂, 5x10'* and 1x10^, respectively (all P<0.001). The results presented are 

representative o f two independent runs o f the experiment performed in triplicate.

3.4.3. Discussion

The manufacturers o f the CytoTox 96® Non-Radioactive Cytotoxicity A ssay state that the 

LDH content o f FBS contributes to the background absorbance recordings. The purpose o f  

the experiment was to determine if FBS could be omitted from the tissue culture medium  

for a period o f  24 h to carry out the CytoTox 96® Non-Radioactive Cytotoxicity Assay. 

The absorbance values recorded at 480 nm provide a measure o f the cell number because 

the intracellular LDH concentration is constant. Significant reductions existed between 

groups o f MC3T3-E1 cells that were maintained in M EM a at concentrations o f  0, 50 and 

100 ml/1 FBS (P<0.001) demonstrating that fewer numbers o f cells were present when the 

M EM a was supplemented with less than 100 ml/1 FBS. Therefore, a concentration o f 100 

ml/1 FBS was required for MC3T3-E1 cell survival and growth, and to carry out an assay 

over time FBS could not be omitted from the tissue culture medium.

3.5. Cytotoxicity of EDAC Crosslinked Collagen GAG Scaffold

Bonded to Commercially Pure Titanium Discs

To assess cell toxicity, twelve EDAC crosslinked collagen GAG scaffold bonded to 

collagen-coated titanium specimens (Section 2.10) were removed from the sterile IX  

DPBS, placed in 6-well plates with 5 ml o f  supplemented MEMa and placed in the CO2 

incubator for 1 h before cell culture experiments to raise the temperature to 37°C. 

MC3T3-E1 cells maintained, passaged (passage 14), trypsinised and resuspended in 

supplemented M EM a at 37°C to a cell density o f  2.5x10^ cells/m l. In the M icroflow Class 

11 laminar flow hood, six o f the EDAC crosslinked collagen GAG scaffolds bonded to 

collagen-coated titanium discs were placed in new 6-w ell plates and 200 |al o f the 

MC3T3-E1 cell suspension (5x10^ MC3T3-E1 cells) was added to the surface o f the 

EDAC crosslinked collagen GAG scaffold, termed the constructs for the purpose o f the 

study. To provide a tissue culture medium background control, 200 |il o f  supplemented 

M EM a was added to the remaining six EDAC crosslinked collagen GAG scaffold bonded 

to collagen-coated titanium disc specimens, termed the cell-free constructs. To provide a 

negative control, 200 fil o f  the MC3T3-E1 cell suspension containing 5x10^ MC3T3-E1
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cells was seeded on the tissue culture plastic o f  three wells o f a 6-w ell plate and to provide 

a tissue culture medium background control, 200 |xl o f  supplemented M EM a was added to 

a further three w ells o f a 6-well plate. The 6-w ell plates were returned to the CO 2 

incubator for 1 h under normal incubation conditions to allow time for attachment o f the 

MC3T3-E1 cells. Then 5 ml o f  supplemented M EM a at 37°C was placed in each well 

containing the constructs, the MC3T3-E1 cells seeded on the tissue culture plastic and the 

controls. The 6-w ell plates were placed in the CO2 incubator for 24 h under normal 

incubation conditions. The constructs and the cell-free constructs were then transferred to 

new 6-w ell plates with 5 ml o f  fresh supplemented MEMa maintained at 37°C added to 

the wells. The supplemented M EM a was replaced in the wells containing the MC3T3-E1 

cells seeded on the tissue culture plastic. To demonstrate the maximum quantity o f LDH  

release, three constructs and three o f the cell-free constructs underwent a freeze-thaw  

cycle by incubation for 15 min at -20°C in a freezer followed by replacement in the CO2 

incubator under normal incubation conditions (positive controls). Freezing at -20°C caused 

rupture o f the MC3T3-E1 cell membrane, with resultant release o f  LDH. LDH content o f  

the supernatant was determined at 1 , 4,  7, 19, 24, 29, 49, 53, 70 and 98 h by placing 50 |al 

o f supernatant from each well into a 96-w ell plate and adding 50 |al o f  the manufacturer’s 

reconstituted substrate mix. The 96-w ell plate was incubated in the dark at room  

temperature for 30 min and 50 pi o f the manufacturer’s stop solution was added to each 

well o f the 96-w ell plate to prevent progression o f the reaction. Absorbance recordings 

were made at 480 nm on the Tecan Genios spectrophotometer immediately after stopping 

the reaction. At each time point, 50 |j.l o f  supplemented MEMa at 37°C was added to each 

w ell o f the 6-w ell plates to replace the volum e o f supernatant removed for the assay. After 

98 h, 500 |il o f the sterile 1% Triton X -100 solution was added to the w ells to demonstrate 

the maximum yield o f LDH release into the supernatant and measured at 100 h. The 

absorbance readings o f the MC3T3-E1 cell-free w ells was subtracted from the absorbance 

readings for the MC3T3-E1 cell-seeded w ells to correct for the contribution o f the 

supplemented M EM a to the final absorbance readings.

3.5.1. Statistical Analysis

A one-way A N O V A  with a significance level o f P<0.05 and a post hoc Tukey’s test was 

used to compare the mean absorbance values (at 480 nm) for the supernatant samples o f  

the constructs, the constructs that underwent the freeze-thaw cycle (positive controls) and 

the MC3T3-E1 cells seeded on tissue culture plastic (negative controls).
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3.5.2. Results

The MC3T3-E1 cell absorbance recordings at time intervals for up to 98 h are shown in 

Figure 3.5. Analysis of the absorbance recordings indicated that at all time points the 

absorbance values for the constructs were significantly less than the absorbance values for 

the positive controls (constructs that underwent the freeze-thaw cycle) (Table 3.3). At the 

4 h time point the mean absorbance value for the constructs was significantly lower than 

for the MC3T3-E1 cells seeded on the tissue culture plastic (negative controls) (Table 

3.3). At the 98 h time point the absorbance value for the negative control was significantly 

less than the absorbance value for the constructs (Table 3.3). At all other time points, there 

was no statistically significant difference between the absorbance values for the constructs 

and the negative controls (Table 3.3). At the 100 h time point all cells present were 

permeabilised to demonstrate that the values recorded were not due to the presence of 

fewer cells.

3.5.3. Discussion

Cytotoxicity testing was performed to evaluate the general safety of the construct to cells 

and to demonstrate that no cytotoxic compounds were released in the fabrication process. 

The MC3T3-E1 osteoblast-like cell line was employed with the CytoTox 96 Non- 

Radioactive Cytotoxicity Assay. At all time points the rate of LDH release into the tissue 

culture medium was essentially the same for the MC3T3-E1 cells seeded on the constructs 

and for the MC3T3-E1 cells seeded on the tissue culture plastic, but significantly less than 

the rate of LDH release of the positive controls (Table 3.3). Therefore the EDAC 

crosslinked collagen GAG scaffold bonded to collagen-coated titanium disc specimen 

facilitated cell survival and was not cytotoxic. At the 100 h time point (when all cells were 

lysed), the absorbance recordings for the MC3T3-E1 cells seeded on the tissue culture 

plastic were significantly increased compared with the absorbance recordings for the 

constructs (P<0.001) or the positive controls (P<0.001). The experiment was performed in 

6-well plates and the area of the 6-well plate was much greater than the area of the 

constructs, thereby allowing more surface area for the MC3T3-E1 cells to proliferate over 

the 100 h observation period. As a result of MC3T3-E1 cell proliferation, the final 

absorbance recording was therefore increased in the negative controls.
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3.6. Cell Proliferation Assay

Cell proliferation of rat MSCs was measured using (a) the commercially available Alamar 

Blue™ dye (Biosource, Nivelie, Belgium); (b) the TACS^^ XTT cell proliferation assay 

(Trevigen Inc., MD, USA); (c) the number of adherent MSCs measured by trypsinisation 

and counting and (d) the Hoechst 33258 DNA quantitation assay (Sigma Aldrich Ltd.,
TM

Dublin, Ireland). The Alamar Blue dye was reduced in an intracellular redox reaction 

resulting in a spectrophotometrically quantifiable colour and fluorescence change from its 

original oxidised form. The TACS^’̂  XTT cell proliferation assay is a colorimetric method 

whereby cleavage of the yellow tetrazolium salt 2,3-Bis(2-methoxy-4-nitro-5- 

sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) to red formazan, catalysed by the 

intracellular succinate-tetrazolium reductase system, resulted in a spectrophotometrically 

detectable colour change which was measured at 480 nm. The number of viable MSCs 

was counted on the Bright-Line Haemacytometer (Section 2.7.4) using the trypan blue 

exclusion assay. The principle of the trypan blue exclusion assay is based on the 

observation that cell damage or death causing disruption of the cell membrane will allow 

trypan blue dye to locate intracellularly and stain the cell a blue colour when viewed 

microscopically (Philips, 1973). The Hoechst 33258 DNA quantitation assay is based on 

recording fluorescence of the Bisbenzimide (Hoechst 33258) dye, bound to double

stranded DNA, specifically in the minor grooves of the DNA double helix, at adenine- 

thymine sequences (Kim et al., 1988).

3.6.1. Results and Discussion

Alamar Blue^^”̂

Figure 3.6 demonstrates a linear relationship between the logio of MSC number and the 

percentage of Alamar Blue^^ dye reduction calculated at 7 and 21 h. When the 6-well 

plates were examined on the Nikon^^ TMS inverted phase contrast microscope the day 

after the assay, visual evidence of MSC damage was observed and appeared as disruption 

and gaps within the MSC monolayer with cell fragments both floating in the supernatant 

and still attached to the tissue culture plastic of the wells. During the course of the 

observation period, the MSC monolayer deteriorated further until no MSCs were attached 

by the fourth day.

The Alamar BlueT"  ̂ assay demonstrated a linear relationship between 2x10"  ̂ and 

1x10^ cells and the percentage of Alamar Blue^^ dye reduction for the MSCs harvested 

from the bone marrow of rats. The manufacturer’s statement that the dye was non-toxic to
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Figure 3.5 A graph of absorbance values recorded at 480 nm to measure LDH 
release from MC3T3-E1 ceils. Ceiis were seeded on the constructs, the constructs 
underwent-freeze thawing (positive controi) and cells were seeded on tissue culture 
plastic (negative control) over a 100 h time period. At 100 hours, all cells were 
lysed (arrow). The results presented are representative of three runs of the 
experiment performed in triplicate.

Table 3.3 Post hoc Tukey’s test P values determined following the one-way 
ANOVA of the constructs against the positive and the negative controls, indicates 
significant differences (P<0.05).

Time (h) Positive control Negative control
1 0.00 r 0.06
4 <0.000 r 0.003'
7 <0.0001* 0.510
19 <0.000 r 0.961
24 <0.000 r 0.426
29 <0.000 r 0.717
49 <0.000 r 0.913
53 0.00 r 0.887
70 0.00 r 0.928
98 <0.000 r 0.032’
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Figure 3.6 A graph of MSC number seeded in 6-well plates against the 
percentage reduction of Alamar Blue^'^ calculated at 7 and 21 h incubation of 
10% Alamar Blue^'^.



cells was not observed in the current part of this study, as evidenced by widespread MSC 

death over the four day observation period when the MSC monolayer was examined 

microscopically. Because the Alamar Blue^'^ dye may be toxic to the MSCs, the assay 

could not be used on a continuous basis for the measurement of cell proliferation. 

Therefore the Alamar Blue^^ assay appeared to have limited potential as a reliable 

measure o f MSC growth for the proposed proliferation studies and its use was 

discontinued.

TACS'T^ XTT cell proliferation assay

When the absorbance recordings made at 480 nm were plotted against the number of 

MSCs seeded in the 6-well plates, a linear relationship after 1, 2 and 4 h incubation with 

the XTT working solution was evident (Figure 3.7). Examination of the MSC-seeded 

wells at the same time-points indicated no signs of cell damage after 1 h of incubation but 

after 2 h, particles of cellular remnants, partially attached to the remaining MSC 

monolayer, were evident at sites of disruption within the MSC monolayer. These areas of 

cellular remnants were larger both in number and size at the 4 h time-point.

The linear relationship between the absorbance recordings at 480 nm and MSC 

number demonstrated that the rate of the intracellular reaction causing cleavage of the 

tetrazolium salt (XTT) to formazan measured at 480 nm was proportional to the number of 

MSCs present ranging from 2x10"^ to 1x10^ at 1, 2 and 4 h time points. However, 

microscopic examination of the MSC monolayers identified disruption of the MSC 

monolayer which became more evident with time. Despite this time dependent progressive 

cytotoxic effect of the XTT reagents on the MSCs, a linear relationship was observed 

between MSC number and absorbance recorded at 480 nm. It was decided that the XTT 

assay-induced cytotoxicity had the potential to interfere with proposed MSC proliferation 

assays so an alternative method of quantifying cell number was sought.

MSC counting following trysinisation

Figure 3.8 demonstrates that MSC number determined after trypsinisation and using the 

Trypan Blue exclusion assay was proportional to the number of MSCs that was initially 

seeded in the 6-well plate. The percentage of viable cells was determined by expressing 

the quotient of the number of MSCs that excluded the Trypan Blue dye and the total 

number of cells counted in the microscopic field, resulting in a mean value o f 96%. 

Having examined the 6-well plates after trypsinsation, it was clear that not all of the MSCs
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had been detached as a result of the trypsinisation process because MSCs were still 

present in all of the 6-well plates.

Reliable MSC counts determined by trypsinising the adherent MSC monolayer and 

cell counting using the Trypan Blue exclusion assay is dependent on the ability of the 

Trypsin/EDTA to cause detachment of all adherent MSCs and not cause cell damage in 

the process (Sutradhar et al., 2010, Melican et al., 2005). The results from the current part 

of this study indicate that significant and inconsistent differences exist between the initial 

number of MSCs seeded in the 6-well plates and the number of MSCs detached by the 

trypsinisation process for each MSC-seeding density. A number of factors may have 

contributed to these differences. MSC damage resulting from the initial trypsinisation 

process carried out prior to MSC-seeding of the 6-well plates may not have manifested 

until some time after seeding, resulting in an initial overestimation of viable MSC 

numbers during counting 24 h later. MSC death may also have occurred as a result of the 

trypsinisation and counting using the trypan blue exclusion assay. However the 96% 

viability calculated is not consistent with the differences in the MSC counts because the 

percentage of viable MSCs following trypsinisation was considerably less than the 96% of 

viable MSCs expected. Another factor that would account for underestimation of the 

number of adherent MSCs was as a result of incomplete MSC detachment from the 6-well 

plate. This was clearly evident from microscopic observations of the 6-well plates 

following the trypsinisation process because MSCs visibly remained adherent. The use of 

higher concentrations of trypsin-EDTA may have caused larger numbers of MSCs to be 

released but higher trypsin-EDTA concentrations would be more cytotoxic (Batista et al., 

2010). Furthermore, studies of MSC proliferation were planned for other surfaces 

(titanium and collagen GAG scaffold) on which there would have been even less 

possibility of reliably detaching MSCs. It was therefore decided that estimation of cell 

number by counting after trypsinisation and using the trypan blue exclusion assay was 

unreliable and a further means of determining cell proliferation was undertaken.

3.7. Hoechst 33258 DNA Quantitation Assay

3.7.1. Methodology

All of the chemicals and reagents used in the study were purchased from Sigma Aldrich 

Ltd. (Dublin, Ireland) unless specified otherwise. Papain buffer was prepared using 5 mM 

EDTA and 5 mM cysteine-HCl in sterile IX DPBS (Section 2.6) and adjusted to pH 8.0 

using an Orion pH meter. The papain buffer was filter sterilised using a 0.2 [am cellulose
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Figure 3.7 A graph of MSC number against absorbance values recorded at 480 
nm using the XTT assay.
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acetate filter and stored at 4°C. A solution o f the proteolytic enzyme papain was prepared 

to a concentration o f 0.5 mg/ml in papain buffer. The Hoechst 33258 dye was freshly 

prepared to a working concentration o f  2 |ig/m l by m ixing 6 |al o f  the supplied 10 mg/ml 

Hoechst 33258 dye in a solution o f 3 ml o f the supplied assay buffer and 27 ml o f  

molecular biology grade water in an amber bottle to protect the light-sensitive reagents 

according to the manufacturer’s instructions.

3.7.2. Optimising the Sample Volume of Papain Digested Cells

MC3T3-E1 cells were maintained, passaged (passage 20), trypsinised (Section 3.1.1) and 

resuspended in supplemented aM EM  maintained at 37°C to give a cell density o f  2.5x10^ 

cells/m l. The MC3T3-E1 cells were seeded in 6 -well plates in 2 ml o f  supplemented 

aM EM  with cell numbers 0, 1x10" ,̂ 5x10^, 1x10^, 3x10^ and 5x10^ in triplicate and placed 

in the CO2 incubator for 3 h under normal incubation conditions. The supplemented 

uMEM from each MC3T3-E1 cell-seeded well was discarded and replaced with 1 ml o f  

the 0.5 mg/ml papain solution. The 6-w ell plates were sealed with parafilm and incubated 

in an oven at 60°C for 2.5 h to facilitate proteolytic digestion o f the MC3T3-E1 cell 

monolayer (papain digest). Following the 2.5 h incubation period the volum e o f each 

papain digest was measured, supplemented to a volum e o f 1 ml with molecular biology  

grade water to replace water lost due to evaporation and transferred to 1.5 ml micro tubes. 

Volum es o f 10, 50 and 100 pi o f each papain digest were pipetted into a black 96-w ell 

plate (Cruinn Diagnostic Ltd., Dublin, Ireland) in triplicate and mixed with 200 |j1 o f the 2 

|jg/m l Hoechst 33258 dye solution in a dark room. Fluorescence recordings were made on 

the Tecan Genios spectrophotometer with an excitation wavelength o f 360 nm and an 

em ission wavelength o f 465 nm.

3.7.2.1. Statistical Analysis

A linear regression analysis was used to determine if there was a significant difference 

between the fluorescence recordings (excitation wavelength o f 360 nm and em ission  

wavelength o f 465 nm) for papain digests o f MC3T3-E1 cells seeded in 6-w ell plates 

when the volume of the papain digest were 10, 50 or 100 |il.

3.7.2.2. Results

Fluorescence recordings o f the Hoechst 33258-stained papain digests made in the Tecan 

Genios spectrophotometer were plotted against numbers o f MC3T3-E1 cells from the cell 

counts. Figure 3.9 demonstrated the relationship between the number o f MC3T3-E1 cells
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seeded in the six-well plates and the fluorescence units recorded for three different 

sampling volumes (10, 50 and 100 |jl). A linear relationship existed between the number 

o f MC3T3-E1 cells seeded in the 6-well plate and the fluorescence units recorded for each 

of the sampling volumes employed.

A linear regression analysis was employed to determine if there was a significant 

difference between the fluorescence recordings for different sampling volumes used in the 

assay. Table 3.4 illustrates the equations of the lines seen in Figure 3.9 and the 95% 

confidence intervals calculated from the linear regression analysis. The confidence 

intervals overlap which indicates that there was no significant difference between the 

lines.

3.7.3.3. Discussion

The aim of optimising the sampling volume o f the papain digests for the Hoechst 33258 

DNA quantitation assay was to determine an appropriate volume of the papain digest that 

could be consistently quantified when the fluorescence recordings were made on the 

Tecan Genios spectrophotometer. Statistical analysis of the fluorescence recordings for the 

10, 50 and 100 pi sampling volumes indicated that the sampling volume employed had no 

effect on the fluorescence units recorded. Therefore, the smallest sampling volume o f 10 

|il of the papain digest was chosen for subsequent experiments and the Hoechst 33258 

DNA quantitation assay was continued for further experiments.

3.7.3. MSC Proliferation

The purpose o f the current section of the study was to determine if EDAC crosslinked 

collagen GAG scaffold, bonded to commercially pure titanium would impede the 

proliferation o f MSCs. The MSCs harvested from the bone marrow o f rats, passaged 

(passage 3) and trypsinised (Section 2.7.4) were resuspended in supplemented DMEM to 

an MSC density of 1x10^ cells/ml.

3.7.3.1. Standard Curve

To generate a standard curve, dilutions of the MSC suspension were made and transferred 

to 15 ml centrifugation tubes with cell numbers o f 0, 5x10"^, 1x10^, 5x10^, 1x10^ and 

2x10^ (in triplicate). The 15 ml centrifugation tubes were centrifuged in the Eppendorf 

5415 centrifuge at 650 g for 5 min. The supernatant was discarded, the MSCs resuspended 

in 1 ml o f 0.5 mg/ml papain solution and transferred to 1.5 ml micro tubes. The micro
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Table 3.4 The equations of the lines shown in Figure 3.10 with the 95% 
confidence interval calculated from the linear regression analysis.

Sample volume (|nl) Equation of the line 95% confidence intervals 
Lower Upper

10 y = 0.0166 x + 210.2310 0.0153 0.0179
50 y  = 0.0164 X - 85.2276 0.0153 0.0174
100 y  = 0.0178 X -  117.7346 0.0167 0.0189
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Figure 3.9 Graph of fluorescence units versus MC3T3-E1 number for three 
sampling volumes of Hoechst 33258-stained papain-digested MC3T3-E1 cells. The 
graph is representative of two runs of the experiment carried out in triplicate.



tubes were incubated in an oven at 60°C for 2.5 h before storage in the freezer at -80°C for 

subsequent fluorescence analysis using the Tecan Genios spectrophotometer.

3.7.3.2. Cell-Free Controls for the Standard Curve

Three T175 tissue culture flasks containing 20 ml o f supplemented DM EM  were placed in 

the CO2 incubator for 24 h, under normal incubation conditions and served as M SC-free 

controls. The purpose o f  including the M SC-free controls in the experiment was to 

account for and eliminate any extraneous contribution to the fluorescence recordings by, 

for example, the reagents used to maintain the M SCs (supplemented DM EM ), the trypsin- 

EDTA or the papain solution, in the calculation o f subsequent MSC numbers. Following  

24 h incubation (day 1), the three MSC-free controls were removed from the CO 2 

incubator, placed in the M icroflow Class 11 laminar flow  hood, trypsinised (Section 2.7.4) 

and resuspended in 1 ml o f 0.5 mg/ml papain solution prior to being transferred to 1.5 ml 

micro tubes. The micro tubes were incubated in an oven at 60°C for 2.5 h and the papain 

digests were then stored at -80°C prior to subsequent fluorescence analysis.

3.7.3.3. Seeding Tissue Culture Plastic

Thirty microlitres o f the cell suspension (3x10^ cells) was pipetted into each o f 18 tissue 

culture flasks (T175) and 20 ml o f supplemented DM EM  (maintained at 37°C) was added 

to each T175 flask. The flasks were returned to the CO 2 incubator under normal 

incubation conditions to investigate the proliferation o f the MSCs on tissue culture plastic. 

Following 24 h incubation (day 1), three o f  the 18 M SC-containing flasks were removed 

from the CO 2 incubator, placed in the M icroflow Class 11 laminar flow hood, trypsinised 

(Section 2.7.4) and resuspended in 1 ml o f 0.5 mg/ml papain solution prior to being 

transferred to 1.5 ml micro tubes. The three micro tubes were incubated in an oven at 60°C 

for 2.5 h to allow time for the proteolytic digestion o f the M SCs and the papain digests 

were then stored at -80°C prior to subsequent fluorescence analysis. The remaining 15 

M SC-containing flasks were incubated in the CO 2 incubator and half o f  the supplemented 

DMEM was replaced with fresh supplemented DM EM  every second day. Follow ing 3, 7, 

14, 21 and 28 days incubation, three M SC-containing flasks were removed from the CO 2 

incubator and papain digests o f the M SCs were prepared in accordance with the procedure 

outlined above and the three micro tubes were stored at -80°C for each incubation time 

period investigated (3, 7, 14, 21 and 28 days).

The papain digests for the known MSC numbers (0, 5x10“̂, 1x10^, 5x10^, 1x10^ 

and 2x10^ (in triplicate)) were removed from the freezer and allowed to thaw at room
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temperature. Ten microlitres of the papain digests was added to each well of a black 96- 

well plate (in triplicate) and mixed with 200 |j 1 of 2 |ig/ml Hoechst 33258 dye solution. 

Fluorescence was recorded on the Tecan Genios spectrophotometer with an excitation 

wavelength of 360 nm and an emission wavelength of 465 nm, the wavelengths specific to 

the dye, in accordance with the manufacturer’s instructions.

The papain digests of the MSC-free controls (in triplicate) and the MSCs cultured 

in the T175 tissue culture flasks for 1, 3, 7, 14, 21 and 28 days (in triplicate) were then 

removed from the freezer, thawed at room temperature and dilutions of 1:1, 1:10 and 

1:100 of each papain digest were prepared in papain buffer. Ten microlitres of the papain 

digest dilutions was added to each well of a black 96-well plate and mixed with 200 |j 1 of 

2 ng/ml Hoechst 33258 dye solution. Fluorescence was recorded on the Tecan Genios 

spectrophotometer with an excitation wavelength of 360 nm and an emission wavelength 

of 465 nm. The fluorescence recordings for the MSC-free controls were subtracted from 

the fluorescence recordings for the known MSC numbers (0, 5x10“*, 1x10^, 5x10^, 1x10^ 

and 2x10^) to eliminate the effects of extraneous factors namely, contributions to 

fluorescence value by supplemented DMEM, trypsin-EDTA and the papain solution in the 

determination of the fluorescence recordings for the MSCs cultured in the T175 tissue 

culture flasks.

3.7.3.3.1. Statistical Analysis

A one-way ANOVA at a significance level of P<0.05 and post hoc Tukey’s test was 

conducted to determine if there was a significant difference between the cell numbers at 

each time point under investigation.

3.7.3.3.2. Results

The standard curve for the MSCs is presented in Figure 3.10 demonstrating a linear 

relationship between MSC number and fluorescence units.

The mean MSC numbers (with associated standard deviations) for the MSCs in the 

T175 tissue culture flasks for each of the incubation time points investigated (1, 3, 7, 14, 

21 and 28 days) are presented in Figure 3.11. Analysis of the data indicated that there was 

a significant increase in MSC numbers between day 7 and day 14 (P=0.022) and between 

each successive time point thereafter (P<0.05). Additionally, it was noted that there was 

curvature within the data and as a result a quadratic regression analysis was conducted 

which was shown to be significant (?<0.0001). The quadratic curve behaviour for the 

MSCs is indicative of a lag phase (day 1 to day 7) and a growth phase (day 7 to day 28).
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Figure 3.10 A plot of the MSC numbers against the fluorescence units recorded 
with an excitation wavelength of 360 nm and emmission wavelength of 465 nm.
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3.7.3.3.3. Discussion

The proliferation o f M SCs on tissue culture plastic comm enced after the seventh day of  

incubation, indicative o f a lag phase between day 1 and day 7 (DiGirolanio et al., 1999, 

Javazon et al., 2001) with no significant increase in MSC numbers between day 1 and day 

7 (P=0.407). The proliferation o f the M SCs between day 7 and day 28 significantly 

increased (?<0.05) and significantly fit a quadratic curve (?<0.0001) as shown in Figure 

3.11. The seeding density was shown to have a significant effect on cell proliferation, 

whereby M SCs seeded at a low density demonstrated higher rates o f proliferation 

(Javazon et al., 2001). A study o f human MSC proliferation demonstrated a 30-fold  

increase in MSC numbers 12 days after seeding, with an initial seeding density o f 1000 

cells/cm  (Sekiya et al., 2002), while in the current study, the M SCs were seeded at 

approximately 1700 cells/cm^. Furthermore, the proliferation rates o f murine M SCs also 

varied significantly amongst different strains o f inbred m ice (Phinney et al., 1999a) and 

the proliferation o f human M SCs was shown to vary by as much as 12-fold amongst 17 

subjects (Phinney et al., 1999b) thereby demonstrating that proliferation rates can vary 

widely even within the same species. Previous investigators supplemented the tissue 

culture medium with growth factors, such as fibroblast growth factor 2, murine stem cell 

factor or leukaemia inhibitory factor in an attempt to increase the rate o f proliferation of  

murine M SCs (Baddoo et al., 2003). Additionally, the serum concentration used to culture 

M SCs was shown to have a significant effect on the proliferation rate, with proliferation 

o f murine M SCs showing a five-fold difference in expansion potential when the serum 

concentration was 20% compared with a serum concentration o f 5%  (Peister et al., 2004), 

and a serum concentration of 20% is com m only used to stimulate rapid growth o f MSCs 

(DiGirolamo et al., 1999, Sekiya et al., 2002). Therefore, direct comparisons with 

previous studies o f cell behaviour, specifically proliferation, are difficult due to variations 

in cell culture supplements and protocols.

3.7.3.4. MSC Seeding of the Constructs and the Bonded Constructs

Twenty one ED AC crosslinked collagen GAG scaffolds (Section 2.6) and 21 ED AC 

crosslinked collagen GAG scaffolds bonded to commercially pure titanium discs (Section  

2.10) were removed from IX DPBS, placed in 12-well plates (Sarstedt Ltd, Wexford, 

Ireland) with 2 ml o f supplemented DMEM and returned to the CO2 incubator for 1 h to 

allow the temperature to reach 37°C. Following incubation, three EDAC crosslinked 

collagen GAG scaffolds and three EDAC crosslinked collagen GAG scaffolds bonded to
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comm ercially pure titanium discs were removed from the supplemented DM EM , placed in 

new 12-well plates with 2 ml o f supplemented DMEM and returned to the CO 2 incubator 

for 24 h to serve as the M SC-free controls. The purpose o f including MSC-free controls in 

the experiment was to account for and eliminate the contribution o f the EDAC crosslinked 

collagen GAG scaffold and the EDAC crosslinked collagen GAG scaffold bonded to 

commercially pure titanium discs in the fluorescence value recorded in the determination 

o f subsequent MSC numbers. Following 24 h incubation, the MSC-free controls were 

removed from the CO 2 incubator, the supplemented DMEM discarded and replaced in a 

fresh 12-well plate with 1 ml o f 0.5 mg/ml papain solution. The 12-well plate was sealed 

with parafilm and incubated in an oven at 60°C for 2.5 h. Following 2.5 h incubation, the 

volume o f the papain digests for each o f the three EDAC crosslinked collagen GAG  

scaffold MSC-free controls and the EDAC crosslinked collagen GAG scaffold bonded to 

comm ercially pure titanium disc MSC-free controls was measured with a G ilson pipette 

(Gilson UK, Luton, United Kingdom). The volume o f each papain digest was 

supplemented to 1 ml with molecular biology grade water and the papain digests were 

stored in 1.5 ml micro tubes at -80°C prior to subsequent fluorescence analysis.

The remaining 18 EDAC crosslinked collagen GAG scaffolds and 18 EDAC  

crosslinked collagen GAG scaffold bonded to comm ercially pure titanium discs were 

removed from the CO2 incubator, and replaced in fresh 12-well plates. Fifty microlitres of 

the MSC suspension (5x10^ cells) was placed evenly on the surface o f  the EDAC  

crosslinked collagen GAG scaffolds, now termed “constructs”. Additionally, 50 |al o f the 

MSC suspension (5x10^ cells) was also placed evenly on the EDAC crosslinked collagen  

GAG scaffold bonded to commercially pure titanium discs, now termed “bonded 

constructs”. The constructs and the bonded constructs were returned to the CO 2 incubator 

for 90 min to allow for the initial attachment o f  the MSCs. Following the 90 min 

incubation, the constructs and the bonded constructs were placed in the M icroflow Class 11 

laminar flow  hood, 2 ml o f supplemented DMEM (maintained at 37°C) was added to each 

w ell and the 12-well plates were returned to the CO 2 incubator under normal incubation 

conditions for 24 h. Following 1, 3, 7, 14, 21, and 28 days incubation, three constructs and 

three bonded constructs were returned to the M icroflow Class 11 laminar flow  hood. The 

supplemented DMEM was discarded and replaced in a fresh 12-well plate with 1 ml o f  the 

0.5 mg/ml papain solution. The 12-well plate was sealed with parafilm and incubated at 

60°C for 2.5 h to allow time for proteolytic digestion o f the MSCs. Follow ing 2.5 h 

incubation, the papain digests were transferred to 1.5 ml micro tubes and stored at -80°C 

prior to fluorescence analysis. Constructs and bonded constructs incubated for longer than
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1 day had half of the supplemented DMEM replaced with fresh supplemented DMEM 

every second day.

The papain digests for the MSC-free controls (EDAC crosslinked collagen GAG 

scaffold and EDAC crosslinked collagen GAG scaffold bonded to commercially pure 

titanium disc), the constructs and the bonded constructs for the time points investigated (1, 

3, 7, 14, 21 and 28 days) were removed from the freezer and allowed to thaw at room 

temperature. Ten microlitres of the papain digests was added to each well of a black 96- 

well plate (in triplicate) and mixed with 200 pi of 2 pg/ml Hoechst 33258 dye solution. 

The fluorescence was recorded on the Tecan Genios spectrophotometer with an excitation 

wavelength of 360 nm and an emission wavelength of 465 nm. The fluorescence values 

for the MSC-free control EDAC crosslinked collagen GAG scaffold were subtracted from 

the fluorescence values for the constructs in order to eliminate the contribution of the 

EDAC crosslinked collagen GAG scaffold from the fluorescence values of the constructs 

in the determination of the MSC numbers. Similarly, the fluorescence values for the MSC- 

free control EDAC crosslinked collagen GAG scaffold bonded to commercially pure 

titanium were subtracted from the fluorescence values for the bonded constructs in order 

to eliminate the contribution of the EDAC crosslinked collagen GAG scaffold bonded to 

commercially pure titanium from the fluorescence.

3 .7.3.4.1. Statistical Analysis

A one-way ANOVA at a significance level of P<0.05 and a post hoc Tukey’s test was 

conducted to determine if there was a significant difference between the cell numbers on 

the constructs and the bonded constructs at each time point under investigation.

3.7.3.4.2. Results 

Constructs

The seeding efficiency of MSCs onto the EDAC crosslinked collagen GAG scaffold, 

namely the number of MSCs attached following 24 h incubation as a percentage of the 

total number of MSCs seeded, was 49%. The mean MSC numbers (with associated 

standard deviations) determined from the fluorescent recordings of the Hoechst 33258- 

stained papain digests (in triplicate) were plotted against incubation time (1, 3, 7, 14, 21 

and 28 days) (Figure 3.12). Tukey’s post hoc tests indicated that there was no significant 

difference in MSC numbers between day 1 and day 3 (P= 0.7790), day 3 and day 7 (P= 

1.0), day 14 and day 21 (P= 0.993) and day 21 and day 28 (P= 0.658) but a significant 

increase in MSC number was identified between day 7 and 14 (P=0.015). Additionally,
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linear and quadratic analyses showed that there was no significant trend of cell number 

over time (P=0.05 and P=0.137, respectively).

Bonded constructs

The seeding efficiency of MSCs onto the EDAC crosslinked collagen GAG scaffold 

bonded to commercially pure titanium, namely the number of MSCs attached following 

24 h incubation as a percentage of the total number of MSCs seeded, was 72%. The mean 

MSC numbers (with associated standard deviations) determined from the fluorescent 

recordings of the Hoechst 33258-stained papain digests (in triplicate) were plotted against 

incubation time (1, 3, 7, 14, 21 and 28 days) (Figure 3.13). Post hoc Tukey’s test indicated 

that there was no significant difference between day 1 and day 3 (P= 0.571), day 7 and 

day 14 (P= 1.0), day 14 and day 21 (P= 0.196), day 21 and day 28 (P= 0.881) but a 

significant increase in MSC number was identified between day 3 and day 7 (P<0.0001).

3.7.3.4.3. Discussion

The current section of the study demonstrated the ability to maintain MSC viability in the 

constructs for periods of up to 28 days. When MSCs were seeded on EDAC crosslinked 

collagen GAG scaffold, a lag phase in MSC proliferation was observed such that there 

was no significant difference in MSC numbers present between dayl and day 7 (P=0.781). 

Previously, Tierney et al., 2009 showed that MC3T3-E1 cells seeded on collagen GAG 

scaffold, similar to that used in the current study, did not show a significant increase in 

cell number over a 7 day period. In the current study a significant increase in MSC 

numbers was observed at day 14 (P=0.015) with no statistically significant change in MSC 

numbers (P>0.05) occurring thereafter for the duration of the study (28 days).

The seeding efficiency (the number of attached cells as a percentage of the number of cells 

seeded) of collagen GAG scaffolds was shown to vary with the crosslinking methods 

employed, with gluteraldehyde crosslinked scaffolds demonstrating the highest seeding 

efficiency (>60%) with MC3T3-E1 cells (Haugh et al., 2011). In the same study by Haugh 

et al, (2011), collagen GAG scaffolds (diameter 8 mm) crosslinked with 6mM EDAC 

(similar to the current study) demonstrated an MC3T3-E1 cell seeding efficiency of 

approximately 40%, which correlated well with the MSC seeding efficiency of the 

collagen GAG scaffolds in the current study (diameter 16 mm) of 49%.

MSC viability was also maintained in the bonded constructs for the 28 day 

observation period. There was no significant increase in MSC numbers between day 1 and 

day 3 (P=0.571) but there was a significant increase between day 3 and day 7 (P<0.0001)
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and there was no significant change in MSC numbers thereafter, for the remainder of the 

observation period (P>0.05). MSC proliferation occurred earlier in the bonded constructs 

when compared with the constructs (EDAC crosslinked collagen GAG scaffold). A 

significant increase in MSC numbers at day 7 indicated that proliferation occurred earlier 

when the collagen GAG scaffold was bonded to commercially pure titanium. In addition, 

the seeding efficiency was higher (72%) when the MSCs were seeded on the EDAC 

crosslinked collagen GAG scaffold bonded to commercially pure titanium discs, when 

compared with MSCs seeded on the EDAC crosslinked collagen GAG scaffolds (49%). It 

is possible that as a result of collagen GAG scaffold shrinkage, the increased surface area 

available for seeding in the EDAC crosslinked collagen GAG scaffold bonded to 

commercially pure titanium discs compared with the EDAC crosslinked collagen GAG 

scaffold was responsible for the improved seeding efficiency.

Additionally, the rate of MSC proliferation was higher in the EDAC crosslinked 

collagen GAG scaffold bonded to commercially pure titanium disc specimens when 

compared with the EDAC crosslinked collagen GAG scaffold specimens. After the initial 

lag phase of 3 days following seeding, there was an increase in MSC numbers in the 

EDAC crosslinked collagen GAG scaffold bonded to titanium which resulted in a 2.3 fold 

increase in MSC numbers being recorded. After the lag phase of seven days, with the 

EDAC crosslinked collagen GAG scaffolds, the rale of MSC proliferation resulted in a 1.7 

fold increase in MSC numbers. In conclusion, MSC viability was maintained over the 

observation period of the study and MSC proliferation has been shown to occur on the 

constructs and the bonded constructs.

The conclusions of this chapter:

• The MC3T3-E1 murine osteoblastic cell line was successfully cultured and 

maintained.

• The EDAC crosslinked scaffold bonded to titanium specimen was non-cytotoxic 

and facilitated maintenance of the MC3T3-E1 cells equally well as tissue culture 

plastic.

• The EDAC crosslinked scaffold and EDAC crosslinked scaffold bonded to 

titanium specimen facilitated the maintenance and proliferation of the rat MSCs 

throughout the 28 day experimentation period.
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Chapter 4

Osteogenesis within the ED AC Crosslinked Collagen 

GAG Scaffolds Bonded to Titanium Discs
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4.1. Bone specific Protein Detection

Osteogenesis is a complex multistage process that involves coordinated gene expression, 

the secretion of an organic matrix by osteoblasts and subsequent mineralisation of the 

matrix (Aubin and Triffitt, 2002). Bone tissue formation may be conveniently estimated 

by detecting the expression of bone matrix proteins as a surrogate for the process (Malaval 

et a i ,  1994). Bone sialoprotein (BSP) (Fisher et al., 1983) and Osteocalcin (OC) 

(Hauschka and Wians, 1989) are bone-specific proteins commonly used as osteogenic 

markers. BSP is an acidic, non-collagenous glycoprotein found in bone and was named 

because of the high sialic acid content (Fisher et al., 1983, Franzen and Heinegard, 1985). 

The primary structure of BSP comprises 345 amino acids, with a high content 

(approximately 33%) of glutamic acid and glycine (Oldberg et al., 1988a). Ten 

consecutive glutamic acid residues were found in the middle of the protein, and the 

authors postulated that the high level of carboxylic acid containing groups implicated the 

protein in the process of binding to hydroxyapatite (Oldberg et al., 1988a). BSP binding to 

type 1 collagen was shown to increase the nucleation of hydroxyapatite crystals in vitro 

(Baht et al., 2008). The molecular weight of BSP purified from fetal calf bone and 

determined by immunological methods was reported to be 70000-80000, with one half of 

all of the amino acid residues comprised of aspartate, glutamate and glycine (Fisher el al., 

1983). BSP was shown to contain the cell adhesive motif RGD (Arg-Gly-Asp) (Oldberg et 

al., 1988a, Oldberg etal., 1988b), an amino acid sequence implicated in integrin-mediated 

cell binding (Ruoslahti and Pierschbacher, 1987). BSP was also shown to demonstrate 

homology over a 24 amino acid sequence with the cell binding protein vitronectin and 

contained an identical nine amino acid sequence (Oldberg et a i ,  1988a). The homology of 

BSP with vitronectin and the RGD amino acid sequence suggest a role for BSP in cell 

adhesion (Oldberg et a i ,  1988a). In vitro studies have demonstrated increased BSP 

expression in primary rat calvarial osteoblasts was associated with enhanced mineralised 

nodule formation, thereby suggesting a role for BSP in protein-assisted osteoblast 

differentiation (Gordon et al., 2007). Immunohistochemical analysis demonstrated the 

presence of BSP in the osteoblasts of developing human bone (Bianco et al., 1991), fetal 

rat bone (Bianco et al., 1993) and fetal porcine alveolar bone and dentine (Chen et a i,  

1993).

Osteocalcin, a vitamin K- and vitamin D-dependent protein synthesised by 

osteoblasts, is a major non-collagenous bone matrix protein and is one of the best 

characterised markers of bone formation (Lee et al., 2000). The primary structure of OC
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comprises 49 amino acid residues, with a resulting molecular mass of 5.8 kDa (Lee et al., 

2000). Post-translational modification of osteocalcin involves y-carboxylation of three 

glutamic acid residues, with vitamin K acting as an essential cofactor in the process (Lee 

et al., 2000). The y-carboxyglutamic acid residues are responsible for calcium binding 

(Lian et al., 1989). A 15-amino acid sequence in the middle of the protein, containing the 

three y-carboxyglutamic acid residues is highly conserved in all species and accounts for 

the structural conformation of the protein that promotes tight binding to hydroxyapatite 

(Lian et al., 1989). Osteocalcin is an osteoblast-specific protein, and in vivo expression 

has not been demonstrated in any other cell type (Yoon et al., 1988). Most of the 

osteocalcin secreted by the osteoblast becomes deposited in the extracellular matrix of 

bone with the remainder present in serum (Lee et al., 2000). Serum OC levels are 

influenced by a number of clinical conditions related to disturbances in bone 

mineralisation (Lee et al., 2000). OC was detected by immunohistochemical analysis of 

developing bone (Bronckers et al., 1985) and dentine of the rat (Camarda et al., 1987).

It has been reported that BSP and OC are only expressed by differentiated rat 

MSCs (Kasugai et al., 1991). The current section of the study aimed to determine the 

differences in BSP and OC expression levels between EDAC crosslinked collagen GAG 

scaffolds seeded with 5x10^ rat MSCs (a model that had previously demonstrated 

osteogenic potential (Farrell et al., 2006, Farrell et al., 2007, Byrne et al., 2008)) and 

EDAC crosslinked collagen GAG scaffold bonded to collagen coated titanium discs 

seeded with 5x10^ rat MSCs.

The aim of this chapter was to detennine if the scaffold bonded to titanium would 

facilitate osteogenic differentiation of the rat MSCs over a 28 day observation period and 

to compare the results with collagen GAG scaffold which had previously demonstrated 

osteogenic potential.

The objectives of the chapter were to

• Determine the relative quantities of bone specific marker proteins synthesised by 

the rat MSCs, seeded on the scaffold bonded to titanium with immunoblotting over 

the 28 day observation period.

• Evaluate the gene expression of bone specific markers by reverse transcriptase 

polymerase chain reaction.

• Quantify and determine the location of the bone specific marker proteins within 

the scaffold bonded to titanium specimen by immunohistochemistry.

• Observe the location of the rat MSCs seeded in the scaffold bonded to titanium

specimen over the 28 day observation period by histological analysis.
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•  Evaluate the calcification within the scaffold bonded to titanium specimen  

throughout the experimentation period by histological analysis.

4.1.1. Specimen Preparation

To investigate osteogenesis within EDAC crosslinked collagen GAG scaffold disc-shaped 

specimens and EDAC crosslinked collagen GAG scaffolds bonded to collagen-coated  

titanium disc specim ens, seeding with rat M SCs was performed prior to stimulation o f  the 

M SCs to induce osteogenic differentiation o f the MSCs. Six EDAC crosslinked collagen  

GAG scaffold disc-shaped specimens (16 mm diameter, 3 mm thickness) (Group A) were 

prepared in accordance with Section 2.6 and six EDAC crosslinked collagen GAG  

scaffolds bonded to collagen-coated titanium disc specimens (Group B) were prepared in 

accordance with Section 2.10. Group A and Group B specimens were placed in 5 ml of  

supplemented DM EM  in the CO2 incubator for 1 h prior to cell culture experiments. The 

supplemented DM EM  was prepared by supplementing DMEM with 100 ml/1 PBS, 6 ml/1 

o f  200 mM L-glutamine, 6 ml/1 o f 200 mM glutamax-1, 12 ml/1 o f non essential amino 

acids and 20 ml/1 o f penicillin-streptomycin solution which were filter sterilised prior to 

being placed into the DMEM (Section 2.7). One Group A and one Group B specimen  

served as the M SC-free controls and were placed in 5 ml o f supplemented DMEM and 

incubated in the CO 2 incubator under normal incubation conditions for 24 h. The 

remaining five Group A and five Group B specimens were seeded with 5x10^ rat M SCs in 

50 |al o f supplemented DMEM (Section 2.10) and incubated for 2 h under normal 

incubation conditions to allow time for attachment o f the MSCs. The M SC-seeded Group 

A and Group B specim ens were returned to the laminar flow  hood after 2 h and 5 ml of 

supplemented DM EM  was added to each specimen before replacement in the CO2 

incubator for 24 h under normal incubation conditions. All specimens were then placed in 

the M icroflow Class 11 laminar flow hood, 24 h after incubation (normal incubation 

conditions) and replaced into 6-well plates with 5 ml o f supplemented DM EM  with 

osteogenic factors. The osteogenic factors (10 nm dexamethasone, 10 mM p- 

glycerophosphate and 0.5 mM 2-phospho-L-ascorbic acid, trisodium salt) were introduced 

into the supplemented DM EM  to induce osteogenic differentiation o f the M SCs (Coelho 

and Fernandes, 2000). The supplemented DMEM with osteogenic factors therefore 

included a 1:1000 dilution o f 10 |iM  (10 nM) dexamethasone, a 1:20 dilution o f 200 mM 

(10 mM) (3-glycerophosphate and a 1:10 dilution of 5 mM (0.5 mM) 2-phospho-L-
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ascorbic acid, trisodium salt. The 1 mM solution of dexamethasone (molecular weight of 

392.47 and containing 5.9 mass% dexamethasone) was prepared by dissolving 66.52 mg 

of dexamethasone powder in 10 ml of sterile ultra pure water. Dilutions of the 1 mM 

dexamethasone solution were made with sterile ultra pure water to produce a 

concentration o f  10 |iM  dexamethasone. A 200 mM solution o f (3-glycerophosphate with a 

molecular weight of 295.9 was prepared by dissolving 5.76 g o f P-glycerophosphate 

powder using 100 ml of sterile ultra pure water. A 5 mM solution of 2-phospho-L- 

ascorbic acid, trisodium salt with a molecular weight of 322.05 was prepared by 

dissolving 17.1 mg of 2-phospho-L-ascorbic acid, trisodium salt powder in 10 ml of sterile 

ultra pure water. The dexamethasone, P-glycerophosphate and 2-phospho-L-ascorbic acid, 

trisodium salt solutions were filter sterilised using a 0.2 |um pore size cellulose acetate 

filter and aliquots were stored at -20°C prior to use. The supplemented DMEM  and 

osteogenic factors were prepared fresh prior to use.

4,1.2. Protein Preparation

To facilitate the identification of the bone-specific protein markers (BSP and OC) 

synthesised by the differentiated MSCs, lysis of the MSCs, trichloroacetic acid (TCA) 

precipitation and quantification of all soluble proteins was performed. All of the chemicals 

and reagents used in the current section of the study were of analytical-grade, molecular 

biology-grade or cell culture-grade and were purchased from Sigma Aldrich Ltd. (Dublin, 

Ireland) unless otherwise specified. A lysis buffer solution comprised of 1.25 ml of IM  

Tris-hydrochloride (Tris-HCl) adjusted to pH 7.5 using the Orion pH meter, 500 |il of 0.5 

M EDTA filter sterilised using a 0.2 |am cellulose acetate filter, 250 |al of sterilised Triton 

X-100 and 23 ml of sterilised ultra pure water was prepared. Additionally, a 1:200 dilution 

of a supplied protease inhibitor cocktail containing 4-(2-aminoethyl)benzenesulphonyl 

fluoride, pepstatin A, E-64, bestatin, leupeptin and aprotinin was added to the lysis buffer 

to prevent intracellular proteases from enzymatically degrading proteins present in the 

specimens under investigation. A single Group A specimen, M SC-seeded and incubated 

under normal incubation conditions for 24 h and the unseeded control for Group A were 

placed in 0.5 ml of lysis buffer (containing the protease inhibitor cocktail) in a 1.5 ml 

micro tube for 15 min at 4°C to reduce intracellular protease activity. Additionally, the 

MSC-seeded collagen GAG scaffold of one Group B specimen was debonded from the 

collagen-coated titanium discs with a scalpel and the unseeded debonded EDAC 

crosslinked collagen GAG scaffold (Group B control) at 24 h were also placed in 0.5 ml 

of lysis buffer (containing the protease inhibitor cocktail) in individual 1.5 ml micro tubes
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for 15 min at 4°C. The micro tubes were centrifuged at 16100 g for 1 min on the 

Eppendorf 5415 centrifuge at 4°C. The supernatants were transferred to fresh micro tubes 

and the subsequent volumes were measured using a Gilson pipette. The process was 

repeated at day 7, day 14, day 21 and day 28 for the remaining four Group A and Group B 

MSC-seeded scaffolds, respectively.

A 300 g/1 TCA solution was prepared by dissolving 30 g of TCA in 100 ml of 

sterile ultra pure water and the solution was filter sterilised using a 0.2 |im  cellulose 

acetate filter and stored at 4°C. An equal volume of the 300 g/1 TCA was added to the 

supernatants and incubated on ice for 30 min to facilitate the precipitation of the proteins. 

The micro tubes were centrifuged at 16100 g for 5 min and the supernatants discarded. 

The resulting pellets were washed with 200 pi of ice-cold acetone and further centrifuged 

at 16100 g for 1 min. The acetone was discarded and the pellets allowed to air-dry before 

being resuspended in 100 |al of sterile IX  DPBS (prepared as outlined in Section 2.6) and 

stored at -80°C prior to use.

To enable quantification of the protein content of all specimens precipitated by the 

TCA, a modification of the Bradford protein assay (Bradford, 1976) was employed to 

generate a standard protein concentration curve using 0, 2, 5, 10, 15 and 20 |ag/ml of 

bovine serum albumin (BSA, Sigma Aldrich Ltd., Dublin, Ireland) dissolved in ultra pure 

water and maintained at 4°C from a BSA stock concentration of 0.1 mg/ml. All 

concentrations were prepared in triplicate in 1.5 ml micro tubes. Ultra pure water was 

added to each BSA concentration to a total volume of 800:200 |il of BioRad dye reagent 

(Alpha Technologies Ltd., W icklow, Ireland) was added in accordance with the 

m anufacturer’s instructions (4:1 dilution). The BSA concentrations were vortexed and 

incubated at room temperature for 30 min prior to absorbance value determination at 595 

nm on a Helios y spectrophotometer (Unicam Instruments Ltd., MA, USA) to produce the 

standard protein concentration curve. The relative quantities of total protein within Group 

A and Group B specimens, precipitated with TCA, were determined from the standard 

protein concentration curve.

The protein samples were thawed on ice from -80°C to reduce protease activity 

and dilutions of 1:1, 1:10 and 1:100 were prepared for each M SC-seeded Group A and 

Group B protein sample at the time points investigated (1, 7, 14, 21 and 28 days). Three 

10 pi solutions o f each protein at the three sample dilutions investigated were mixed with 

790 |al o f ultra pure water. A volume of 200 |j 1 of BioRad dye reagent was mixed with 

each 800 pi protein sample dilution (at a 1:4 ratio, in accordance with the m anufacturer’s 

instructions). The total protein concentration of each MSC-seeded Group A and Group B
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protein sample (at the time points investigated) and the unseeded Group A and Group B 

controls (at the three sample dilutions investigated) were calculated from the standard 

protein concentration curve (Figure 4.1). A  solution o f  IX DPBS was added to adjust each 

protein concentration from Group A and Group B specimens to ensure a final 

concentration o f 1 mg/ml.

4.1.3. Bone Sialoprotein Control

When cultivated on standard tissue culture plates, UM R-106 cells (Health Protection 

Agency Culture Collections, Salisbury, UK) grow as a confluent monolayer and express 

BSP (Midura et al., 1990). Therefore UM R-106 cells which are from a rat osteosarcoma 

cell line derived from the Sprague-Dawley rat (Midura et al., 1990) were employed as a 

positive control for BSP identification. All o f the chemicals and antibiotics were of  

analytical-grade, molecular biology-grade or cell culture-grade and were purchased from 

invitrogen Corporation (NY, U SA ) unless specified otherwise. The tissue culture medium  

and chemical solutions were pre-heated to 37°C in a Clifton shaking water bath prior to 

use. The cell line was maintained in 30-2002 D ulbecco’s M odified Eagles Medium (30- 

2002 DM EM , LGC Standards, Teddington, United Kingdom) which was supplied sterile 

filtered at pH 7.0 and contained 4mM  L-glutamine, 4500 mg/1 glucose, 1 mM sodium  

pyruvate and 1500 mg/1 sodium bicarbonate. The 30-2002 DMEM was supplemented with 

100 ml/1 o f FBS which was supplied by the manufacturers as heat-inactivated (56°C), of 

non-USA origin, sterile filtered and cell culture tested. The 30-2002 DMEM was also 

supplemented with 20 ml/1 o f a penicillin-streptomycin solution which comprised 5000  

units/ml o f penicillin G (sodium salt) and 5 mg/ml o f streptomycin sulphate in 0.85%  

saline (as received from the manufacturer).

The UM R-106 cells o f passage 0 were incubated in 3 ml o f supplemented 30-2002  

DMEM in 25 cm^ tissue culture flasks (T25) (Sarstedt Ltd., W exford, Ireland), UM R-106  

cells o f passage 1 were incubated in 10 ml o f supplemented 30-2002 DMEM in TVS flasks 

and cells o f subsequent passages were incubated in 20 ml o f supplemented 30-2002  

DMEM in T175 flasks under normal incubation conditions (98% relative humidity in a 

5% CO2 environment at 37°C) as the cells proliferated. Cell proliferation was observed 

daily using the Nikon ” TMS inverted phase contrast microscope operating at a 

magnification o f xlOO (Figure 4.2).

The UM R-106 cell passages were either maintained after every 2-3 days or 

alternatively, when the phenol red indicator in the supplemented 30-2002 DMEM turned 

from red to yellow. Then the 30-2002 DMEM was aspirated and discarded before
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replacing with the same volume o f  fresh supplemented 30-2002 DMEM maintained at 

37°C. The UM R-106 cells were maintained in the CO2 incubator under normal incubation 

conditions until approximately 70% confluence was achieved. The UM R-106 cells were 

removed with trypsin from the T25, T75 or T 175 tissue culture flasks using 1, 3 or 5 ml, 

respectively o f 0.25% Trypsin - EDTA disodium (Section 2.7.4) maintained at 37°C. The 

UM R-106 cells were washed twice to remove traces o f supplemented 30-2002 DMEM  

and all dead cells using 5 ml o f sterile IX DPBS at 37°C which was then discarded. The 

UM R-106 cells were incubated for 4 min in the CO2 incubator (normal incubation 

conditions) and detached by knocking the tissue culture flask. The resultant cell 

suspension was aliquoted into a 50 ml centrifugation tube. The tissue culture flask was 

washed twice with 1.5 ml (T25), 4.5 ml (T75) and 7.5 ml (T175) o f supplemented 30- 

2002 DMEM maintained at 37°C and aliquoted into the 50 ml centrifugation tube. The 

cells were centrifuged at 300 g for 5 min at 20°C, the supernatant discarded and the cells 

were resuspended in 1 ml o f supplemented 30-2002 DMEM. The cell number was 

determined by placing 10 |al o f the cell suspension into a 1.5 ml micro tube with 10 |j 1 of  

trypan blue dye (Section 2.7.4) and m ixing by careful pipetting to minimise the damage to 

the delicate cell walls follow ing trypsinisation. The cells were counted using the Bright- 

Line Haemacytometer by adding 10 pi o f the cell and trypan blue suspension onto the 

haemocytometer. Cells were visualised on the Nikon'*" TMS inverted phase contrast 

microscope at a magnification o f x400 and the total number o f viable cells were counted. 

Cells that absorbed trypan blue were considered non-viable and were therefore excluded. 

Viable cells were passaged to 25% o f  the original cell density in 10 ml o f 30-2002 DMEM  

for T75 and 20 ml o f 30-2002 DMEM for T 175 tissue culture flasks o f supplemented 30- 

2002 DMEM and returned to the CO 2 incubator. The supplemented 30-2002 DMEM was 

changed on the second day or when the cells had achieved 70% confluence. Prior to long 

term cryo-storage the UM R-106 cells were counted and resuspended in a solution o f 10% 

DM SO (Section 2.7.4) and 90% FBS which served as the freezing medium. One millilitre 

o f the cell suspension in the DM SO and FBS solution was stored in 2 ml polypropylene 

Eppendorf micro tubes at a cell density o f 3.1x10^ cells/m l. The UM R-106 cell 

temperature was reduced at a rate o f 1 °C/min by placing the micro tubes into the Cryo - 

1°C freezing container and incubating at -85°C in the U41085 Ultra low freezer for 24h to 

avoid intracellular water freezing which would have resulted in cell wall rupture. The cells 

were immediately placed into the M VEXC47/11-6 cryogenic liquid nitrogen storage 

system for storage prior to further testing and analysis.
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Figure 4.1 The standard protein concentration curve for bovine serum albumin 
(BSA) concentration against absorbance recorded at 595 nm demonstrating a 
linear relationship between the absorbance recordings and protein content.



Figure 4.2 Rat osteosarcoma cell line, UMR-106, used as a positive control for BSP 
expression at 24 h after passaging.



To thaw the cryo-preserved UM R-106 cells, the 2 ml polypropylene micro tubes were 

removed from the liquid nitrogen storage system  and quickly brought to room temperature 

by placing in the Clifton Water Bath maintained at 37°C. Once com pletely thawed, the 

UM R-106 cell suspension and DM SO and FBS solution (I ml) was mixed with 9 ml of 

supplemented 30-2002 DMEM at 37°C in a 50 ml centrifuge tube and centrifuged at 300 g 

for 5 min at 20 °C. To remove the cytotoxic DM SO, the supernatant was discarded and the 

UM R-106 cells were resuspended in 3 ml o f  supplemented 30-2002 DM EM  and incubated 

in the CO2 incubator under normal incubation conditions until the cells reached 70% 

confluence.

The UM R-106 cells maintained in the tissue culture flasks were lysed to facilitate 

the isolation and quantification o f the cellular total protein content (containing BSP). A  5 

ml volume o f the lysis buffer containing the protease inhibitor cocktail (Section 4.1.2) was 

pipetted onto the UM R-106 cells in the T175 flask to ensure an even distribution over the 

cell monolayer. The cell monolayer was disrupted and removed from the surface o f  the 

tissue culture flask using a cell scraper (Greiner bio-one GmbH, Frickenhausen, 

Germany). The resulting lysate was transferred to a 50 ml centrifugation tube and 

centrifuged at 1200 rpm for 5 min at 4°C to remove cellular debris. The supernatant was 

transferred to a fresh 50 ml centrifugation tube and 200 |j 1 was aliquoted for total protein 

quantification. The total protein content o f the lysate was determined from the standard 

curve (Figure 4.1) using 50 |il lysate volumes with serial dilutions o f  1:1, 1:10 and 1:100 

performed in triplicate to ensure the total protein values were within the range o f the 

standard protein concentration curve. Each o f the 50 |al serial dilutions was added to 750  

|j 1 o f ultra pure water and 200 |ul o f BioRad dye was added before vortex ing and 

incubating for 30 min at room temperature prior to absorbance value determination at 595 

nm on the H elios y spectrophotometer. The remaining lysate was stored at -80°C prior to 

further analysis.

4.1.4. Antibody Purification

The freeze-dried rabbit anti BSP antibody (LF-87, Dr. Larry Fisher, NIDCR, M D, USA) 

was reported to be contained within unpurified whole rabbit serum (Fisher, 2011). 

Therefore, in an attempt to eliminate background interference in immunoblotting, 

antibodies derived from whole rabbit serum were purified using Pierce® Protein A 

Agarose (Fisher Scientific Ireland Ltd., Dublin, Ireland). The Protein A Agarose was 

equilibrated to room temperature and mixed with 6 ml o f IgG binding buffer. The binding 

buffer comprised 50 mM Tris base and 150 mM NaCl, adjusted to pH 7.5 using an Orion
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pH meter. Tris base was prepared to a concentration o f 50 mM by dissolving 6.06 g Tris 

base (Sigma Aldrich Ireland Ltd, Dublin, Ireland) in one litre of ultra pure water. The 150 

mM NaCl was prepared by dissolving 8.77 g of NaCl (Sigma Aldrich Ireland Ltd, Dublin, 

Ireland) in the 50 mM solution of Tris base. Three millilitres of the Protein A Agarose and 

binding buffer mixture was added to a Biorad econocolumn glass (10 cm x 1 cm) (gravity- 

flow column) and the binding buffer was drained and discarded. Five millilitres of binding 

buffer was placed in the gravity-flow column, and allowed to drain on three consecutive 

occasions to eliminate ethanol, which was included in the Protein A Agarose as a 

preservative. The freeze-dried LF-87 antibody derived from whole rabbit serum was 

reconstituted in 0.5 ml o f sterile ultra pure water. The reconstituted Rabbit anti BSP 

antibody was mixed with 0.5 ml of binding buffer, and carefully placed in the gravity 

flow-column. The column was washed with 20 ml o f binding buffer. The rabbit anti BSP 

antibody, bound to the Protein A Agarose was eluted by adding 5 ml of elution buffer to 

the gravity-flow column. The elution buffer comprised a O.I M glycine solution, prepared 

by dissolving 1.5 g of glycine (Sigma Aldrich Ltd, Dublin, Ireland) in 200 ml of sterile 

ultra pure water, and adjusting to pH 2.5 with hydrochloric acid and an Orion pH meter. 

Reducing the pH of the Protein A Agarose caused the rabbit anti BSP antibody to become 

unbound and was therefore released into solution. Four hundred and fifty microlitres of 

the eluate was collected in 1.5 ml micro tubes containing 50 |al of neutralisation buffer. 

The neutralisation buffer was prepared from a I M solution of Tris base, adjusted to pH 8 

using the Orion pH meter. In a preliminary experiment, it was observed that mixing 

elution buffer (pH 2.5) with neutralisation buffer (pH 8) at a ratio of 9 :1 resulted in pH 7.5 

(neutral pH) of the final solution. Six numbered micro tubes containing 0.5 ml of eluate 

and neutralisation buffer were immediately stored on ice. The protein concentration of 

each numbered eluate and the binding buffer (collected after draining through the Protein 

A Agarose) was determined by measuring the absorbance at 280 nm using the Nanodrop 

ND-1000, 25 |j 1 aliquots were prepared o f the eluate containing the highest concentration 

of purified antibodies and stored at -80°C until further use.

Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) is a 

technique used to separate proteins according to molecular weight to facilitate 

identification. Therefore, SDS-PAGE was conducted in the current study to demonstrate 

the presence of relative quantities of antibody in each of the numbered eluates. In 

preparation for SDS-PAGE, polyacrylamide resolving gels (1 mm thick) with an 

acrylamide monomer concentration of 12% was prepared by mixing 3.3 ml of ultra pure 

water, 4 ml, of Protogel containing 30% (weight/volume) Acrylamide and 0.8% Bis-
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acrylamide (National Diagnostics, Hessle Hull, United Kingdom), 2.5 ml of resolving gel 

buffer, 0.1 ml of 100 g/1 Sodium dodecyl sulphate (SDS), 0.1 ml of 100 g/1 ammonium 

persulphate and 4 |il of N, N, N ’, N ’-tetramethylenediamine (TEMED, Sigma Aldrich 

Ltd., Dublin, Ireland). The resolving gel buffer comprised a 1.5 M Tris-hydrochloride 

(Tris-HCl) solution that was prepared by mixing 18.16 g of Tris-HCl into 100 ml of ultra 

pure water and adjusting the pH to 8.8. The 100 g/1 solution of SDS was prepared by 

mixing 10 g of SDS powder (Sigma Aldrich Ltd., Dublin, Ireland) in 100 ml of ultra pure 

water and 10 ml aliquots o f the 10% SDS solution were stored at -20°C. The 100 g/1 

ammonium persulphate solution was freshly prepared by mixing 100 mg of ammonium 

persulphate (Sigma Aldrich Ltd., Dublin, Ireland) into 1 ml of ultra pure water.

The gel was cast and run using the “ATTO” mini gel electrophoresis unit (Medical 

Supply Co. Ltd., Dublin, Ireland). The two glass plates (10 cm wide) were washed with 

ethanol and hot water, allowed to dry and assembled using two spring clamps and a rubber 

spacer. Three millilitres of n-butanol (Sigma Aldrich Ltd., Dublin, Ireland) was placed on 

the free edge of the resolving gel to ensure a level gel interface was achieved. W hen the 

resolving gel had set, the stacking gel was prepared by mixing 2.7 ml of ultra pure water, 

0.67 ml of protogel, 0.5 ml of stacking gel buffer, 40 pi of the 100 g/1 SDS solution, 40 |il 

o f the 100 g/1 ammonium persulphate solution and 4 |jl o f TEMED. The stacking gel 

buffer comprised a 0.5 M solution of Tris-HCl and was prepared by mixing 6.055 g of 

Tris-HCl into 100 ml of ultra pure water and adjusting to pH 6.8 using the Orion pH 

meter. The n-butanol was discarded, the polyacrylamide gel washed with ultra pure water 

to remove traces of the n-butanol and the stacking gel was pipetted onto the resolving gel 

using a Pasteur pipette. A Teflon comb washed with ethanol and hot water was carefully 

inserted into the stacking gel to avoid incorporating air bubbles and the stacking gel was 

allowed to set. The rubber spacer between the glass plates was removed and the glass 

plates were positioned in the electrophoresis apparatus. The upper and lower reservoirs of 

the electrophoresis rig were filled with running buffer and the comb was removed from 

the stacking gel. The running buffer comprised 3 g of Tris base (Sigma Aldrich Ltd., 

Dublin, Ireland), 14.4 g of glycine (Sigma Aldrich Ltd., Dublin, Ireland), 10 g of SDS and 

1000 ml of ultra pure water adjusted to pH 8.3 using the Orion pH meter.

Five microlitres of each eluate and binding buffer (collected after draining through 

the Protein A Agarose) sample were mixed with 5 |j 1 of 6X SDS loading buffer and 20 |il 

of ultra pure water in a 0.5 ml Eppendorf micro tube (Eppendorf, Hamburg, Germany). 

The 6X SDS loading buffer contained 200 mM Tris Chloride (Sigma Aldrich Ltd., Dublin, 

Ireland) adjusted to pH 6.8, 80 g/1 SDS, 400 mM dithioreitol (DDT, Sigma Aldrich Ltd.,
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Dublin, Ireland), 4 g/1 bromophenol blue dye (Sigma Aldrich Ltd., Dublin, Ireland) and 

500 g/1 glycerol (Sigma Aldrich Ltd., Dublin, Ireland). In preparation for SDS-PAGE 

electrophoresis, the 0.5 ml micro tubes (containing the 5 |al of sample under investigation, 

5 |il of SDS loading buffer and 20 pi of ultra pure water) were heated to 95°C for 5 min 

on a heating block (Grant Instrument (Cambridge) Ltd., Shepreth, UK) to completely 

denature the proteins. PageRuler''' Plus Prestained Protein Ladder (Fisher Scientific 

Ireland Ltd., Dublin, Ireland) o f known molecular weights was used to identify the 

molecular weights of unknown protein bands in the polyacrylamide gel. Ten microlitres of 

the protein markers were loaded into one well of the stacking gel using a suitably sized 

pipette tip. Subsequently, the contents (30 |il) of each 0.5 ml micro tube (protein sample, 

loading buffer and ultra pure water) were loaded into the remaining wells of the stacking 

gel. The electrophoresis apparatus was assembled, connected to a power pack operating 

with a current o f 20 mA for each gel until the advancing edge of the dye had run the entire 

length of the resolving gel.

W hen the SDS-PAGE was completed the electrophoresis apparatus was 

disassembled and the polyacrylamide gel was placed in Coomassie Blue dye for 90 min to 

stain the proteins. The stained polyacrylamide gel was then placed in an aqueous solution 

of 100 ml/1 methanol and 100 ml/1 acetic acid on a Stuart gyro-rocker (Davidson and 

Hardy Ltd., Dublin, Ireland) overnight to destain the polyacrylamide gel, thereby enabling 

the visualization of the proteins within each lane of the SDS-PAGE gel.

When the absorbance of the eluates was recorded at 280 nm the protein concentration for 

the first eluate was 1.04 mg/ml, the second eluate was 3.10 mg/ml and for the third eluate 

was 0.23 mg/ml.

SDS-PAGE was performed on the eluates, the binding buffer initially drained 

through the Protein A Agarose and for the unpurified antibody. The polyacrylamide gel 

stained with Coomassie Blue dye demonstrated relative amounts of heavy and light 

fragments of the purified antibodies in lanes I, 2 and 3 with molecular masses of 50 and 

25 kDa (Figure 4.3). The relative antibody concentration in lane 2 is higher than in lanes 1 

and 3 which corresponds well with the protein concentrations determined by measuring 

the absorbance at 280 nm. Lanes 4 and 5 showed that the majority of serum contents 

drained through the Protein A Agarose in the first binding buffer wash while lane 6 

contained unpurified antibody.
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Figure 4.3 SDS-PAGE gel from the antibody puriflcation procedure stained with 
the Coomassie Blue dye where the key to lane numbers is IrFirst eluate, 2:Second 
eluate, 3:Third eluate, 4:First binding buffer, 5:Second binding buffer and 
6:Unpurified antibody (LF-87) with the molecular mass markers on the left side in 
kilo Daltons.



4.1.5. Immunoblotting

SDS-PAGE was used to separate the proteins according to molecular weight in 

preparation for immunoblotting. The resolving gels (1 mm thick) with an acrylamide 

monomer concentration of 12% (Section 4.1.4) were used for the identification of the 

higher molecular weight protein (BSP) and the lower molecular weight protein (OC).

The protein samples from the MSC-seeded Group A and Group B specimens (for the time 

points investigated) and the unseeded Group A and Group B control specimens at day 1 

were thawed on ice from -80 °C to prevent protease activity. In preparation for SDS- 

PAGE electrophoresis, 20 pi of each protein sample was mixed with 5 pi of the 6X SDS 

loading buffer (Section 4.1.4) and 5 pi of ultra pure water in a 0.5 ml Eppendorf micro 

tube were heated to 95 °C for 5 min on a heating block to completely denature the 

proteins. Prestained protein markers (New England Biolabs Inc., Hertfordshire, UK) were 

also heated to 95°C for 5 min and 10 pi of the prestained protein markers was loaded into 

one well o f the stacking gel using a suitably sized pipette tip. The contents (30 pi) of each 

0.5 ml micro tube were then loaded into the remaining wells of the stacking gel, the 

electrophoresis apparatus assembled and connected to a power pack operating at 20 mA 

until the advancing edge of the dye had run the entire length of the resolving gel.

On completion, the electrophoresis apparatus was disassembled and the glass 

plates separated to release the resolving gel containing the proteins. The polyacrylamide 

gel was placed in transfer buffer (5.8 g of Tris base, 29 g of glycine (Sigma Aldrich Ltd., 

Dublin, Ireland), 1 g of SDS, 100 ml of methanol (Sigma Aldrich Ltd., Dublin, Ireland) 

and 900 ml of ultra pure water on a Stuart gyro-rocker (Davidson and Hardy Ltd., Dublin, 

Ireland) for 5 min. Two pieces of extra thick blotting paper (Bio-Rad Laboratories Ltd., 

Hemel Hempstead, United Kingdom) were cut to the size of the polyacrylamide gel and 

soaked in transfer buffer for 5 min. In preparation for immunoblotting, the proteins within 

the polyacrylamide gel were transferred to an Immobilon-P polyvinylidene fluoride 

(PVDF) membrane (Millipore, CA, USA). The PVDF membrane was cut to similar 

dimensions as the polyacrylamide gel and activated in methanol for 1 min before being 

equilibrated in the transfer buffer for 5 min. The transfer apparatus (Bio-Rad Laboratories 

Ltd., Hemel Hempstead, United Kingdom) was assembled and the polyacrylam ide gel 

placed on the PVDF membrane between the two pieces of blotting paper, ensuring the 

polyacrylamide gel was not allowed to dry. The transfer apparatus was connected to the 

power pack operating at 10 V for 60 min and successful transfer was determined by the 

presence of the prestained markers on the PVDF membrane. On completion, the transfer
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apparatus was disassembled, the PVDF membrane immediately removed from the blotting 

papers and placed in a 50 g/1 solution o f dried fat-free milk (Marvel, Chivers Ireland Ltd., 

Dublin, Ireland) in a solution of DPBS and Tween-20 (PBST) for 1 h at room temperature 

to block non-specific antibody binding sites on the PVDF membrane. The PBST was a 

solution of 1 ml/1 of Tween-20 (Sigma Aldrich Ltd., Dublin, Ireland) in IX  DPBS. When 

the blocking process was complete the PVDF membrane was washed for three, five 

minute intervals in PBST on the Stuart gyro-rocker. To aid BSP detection, the PVDF 

membrane was placed in a 50 ml centrifugation tube with 5 ml of a 1:500 dilution of 

purified LF-87 at a final concentration of 0.006 mg /ml in PBST and placed on a Stuart 

roller mixer (Davidson and Hardy Ltd., Dublin, Ireland) at 4°C overnight. To aid OC 

detection, the PVDF membrane was placed in a 50 ml centrifugation tube with 5 ml of a 

1:500 dilution o f goat anti-OC polyclonal antibody (Santa Cruz Biotechnologies Inc., CA, 

USA) in PBST and placed on a Stuart roller mixer at 4°C overnight. To aid 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) detection, the PVDF membrane 

was placed in a 50 ml centrifugation tube with 5 ml of a 1:1000 dilution of mouse 

monoclonal anti-GAPDH antibody in PBST (Santa Cruz Biotechnologies Inc., CA, USA) 

and placed on a Stuart roller mixer at 4°C overnight. The membrane was removed from 

the centrifugation tube and washed in PBST for 15 min and subsequently on three separate 

occasions for 5 min. After washing, the PVDF membrane used for BSP and OC detection 

was placed in 5 ml of a 1:1000 dilution of donkey anti-rabbit IgG (Millipore, CA, USA), 

which had been affinity purified and horse radish peroxidase conjugated by the 

manufacturer. The PVDF membrane containing the IgG antibody solution was placed on a 

Stuart roller-mixer for 1 h at room temperature. The PVDF membrane used for GAPDH 

detection was placed in 5 ml of a 1:10000 dilution of horse radish peroxidase conjugated 

donkey anti-mouse IgG (Santa Cruz Biotechnologies Inc., CA, USA) and placed on a 

Stuart roller-mixer for 1 h at room temperature. The membrane was subsequently washed 

in PBST for 15 min and subsequently on three separate occasions for 5 min prior to being 

coated with the chemiluminescent reagent namely, Luminol (Santa Cruz Biotechnologies, 

CA, USA), for 1 min at room temperature in the dark. The Luminol was prepared by 

mixing equal amounts of both liquids supplied in accordance with the manufacturer’s 

instructions. The membrane was placed in a photographic cassette between two sheets of 

polyethylene and the excess luminol was removed from the membrane. The photographic 

cassette was brought to a dark room and exposed to a 13x18 cm sheet of Kodak X-Omat 

LS photographic film for 20 s (Sigma Aldrich Ltd., Dublin, Ireland).
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Removal of all antibodies from the membrane was completed by employing a stripping 

buffer (1.88 g of Glycine, 10 g of SDS and 5 ml of Tween-20 dissolved in 995 ml of ultra 

pure water at a pH of 2.2 (adjusted with hydrochloric acid). After stripping, the membrane 

was washed in PBST three times for 15 min and placed in a blocking solution for Ih at 

room temperature on the Stuart gyro-rocker. When the blocking process was complete the 

PVDF membrane was again washed three times in PBST (for 5 min on each occasion) in 

preparation for further immunoblotting.

4.1.5.1. Results

Immunoblotting was conducted to detect the production of BSP and OC in protein lysates 

generated by seeding rat MSCs derived from bone marrow on EDAC crosslinked collagen 

GAG scaffold and EDAC crosslinked collagen GAG scaffold bonded to commercially 

pure titanium discs. The presence of BSP was represented on the photographic film by 

bands indicating the presence of protein with a molecular mass between 58 and 80 kDa 

(Fisher et al., 1983, Gordon et al., 2007) for all specimens investigated at 7, 14 and 28 

days indicative of BSP production by MSCs maintained in supplemented DMEM with 

osteogenic factors seeded in the Group A and Group B specimens (at the time points 

specified) (Figure 4.4). No protein production was detected within the negative controls 

namely the unseeded specimens, as indicated by the lack of bands in Lanes 1 and 2 of 

Figure 4.4.

Immunoblotting was also conducted to detect the production of OC and the 

presence of OC was represented by bands indicating proteins with a molecular mass less 

than 7 kDa (Lee et al., 2000) for all specimens at 14 and 28 days. This result was 

indicative of OC production by the MSCs maintained in supplemented DMEM with 

osteogenic factors seeded in the Group A and Group B specimens at these time points 

(Figure 4.5). No protein production was detected within the negative (unseeded) controls 

indicated by the lack of bands in Lanes I and 2 of Figure 4.5.

4.1.5.2. Discussion

BSP has previously been isolated from developing human fetal calvaria and demonstrated 

by immunoblotting (Fisher et al., 1987). An in vitro study on the role of BSP suggested 

the protein may be a nucleator of hydroxyapatite crystals (Hunter and Goldberg, 1993). 

Additionally, evidence indicates that BSP may be involved in integrin mediated cell 

adhesion (Razzouk et al., 2002) and may have a direct influence on the differentiation of 

osteoblastic cells (Gordon et al., 2007). The role of OC within the extracellular matrix of
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bone is unknown, but the presence o f the y-carboxyglutamic acid residues with an affinity 

for calcium suggest that OC has a role in binding the hydroxyapatite of bone (Lian et al., 

1989). It was also shown that OC plays a role as a chemoattractant for osteoclasts during 

bone resorption (Roach, 1994). The results of the immunoblotting in the current study 

were disappointing. Initial attempts to demonstrate the expression of BSP and OC resulted 

in non-specific antibody binding to the polypeptides of widely varying molecular weights 

that were successfully transferred to the PVDF membrane manifested as the appearance of 

numerous bands on the photographic film. Additionally, the immunoblots used by the 

author to establish positive controls demonstrated similar results. Therefore, the 

interpretation of the immunoblots was not possible. A number of factors influence the 

outcome of an immunoblot including the quantity of specific proteins present in the 

constructs, determined by the use of a loading control, which is important in terms of the 

sensitivity of the immunoblot assay. The choice of blocking solution employed aims to 

prevent non-specific antibody binding and it has previously been shown that a 5% dried 

milk solution containing albumin was effective (Gordon et al., 2007). The purified LF87 

antibody used for detection of BSP demonstrated improved specificity compared with 

previously used commercially available antibodies (results not shown). The LF87 

antibody for BSP and the primary OC antibody facilitated the identification of both 

proteins. Generation of a loading control by targeting GAPDH, however, resulted in 

“blank blots”, which were thought to have occurred as a result of failure of the binding of 

the primary GAPDH antibody. Failure of primary antibody binding may have occurred as 

a result of poor antibody affinity for the specific epitopes targeted on GAPDH. 

Alternatively, the primary antibody may have been removed during the washing steps, 

used to remove excess, unbound antibody from the PVDF membrane. The affinity of a 

primary antibody for a specific epitope governs the strength with which antibody binding 

occurs (Ramos-Vara, 2005). A study of the osteogenic potential of miniature pig MSCs 

seeded in scaffolds fabricated from clotted porcine blood plasma and maintained in 

osteogenic medium for 21 days also reported difficulties demonstrating the production of 

bone-specific markers, including OC, despite successful immunohistochemical results 

using the same antibodies (Juhasova et al., 2011). In the current study, a range of primary 

antibodies was used for the detection of BSP. Differing methods of preparation of the 

protein lysate for immunoblotting or the preparation of the microscopic sections for 

immunohistochemical analysis may have caused the antibody specific epitopes to be 

concealed and result in failure of antibody binding and consequently the negative result. A 

study of the osteogenic potential of rat MSCs cultured on tissue culture plastic with
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Figure 4.4 Immunoblot demonstrating the presence of BSP expressed by rat bone 
marrow-derived MSCs. 20 |ng of total protein was separated on a 12% SDS PAGE 
gel prior to transfer onto a PVDF membrane for analysis. Key: Lane 1: Group B 
unseeded control, Lane 2: Group A unseeded control, Lane 3: Group B (dayl), 
Lane 4: Group A (day 1), Lane 5: Group B (day 7), Lane 6: Group A (day 7), Lane 
7: Group B (day 14), Lane 8: Group A (day 14), Lane 9: Group B (day 21), Lane 
10: Group A (day 21), Lane 11: Group B (day 28) and Lane 12: Group A (day 28). 
This immunoblot is the clearest of four immunoblots that were carried out.
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Figure 4.5 Immunoblot demonstrating the presence of OC expressed by rat bone 
marrow-derived MSCs. 20 |Lig of total protein was separated on a 12% SDS PAGE gel 
prior to transfer onto a PVDF membrane for analysis. Key: Lane 1: Group B 
unseeded control, Lane 2: Group A unseeded control, Lane 3: Group B (dayl). Lane 
4: Group A (day 1), Lane 5: Group B (day 7), Lane 6: Group A (day 7), Lane 7: 
Group B (day 14), Lane 8: Group A (day 14), Lane 9: Group B (day 21), Lane 10: 
Group A (day 21), Lane 11: Group B (day 28) and Lane 12: Group A (day 28). This 
immunoblot is the clearest of four immunoblots that were carried out.



osteogenic supplements demonstrated OC production but neither specified the quantity 

produced or the timeframe within which OC was detected (Malaval et al., 1994). It is 

postulated that the limited information available from the literature results from the 

technical difficulties routinely encountered by researchers with the immunoblotting 

process.

The results of the immunoblotting indicated the production of BSP after 7, 14 and 

28 days in culture from all Group A and Group B specimens. An in vitro study of BSP 

production by rat calvarial osteoblasts cultured on tissue culture plastic demonstrated that 

BSP production began to occur five days after the addition of osteogenic factors (3 mM P- 

glycerophosphate and 280 pM ascorbic acid) and BSP production increased thereafter in a 

time dependent marmer for the 20 day duration of the study (Gordon et al., 2007).

OC is a major non-collagenous bone matrix protein and is involved in bone matrix 

mineralisation (Hauschka et al., 1983). As a late stage marker of osteogenesis, OC 

production coincides with the onset of mineralisation (Owen et al., 1990). Results of 

immunoblotting indicated OC expression within the Group A and Group B specimens 

after 14 days in tissue culture with osteogenic factors, which is in agreement with a 

previous study of rat MSCs seeded on a collagen GAG scaffold (Farrell et al., 2007).

4.2. RNA Expression of Bone-Specific Proteins

The aim of the current part of this study was to examine RNA expression levels of BSP 

and OC in Groups A and B specimens seeded with 5x10^ rat MSCs, maintained in 

supplemented DMEM further supplemented with osteogenic factors (Section 4.1.1).

4.2.1. RNA isolation from MSCs

RNA concentration of MSCs was measured to determine the lower limit of cell numbers 

which would yield a consistent RNA concentration. MSCs harvested from the bone 

marrow of rats, maintained and passaged (passage 3) were resuspended in supplemented 

DMEM to a cell density of 2x10^ cells/ml. Dilutions of the MSC suspension (in triplicate) 

were made in 1.5 ml micro tubes to provide cell numbers of 0, 1x10“*, 1x10^, 2.5x10^, 

5x10^, 7.5x10^ and 1x10^ in 0.5 ml of supplemented DMEM (maintained at 37°C). The 

micro tubes were centrifuged in the Eppendorf 5415 centrifuge at 650 g for 5 min at room 

temperature, the supernatant discarded and 0.5 ml of TRI reagent® solution (Applied 

Biosystems, Warrington, United Kingdom) was added to each micro tube. The micro 

tubes were further centrifuged at 12000 g for 10 min at 4°C, the supernatant transferred to
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a fresh micro tube and 50 |il of bromochloropropane (Sigma Aldrich Ltd., Dublin, Ireland) 

was added to each micro tube. The micro tubes were vortexed and incubated at room 

temperature for 7 min before being centrifuged at 12000 g for 12 min at 4°C. The contents 

of the micro tube were partitioned into three distinct layers, an aqueous phase containing 

the RNA, an organic phase containing protein and the interphase containing DNA. The 

aqueous phase was transferred to a fresh micro tube, 250 |j1 of isopropanol (Sigma Aldrich 

Ltd., Dublin, Ireland) added, the micro tubes vortexed and incubated at room temperature 

for 7 min. Following incubation, the micro tubes were centrifuged at 12000 g for 8 min at 

4°C, the supernatant discarded, 0.5 ml of a 750 mI/1 solution of ethanol (Sigma Aldrich 

Ltd., Dublin, Ireland) was added and the micro tubes were centrifuged at 7500 g for 5 min. 

The ethanol was discarded and the resultant pellet was air-dried and resuspended in 10 pi 

of nuclease-free water (Applied Biosystems, W arrington, United Kingdom). The 

concentration of the total RNA was determined from the absorbance recording at 260nm 

on the Eppendorf Biophotometer Plus Spectrophotometer (Eppendorf, Hamburg, 

Germany) and the RNA concentration was plotted against cell number (Figure 4.6).

4.2,2. Primer Design for Detection of RNA for BSP and OC

The nucleotide sequence of the genes encoding BSP and OC were obtained from the 

National Centre for Biotechnology Information. The nucleotide sequence for gene 

encoding BSP is listed in Figure 4.7(a) and for OC in Figure 4.7(b). The primers used for 

the polymerase chain reactions were designed using PrimerSPlus software and synthesised 

by Eurofins MWG GmbH (Ebersberg, Germany). The primers were stored at working 

concentrations of 100 pmol/fil in sterile ultra pure water at -20°C. The nucleotide 

sequences for the primers to detect RNA for BSP were forward primer 5 ’- 

GAAAATGGAGATGGCGATAGTTCG-3’ and reverse primer 5 ’- 

TCGGCTTCTTCTCCGTTGTC-3’. The nucleotide sequences for the primers to detect 

RNA for OC were forward prim er 5 ’-AGGACCCTCTCTCTGCTCACTCT-3’ and 

reverse primer 5 ’-TAAACGGTGGTGCCATAGATG-3’. The nucleotide sequences for 

the primers to detect RNA for GAPDH were forward primer 5 ’- 

ACCCCTTCATTGACCTCAACTACA-3’ and reverse primer 5 ’- 

AGTG ATGGC ATGG ACTGTGGTC AT-3 ’.
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Figure 4.6 The graph of RNA concentration of rat MSCs plotted against MSC 
number. The results presented are representative of three runs of the experiment 
conducted in triplicate.

(a)
BBBP^AGATGGCGATAGTTCGGAGGAGGAGGGGGAGGAAGAGGAGA
CTTCAAATGAAGAGGAAAACAACGAAGACTCTGAGGGGAATGAAGACCA
GGAGGCGGAGGCAGAGAACGCCACACTCTCAGGGGTAACCGCTAGCTAC
GGGGTAGAGACCACAGCTGACGCTGGAAAGTTGGAGTTAGCTGCGCTCC
AGCTACCCAAGAAGGCTGGAGATGCAGAGGGCAAGGCTCCAAAAATGAA
GGAAAGCGACGAGGAAGAGGAAGAGGAAGAGGAGGAAGAAAACGAGAAC
GAAGAAGCAGAAGTGGATGAAAATGAGCAGGTCGTCAACGGCACCAGCA
CCAACTCCACGGAGGTGGACGGGGGGAATGGCCCCAGCGGAGGA^^H
SGGAGAAGAAGCCflBl

(b)^ ^

ATGfcGGACCCTCTCTCTGCTCACTCa^3CTGGCCCTGACTGCATTCTGCCTCT
c t g a c c t g g c a g g t g c a a a g c c c a g c g a c t c t g a g t c t g a c a a a g c c t t c a t

GTCCAAGCAGGAGGGCAGTAAGGTGGTGAATAGACTCCGGCGCTACCTCAAC
AATGGACTTGGAGCCCCAGCCCCCTACCCAGATCCCCTGGAGCCTCACAGGG
AGGTGTGTGAGCTCAACCCCAATTGTGACGAGCAGCGGACCACATTGGCTTC
CAGGACGCCTACAAGCGlCATCTATGGCACCACCGTTTill

Figure 4.7 The target sequence encoding (a) BSP and (b) OC highlighting forward 
and reverse primers in red.



4.2.3. Base Level RNA for BSP and OC in Rat MSCs

The aim of the current section of the study was to investigate the BSP and OC expression 

level by MSCs prior to supplementation of the tissue culture medium with osteogenic 

factors (undifferentiated MSCs). The MSCs harvested from the bone marrow of rats, 

maintained and passaged (passage 3) were resuspended in supplemented DMEM to a cell 

density of 2x10^ cells/ml. Then 0.5 ml of the cell suspension (1x10^ MSCs) was pipetted 

into six micro tubes. The RNA was isolated from the MSCs (Section 4.2.1), the RNA 

concentration determined using the Biophotometer Plus Spectrophotometer and the 

nuclease-free water added to adjust the RNA concentration to 1 |jg/|jl.

To facilitate the polymerase chain reaction (PCR), complimentary DNA (cDNA) 

copies of the RNA of rat MSCs were made (reverse transcription reaction) using the 

commercially available PrimeScriptT'^ strand cDNA synthesis kit (Lonza Group Ltd., 

Basel, Switzerland). The reverse transcription reaction is a two-stage reaction performed 

in 0.2 ml micro tubes (Fisher Scientific Ireland Ltd., Dublin, Ireland) where 1 |il of 50 |iM 

oligo dT primer (which binds the Poly A of RNA) was mixed with 1 |al of the 10 mM 

deoxy-nucleoside triphosphate (dNTP), 1 }il of the RNA (containing 1 |jg of RNA) 

isolated from the rat MSCs (Section 4.2.1) and 7 |j1 of RNase-free water (supplied). The 

micro tube was incubated in a Primus 96 plus thermocycler (MWG AG Biotech., 

Ebersberg, Germany) at 65 °C for 5 min and stored on ice prior to the initiation of the 

second reaction stage. The second stage of the reverse transcription reaction was carried 

out by placing a solution of 4 pi of 5X Primescript buffer (supplied), 0.5 |j1 of 40 units/fjl 

RNase inhibitor (supplied which contained 20 units), 1 |il of the 200 units/pl 

Primescript” ^ Reverse transcriptase (RTase) enzyme (supplied containing 200 units) into 

the micro tube containing the 10 |j 1 of the product from the first stage of the reverse 

transcription reaction. The volume was increased to 20 |il by adding 4.5 |j1 of RNase-free 

water. The micro tube was incubated in the Primus 96 plus thermocycler at 42°C for 45 

min followed by 5 min at 95°C to inactivate the Primescript’*'’̂  RTase enzyme and the 

micro tube was stored at -20°C prior to the PCR.

The PCR was performed in a 0.2 ml micro tube using the commercially available 

REDTaq® ReadyMix™ PCR reaction mix (Sigma Aldrich Ltd., Dublin, Ireland). To 

amplify the target sequence for BSP, 25 |j 1 of the manufacturer’s REDTaq ReadyMix 

reagent (containing the DNA polymerase enzyme, deoxynucleotides and an inert red dye) 

was mixed with 5 |al of the BSP forward primer (- 

GAAAATGGAGATGGCGATAGTTCG-), 5 |j 1 of the BSP reverse primer (-
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TCGGCTTCTTCTCCGTTGTC-) and 1 |nl of the cDNA product (above). The volume 

was then supplemented to 50 |j 1 by adding 14 |il of RNase-free water and 50 |ul of mineral 

oil (Sigma Aldrich Ltd., Dublin, Ireland) was added to the micro tube to prevent 

evaporation during the thermocycling process. To amplify the target sequence for OC, 25 

|il of the m anufacturer’s REDTaq ReadyM ix reagent was mixed with 5 |al of the OC 

forward primer (-AGGACCCTCTCTCTGCTCACTCT-) and 5 |j 1 of the OC reverse 

primer (-TAAACGGTGGTGCCATAGATG-) and I ^1 of the cDNA product (above). 

Then the volume was supplemented to 50 |al by adding 14 |j 1 of RNase-free water and 50 

|il of mineral oil was added to the micro tube to prevent evaporation during the 

thermocycling process. To amplify the target sequence for GAPDH, 25 |il of the 

manufacturer’s REDTaq ReadyM ix reagent was mixed with 5 |il of the GAPDH forward 

primer (-ACCCCTTCATTGACCTCAACTACA-), 5 |j 1 of the GAPDH reverse primer (- 

AGTGATGGCATGGACTGTGGTCAT-) and I pi of the cDNA product (above). The 

volume was further supplemented to 50 |al by adding 14 |al of RNase-free water and 50 |il 

of mineral oil was added to the micro tube to prevent evaporation during the 

thermocycling process. The micro tubes were incubated in the Primus 96 plus 

thermocycler for 30 cycles. For BSP and GAPDH, the thermocycling regime involved 

maintenance for 1 min at 94°C enabling the double stranded DNA sequences to melt, 

followed by 2 min at 60°C enabling the forward and reverse primers to anneal with the 

denatured cDNA sequences and 1 min at 72°C to allow extension of the bound primers 

with the deoxynucleotides contained in the RedTaq ReadyMix reagent. Following the 30 

cycles the micro tubes were incubated for 10 min at 72°C to facilitate the extension of any 

incomplete products. For OC, the thermocycling regime involved maintenance at 94°C for 

1 min, followed by 2 min at 52°C enabling the forward and reverse primers to anneal with 

the denatured cDNA sequences and 1 min at 72°C. Following the 30 cycles the micro 

tubes were incubated for 10 min at 72°C to facilitate the extension of any incomplete 

products.

To detect the DNA sequences specific to BSP, OC and GAPDH, the amplified 

DNA products generated from the PCR underwent electrophoresis in a horizontal 1% 

agarose gel with ethidium bromide followed by visualisation with transmitted ultra violet 

(UV) light. A 1% agarose gel was prepared in Tris-acetate EDTA buffer (TAE) prepared 

by diluting 20 ml of a 50X stock solution o f TAE in 980 ml of ultra pure water. The 50X 

stock solution was prepared by mixing 242 g of Tris base, 57.1 ml of glacial acetic acid 

(Sigma Aldrich Ltd., Dublin, Ireland), 100 ml of 0.5 M EDTA (Sigma Aldrich Ltd., 

Dublin, Ireland), adjusted to pH 8.0. The 1 % agarose gel was prepared by dissolving 2 g
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o f agarose (Sigma Aldrich Ltd., Dublin, Ireland) in 200 ml o f the TAE buffer and heating 

in an 800 W microwave oven, operating at full power until all o f  the agarose powder was 

dissolved. The 1% agarose solution was incubated at room temperature and the 

temperature was monitored by inserting a thermometer in the 1% agarose solution. An 

electrophoresis apparatus (Bio-Rad Laboratories Ltd., Hemel Hempstead, United 

Kingdom) was cleaned with water maintained at between 60-65°C and allowed to air dry. 

When the temperature o f  the agarose solution reached 60°C, ethidium bromide (Sigm a  

Aldrich Ltd., Dublin, Ireland) was added to a final concentration o f 0.5 |ag/ml. The 

agarose solution was placed in a casting tray sealed with masking tape, a teflon comb 

inserted and the solution was allowed to gel. When the agarose gel had set, the masking 

tape was removed and the casting tray was placed in the electrophoresis apparatus. The 

electrophoresis apparatus was filled with TAE buffer to cover the agarose gel to a depth o f  

1 mm and the teflon comb removed. The products from the PCR, above were thawed on 

ice from -20°C. A PCR Low Ladder Marker Set (Sigm a Aldrich Ltd., Dublin, Ireland) was 

employed as a size marker and prepared by mixing 5 |j1 o f the 100 base pair ladder, 2 |al o f  

the 6X sample loading buffer supplied by the manufacturer (containing 150 g/1 Ficoll, 60  

mg/1 bromophenol blue, 60 mg/1 xylene cyanol and 30 mM EDTA) with 5 |j1 o f ultra pure 

water. Then 10 |al o f the PCR ladder mixture was loaded into each well o f the 1% agarose 

gel using a 10 pi pipette tip. The amplified D N A fragments, representing BSP, OC and 

GAPDH, were used to represent the base levels o f expression in MSCs. A volume o f 10 pi 

of the RT-PCR amplifying BSP, OC and GAPDH, were placed in adjacent wells. The 

electrophoresis apparatus was connected to the power pack operating at 90 V until the 

advancing edge o f the inert dye reached the edge o f the gel. On completion, the 

electrophoresis unit was disconnected from the power pack and the gel was visualised  

using a UVP Bioimaging systems UV transilluminator (Davidson and Hardy Ltd., Dublin, 

Ireland ) and images were captured using Labworks software. The image in Figure 4.8  

demonstrates the expression o f BSP (407 bp) and GAPDH (444 bp) by the M SCs and the 

failure o f the M SCs to express OC (295 bp).

4.2.4, RNA Expression of UMR-106 Cells for BSP and OC

The aim o f the current section o f the study was to verify BSP expression in UM R-106  

cells (Midura et at., 1990) and to investigate if OC was also expressed by the UM R-106  

cell line. The UM R-106 cell line was maintained and passaged (passage 5) and used at 

70% confluence in T175 tissue culture flasks. Two T175 tissue culture flasks were 

removed from the CO2 incubator, the tissue culture medium discarded and 17 ml o f TRI
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reagent solution was added to each T175 tissue culture flask and incubated for 5 min at 

room temperature. The cell monolayer was removed using a cell scraper and 1 ml volumes 

of the resultant cell lysate were aliquoted into 1.5 ml micro tubes. The micro tubes were 

centrifuged in the Eppendorf 5415 centrifuge at 12000 g  for 10 min at 4°C, the 

supernatant transferred to a fresh 1.5 ml micro tube and 100 |j1 of bromochloropropane 

added to each micro tube. The micro tubes were vortexed and incubated at room 

temperature for 7 min before being centrifuged 12000 ^  for 12 min at 4°C. The aqueous 

phase containing the RNA was transferred to a fresh micro tube, 500 ^1 of isopropanol 

added, the micro tubes vortexed and incubated at room temperature for 7 min. Following 

incubation, the micro tubes were centrifuged at 12000 g  for 8 min at 4°C and the 

supernatant was discarded. Then 1 ml of a 750 ml/1 solution of ethanol in ultra pure water 

was added and the micro tubes were centrifuged at 7500 g for 5 min. The ethanol was 

discarded and the resultant pellet air-dried before being resuspended in 10 |j 1 of nuclease- 

free water. The pellets were pooled in one micro tube and stored at -80°C. The 

concentration of total RNA was measured from the absorbance at 260 nm on the 

Eppendorf Biophotometer Plus Spectrophotometer. The concentration of RNA was 

adjusted to 1 |ag/|al with nuclease free water and the RNA solution was stored at -80°C 

prior to further use. Reverse transcription o f the RNA of the UMR-106 cells, the PCR and 

agarose gel electrophoresis was completed in accordance with the procedure described in 

Section 4.2.3.

The concentration of total RNA isolated from the UMR-106 cells was 3286.5 

fig/ml. Figure 4.9 shows that UMR-106 cells demonstrated BSP expression (407 bp) but 

UMR-106 cells failed to express OC (295 bp).

4.2.5. Positive and Negative Controls for BSP and OC

The aim of the current section of the study was to identify a negative control for BSP and 

to identify both positive and negative controls for OC from a variety of organs and tissues 

harvested from a W istar rat similar to the rats used to harvest the MSCs. Prior to 

dissection of the W istar rat, a Tris-ethylene glycol tetraacetic acid (Tris-EGTA), namely a 

chelating agent and sucrose solution, was prepared by mixing 610 mg of Tris base in 380 

mg of EGTA (Sigma Aldrich Ltd., Dublin, Ireland) in one litre of ultra pure water, 

adjusting to pH 7.4 and adding 85.58 g of Sucrose (Sigma Aldrich Ltd., Dublin, Ireland). 

The W istar rat was handled (Section 2.7) and the tongue, gastrocnemius muscle (skeletal 

muscle), liver, kidney, brain and heart removed. The tissues (tongue and gastrocnemius 

muscle) or organs (liver, kidney, brain and heart) were halved and immersed in the Tris-
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Figure 4.8 The image of the transilluminated agarose gel following electrophoresis 
to detect BSP, OC and GAPDH expression by MSCs. One microgramme of total 
RNA from rat MSCs underwent reverse transcription to form the respective cDNA 
transcripts and 1 pi of each cDNA product was used in the PCR amplification. 
Subsequently, 10 pi of each PCR product was loaded into the 1 % agarose gel for 
electrophoresis prior to ultra violet transillumination. * indicates that OC was not 
expressed with the primers used. The results presented are representative of two 
runs of the experiment with independent cell cultures.



Figure 4.9 The image of the transilluminated agarose gel following electrophoresis, 
to detect BSP and OC expression by UMR-106 cells. One microgramme of total 
RNA from the rat MSCs underwent reverse transcription to form the respective 
cDNA transcripts and 1 fil of each cDNA product was used in the PCR for 
amplification. Subsequently, 10 |l i 1 of each PCR product was loaded into the 1 % 
agarose gel for electrophoresis prior to ultra violet transillumination. * indicates 
that OC was not expressed with the primers used. The results presented are 
representative of two runs of the experiment with independent cell cultures.



EGTA and sucrose solution, maintained on ice, to remove all traces of blood. The tissues 

and organs were finely chopped with sterile scissors and immersed in liquid nitrogen. Half 

of the tissues and organs were removed from the liquid nitrogen and stored at 4°C 

overnight in RNA later (Applied Biosystems, Warrington, United Kingdom). Fifty 

milligrammes of each tissue and organ was immersed in 1 ml of TRI reagent® solution in 

a 1.5 ml micro tube and homogenized while the remainder of the tissues and organs were 

stored at -80 °C until required for further testing and analysis.

RNA isolation of the tissues and organs in the TRI reagent® solution was 

completed in accordance with Section 4.2.1. The concentration of total RNA was 

measured from the absorbance at 260 nm on the Eppendorf Biophotometer Plus 

Spectrophotometer. Nuclease-free water was added to each sample to a final concentration 

of 1 |ig/|al total RNA.

4.2.5.1. RNA Isolated from Rat Lymphocytes

A volume of 3 ml of Histopaque® 1083 (Sigma Aldrich Ltd., Dublin, Ireland) was 

pipetted into six 15 ml centrifugation tubes and 3 ml of blood harvested from two Wistar 

rats was layered onto the Histopaque® 1083 and the tubes were centrifuged at 400 g for 

30 min at room temperature in the Eppendorf Centrifuge 5804 in accordance with the 

manufacturer’s instructions. The blood separated into three layers, the upper layer was 

removed to within 3 mm of the opaque interface and discarded. The opaque interfacial 

layers containing mononuclear cells were transferred to fresh 15 ml centrifugation tubes 

with a sterile Pasteur pipette and 10 ml of sterile IX DPBS added. The 15 ml 

centrifugation tubes were centrifuged at 250 g for 10 min. The supernatants were 

discarded and the resultant pellets were resuspended in 0.5 ml of sterile IX DPBS. An 

additional 4.5 ml of sterile IX DPBS was added and gently mixed by inverting. The tubes 

were further centrifuged at 250 g for 10 min and the supernatant discarded. Resuspension 

of the pellet in 0.5 ml IX DPBS, the re-addition of 4.5 ml of IX DPBS and further 

centrifugation was performed on two more occasions. The resultant mononuclear cells 

were pooled in a 15 ml centrifugation tube with 1 ml of Tri reagent® solution and stored 

at -80°C prior to RNA isolation.

The mononuclear cell lysate was thawed on ice from -80°C and RNA isolation was 

performed (Section 4.2.1). The concentration of total RNA in each tissue (tongue and 

gastrocnemius muscle) and each organ (liver, kidney, brain and heart) was determined by 

recording the absorbance at 260 nm using the Eppendorf Biophotometer Plus 

Spectrophotometer and presented in Table 4.1.
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The resultant concentration of RNA for each tissue and organ investigated was corrected 

to 1 |ag/|ul using nuclease-free water. Reverse transcription and PCRs were performed and 

10 (il of the PCR products for the tissues and organs of the rats were run on a 1% agarose 

gel (Section 4.2.3). The 1% agarose gel demonstrated OC expression (295 bp) in all 

tissues (tongue and gastrocnemius muscle) and organs (liver, kidney, brain and heart) 

under investigation and BSP expression (407 bp) in the kidney, brain and tongue of the 

Wistar rat (Figure 4.10).

4.2.6. RNA Expression from the Constructs

To identify BSP and OC expression levels, RNA was isolated from the rat MSCs seeded 

with 5x10^ cells in Group A constructs (EDAC crosslinked collagen GAG scaffold) and 

Group B constructs (EDAC crosslinked collagen GAG scaffolds bonded to collagen- 

coated titanium disc). Five Group A and five Group B specimens were seeded with 5x10^ 

MSCs in 5 ml of supplemented DMEM in 6-well plates and incubated under normal 

incubation conditions for 24 h (Section 4.1.1). One specimen from each group served as 

an MSC-free control and was incubated in 5 ml of supplemented DMEM under normal 

incubation conditions for 24 h in 6-well plates. Following incubation, the MSC-seeded 

Group A and Group B constructs and the unseeded control specimens were replaced in 

new 6-well plates with 5 ml of supplemented DMEM (maintained at 37°C) which was 

further supplemented with osteogenic factors (lOnM dexamethasone, 10 mM p- 

glycerophosphate and 0.5 mM 2-phospho-L-ascorbic acid, trisodium salt (Section 4.1.1)). 

The unseeded control specimens and one MSC-seeded Group A and Group B constructs 

were removed from the 6-well plates. The Group B specimens were removed from the 

titanium surface with a sterile scalpel and replaced into 1.5 ml micro tubes and 0.5 ml of 

Tri reagent® solution was added to each micro tube. RNA isolation was performed on the 

control and MSC-seeded specimens in accordance with the procedure in Section 4.2.1. 

The positive control for BSP expression was provided by 1 |ag of RNA isolated from the 

UMR-106 cells (Section 4.2.4). The negative control for BSP expression and the positive 

control for OC were both provided by 1 |ag of RNA isolated from the rat lymphocytes 

(Section 4.2.5.1). The negative control for OC was provided by 1 |ag of RNA from the 

undifferentiated MSCs (Section 4.2.3). The reverse transcription, PCRs, agarose gel 

electrophoresis and imaging of the products were performed in accordance with Section 

4.2.3 and the relative RNA expression levels for BSP and OC displayed in the 1% agarose 

gel were calculated from densitometric analysis using Image J software (NIH). The 

software calculated the relative pixel intensity of the bands in the gel and the relative
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Table 4.1 The concentration of total RNA in the tissues and organs harvested 
from a 3-4 month old Wistar rat.

Rat tissue or organ RNA concentration (fig/ml)
Liver 7430

Kidney 1284
Brain 7297

Tongue 1538
Skeletal Muscle 5647

Heart 1033
Lymphocytes 1021



Figure 4.10 The image of the transiiluminated agarose gel following 
electrophoresis, to detect BSP, OC and GAPDH expression in a variety of tissue 
and organ cells isolated from a rat. One microgramme of total RNA from the cells 
of each tissue and organ underwent reverse transcription to form the respective 
cDNA transcripts and 1 pi of each cDNA product was used in the PCR for 
amplification. Subsequently, 10 )il of each PCR product was loaded into the 1% 
agarose gel for electrophoresis prior to ultra violet transillumination. Key: OC 
expression: (a) liver, (b) kidney, (c) brain, (d) tongue, (e) muscle, (f) heart, (g) 
lymphocytes, (h) UMR-106, (i) non template control. BSP expression (j) liver, (k) 
kidney, (I) brain, (m) tongue, (n) muscle, (o) heart, (p) lymphocytes, (q) UMR-106, 
(r) non template control. GAPDH expression (s) liver, (t) kidney, (u) brain, (v) 
tongue, (w) muscle, (x) heart, (y) lymphocytes, (z) UMR-106 and (8) non template 
control. The results expressed are representative of three runs of the experiment.



quantities of DNA for BSP and OC was determined by comparing the relative intensity of 

BSP and OC bands with the intensity of the bands for GAPDH expression.

4.2.6.1. Statistical Analysis

A one-way ANOVA at a significance level of P<0.05 and post hoc Tukey’s test were used 

to determine if significant differences in the BSP and OC expression levels with time as 

the dependent variable. Additionally, an Independent Samples t-test at a significance level 

of P<0.05 was conducted to determine if there was a significant difference between the 

fold increase in BSP and OC expression levels between Group A and Group B constructs 

at each time point investigated (7, 14, 21 and 28 days).

4.1.6.2. Results

RT-PCR and agarose gel electrophoresis results for Group A and Group B constructs at 

the time points indicated (days 1,7, 14, 21 and 28) for BSP (Figure 4.1 la) and OC (Figure 

4.11b) expression levels are shown. The results were compared with the unseeded 

controls. GAPDH expression levels were used as loading controls (Figure 4.11c). 

Increases in expression were compared with expression levels at day 1. For the Group A 

constructs, there was a 4.34, 3.09, 2.58 and 3.50 fold increase in the BSP expression levels 

by the MSCs observed at 7, 14, 21, and 28 days, respectively, compared with BSP 

expression levels at day 1 (Figure 4.12). Statistical analysis of the fold increase in the BSP 

expression levels for the Group A constructs indicated a significant increase between days 

1 and 7 (P=0.001), between days 1 and 14 (P=0.027) and between days 1 and 28 

(P=0.009). For the Group B constructs, a 1.96, 2.44, 2.42 and 1.77 fold increase in the 

BSP expression levels were observed at 7, 14, 21, and 28 days, respectively relative to day 

1 expression levels for BSP (Figure 4.12).Statistical analysis of the fold increase in the 

BSP expression levels for the Group B constructs indicated a significant increase between 

days 1 and 14 (P=0.021) and between days 1 and 21 (P=0.024). Furthermore, statistical 

analysis comparing both construct groups (Group A and B) showed Group A constructs 

demonstrated a significantly higher fold increase in BSP expression on day 7 (P=0.025) 

and day 28 (P=0.034). There was no significant difference in the fold increase in BSP 

expression between Group A and Group B constructs at day 14 (P=0.180) and day 21 

(P=0.814).

For the Group A constructs, a 7.17, 7.50, 7.30 and 9.55 fold increase in the OC 

expression levels was observed at 7, 14, 21 and 28 days, respectively, compared with day 

1 OC expression levels (Figure 4.13). Statistical analysis of the fold increase in the OC
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expression levels for the Group A constructs indicated a significant increase between day 

1 and all subsequent time points (all P<0.0001). For Group B constructs, the relative OC 

expression showed a 0.73, 8.47, 5.94 and 6.29 fold increase at 7, 14, 21 and 28 days, 

respectively compared with the OC expression levels at day 1 (Figure 4.13). Statistical 

analysis of the fold increase in the OC expression levels for the Group B constructs 

indicated a significant increase between day 1 and days 14, 21 and 28 (all P<0.0001). 

Furthermore, statistical analysis comparing both construct groups highlighted that the 

Group A constructs demonstrated a significantly higher fold increase in the OC expression 

levels at day 7 (P=0.002) and day 28 (P=0.027) but not at day 14 (P=0.234) and day 21 

(P=0.101).

4.2.63. Discussion

BSP is a late stage marker of osteogenesis (Aubin and Triffitt, 2002) and elevated BSP 

expression levels have been reported in vitro for human MSCs seeded on silk- 

montmorillonite clay composite biomaterials cultured in osteogenic medium (Mieszawska 

et al., 2011). BSP has been reported to be expressed only by differentiated MSCs 

(Kasugai et al., 1991), however, in the current study, the MSCs demonstrated RNA 

expression for BSP prior to the use of osteogenic factors (Figure 4.6). An in vitro study of 

rat MSCs cultured on tissue culture plastic with osteogenic factor supplementation, 

demonstrated BSP expression four days after seeding (the earliest time point investigated) 

(Malaval et al., 1994). Additionally, BSP expression prior to the introduction of 

osteogenic supplements was also observed when human MSCs were seeded on a 

nanofibrous PCL scaffold (Li et al., 2005). The early BSP expression may suggest that 

spontaneous differentiation of the MSCs occurred in the three week period of MSC 

expansion, prior to seeding on the constructs. Alternatively, the early BSP expression may 

suggest that the MSCs constitute a heterogeneous population of cells in varying stages of 

differentiation (Aubin, 1998). Spontaneous differentiation of the MSCs may occur with 

increased cell density (Caplan et al., 1983), though in this study passaging of the MSCs 

was conducted before the cells reached 70% confluence to ensure that the MSCs were in 

the “log phase” of cell growth (Jaiswal et al., 1997) to prevent spontaneous differentiation. 

A previous study of chondrogenesis in bovine bone marrow MSCs demonstrated 

spontaneous chondrogenic differentiation in tissue culture and highlighted that species- 

specific differences and differences in the tissue culture conditions result in variously 

reported results in the literature when studying MSC differentiation patterns (Bosnakovski 

et al., 2004). hi the study by Bosnakovski et al. (2004) chondrogenic differentiation of the
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Figure 4.11 Expression of bone-specific protein. The image of the transilluminated 
agarose gels following electrophoresis, to detect (a) BSP, (b) OC and (c) GAPDH 
expression level in the Group A and Group B constructs. One microgramme of 
total RNA for BSP, OC and GAPDH underwent reverse transcription to form the 
respective cDNA transcripts and 1 ^l of each cDNA product was used in the PCR 
for amplification. Subsequently, 10 |liI of each PCR product was loaded into the 
1% agarose gel for electrophoresis prior to ultra violet transillumination. Key: 
Lane 1: Group B unseeded control. Lane 2: Group A unseeded control. Lane 3: 
Group B (day 1), Lane 4: Group A (day 1), Lane 5: Group B (day 14), Lane 6: 
Group A (day 14), Lane 7: Group B (day 21), Lane 8: Group A (day 21), Lane 9: 
Group B (day 28), Lane 10: Group A (day 28), Lane 11: non template control. 
Lane 12: undifferentiated MSCs, Lane 13: positive controls (13(a) UMR 106, 13(b) 
rat lymphocytes) and Lane 14: 14(a) rat lymphocytes. The results presented are 
representative of three runs of the experiment with independent MSC cultures.
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Figure 4,12 Fold increase in BSP RNA expression for Group A and Group B 
constructs seeded with rat MSCs and maintained in supplemented DMEM with 
osteogenic factors. The results presented are representative of three runs of the 
experiment (performed in triplicate) with independent MSC cultures.
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Figure 4.13 Fold increase in OC RNA expression for Group A and Group B 
constructs seeded with rat MSCs and maintained in supplemented DMEM with 
osteogenic factors. The results presented are representative ot three runs of the 
experiment (performed in triplicate) with independent MSC cultures.



bovine MSCs occurred when the cells were seeded at a high density. In the current study, 

a single cell suspension was employed to facilitate even distribution when seeding the 

MSCs on the collagen GAG scaffold. Furthermore, a recent study demonstrated BSP 

expression by human MSCs on the first day of culture with osteogenic factors on tissue 

culture plastic (Manferdini et a/., 2011)

The introduction of osteogenic supplements to an MSC-seeded nanofibrous PCL 

scaffold resulted in an upregulation of BSP expression (Li et al., 2005). In the current 

study, the fold increase in BSP expression levels was shown to increase over the 28 day 

observation period, and were comparable to a previous study of rat MSCs seeded on 

collagen GAG scaffold by Byrne et al. (2008). In the current study, the Group A 

constructs demonstrated a significantly higher fold increase in BSP expression at day 7 

(P=0.025) and day 28 (P=0.034) but not at day 14 (P=0.180) and day 21 (P=0.814), 

indicating that the rate of osteogenic differentiation of the MSCs seeded on the Group A 

constructs was greater than the MSCs seeded on the Group B constructs.

Osteocalcin was not expressed by the MSCs prior to the addition of the osteogenic 

factors, which was also observed previously in a study investigating the differentiation 

patterns of human MSCs on tissue culture plastic (Jaiswal et al., 1997). However, early 

OC expression was observed in human MSCs (Manferdini et al., 2011) immediately prior 

to osteogenic factor supplementation. Human MSCs cultured in the three-dimensional 

nanofibrous PCL scaffold did not detect OC expression at the beginning of the study, but 

the expression levels increased thereafter over a period of three weeks (Li et al., 2005). 

Another study of rat MSCs demonstrated OC expression after 8 days of culture with 

osteogenic supplements on tissue culture plastic (Malaval et al., 1994). In the current 

study, OC expression was evident after one day in tissue culture with osteogenic factors 

for all specimens. An in vitro study of the differentiation pattern of rat calvarial 

osteoblasts cultured on collagen-coated tissue culture plastic (in the presence of 50 |ig/ml 

of ascorbic acid and 50 mM P-glycerophosphate), the OC expression levels were 

detectable after 7 days in culture and the expression levels increased 4-5 fold after 19 days 

(Lynch et al., 1995), compared with an approximate 8 fold increase in relative OC 

expression levels in the current study.

The fold increase in the OC expression levels for the Group A constructs was 

significantly higher than the Group B constructs at day 1 and day 28 (P=0.027), but there 

was no significant difference between the constructs groups at day 14 (P=0.234) and day 

21 (P=0.101). In the literature, a study that investigated the osteogenic potential of rat 

MSCs seeded on poly(DL-lactic-co-glycolic acid) scaffolds also demonstrated RNA
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expression for OC 14 days after seeding (Goldstein et al., 2001) which confirm the 

findings of the current study. While the level of gene expression does not necessarily 

reflect the amount of protein expressed by cells post-translationally, the relative increase 

in RNA expression suggests that the MSCs were undergoing osteogenic differentiation 

(Greenbaum et al., 2003).

The information derived from immunoblotting (the presence of bone matrix 

proteins within the constructs) and the RT-PCR analyses (the fold increase in gene 

expression of bone matrix proteins), were complementary. An increased rate of RNA 

expression at the transcriptional stage is indicative of intracellular activity resulting in 

increased synthesis of bone matrix proteins at the translational stage, which are 

subsequently deposited extracellularly. In addition, immunoblotting demonstrated the 

presence of BSP at day 7, 14 and 28 in the Group A and Group B constructs. The RT-PCR 

analyses demonstrated a significant fold increase in BSP expression in the Group A 

constructs between days 1 and 7, 1 and 14 and 1 and 28 while significant fold increases in 

BSP expression by the Group B constructs occurred between days 1 and 14 and days 1 

and 21 but not between days 1 and 7.

Immunoblotting demonstrated the presence of OC at days 14 and 28 in both 

construct groups. The RT-PCR results were in agreement where a significant fold increase 

in OC expression occurred between days 7 and 14. Moreover, a significant fold increase 

was evident in OC expression levels for the Group A constructs between days 1 and 7, and 

OC was not detected until day 14 using immunoblotting. It is postulated that while the 

fold increase in expression levels were significant, the quantity of OC deposited was 

insufficient for the sensitivity of the assay.

4.3. Immunohistochemical Analysis

The aim of the current section of the study was to perform immunohistochemical analyses 

of MSC-seeded Group A and Group B specimens to identify the presence and location of 

BSP and OC production within MSC-seeded Group A and Group B specimens maintained 

in supplemented DMEM, further supplemented with osteogenic factors, at 1,7, 14, 21 and 

28 day time intervals.

Prior to immunhistochemical analyses the glass microscope slides were immersed

in a subbing solution to facilitate the adhesion of the microscopic sections during the

immunohistochemical process. The subbing solution was prepared by dissolving 2.5 g of

gelatine (Sigma Aldrich Ltd., Dublin, Ireland) in 500 ml of ultra pure water and 0.25 g of

chromatum was dissolved in the gelatine solution, heated to 60°C, removed from the heat
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and filtered using a Whatman filter paper (Sigm a Aldrich Ltd., Dublin, Ireland). The 

gelatine solution was reheated to 60°C, the glass slides dipped, removed and allowed to 

air-dry when covered to prevent dust accumulation.

4.3.1. Specimen Preparation

Ten Group A (EDAC crosslinked collagen GAG scaffold) and ten Group B (EDAC  

crosslinked collagen GAG scaffolds bonded to collagen-coated titanium disc) specimens 

were prepared (Section 4.1.1) and half were placed in 5 ml o f supplemented DM EM  at 

37°C in the CO2 incubator for 24 h. The remaining Group A and Group B specimens were 

seeded with 5x10^ MSCs and incubated in the CO 2 incubator for 24 h in 5 ml of 

supplemented DM EM  maintained at 37°C. Following incubation, the specimens were 

replaced in 5 ml o f  fresh supplemented DMEM which was further supplemented with 

osteogenic factors (10 nM dexamethasone, 10 mM P-glycerophosphate and 0.5 mM 2- 

phospho-L-ascorbic acid, trisodium salt) and maintained at 37°C under normal incubation 

conditions. One unseeded and one M SC-seeded specim en from each group were removed 

following one day incubation and placed in the M icroflow Class II laminar flow  hood. The 

Group B scaffold specimens were removed from the titanium surfaces with a sterile 

scalpel as outlined previously. The unseeded and M SC-seeded specim ens were fixed in 

0.5 ml o f a 40 g/1 solution o f paraformaldehyde in IX  DPBS for 30 min, placed in a 

plastic cassette and embedded overnight in paraffin wax in a Leica A SP300 automatic 

tissue processing machine (Leica M icrosystems, Nussloch GmbH, Germany). The paraffin 

wax-embedded specim ens were mounted in paraffin wax and the process was repeated for 

the 7, 14, 21 and 28 day unseeded and M SC-seeded specimens.

Preliminary optimisation o f antibody concentrations was conducted prior to 

analysis o f all m icroscopic sections and the primary and secondary antibody 

concentrations were selected to be 1:500 and 1:1000, respectively (analysis not shown). 

One M SC-seeded and one unseeded specim en from Group A, one M SC-seeded and one 

unseeded specimen from Group B from day 21 were chosen for optimisation o f antibody 

concentrations. Unseeded and M SC-seeded paraffin wax sections (10 |um thickness) were 

prepared on a microtome, mounted onto subbed glass slides and incubated overnight at 

60°C to facilitate adhesion. Following incubation, the microscopic sections were 

deparaffinised and rehydrated by immersion in xylene (Sigma Aldrich Ltd., Dublin, 

Ireland) on three separate occasions for 3 min each. Then 100% ethanol (Sigm a Aldrich 

Ltd., Dublin Ireland) was used on three occasions for 2 min, 95% ethanol for 2 min, 80% 

ethanol for 2 min, 70% ethanol for 2 min and IX DPBS for 5 min. Antigen retrieval o f  the
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unseeded and MSC-seeded (Group A and B) specimens was performed by immersion of 

the slides in 10 mM sodium citrate, prepared by dissolving 2.94 g of sodium citrate 

(Sigma Aldrich Ltd., Dublin, Ireland) in one litre of ultra pure water. The slides were 

sealed with saran wrap and boiled in a microwave oven operating at 800 W for 10 min and 

any sodium citrate lost to evaporation was replaced to ensure that the slides remained 

immersed during a further 10 min in the microwave oven operating at 800 W. The slides 

were allowed to cool to room temperature for 20 min and immersed in IX DPBS for 5 

min. The microscopic sections were circled with a PAP pen and 300 |nl of blocking buffer 

solution, prepared by dissolving 5 g of bovine serum albumin (Sigma Aldrich Ltd., 

Dublin, Ireland) and 500 |j 1 of Tween-20 in 100 ml of IX DPBS was pipetted onto the 

microscopic sections. The slides were incubated in the humidified chamber for 1 h at 

room temperature and following incubation, the blocking buffer was drained from the 

slides and discarded. To detect BSP or OC production, purified rabbit anti-BSP polyclonal 

antibody (LF-84, Dr Larry Fisher, NIDCR, MD, USA) or rabbit anti-OC polyclonal 

antibody (Millipore, CA, USA), respectively was pipetted over the microscopic sections at 

dilutions of 1:500, 1:1000 and 1:2000 in blocking buffer, in the humidified chamber and 

incubated at 4°C overnight (Table 4.2) to determine the optimum primary antibody 

concentration. To eliminate background interference, unseeded and MSC-seeded Group A 

and Group B specimens served as controls. The slides were covered with blocking buffer 

and stored in the humidified chamber at 4°C overnight. Following incubation, the 

microscope slides were washed on three separate occasions for 10 min each time in IX 

DPBS. The microscope slides incubated with 1:500, 1:1000 and 1:2000 concentration of 

the primary antibody for BSP and OC. Further slides were then covered with Alexa Fluor® 

488, goat anti-rabbit, highly cross-adsorbed IgG in blocking buffer, at dilutions of 1:1000 

and 1:2000, for 1 h at room temperature when protected from light. A further control was 

covered with blocking buffer for 1 h at room temperature (Table 4.2). The slides were 

again washed on three separate occasions for 10 min each time in IX DPBS, in the dark 

room, mounted using Pro Long® Gold antifade reagent with DAPI (Bio-Sciences, Dublin, 

Ireland) and stored at 4°C overnight in the dark room. The edges of the cover slips were 

sealed with nail polish and the slides were visualised on an Olympus FluoView FVIOOO 

confocal microscope (Mason Technology Ltd., Dublin, Ireland) with an excitation 

wavelength of 488 nm and an emission wavelength of 530 nm.

To detect BSP and OC production in the Group A and Group B specimens for each 

time point (1, 7, 14, 21, and 28 days), lOpm thick sections adhered onto subbed glass 

slides were rehydrated and deparaffinised as described previously. Antigen retrieval of the
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Table 4.2 Optim isation of antibody dilutions for microscopic sections from 
Groups A and B to detect BSP and OC.

Secondary
antibody
dilution

Prim ary antibody dilution

0 1:500 1:1000 1:2000

0 1 - - -

1:1000 1 1 1 1

1:2000 1 1 1 1



microscopic sections was performed by immersion of the slides in 10 mM sodium citrate 

as described previously and a solution of blocking buffer was pipetted onto the 

microscopic sections. The slides were incubated in the humidified chamber for 1 h at 

room temperature. Following incubation, the blocking buffer was drained from the slides 

and discarded. To detect BSP or OC, a 1:500 dilution of rabbit anti-BSP polyclonal 

antibody (LF-84) or a 1:500 dilution of rabbit anti-OC polyclonal antibody (Millipore, 

CA, USA), respectively was pipetted over the microscopic sections in the humidified 

chamber and incubated at 4°C overnight. Following incubation, the slides were washed on 

three separate occasions for 10 min each time in IX DPBS and were then covered in a 

1:1000 dilution of Alexa Fluor® 488, goat anti-rabbit, highly cross-adsorbed IgG for 1 h at 

room temperature, protected from light. The slides were again washed on three separate 

occasions for 10 min each time in IX DPBS, in the dark room and mounted using 

ProLong® Gold antifade reagent with DAPI and stored at 4°C overnight in the dark room. 

The edges of the cover slips were sealed with nail polish and the slides were visualised on 

the Olympus FluoView FVIOOO Confocal microscope with an excitation wavelength of 

488 nm and an emission wavelength of 530 nm. Five random fields were recorded for 

each section. The confocal microscopic images were analysed using Imaris x64 version 

7.2.0 software (Bitplane Scientific Software, Dublin, Ireland), which facilitated a 

measurement of the stained area of each section and was employed as a measure of 

extracellular matrix protein deposited within the construct.

4.3.1.1. Results

Immunohistochemistry facilitated localisation and quantification of BSP and OC 

deposited within the MSC-seeded specimens (Group A and B). Figure 4.14(a,d) and 

Figure 4.15(a,d) are representative fluorescent immunohistochemical images of Group A 

and Group B specimens labeled for BSP at 1 and 28 days, respectively. Figure 4.14(b,e) 

and Figure 4.15(b,e) show the same sections illustrated in Figure 4.14(a,d) and Figure 

4.15(a,d), respectively and demonstrate the cellular distribution within the Group A and 

Group B specimens, respectively at 1 and 28 days. Figure 4.16(a,d) and Figure 4.17(a,d) 

are representative fluorescent immunohistochemical images of the Group A and Group B 

specimens, respectively at 1 and 28 days, in which OC has been fluorescently labeled. 

Figure 4.16(b,e) and Figure 4.17(b,e) are the same sections shown in Figure 4.16(a,d) and 

Figure 4.17(a,d), and demonstrate the distribution of the DAPI-labeled MSCs within the
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collagen GAG scaffold of the Group A and Group B constructs, respectively at 1 and 28 

days.

4.3.2. Quantitative Immunuhistuchemieal Analysis

Quantitative analysis of the immunohistochemical analyses was conducted using Imaris 

x64 version 7.2.0 software (Bitplane Scientific Software, Dublin, Ireland), which enabled 

quantitation of the stained area of each section and was employed as a relative measure of 

the extracellular matrix protein deposited within the construct. The data were expressed as 

fold changes in bone specific marker production relative to day 1.

4.3.2.1. Statistical Analysis

A one-way ANOVA at a significance level of P<0.05 and post hoc Tukey’s test when 

used to determine if there was a significant difference in the relative quantities of BSP and 

OC expression levels with time as the dependent variable. The results presented are 

representative of two independent runs of the experiment (conducted in triplicate). In 

addition, an Independent Samples t-test at a significance level of P<0.05 was conducted to 

determine if there was a significant difference in the fold increase in BSP and OC 

deposited at each time point under investigation.

4.3.2.2. Results

Figure 4.18 displays the fold increase in BSP deposited within the Group A and Group B 

specimens. For the Group A specimens a 1.55, 3.09, 3.16 and 1.89 fold increase in BSP 

deposition was observed within the collagen GAG scaffold relative to day 1, for the 7, 14, 

21 and 28 day time points. Statistical analysis of the fold increase in the quantities of BSP 

deposited indicated no significant change in the relative quantity of BSP deposited within 

the Group A constructs between days 1 and 7 (P=0.4). There was a significant fold 

increase in BSP deposited between days 7 and 14 (P=0.003), 7 and 21 (P=0.002) and a 

significant decrease between days 21 and 28 (P=O.OI I). For the Group B constructs, there 

was a 1.59, 2.17, 2.52 and 2.12 fold increase in BSP deposited relative to day 1 for the 7, 

14, 21 and 28 day time points. Statistical analysis of the fold increase in BSP deposited 

within the Group B constructs indicated no significant change between days 1 and 7. A 

significant fold increase in BSP occurred between days 1 and 14 (P=0.001) and 7 and 21 

(P=0.005). Furthermore, statistical analysis comparing both construct groups showed that 

there was no significant difference in the fold increase in BSP deposition for any time 

point under investigation (all P>0.05).
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Figure 4.14, Immunohistochemical detection of BSP in the MSC-seeded collagen GAG scaffolds (Group A constructs) Fluorescent 
immunohistochemical images of microscopic sections of Group A constructs (a) stained to demonstrate the localisation of BSP at 1 day 
and highlighting the concentration of BSP at the seeded surface of the collagen GAG scaffold, (b) DAPI-labelled MSC distribution at 1 
day on the seeded surface of the collagen GAG scaffold, (c) bright field image of collagen GAG scaffold with the arrow indicating the 
seeded surface, (d) stained to demonstrate the localisation of BSP at 28 days and highlighting an increased amount and distribution of 
the BSP throughout the collagen GAG scaffold, (e) DAPI-labelled MSC distribution at 28 days, highlighting an increase in MSCs 
migrated into the collagen GAG scaffold (f) bright field image of collagen GAG scaffold with the arrow indicating the seeded surface 
(scale bars = 200 fim).





Figure 4.15 Immunohistochemical detection of BSP in the MSC-seeded collagen GAG scaffolds bonded to titanium discs (Group B 
constructs). Fluorescent immunohistochemical images of microscopic sections of Group B constructs (a) stained to demonstrate the 
localisation of BSP at 1 day and highlighting the majority of the BSP on the seeded surface with small amounts of BSP within the 
collagen GAG scaffold, (b) DAPI-labelled MSC distribution at 1 day, showing a predominance of MSCs on the seeded surface with MSC 
migration into the collagen GAG scaffold, (c) bright field image of collagen GAG scaffold with the arrow indicating the seeded surface, 
(d) stained to demonstrate the localisation of BSP at 28 days and highlighting an increased concentration of BSP within the collagen 
GAG scaffold, (e) DAPI-labelled MSC distribution at 28 days, showing increased MSC numbers migrated into the collagen GAG 
scaffold compared with 1 day and (f) bright field image of collagen GAG scaffold with the arrow indicating the seeded surface (scale 
bars = 200 pm).





Figure 4.16 Immunohistochemical detection of OC in the MSC-seeded collagen GAG scaffolds (Group A constructs). Fluorescent 
immunohistochemical images of microscopic sections of Group A constructs (a) stained to demonstrate the localisation of OC at 1 day 
and highlighting the production of OC on the seeded surface of the collagen GAG scaffold, (b) DAPI-labelled MSC distribution at 1 day 
and illustrating the MSCs located on the seeded surface of the collagen GAG scaffold, (c) bright field image of collagen GAG scaffold 
with the arrow indicating the seeded surface, (d) stained to demonstrate the localisation of OC at 28 days, and highlighting an increase in 
the amount and distribution of OC within the collagen GAG scaffold, (e) DAPI-labelled MSC distribution at 28 days, showing increased 
MSC numbers migrated into the collagen GAG scaffold compared with 1 day and (f) bright field image of collagen GAG scaffold with 
the arrow indicating the seeded surface (scale bars = 200 pm).





Figure 4,17 Immunohistochemical detection of OC in the MSC-seeded collagen GAG scaffolds bonded to titanium discs (Group B 
constructs). Fluorescent immunohistochemical images of microscopic sections of Group B constructs (a) stained to demonstrate the 
localisation of OC at 1 day and highlighting the majority of the OC on the seeded surface with small amounts of OC within the collagen 
GAG scaffold, (b) DAPI-labelled MSC distribution at 1 day, showing a predominance of MSCs on the seeded surface with MSC 
migration into the collagen GAG scaffold, (c) bright field image of collagen GAG scaffold with the arrow indicating the seeded surface, 
(d) stained to demonstrate the localisation of OC at day 28 and highlighting an increased concentration of BSP within the collagen GAG 
scaffold, (e) DAPI-labelled MSC distribution at day 28 showing increased MSC numbers migrated into the collagen GAG scaffold 
compared with 1 day and (f) bright field image of collagen GAG scaffold with the arrow indicating the seeded surface (scale bars = 200 
pm).
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Figure 4.18 A graph to display the fold increase in BSP production when 5x10® rat 
MSCs were seeded on the Group A and Group B constructs (maintained in tissue 
culture for 28 days with osteogenic factors) by immunohistochemical analysis and 
quantitation of the areas stained for BSP on the microscopic sections. The results 
presented are representative of two runs of the experiment performed in triplicate 
with independent MSC cultures.



Figure 4.19 displays the fold change in OC expression for the Group A and Group B 

specimens. For the Group A specimens, a 2.01, 3.61, 4.75 and 4.14 fold increase in OC 

deposition relative to the day 1 were observed for the 7, 14, 21 and 28 day time points. 

Statistical analysis of the fold change in OC deposition within the Group A constructs 

indicated no significant change in the relative amount of BSP deposited between days 1 

and 7 (P=0.346) but the relative amount of OC deposited increased significantly between 

days 1 and 14 (P=0.003) and between days 7 and 21 (P=0.002). For the Group B 

constructs, an initial fold reduction to 0.92 was observed at day 7 and a 1.74, 2.27 and 

1.48 fold increase in expression was observed for the 14, 21 and 28 day time points. 

Statistical analysis of the fold change in OC deposition within the Group B constructs 

indicated no significant change between day 1 and 7 (P=0.999) but a significant increase 

between days 7 and 21 (P=0.010). Furthermore, statistical analysis comparing both 

construct groups showed Group A constructs demonstrated a significantly higher fold 

increase in OC deposition compared with all time points investigated (all P<0.05).

4.3.2.3. Discussion

Immunohistochemical analyses demonstrated the production of BSP and OC within the 

constructs at 1 day for all specimens. The heterogeneity of the rat MSC population or the 

occurrence of spontaneous differentiation of the rat MSCs prior to seeding on the 

constructs may explain the early detection of BSP or OC by immunohistochemistry. 

Alternatively, the detection of BSP and OC may be due to non-specific binding of the 

antibodies. However, microscopic sections were employed as controls where no 

antibodies were used and these sections served to eliminate the contribution to the 

fluorescence signals as a result of autofluorescence of the collagen (Wold et a i ,  1999) in 

the collagen GAG scaffold. Another control employed a microscopic section, where the 

primary antibody was omitted and served to eliminate the contribution to the final signal 

as a result of non-specific binding of the secondary antibody. The use of appropriate 

control sections ensured that the florescent signal recorded was as a result of antibody 

binding to the bone-specific protein markers (BSP and OC) only.

Immunohistochemical analysis showed that BSP production for the Group A 

specimens was seen largely on the seeded surface of the collagen GAG scaffold at 1 day 

(Figure 4.14a), where the MSCs were located (Figure 4.14b). For the Group B specimens, 

even though the majority of the BSP present at 1 day was observed on the seeded surface 

of the construct, a small quantity was also detected within the scaffold (Figure 4.15a). The 

fold increase in BSP deposition within both construct groups demonstrated a significant
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increase over the 28 day observation period. There was no significant difference between 

the fold increase in BSP deposition between the Group A and Group B constructs for all 

of the time points investigated.

Immunohistochemical analyses demonstrated the presence of OC at day one in 

Group A and Group B specimens with most of the OC produced being located on the 

seeded surface of the collagen GAG scaffold. This result contradicts the findings of Farrell 

et al. (2007), where OC production within the collagen GAG scaffold was not detected 

until 14 days. Another study of miniature pig MSCs seeded in scaffolds fabricated from 

clotted porcine blood plasma and maintained in osteogenic medium did not detect OC 

production by immunhistochemistry until 14 days after seeding (Juhasova et al., 2011). 

Furthermore, immunohistochemical analysis of OC production by rat MSCs seeded on 

PLGA scaffolds in osteogenic medium was not detected for three weeks (Holy et al., 

2000). The differences in the timeframe when OC is produced may be a product of the 

origin of the cell type used, the culture conditions (specifically, the concentration of 

osteogenic supplements) or scaffold type (surface topography, chemistry and pore 

architecture). Since OC is associated with mineralisation (Hauschka et al., 1983), OC 

production in the current study was unexpected because evidence of mineralisation did not 

begin to occur until day 14 for Group A and Group B specimens (Figures 4.39 and 4.45, 

respectively).

The localisation of OC detected by immunohistochemistry was similar to the 

results for BSP localisation at the early time points and occurred at the periphery of the 

collagen GAG scaffold of all specimens. The early localisation of OC within the 

constructs may be explained by the initial spatial distribution of the MSCs (Freed et al., 

1998), as seen by the DAPI-stained sections in Figures (4.16b) and Figures (4.17b), 

respectively. The results indicated a significant fold increase in OC deposition between 

days 1 and 28 for the Group A constructs and days 1 and 21 for the Group B constructs. 

The Group A constructs demonstrated a significantly higher fold increase in OC 

deposition compared with the Group B constructs for all time points investigated, which 

suggested that the MSCs seeded on the Group A constructs were at a more advanced stage 

of osteodifferentiation than the MSC-seeded Group B constructs.

The immunohistochemical analyses provided information on the presence and 

localisation of the bone matrix proteins (BSP and OC) within the constructs and 

quantitative analysis of the confocal microscopic images was used as a measure of the 

relative quantity of bone matrix protein deposited within the constructs. It was expected 

that the information provided by the RT-PCR analyses would therefore reflect the
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Figure 4.19 A grapti to display the fold change in OC production when 5x10^ rat 
MSCs were seeded on the Group A and Group B specimens (maintained in tissue 
culture for 28 days with osteogenic factors) determined by immunohistochemical 
analysis and quantitation of the areas stained for OC in the microscopic sections. 
The results presented are representative of two runs of the experiment performed 
in triplicate with independent MSC cultures.



immunohistochemical analyses. The significant fold increases in BSP expression in the 

Group A constructs between days 1 and 14 and between days 1 and 28 as detected by the 

RT-PCR reflected significant fold increases in BSP deposition within the same specimen 

group by immunohistochemical analyses between days 1 and 14 and between days 1 and 

21. Similarly, for the Group B specimens, significant fold increases in BSP expression 

detected by RT-PCR were observed between days 1 and 14 and between days 1 and 21 

which was in agreement with the immunohistochemical results which also demonstrated 

significant fold increases in BSP deposition between days 1 and 14 and 1 and 21.

Similarly, the RT-PCR analyses for the Group A constructs demonstrated a 

significant fold increase in OC expression between day 1 and each time point thereafter 

which coincided with the significant fold increases detected by the immunohistochemical 

analyses which occurred between days 1 and 14 and between day 1 and each subsequent 

time point. For the Group B constructs, the RT-PCR analyses demonstrated a significant 

fold increase between day 1 and each subsequent time point after day 7 while the 

immunohistochemical analyses showed a significant fold increase was observed between 

days 1 and 21.

4.4. Histological Analysis

The mounted paraffin wax embedded unseeded and MSC-seeded Group A and Group B 

specimens at 1, 7, 14, 21 and 28 days were sectioned into 10 |jm sections on the 

microtome and incubated at 60°C overnight to allow the sections to adhere to the glass 

microscope slides (Section 4.3).

4.4.1. Toluidine Blue Staining

The microscopic sections were stained with toluidine blue to observe the location and 

distribution of MSCs within the MSC-seeded collagen GAG scaffolds. Dewaxing and 

rehydration of the microscopic sections was carried out by placing the microscope slides 

in a slide holder and immersing in xylene for 5 min, 100% ethanol twice for 30 s, 96% 

ethanol for 30 s and 70% ethanol for 30 s, followed by rinsing in water. The microscope 

slides were then immersed in an aqueous solution of 1% toluidine blue for 10 s. The 

microscopic sections were dehydrated by immersion for 30 s intervals in 70% ethanol, 

96% ethanol and twice in 100% ethanol and in xylene on two occasions for 1 min each. 

The slides were then mounted using DPX mounting medium (Sigma Aldrich Ltd., Dublin, 

Ireland).
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4.4.1.1. Results

Representative light microscopy images of transverse sections of collagen GAG scaffolds, 

prepared under different conditions and stained with toluidine blue are displayed in 

Figures 4.20-4.24. A representative image of a collagen GAG scaffold which had been 

immersed in supplemented DMEM with osteogenic factors is shown in Figure 4.20 and 

serves as a negative control. Figure 4.21 displays an image of a collagen GAG scaffold 

seeded with 5x10^ MSCs and maintained in supplemented DMEM with osteogenic factors 

for 28 days. The presence of MSCs are represented by the black dots within the scaffold 

which was stained dark blue by the toluidine blue stain.

Figures 4.22-4.24 are representative images of collagen GAG scaffolds removed 

from the surface of a titanium disc after immersion in supplemented DMEM with 

osteogenic factors. An image of an unseeded collagen GAG scaffold (negative control) 

which had been immersed for 7 days is presented in Figure 4.22, and Figure 4.23 and 

Figure 4.24 show images of scaffolds which had been seeded with 5x10^ MSCs and 

maintained in supplemented DMEM and osteogenic factors for 24 h and 7 day time 

periods. The MSCs are seen as black dots against the dark blue staining of the scaffold.

4.4.2. Haematoxylin and Eosin (H&E) Staining

Staining with H&E was undertaken to observe the location and distribution of MSCs 

within the MSC-seeded collagen GAG scaffolds. The microscopic sections were dewaxed 

and rehydrated in the same manner as described for the toluidine blue staining 

methodology (above). The microscope slides were immersed in Harris’ Haematoxylin for 

25 min, differentiated by immersion in a 1% solution of hydrochloric acid in 70% ethanol 

for 30 s, water for 3 min, and 0.5% (weight/volume) eosin followed by rinsing in water. 

The microscopic sections were then dehydrated and mounted using DPX mounting 

medium in the same manner as described for the toluidine blue staining.

4.4.2.I. Results

Staining with H&E allowed the identification of MSCs seeded within collagen GAG 

scaffold, with MSCs appearing as dark purple nuclei with pink cytoplasm and the collagen 

GAG scaffold stained pink. Figures 4.25-4.30 illustrate representative light microscopy 

images of transverse cross-sections through the centre of the collagen GAG scaffold discs 

prepared under different conditions and stained with H&E. Representative sections of an 

unseeded collagen GAG scaffold which was maintained in supplemented DMEM for 24 h,
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Figure 4.20 Unseeded collagen GAG scaffold following 28 day immersion in 
supplemented DMEM with osteogenic factors, and stained with toluidine blue.

- W - '

Figure 4,21 Collagen GAG scaffold seeded with 5x10' MSCs following 28 day 
immersion in supplemented DMEM with osteogenic factors, and staining with 
toluidine blue, demonstrating MSC migration within the scaffold (arrows).
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Figure 4.22 Unseeded collagen GAG scaffold removed from titanium disc, 
following 7 days immersion in supplemented DM EM  with osteogenic factors, and 
stained with toluidine blue.
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Figure 4.23 Collagen GAG scaffold seeded with 5x10^ MSCs, removed from  
titanium disc, following 24 h immersion in supplemented DM EM  and osteogenic 
factors, and stained with toluidine blue showing MSC migration within the 
scaffold (arrows).



Figure 4.24 Collagen GAG scaffold seeded with 5x10^ MSCs, removed from 
titanium disc, following 7 day immersion in supplemented DMEM and osteogenic 
factors, stained with toluidine blue and demonstrating MSC migration within the 
scaffold (arrows).



prior to H&E staining and viewed under light microscopy at two magnifications are 

illustrated in Figure 4.25(a,b).

A collagen GAG scaffold which had been seeded with 5x10^ MSCs and 

maintained in supplemented DMEM for 24 h (day 1), prior to staining with H&E is shown 

in Figure 4.26. The MSCs seeded on the surface of the collagen GAG scaffold are visible 

as dark purple nuclei and pink cytoplasm. These form a confluent MSC monolayer on the 

seeded surface of the collagen GAG scaffold, as indicated by the arrows.

Figures 4.27-4.30 illustrate collagen GAG scaffolds seeded with 5x10^ MSCs and 

maintained in supplemented DMEM and osteogenic factors for periods of 7, 14, 21 and 28 

days, respectively. After 7 days maintenance, the MSCs remain largely at the surface of 

the collagen GAG scaffold (Figure 4.27), and begin infiltration to depths of approximately 

240 |jm by day 14 (Figure 4.28). The MSCs continued to infiltrate further into the 

collagen GAG scaffold, and reached depths of up to approximately 600 |im  as evidenced 

in Figure 4.29(a,b). Figure 4.29(b) represented a microscopic field which overlapped and 

was subjacent to the microscopic field shown in Figure 4.29(a). Following 28 days of 

maintenance. Figure 4.30 reveals that the MSCs failed to penetrate any deeper into the 

collagen GAG scaffold than at day 21. Figure 4.30(b) represents the microscopic field 

underlying that shown in Figure 4.30(a).

Light microscopy images of representative transverse cross sections of collagen 

GAG scaffold fabricated on a titanium disc, and subsequently removed by dissection are 

shown in Figures 4.31-4.35. Figure 4.31 shows an unseeded collagen GAG scaffold that 

had been immersed in supplemented DMEM for 24 h prior to dissection from the titanium 

and staining with H&E.

The collagen GAG scaffolds bonded to the collagen coated titanium discs were 

seeded with 5x10^ MSCs and maintained in supplemented DMEM for 24 h (Figure 4.32), 

thereafter including osteogenic factors with the supplemented DMEM for 7 days (Figure 

4.33), 14 days (Figure 4.34) and 21 days (Figure 4.35). Cellular infiltration is evident 

throughout the scaffold by 24 h and occurred to the interface between the scaffold and the 

titanium disc.

4.4.2.2. Discussion

The mechanisms by which cells attach to a substrate are important in governing the 

subsequent patterns of differentiation (Chastain et al., 2006) and therefore a histological 

study of the constructs was undertaken. Histological analyses allowed a direct comparison 

of cellular attachment and infiltration of the collagen GAG scaffold of both specimen
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groups (Group A and Group B). The microscopic sections stained with toluidine blue 

(Figures 4.20-4.24) made identification of the cells (dark blue dots within the collagen 

GAG scaffold) difficult because the collagen GAG scaffold was also stained blue. 

Therefore, H&E-stained microscopic sections were subsequently used because of the ease 

of recognising and differentiating the cells (dark pink nuclei and pale pink cytoplasm) 

from within the collagen GAG scaffold (pale pink colour). There were dramatic 

differences in the cell migration into the scaffold in both specimen groups. The MSCs 

were shown to infiltrate to the full depth of the collagen GAG scaffold of the Group B 

specimens, 1 day after seeding. MSC infiltration of the Group A specimens only became 

apparent at 14 days. The delay in MSC migration into the scaffold of the Group A 

specimens is consistent with previous studies, where MSC numbers were significantly 

higher at the periphery of a PGA scaffold for up to 40 days before infiltration to the centre 

of the scaffold occurred (Freed et al., 1998). Rat MSCs demonstrated complete 

penetration of a collagen GAG scaffold similar to that used in the current study at day 21, 

however, both sides o f the collagen GAG scaffold had been seeded (Farrell et al., 2006). 

In the current study, seeding was carried out on only one side of the collagen GAG 

scaffold and the MSCs demonstrated migration to approximately half the thickness of the 

collagen GAG scaffold of the Group A specimens (Figure 4.30), thereby demonstrating a 

comparable rate of cellular migration within the scaffold when compared with the study 

by Farrell et al. (2006). It is postulated that the uneven cell distribution within the collagen 

GAG scaffold occurs as a result o f poor nutrient and metabolite diffusion causing the cells 

to remain on the seeded surface of the scaffold in close proximity to their nutrient supply 

(Goldstein et al., 2001). An in vitro study o f bovine calf chondrocyte-seeded benzylated 

hyaluronan and PGA scaffolds demonstrated that scaffolds cultivated in bioreactors which 

encouraged improved perfusion of the scaffolds resulted in higher cell numbers which 

were more homogenously distributed and produced higher amounts of extracellular matrix 

than cell-seeded scaffolds in static culture (Pei et al., 2002).

Furthermore, the cell distribution within the constructs observed with H&E 

staining was similar to the observed distribution of the DAPI-stained MSCs detected by 

immunohistochemistry (Figures 4.14b, 4.15b, 4.16b and 4.17b). It is postulated that the 

differential distribution of MSCs within the collagen GAG scaffold of the Group A and 

Group B specimens was a result o f the stainless steel spacer used to standardise the 

thickness of collagen GAG scaffold on the titanium disc, which resulted in a disturbance 

in the integrity o f the scaffold and inadvertently acted as a direct conduit for the M SCs to 

the scaffold titanium interface.
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Figure 4.25 Unseeded collagen GAG scaffold following 24 h immersion in 
supplemented DMEM, and stained with H&E (a) showing the final thickness of the 
collagen GAG scaffold to be approximately 2 mm, (b) highlights a similar pore size 
occuring throughout the thickness of the collagen GAG scaffold.
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Figure 4.26 Collagen GAG scaffold seeded with 5x10^ MSCs maintained in 
supplemented DMEM for 24 h and stained with H&E highlighting the MSC 
monolayer on the seeded surface (arrows) and an even pore size and distribution 
similar to the non-seeded collagen GAG scaffold.
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Figure 4,27 Collagen GAG scaffold seeded with 5x10^ MSCs following 7 day 
immersion in supplemented DMEM with osteogenic factors, and stained with H&E 
showing MSCs mainly on the seeded surface with a small number of cells 
migrating into the scaffold (arrows).



Figure 4,28 Collagen GAG scaffold seeded with 5x10'*̂  MSCs following 14 day 
immersion in supplemented DMEM with osteogenic factors and staining with 
H&E, demonstrating cellular migration into the scaffold (arrows).
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Figure 4.29 Collagen GAG scaffold seeded with 5x10  ̂ MSCs following 21 day 
immersion in supplemented DMEM with osteogenic factors, and staining with 
H&E (a) MSC-seeded surface and (b) overlapping subjacent microscopic field 
demonstrating MSC migration into the scaffold (arrows).
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Figure 4.30 Collagen GAG scaffold seeded with 5x10  ̂ MSCs following 28 day 
immersion in supplemented DMEM with osteogenic factors, and staining with 
H&E (a) MSC-seeded surface and (b) subjacent microscopic field, showing MSC 
migration into the scaffold (arrows).
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Figure 4.31 Unseeded collagen GAG scaffold removed from titanium disc, 
following 24 h immersion in supplemented DMEM, and stained with H&E (a) 
illustrating the final thickness of the collagen GAG scaffold to be approximately 
1,5 mm (x40), (b) showing the scaffold pore structure at higher magnification.
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Figure 4.32 Collagen GAG scaffold seeded with 5x10'*' MSCs, removed from 
titanium disc, following 24 h immersion in supplemented DMEM, and stained with 
H&E showing MSC infiltration throughout the scaffold to the interface between 
the scafTold and the titanium disc (arrows).

Figure 4.33 Collagen GAG scaffold seeded with 5x10^ MSCs, removed from 
titanium disc, following 7 day immersion in supplemented DMEM with osteogenic 
factors, and stained with H&E showing MSC infiltration of the scaffold (arrows).
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Figure 4.34 Collagen GAG scaffold seeded with 5x10' MSCs, removed from 
titanium disc following 14 day immersion in supplemented DMEM with osteogenic 
factors, and staining with H&E.
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Figure 4.35 Collagen GAG scaffold seeded with 5x10^ MSCs, removed from 
titanium disc following 21 day immersion in supplemented DMEM with osteogenic 
factors, and staining with H&E



4.4.3. Alizarin Red-S Staining

The microscopic sections from Section 4.3 were stained with 2% Alizarin red to 

demonstrate calcium deposits within the microscopic sections. The 2% Alizarin red 

solution was prepared by dissolving 2 g of Alizarin red-S (Sigma Aldrich Ltd., Dublin, 

Ireland) in 100 ml of ultra pure water and adjusting the pH to 4.1 by adding 10% 

ammonium hydroxide. The sections were dewaxed and rehydrated in the same manner as 

described for the toluidine blue staining and immersed in the 2% Alizarin red solution for 

5 min. When the staining was complete the slides were washed on five occasions for 2 

min each in ultra pure water and the sections were dehydrated and mounted using DPX 

mounting medium.

4.4.3.1. Results

Transverse sections of collagen GAG scaffolds, prepared under different conditions, were 

stained with Alizarin Red-S to investigate the presence of calcified deposits. Figures 4.36- 

4.41 illustrate representative light microscopy images of the transverse cross-sections 

through the centre of the collagen GAG scaffold discs. A representative section of an 

unseeded collagen GAG scaffold which had been immersed in supplemented DMEM for 

24 h, prior to staining with Alizarin Red, and viewed under light microscopy is illustrated 

in Figure 4.36. This microscopic section represents a negative control where there is no 

evidence of calcification within the collagen GAG scaffold.

Figure 4.37 and 4.38 show cross-sections through collagen GAG scaffolds that had 

been seeded with 5x10^ MSCs and maintained in supplemented DMEM which was further 

supplemented with osteogenic factors for 1 and 7 days. Both sections (Figure 4.37, 4.38) 

demonstrated a lack of staining for calcified deposits within the collagen GAG scaffolds. 

An image of a collagen GAG scaffold seeded with MSCs and maintained in a similar 

manner for a period of 14 days is represented in Figure 4.39. A small number of 

microscopic foci of red stain, representing calcified nodules are visible up to 

approximately 500 |im  from the seeded surface of the collagen GAG scaffold (arrows). 

More widespread staining is visible on the seeded surface of the scaffold.

The staining within the collagen GAG scaffold became more intense and more 

widespread 21 days after seeding and maintenance in the same manner. Figure 4.40 

demonstrates evidence of calcified nodules throughout the scaffold, with calcification 

occurring over the entire seeded surface. Figure 4.41 shows an MSC-seeded collagen
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GAG scaffold after 28 days maintenance. The red stain on the surface and within the 

subsurface region of the scaffold is even more intense than seen in Figure 4.40.

A transverse microscopic section of a collagen GAG scaffold bonded to a titanium 

disc and maintained in supplemented DMEM for 24 h, prior to removal of the scaffold 

from the titanium disc and staining with Alizarin Red-S is shown in Figure 4.42. This 

section was employed as a negative control, with no evidence of calcification. Figure 4.43 

and 4.44 reveal an absence of red stain within the MSC-seeded collagen GAG scaffolds 

maintained for 1 and 7 days. Following 14 days maintenance in supplemented DMEM 

with osteogenic factors, some minor amounts of red stain within and on the seeded surface 

of the scaffold became apparent, as seen in Figure 4.45. The intensity of the red stain on 

the seeded surface of the scaffold was greater after 21 days (Figure 4.46).

4.43.2. Discussion

Deposition of a calcified extracellular matrix is a late marker of osteogenesis (Owen et al., 

1990) and previously, rat MSCs have demonstrated the appearance of calcified nodules 

when grown on tissue culture plastic in the presence o f |3-glycerophosphate, ascorbic acid 

and dexamethasone (Maniatopoulos et al., 1988, Beresford et al., 1993). In addition, 

human MSCs grown on tissue culture plastic also showed evidence of calcification after 

21 days in culture in the presence of similar osteogenic factors (Coelho and Fernandes, 

2000). In another study, human MSCs grown on tissue culture plastic in the presence of 

osteogenic factors (P-glycerophosphate, ascorbic acid and dexamethasone) began to show 

evidence of mineralised deposits at 12 days with extensive mineralisation evident at 16 

days (Jaiswal et al., 1997). Furthermore, mineralisation of nodules formed by culturing rat 

MSCs on tissue culture plastic began after 10 days (Malaval et al., 1994).

The behaviour (attachment, proliferation and differentiation) of cells, however, is 

different in three dimensional environments (scaffolds) compared with the two- 

dimensional tissue culture plastic (Farrell et al., 2007). An in vitro study of rat marrow 

stromal cells seeded in three-dimensional porous poly(DL-lactic-co-glycolic acid) (PLGA) 

scaffolds demonstrated the deposition of a calcified matrix over the 56 day observation 

period. The authors did not, however, specify when evidence of mineralisation 

commenced (Ishaug et al., 1997). To investigate the differences that cell type and origin 

would have on the quantity and depth of mineralised matrix deposition, a further in vitro 

study of the capacity for rat calvarial osteoblasts to deposit a mineralised matrix in PLGA 

scaffolds over a similar observation period was conducted (Ishaug-Riley et al., 1998). The 

rat marrow stromal cells were expected to comprise a more heterogeneously diverse
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Figure 4.36 Unseeded collagen GAG scaffold following 24 h immersion in 
supplemented DMEM, and stained with Alizarin Red-S.
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Figure 4.37 Collagen GAG scaffold seeded with 5x10' MSCs maintained in 
supplemented DMEM for 24 h and stained with Alizarin Red-S.
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Figure 4.38 Collagen GAG scaffold seeded with 5x10^ MSCs following 7 day 
immersion in supplemented DMEM with osteogenic factors, and stained with 
Alizarin Red-S.
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Figure 4.39 Collagen GAG scaffold seeded with 5x10^ MSCs following 14 day 
immersion in supplemented DMEM with osteogenic factors, and staining with 
Alizarin Red-S. The arrows indicate small foci of calciflcations within the 
scaffold
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Figure 4.40 Collagen GAG scaffold seeded with 5x10^ MSCs following 21 day 
immersion in supplemented DMEM with osteogenic factors, and staining with 
Alizarin Red-S. Arrows indicate widespread distribution of microscopic calcified 
nodules within the scaffold.
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Figure 4.41 Collagen GAG scaffold seeded with 5x10^ MSCs following 28 day 
immersion in supplemented DMEM with osteogenic factors, and staining with 
Alizarin Red-S. The arrows demonstrate intense staining on the seeded surface 
of the scaffold.



Figure 4.42 Unseeded collagen GAG scaffold removed from titanium disc, 
following 24 h immersion in supplemented DMEM, and stained with Alizarin 
Red-S.
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Figure 4.43 Collagen GAG scaffold seeded with 5x10^ MSCs, removed from 
titanium disc, following 24 h immersion in supplemented DMEM, and stained 
with Alizarin Red-S.
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Figure 4.44 Collagen GAG scaffold seeded with 5x10^ MSCs, removed from 
titanium disc, following 7 day immersion in supplemented DMEM with 
osteogenic factors, and stained with Alizarin Red-S.
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Figure 4.45 Collagen GAG scaffold seeded with 5x10^ MSCs, removed from 
titanium disc following 14 day immersion in supplemented DMEM with 
osteogenic factors, and staining with Alizarin Red-S demonstrating red staining 
of the surface with minor amounts of red stain within the scaffold.
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Figure 4.46 Collagen GAG scaffold seeded with 5x10^ MSCs, removed from 
titanium disc following 21 day immersion in supplemented DMEM with 
osteogenic factors, and staining with Alizarin Red-S and demonstrating stained 
calcified nodules throughout the scaffold (arrows).



population of osteogenic progenitors compared with the calvarial osteoblasts w'hich were 

of a more differentiated phenotype. Despite the rat calvarial osteoblasts demonstrating a 

lower alkaline phosphatase activity, which was indicative o f a more mature osteoblastic 

phenotype when compared with the rat marrow stromal cells, both studies revealed that 

the depth of penetration (200 pm ) and the amount of calcified matrix in the scaffold were 

similar.

In the current study, evidence of a calcified matrix became apparent 14 days after 

seeding both construct groups, however, a calcified matrix only became apparent 21 days 

after seeding a similar collagen GAG scaffold when reported by Farrell et al, (2007). Most 

of the calcified matrix observed in the current study occurred on the seeded surface of the 

collagen GAG scaffold of both Group A (Figures 4.37-4.41) and Group B (Figures 4.43- 

4.46) constructs. For the Group A constructs the distribution of calcified matrix reflected 

the distribution of the MSCs within the constructs (Figure 4.26-4.30). Small areas of 

calcification within the Group B specimens were observed throughout the collagen GAG 

scaffold from 14 to 21 days (Figures 4.45 and 4.46). Most of the calcification occurred 

within 100 |am of the seeded surface of the collagen GAG scaffold. It is postulated that the 

limited depth of the calcified matrix within the collagen GAG scaffold in the current study 

was due to diffusion limitations of the tissue culture medium through the calcified matrix 

on the MSC-seeded surface (Dunkelman et al., 1995). The scaffolds used by Ishaug-Riley 

et al. (1998) had pore sizes of 150-300 pm , where the depth of mineralised matrix 

deposition was limited to 200 pm  within the PLGA scaffold after a 56 day observation 

period. In the current study, a collagen GAG scaffold with a pore size of 96 pm  was used 

(O’Brien et al., 2005) which could explain the depth of the calcified matrix being limited 

to 100pm.

Complete calcification within the collagen GAG scaffold failed to occur, which 

may be due to insufficient time being allowed during the course of experimentation. 

Previously, Farrell et al. (2007) demonstrated complete calcification of collagen GAG 

scaffolds occurred after seven weeks compared with the four weeks observation period of 

the current study. For the Group A constructs, substantial MSC migration into the 

collagen GAG scaffold only occurred after 21 days and reflected the widespread 

deposition of microscopic calcification (Figure 4.40). In contrast, the Group B constructs 

demonstrated qualitatively less calcification despite the earlier migration of the MSCs into 

the collagen GAG scaffold. The use of static cultures has previously demonstrated an 

uneven distribution of calcified matrix within a tissue engineering scaffold (Ishaug-Riley 

et al., 1998). An in vitro study of MC3T3-E1 osteoblasts cultured on tissue culture plastic
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showed that fluid flow within the tissue culture dish enhanced gene expression of an early 

osteoblastic transcription factor (erg-1) compared with static culture conditions (Ogata, 

2000). Furthermore, MC3T3-E1 osteoblasts grown on collagen-coated tissue culture 

plastic showed increased osteopontin (bone specific marker) expression levels when the 

tissue culture system was subjected to increased fluid forces, induced by flow of the tissue 

culture medium (Owan et a i,  1997). Additionally, a study of fluid flow within three- 

dimensional tissue culture systems showed an increased rate of cartilage tissue formation 

by rabbit articular chondrocytes cultured in PGA scaffolds in a bioreactor compared with 

culturing in a static culture (Dunkelman et al., 1995). Therefore, it is hypothesised that 

osteogenesis within the constructs used in the current study may have significantly been 

improved by culturing within a bioreactor that would have more efficiently controlled the 

introduction of nutrients to and removal of cellular waste products from deeper aspects of 

the collagen GAG scaffold (Buckley and O'Kelly, 2010).

The conclusions of this chapter;

• The rat MSCs demonstrated the deposition of Bone sialoprotein and Osteocalcin 

during the 28 day observation period as determined by immunoblotting.

• There was a progressive increase in the relative rates of BSP and OC expression 

throughout the experimentation period as determined by RT PCR.

• There was a progressive increase in the relative amounts of BSP and OC 

deposition within the scaffold bonded to titanium specimens over the 

experimentation period as determined by immunohistochemistry.

• The histological analysis revealed that the rat MSCs attached to and progressively 

migrated deeper within the scaffold bonded to titanium specimen.

• Additional histological analysis demonstrated that there was a qualitative increase 

in calcified deposits within the scaffold bonded to titanium specimen throughout 

the experimentation period.

• The osteogenic potential of the collagen GAG scaffold was superior to the scaffold 

bonded to titanium.
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Chapter 5

General Discussion
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5.1. General Discussion

The current study was designed to address the numerous shortcomings in the current 

surgical techniques for bone grafting and was aimed at developing a novel technique for 

generating three-dimensional osseous tissue growth on commercially pure titanium.

A commercially pure titanium surface was treated to generate a biomimetic surface 

that facilitated immobilisation of the collagen GAG scaffold in order to simulate in vitro 

conditions when a dental implant is placed in alveolar bone. Additionally, bonding of the 

collagen GAG scaffold to the titanium surface prevented scaffold detachment as a result of 

the contractile forces generated when the rat MSCs were seeded. To facilitate bonding to 

the titanium surface, atmospheric pressure plasma treatment was completed to deposit a 

thin layer using polymethylhydrogen siloxane and tetraethylorthosilicate as the plasma 

monomer. Subsequent oxidation and grafting of the plasma-deposited layer with acrylic 

acid provided a source of carboxylate groups necessary for bonding to the amine side 

chains of an applied collagen suspension using the water soluble coupling agent, EDAC.

Collagen is a convenient physiological substrate to study osteoblastic cell 

interactions (Shi et al., 1996) and contains the cell-binding ligand RGD (Arg-Gly-Asp) 

(Ruoslahti and Pierschbacher, 1987). Saos-2 human osteoblastic cells demonstrated 

improved levels of attachment and proliferation on tissue culture plastic coated with 

bovine collagen (Masi et al., 1992). Additionally, Saos-2 osteoblastic cells placed on a 

collagen-coated surface showed enhanced expression of the bone-specific markers, 

alkaline phosphatase and osteocalcin (Masi et al., 1992). Furthermore, in the fields of 

implantology and orthopedics, an in vitro study of bovine collagen-coated Ti6A14V 

titanium alloy discs demonstrated enhanced biocompatibility of the metal alloy by 

improved adhesion of primary rat calvarial osteoblasts when compared with uncoated 

Ti6A14V titanium alloy (Roehlecke et al., 2001). On collagen-coated titanium, the rat 

calvarial osteoblasts showed a higher proliferative capacity, with increased expression of 

the bone-specific marker osteopontin, when compared with the uncoated Ti6A14V 

titanium alloy (Roehlecke et al., 2001), thereby demonstrating the benefits of collagen 

coated substrates in stimulating osteogenesis. In the current study, the collagen-coupled 

titanium discs were immersed in a collagen GAG slurry and processed in the freeze-dryer. 

The resulting specimen comprised a 3 mm thick layer of collagen GAG scaffold on the 

collagen-coupled titanium surface. The collagen GAG scaffold was coupled to the 

collagen during the dehydrothermal and EDAC/NHS crosslinking processes.
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The temporal sequence of bone-specific marker detection differs in the literature, and may 

be as a result of varying cell types (Zeltinger et al., 2001) seeded and maintained on three- 

dimensional scaffolds with widely differing surface topographies and chemistries 

(Zeltinger et al., 2001). Additionally, the scaffolds used in different studies vary according 

to the method of manufacture with differing porous architecture (pore size, distribution 

and pore:volume fraction) (Haugh et al., 2011). In the current study, the results of the 

immunoblotting, the bone-specific marker expression studied by RT-PCR and the bone- 

specific marker deposition observed by the immunohistochemical analyses demonstrated 

an organised synthesis and deposition of bone matrix protein progressively deeper within 

the scaffold over the 28 day experimentation period. The rat MSCs demonstrated 

osteogenic differentiation manifest as the upregulation of the genes governing bone matrix 

protein synthesis. The results of the RT-PCR analysis indicated that there was an increase 

in the rate of bone-specific protein expression. Immunoblotting and immunohistochemical 

analyses demonstrated the deposition of the bone matrix proteins within the scaffold 

matrix. Immunohistochemical analyses showed that the bone-specific markers (BSP and 

OC) were observed within the constructs over the 28 day observation period. The 

histological analysis which employed the Alizarin red stain demonstrated an increase in 

the amount of calcified extracellular matrix deposition. The delayed increase in OC 

expression in the Group B constructs delected by RT-PCR and the delay in OC deposition 

in both constructs groups (Groups A and B) were expected since OC is associated with 

bone matrix mineralisation, which did not commence until day 14 as observed by the 

histological analysis using the Alizarin red stain. The significant fold increase in OC 

expression by the Group A constructs at day 7, however, was unexpected since matrix 

mineralisation did not occur until day 14. The reason for the early fold increase in OC is 

not known but this difference in cell function may be due to the differential in cellular 

distribution and migration within both construct groups. The MSCs demonstrated rapid 

infiltration within the scaffolds of the Group B constructs but relatively slower migration 

into the Group A constructs as the MSCs were simultaneously undergoing proliferation. 

Caplan et al. (1983) highlighted that an increase in MSC density could induce 

differentiation. The resulting increase in MSC density on the seeded surface of the Group 

A constructs as a result of failure of the MSCs to migrate into the scaffold, while 

concurrently undergoing active proliferation, may have induced earlier differentiation with 

a resultant early fold increase in OC expression.

The majority of the calcified matrix deposition occurred close to the seeded 

surface of the construct with little calcification occurring in the deeper aspects of the
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construct and at the titanium-scaffold interface. A reduced scaffold permeability resulting 

from the developing calcified matrix on the seeded surface may have limited the perfusion 

of the tissue culture medium to deeper aspects o f the collagen GAG scaffold, thereby 

compromising the viability of the MSCs and the ability o f the MSCs to produce additional 

extracellular matrix. However, histological analyses demonstrated the distribution of 

MSCs deeper within the constructs at later time points under investigation. It is intended 

that the initial bone matrix deposition should occur at the scaffold titanium interface so 

that subsequent calcification of the deposited matrix would not prevent perfusion o f the 

seeded surface of the scaffold, thereby interfering with further bone matrix development. 

The perceived benefits of initial cell seeding of the scaffold-titanium interface may be 

offset by the difficulty with maintaining nutrient availability to, and cellular waste 

removal from deeper parts of the scaffold. Indeed, the lower rate o f cell migration in the 

collagen GAG scaffolds (Group A) compared with the scaffolds bonded to titanium 

(Group B) in the current study may have a direct influence on the patterns o f osteogenic 

differentiation observed since it has previously been demonstrated that an association 

exists between cell shape and the patterns of cell behaviour such as cell attachment 

(Anselme et al., 2000) and cellular differentiation (Clark and Brugge, 1995).

It is not known to what extent the MSC numbers achieved in the current study 

matched the capacity of the collagen GAG scaffold in terms of the number of available 

cell binding ligands. The maximum MSC numbers that could be accommodated by the 

collagen GAG scaffold depends on a number of factors namely:

• the MSC number seeded on the collagen GAG scaffold (Ishaug-Riley et al., 1998),

•  the cell density within the tissue culture medium immediately prior to seeding 

(Buckley and O'Kelly, 2010),

• the MSC seeding efficiency (Buckley and O'Kelly, 2010),

• the state of hydration of the scaffold (O 'Brien et al., 2004),

• the scaffold architecture parameters, namely the porosity, the effective surface area 

of the scaffold and the surface characteristics (surface topography and chemistry) 

of the collagen GAG scaffold (Zeltinger et al., 2001).

• the nature of the porosity of the scaffold relating to pore interconnectivity and 

tortuosity which govern the flow of fluids and therefore nutrient delivery within 

the scaffold (O 'Brien et al., 2007).
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In the current study, the process of osteogenesis was studied by evaluation o f the gene- 

expression levels of bone-specific markers and by evaluation of the deposition o f the 

protein markers by immunological techniques, to demonstrate the formation of an 

extracellular osseous matrix. However, despite the statistically significant results obtained 

in the current study, the relevance of these findings in terms of the interrelationships of the 

bone-specific marker synthesis and matrix deposition is not clear. Variability within 

independent cell populations, cell counting, titrating equal volumes of supplements in the 

tissue culture medium and inter batch variability of the tissue culture medium 

supplements, particularly FBS, may lead to biologically significant differences in cell 

behaviour and patterns of differentiation. Furthermore, small variations in the 

concentration o f collagen and chondroitin-6-sulphate in the fabrication of the collagen 

GAG scaffold and small time variations during scaffold crosslinking had the capacity to 

influence the microscopic three-dimensional architecture of the scaffold with subsequent 

effects on cell attachment (O'Brien et al., 2005), cell proliferation and cell differentiation 

(Zeltinger et al., 2001), thereby affecting subsequent results. The complexity inherent in 

biological experiments means that applying mathematical models using arbitrary P values 

to analyse data bears little relevance to the biological importance of the results obtained 

(Kraemer and Kupfer, 2006). The P value is a mathematical measure o f the probability 

that a result was due to a random event, but provides no information on the biological 

effect or importance of the result (Gelman and Stem, 2006). Therefore, while the results 

obtained from the RT-PCR and immunohistochemical analyses in the current study 

demonstrate that the rat MSCs were undergoing osteogenic differentiation, the biological 

importance o f these statistically significant results as they pertain to the process of 

osteogenesis is not known. To determine if a statistically significant result was of 

biological importance, calculation of an effect size would be required (Hojat and Xu, 

2004). The effect size may be considered an index of the degree to which the statistically 

significant result had practical significance in terms of the biological system under 

evaluation (Hojat and Xu, 2004). While recognising the limitations associated with 

statistical testing of the data in the experiments, efforts were made to account for 

variability by using independent cell lines for multiple experiments, using different 

batches of reagents for maintenance of the M SC-seeded constructs and recording the 

results in triplicate. Additionally, positive and negative controls were used for each 

experiment to ensure the validity of the results and despite the variations, similar trends 

were observed in all experiments.
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The surface topography of the commercially pure titanium discs was altered by grinding 

using silicon carbide abrasive discs and by alumina particle air abrasion. Optical 

profilometric analysis revealed that silicon carbide abrasive paper provided nominally 

identical surface roughness values and alumina particle air abrasion was less predictable. 

Therefore, the alumina particle air abrasion process was eliminated from further 

investigation. Additionally, the XPS results indicated that the titanium surface comprised 

a Ti02 surface which demonstrated the ubiquitous airborne carbon contamination (Crist, 

2000), but no contamination from the silicon carbide abrasive medium was detected 

(Miyakawa et al., 1996). Failure to detect contamination due to the abrasive medium may 

be as a result of the steam cleaning process which was employed immediately following 

the grinding process.

A number of techniques were investigated to generate a collagen GAG scaffold 

that would remain adherent to the titanium surface in the presence of the rat MSCs. The 

proposed mechanisms of adhesion investigated were physical in nature. The extracellular 

matrix synthesised by the MSCs failed to provide sufficient adhesive retention for the 

scaffold and the use of the adhesive fibrin gel to retain the scaffold also failed. Despite the 

successful retention of the collagen GAG scaffold with the microscopic surface asperities 

of the titanium disc, the scaffold failed to remain adherent in the presence of contractile 

MSCs. Therefore, it was concluded that adhesion could not be accomplished by physical 

means and a process of plasma deposition in conjunction with covalent attachment of 

collagen to the acrylic acid grafted surface generated a bond which successfully retained 

the scaffold. Bonding the collagen GAG scaffold to the titanium disc successfully 

produced a specimen which remained intact for up to 28 days when seeded with rat MSCs. 

Furthermore, the collagen GAG scaffold bonded to the titanium surface was non cytotoxic 

and facilitated the proliferation of the MSCs. When the osteogenic factors were included 

in the tissue culture medium, it was shown that the collagen GAG scaffold bonded to the 

commercially pure titanium surface supported osteoblastic differentiation of the MSCs. 

The histological analyses indicated that throughout the 28 day observation period of the 

current study, the MSCs were observed to attach to and migrate into the collagen GAG 

scaffold. The MSCs seeded on the collagen GAG scaffold bonded to titanium (Group B 

constructs) demonstrated increased rates of migration when compared with the MSCs 

seeded on the collagen GAG scaffold (Group A constructs). Furthermore, the paraffin 

wax-embedded specimens used for the immunhistochemical analyses were also used for 

histological analyses to investigate MSC distribution within the constructs at the time 

points investigated. The mounting medium employed for immunohistochemical analyses
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contained the nuclear stain DAPI which facilitated an additional means of evaluating the 

MSC distribution, in addition to the histological studies using H&E, thereby validating the 

results of individual techniques. It is postulated that the difference in the rates of cell 

migration betw'een construct groups was due to the stainless steel spacer clip used in the 

process of bonding to the titanium surface, facilitating rapid cell migration within the 

construct whereas MSC migration within the Group A constructs was considerably 

reduced and occurred to less than half of the depth of the scaffold thickness.

Interestingly, despite a consistently higher degree of cell attachment on the 

scaffold bonded to titanium constructs, the MSCs seeded on the collagen GAG scaffolds 

(Group A constructs) demonstrated a more advanced stage of differentiation, with a higher 

rate of bone matrix synthesis than the MSCs seeded on the scaffold-bonded to titanium 

(Group B) constructs. It is postulated that differing porous architecture of the scaffolds 

was responsible for the variation in the stage of differentiation of the MSCs on both 

construct groups. Following hydration, the scaffold was restricted from contracting in the 

horizontal plane when it was bonded to titanium, whereas the collagen GAG scaffold had 

the freedom to shrink and shrinkage resulted in a 31 % reduction in diameter. Additionally, 

the results from the histological studies showed that the scaffolds bonded to titanium 

demonstrated increased shrinkage by as much as approximately 25% in the vertical plane, 

resulting in a reduced thickness of scaffold (1.5 mm) covering of the titanium, compared 

with the thickness of the collagen GAG scaffold (2 mm) which was free to contract. The 

differing appearance of the H&E-stained scaffolds of the Group A and Group B constructs 

was consistent with the macroscopic behaviour of the scaffold upon hydration. The 

collagen GAG scaffold appeared more densely stained than the collagen GAG scaffolds 

removed from the surface of the titanium disc which is consistent with a degree of 

collapse of the pore architecture of the scaffold associated with shrinkage. The 

microscopic pore architecture of the scaffold associated with patterns of cellular 

attachment are responsible for the three-dimensional spatial arrangement of the cells 

(Griffith and Swartz, 2006). Differing cellular spatial distribution may be responsible for 

altered cell-cell communication responsible for cellular differentiation resulting in the 

collagen GAG scaffolds demonstrating higher rates of bone matrix synthesis. A study by 

Byrne et al, (2008) investigated the effect that restraining a collagen GAG scaffold had on 

the osteogenic differentiation of rat MSCs. Collagen GAG scaffolds similar to those used 

in the current study were clamped at both ends, seeded with the rat MSCs and maintained 

in tissue culture medium supplemented with osteogenic factors. After an incubation period 

of one week, the clamped scaffolds demonstrated significantly lower bone-specific marker
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(bone sialoprotein, osteocalcin and osteopontin) expression levels when compared with 

similar undam ped scaffolds. Clamping the scaffolds prevented cell mediated scaffold 

contraction whereas the undam ped scaffolds were free to contract. The results of the 

study by Byrne et al, (2008) were in agreement with the results of the current study 

whereby the bone-specific marker expression levels detected in the Group A constructs 

(collagen GAG scaffold) were significantly higher than in the Group B constructs 

(collagen GAG scaffold bonded to titanium) where the scaffolds were not free to undergo 

cell-mediated contraction. Both studies suggested that collagen GAG scaffolds which 

were free to contract may be more conducive to osteogenesis. If the experimental findings 

(scaffold contraction) of the effect of the altered cellular environment on MSC 

differentiation are true, it may be concluded that the process of bonding to the titanium 

surface encourages an increase in cell attachment while simultaneously impeding the 

ability of the collagen GAG scaffold to support osteogenesis.

Studies in two-dimensional environments are useful in isolating and investigating 

the influence o f specific variables on different cell types including cellular attachment 

(Meyle et al., 1991, Jayaraman et al., 2004), cell proliferation (Jaiswal et al., 1997) and 

cellular responses to drugs (Boyan et al., 1998), growth factors (Hanada et al., 1997) and 

enzymes (Puleo et al., 2002). However, these studies are not valid in vivo representations 

of cell morphology and cell phenotype and are incapable of reproducing the molecular 

interactions occurring within the natural extracellular matrix to guide cellular function 

(Berthod et al., 1993). The third dimension facilitates a more realistic understanding of 

cellular processes including cellular attachment, cell motility and the associated 

intercellular signaling mechanisms that influence cell differentiation and cellular function. 

Additionally, the mechanical stiffness of the extracellular matrix governs the capacity for 

cell-mediated contraction (Engler et al., 2004a), alterations of the matrix architecture 

(Grinnell et al., 1999), the permeability of the extracellular matrix (O'Brien et al., 2007) 

and cell differentiation (Keogh et al., 2010).

Tissue engineering may be a means of generating a sufficient quantity of bone on a 

dental implant surface to facilitate osseointegration, but tissue engineering relies on the 

creation o f a three-dimensional environment in vitro to generate functional tissue that 

mimics the relative complexity of in vivo bone tissue. While a two dimensional in vitro 

system for studying osteogenesis on a titanium substrate has been shown to be useful in 

respect of studying the deposition o f a calcified osseous matrix (Martin et al., 1995), the 

importance o f studying osteogenesis in three dimensions is apparent when considering the 

need for regenerated bone, required to facilitate the retention of osseointegrated dental
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implants. A large range of extracellular cues regulate cellular function in vivo and include 

mechanical signals from extracellular matrix components (fibrillar proteins, non- 

collagenous proteins and proteoglycans with long-chain glycosaminoglycan side chains) 

and soluble compounds (growth factors, cytokines and chemokines) from adjacent cells 

and from cells in distant locations (Griffith and Swartz, 2006). In vitro modeling employs 

tissue engineering scaffolds as analogues o f the extracellular matrix to duplicate the 

mechanical and biochemical environm ent that cells routinely encounter and is aimed at 

facilitating tissue healing and regeneration to provide a valid reproduction of the complex 

organisation of physiological tissue (Griffith and Swartz, 2006). Therefore, the attainment 

of a porous scaffold to enable cellular attachment, cell migration, cell proliferation and 

cellular differentiation was essential to facilitate three-dimensional tissue generation. The 

osteoconductive collagen GAG scaffold chosen for the study had been studied extensively 

(O'Brien et al., 2005, Tierney et al., 2009a, Tierney et al., 2009b, Haugh et al., 2009, 

Haugh et al., 2011), and the freeze drying technique had been optimised to produce a 

scaffold with a homogenous pore structure in terms of size and distribution (O'Brien et al., 

2004). The collagen GAG scaffold had previously demonstrated osteogenic potential 

(Farrell et al., 2006, Farrell et al., 2007, Byrne et al., 2008), thereby, making the collagen 

GAG scaffold attractive for use in the current study where the MSC-collagen GAG 

scaffold bonded to titanium system was used to study cell interactions and differentiation 

in three dimensions by analysis of the temporal and spatial distribution of cells and bone- 

specific extracellular matrix markers during in vitro osteogenesis, which are relevant 

features of osseointegration (Davies, 1996).

Attempts to reproduce the complexity inherent in the process of biomaterials 

osteogenesis in vitro necessitates the use of a large range of techniques to investigate the 

temporal sequence of cellular events, culminating in an organised deposition of the 

mineralised cellular stroma, characteristic of bone. A combined approach which utilises 

multiple methodological approaches or analytical techniques has the capacity to develop a 

more detailed understanding of processes rather than conducting individual experimental 

techniques in isolation. Initially, the commercially pure titanium discs were prepared with 

a similar surface topography where the determination of the surface roughness was 

conducted by profilometry. Therefore, standardisation of the cellular interactions between 

the metal surface topography and collagen GAG scaffold was ensured. The metal surface 

was analysed chemically using XPS which enabled an evaluation of the surface chemical 

species to verify the chemical characteristics o f the materials employed. Additionally, 

XPS facilitated a study of the typical contaminants associated with the abrasive medium
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namely the silicon carbide abrasive paper and the airborne contaminants associated with 

the formation of the Ti02 surface (Miyakawa et al., 1996) following sterilisation and 

cleaning.

SEM studies of the standardised titanium surface facilitated a qualitative 

assessment of the surface topographical features that contributed to the surface roughness 

values and also enabled a study of cell attachment and cell spreading on the clean titanium 

surface. MC3T3-E1 cells were chosen for the SEM analysis because of the osteoblastic 

phenotype and the MC3T3-E1 cells were easily maintained and readily available. The 

cytotoxicity testing of the collagen GAG scaffold bonded to the titanium specimens was 

conducted to determine if the MC3T3-E1 cells could attach and survive when seeded on 

the specimens. The cytotoxicity assay subsequently demonstrated that the bonded 

constructs facilitated MC3T3-E1 cell maintenance equally well as tissue culture plastic.

The primary cell line comprising MSCs cultured from the bone marrow of rats 

enabled the study of osteogenic differentiation through the expression of bone-specific 

markers. Successful isolation and expansion of the MSC population from the bone 

marrow was determined by immunofluorescent staining of cell surface antigens following 

strict adherence to established protocols aimed at isolating and purifying MSCs 

(Maniatopoulos et al., 1988, Byrne et al., 2008). The results of the immunofluorescent 

characterisation of the rat MSCs demonstrated the identification of specific cell surface 

markers (CD 105 and CD90) characteristic of MSCs.

The number of MSCs present in culture immediately after harvesting bone marrow 

was estimated to be 0.001-0.01% of the total bone marrow cell population (Bruder et al., 

1997, Pittenger et al., 1999). The low numbers of harvested MSCs were insufficient to 

conduct the proposed experiments and in an attempt to generate larger MSC numbers, a 

period of in vitro expansion was required and a study of MSC proliferation was essential. 

Despite similar cell survival on tissue culture plastic compared with the collagen GAG 

scaffold bonded to titanium, the patterns of cell proliferation differed significantly in the 

current study. A previous study demonstrated the ex vivo proliferative capacity of MSCs, 

which underwent up to 50 population doublings (Reyes et al., 2001). Therefore, the large 

cell numbers required for population of a scaffold for tissue engineering applications made 

the MSCs an attractive cell type for tissue engineering investigations (Ringe et al., 2002) 

and the proliferative capacity of MSCs within the bonded constructs (EDAC crosslinked 

collagen GAG scaffold bonded to commercially pure titanium discs) was an important 

consideration in the current investigation. MSC proliferation occurred throughout a seven- 

day period within the collagen GAG scaffold bonded to titanium specimens after an initial
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lag phase and thereafter proliferation was not observed. The pattern of MSC proliferation 

observed may be due to space limitations within the cellular environment (Caplan et al., 

1983), perfusion of cellular nutrients and waste products (Buckley and O'Kelly, 2010), or 

surface properties such as topography (Zeltinger et al., 2001), chemistry (Zeltinger et al., 

2001) and surface electrochemical charge (Zeltinger et al., 2001) of the collagen GAG 

scaffold. The findings of a cell proliferation study by Tierney et al. (2009) were similar, 

where no significant MC3T3-E1 cell proliferation on similar scaffolds occurred over a 

seven day period, however, the Tierney et al. (2009) study was not conducted for 

sufficient time to demonstrate the significant increase in cell numbers that occurred within 

the collagen GAG scaffold bonded to titanium specimens employed in the current study.

The proliferation of the rat MSCs was studied primarily to determine if the 

scaffold bonded to titanium specimens could support cell attachment and growth and to 

compare the cell growth pattern with that observed on tissue culture plastic and collagen 

GAG scaffold. However, proliferation of the rat MSCs undergoing osteogenic 

differentiation was not studied and would have provided additional data demonstrating the 

reciprocal relationship between proliferation and differentiation (Martin et al., 1995, 

Takeuchi et al., 2005) thereby providing an additional insight into the cell growth patterns 

while undergoing osteogenic differentiation throughout the 28 day observation period.

The capability of the rat MSCs to differentiate along an osteogenic pathway and to 

encourage osteogenesis was investigated to compare osteogenesis within the collagen 

GAG scaffolds (Group A) and the collagen GAG scaffolds bonded to titanium (Group B). 

All experiments were conducted simultaneously on specimens that underwent the same 

fabrication processes to minimise the error associated with the determination of cell 

number, the titration of tissue culture medium supplements and the quantitation of 

osteogenic factors, which could confound results associated with conducting experiments 

in a non-integrated manner. Comparison of the results obtained from the Group A and 

Group B constructs was to determine the effect that the presence of the titanium discs and 

the process of bonding the scaffold to the titanium discs had on the osteogenic potential of 

the rat MSCs. It is postulated that the inclusion of the titanium discs led to disturbances in 

the mode of heat conductance during the freezing process which interfered with the 

uniform pore structure observed in the collagen GAG scaffolds (O'Brien et al., 2004).

The use of appropriate controls was essential to validate the results obtained in the 

individual experiments and to eliminate confounding variables when detecting the bone- 

specific markers. The positive control for BSP was provided by the UMR-106 cell line as 

reported in the literature (Midura et al., 1990), however, a negative control for BSP and
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controls for OC were also required. RNA was therefore isolated from a range of tissues 

and organs from the rat and indicated OC expression in each of the tissues and organs 

investigated. Therefore, the undifferentiated rat MSCs which failed to express OC were 

chosen as the negative control for OC. BSP expression was demonstrated in the brain and 

tongue of the rat, with all other tissues and organs investigated failing to express BSP. The 

RNA for the rat lymphocytes was therefore employed as a positive control for OC and a 

negative control for BSP. Multiple controls were employed in the immunohistochemical 

analyses to eliminate fluorescent signals as a result of autofluorescence of the collagen and 

non-specific secondary antibody binding to the collagen GAG scaffold. The resulting 

fluorescent signal was therefore due only to the deposition of the bone-specific markers. 

Furthermore, negative controls were employed during histological analysis to facilitate 

identification of the MSCs within the constructs and comprised unseeded collagen GAG 

scaffold stained in the same manner as the MSC-seeded scaffold. When the scaffolds were 

stained with toluidine blue, the negative controls indicated that the scaffolds were stained 

such that the MSCs were difficult to identify in the seeded scaffolds. However, the 

identification of the MSCs in the H&E-stained microscopic sections was reliably 

facilitated by comparison with the negative controls and H&E stain was therefore 

employed for the histological analysis.

The results of the current study demonstrated the deposition of a three-dimensional 

calcified extracellular osseous matrix on titanium. The process of bonding the collagen 

GAG tissue engineering scaffold to the titanium surface highlighted marked differences in 

cellular function compared with the use of the unbonded collagen GAG scaffold 

previously used to investigate osteogenesis. It is the author’s intention to conduct further 

studies to evaluate the potential for the in vitro system to generate a fully calcified osseous 

construct and provide a bone augmentation technique to potentially improve the clinical 

success of dental implants.

5.2. Conclusions

• Under the conditions described in the current study, altering the surface of

commercially pure titanium with SiC abrasive paper on the Beta grinder-polisher

generated reproducible surface roughness values.

• Atmospheric pressure plasma deposition with polyhydrogen methyl siloxane and

tetraethylorthosilicate facilitated the generation of a surface that enabled the

184



bonding of a collagen GAG scaffold to titanium that was sufficiently adherent in 

the presence of rat MSCs for a 28 day experimentation period.

• A population of primary cells derived from the bone marrow of the rat were 

successfully isolated and characterised in vitro.

• The collagen GAG scaffold bonded to commercially pure titanium

> was not cytotoxic to mammalian cells,

> enabled attachment of the rat MSCs which remained viable within the 

constructs for 28 days,

>  facilitated the migration of the rat MSCs into the collagen GAG scaffold 

and

> facilitated the proliferation of rat MSCs.

• The MSCs seeded within the collagen GAG scaffolds bonded to titanium 

underwent osteogenic differentiation in the presence of osteogenic factors and 

demonstrated

> the upregulation of genes responsible for the expression for the bone- 

specific markers BSP and OC,

> a progressive accumulation of BSP and OC protein within the scaffold- 

titanium constructs and

> the partial calcification of the collagen GAG matrix which occurred 

principally on the MSC-seeded surface.

5.3. Future Studies

The results of this study demonstrated that the constructs developed by the novel method 

described- whereby collagen GAG scaffold was bonded to titanium- supported osteogenic 

differentiation of adult rat MSCs and facilitated the deposition of a mineralised matrix. 

However, these preliminary studies require further investigation into the effects of the 

presence of the titanium discs on the freeze-drying process used to fabricate the collagen 

GAG scaffold. Specifically, it is important to investigate how alterations in the freeze- 

drying process would affect the scaffold architecture (pore size and distribution) (O'Brien
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et al., 2004), scaffold permeability (O'Brien et al., 2007) and nutrient delivery to the cells 

(Buckley and O'Kelly, 2010).

A more in-depth investigation of the chemical nature of the collagen GAG scaffold to 

titanium bond would provide further insight into how the chemical bond would influence 

the resultant scaffold micro architecture with subsequent effects on scaffold 

biodegradation, MSC differentiation and the rate of bone matrix synthesis, mineralisation 

and organisation (O'Brien et al., 2005). In addition, the future investigation of alternate 

chemical species in the plasma deposition process, for example acrylic acid, to make the 

adhesion process of the collagen GAG scaffold simpler and more predictable may 

improve the capacity for the seeded MSCs to undergo osteogenic differentiation. 

Simplification of the titanium coating process would have the benefit of reducing errors 

inherent within the chemical treatment which influence bonding of the scaffold.

The experiments in the current study were conducted over an observation period of 28 

days because, as discussed, this time period was sufficient to study the temporal sequence 

of bone-matrix markers. However, conducting longer term cellular incubations of the 

constructs may encourage complete calcification within the constructs (Farrell et al., 2007) 

resulting in a mature osseous matrix capable of supporting angiogenesis to perfuse the 

developing immature woven bone.

The results of this thesis demonstrated that the bone-matrix marker and the calcified 

matrix deposition initially occurred at or near the MSC-seeded surface of the constructs. 

The location of this initial osseous matrix deposition may be as a result of the initial MSC 

attachment on the seeded surface of the construct initiating matrix deposition. 

Encouraging a rapid migration of the MSCs through the scaffold towards the scaffold- 

titanium interface, with the aim of depositing the initial bone matrix at the interface may 

be accomplished by inclusion of a chemoattractant on the titanium surface and would 

warrant future study. Colonisation of the scaffold-titanium interface would prevent the 

initial calcified matrix deposition on the seeded surface of the construct from impeding 

further matrix development in deeper aspects of the scaffold (Buckley and O'Kelly, 2010). 

Specific isoforms of platelet-derived growth factor were shown to act as a chemoattractant 

to human MSCs in diffusion chamber assays which employ a cell-permeable membrane to 

verify cellular migration towards the chemotactic stimulus (Fiedler et al., 2004).
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In addition to investigating the potential to encourage early MSC migration into the 

constructs, a quantitative assay to assess how MSC migration deeper within the scaffold 

would correlate with MSC death as a result of poor nutrient perfusion deeper within the 

scaffold would also require evaluation. The use of bioreactors to actively perfuse the 

scaffold matrix with nutrients (Freed et al., 1998, Pei et al., 2002) may enhance cellular 

migration into and improve cell viability deeper within the scaffold, thereby encouraging 

the development o f an osseous tissue-titanium interface analogous to the bone-titanium 

interface that develops during the process o f osseointegration (Davies, 1996).

In addition to the longer-term in vitro studies suggested above, the introduction of 

collagen GAG scaffold-titanium constructs into an animal model would provide useful 

data on the behaviour of the constructs in the in vivo environment. A recent study 

demonstrated the in vivo biocompatibility and osteogenic potential of collagen GAG 

scaffold implanted in critical size defects in the crania of rats (Alhag et al., 2011a). 

Interestingly, a further study by the same author reported that in addition to the capability 

of collagen GAG scaffold to heal critical size cranial defects in rats, the use of collagen 

GAG scaffolds which were preseeded with MSCs prior to implantation resulted in 

significantly less new bone formation than unseeded scaffolds (Alhag et al., 201 lb). It was 

postulated that a foreign body reaction to the M SC-seeded scaffolds may have resulted in 

premature scaffold degradation with a resultant reduction in new bone formation. 

However, because of the low numbers o f animals used in this single study, further 

research would be required to validate these results. The source of the MSCs used in the 

current study would make the rat the most suitable animal model in which to undertake in 

vivo studies and previous studies demonstrated the rat as a suitable model to study critical- 

size bone defects o f the calvarium (Bosch et al., 1998), femur (Jager et al., 2005) and 

mandible (Arosarena et al., 2003).

Considering the mechanical properties of the collagen GAG scaffold, future 

studies should be aimed at generating a stiffer scaffold that would provide mechanical 

support for the developing immature osseous tissue (Haugh et al., 2009). Improved 

mechanical properties would enhance the structural durability of a construct under an 

increased mechanical stress applied in the physiological environment occurring under a 

sutured mucoperiosteal flap.
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Use of a Three - Dimensional Scaffold to Support Bone Cell Growth and Differentiation on
Commercially Pure Titanium

Brendan Francis Grufferty

The aim of the study was to develop an in vitro model comprising a tissue engineering scaffold 
bonded to commercially pure titanium to study three dimensional osseous tissue generation. 
Commercially pure titanium discs were wet ground and the surface roughness (Rg-value) 
determined using optical profilometry to ensure a standardised surface. The titanium discs 
subsequently underwent atmospheric pressure plasma deposition using polymethylhydrogen 
siloxane and tetraethyl orthosilicate as the plasma monomer. Acrylic acid was grafted to the 
surface of the plasma deposited titanium discs to facilitate the covalent attachment of collagen 
using 1-ethyl-3-(3-diethylaminopropyl)carbodiimide (EDAC). The collagen-coupled titanium 
discs were immersed in a collagen glycosaminoglycan (GAG) slurry, processed in a freeze dryer 
and resulted in a 3 mm layer of collagen GAG scaffold which was adherent and subsequently 
underwent dehydrothermal and EDAC crosslinking processes which served to stiffen the 
collagen GAG scaffold and couple the scaffold to the collagen-coated titanium discs.

Adherence of the collagen GAG scaffold was determined by seeding the scaffold surface with 
5x10^ mesenchymal stem cells (MSCs) obtained from the bone marrow of Wistar rats and 
maintained in tissue culture medium for 14 days. Cytotoxicity of the scaffold-titanium specimens 
was evaluated by seeding the scaffold-titanium specimens with MC3T3-E1 murine oseoblasts

(R )and using the commercially available CytoTox 96 Non-Radioactive Cytotoxicity Assay. MSC 
proliferation studies were performed over a 28 day observation period with the Hoechst 33258 
DNA quantitation assay using collagen GAG scaffold as control specimens.

To investigate if the scaffold-titanium specimens would support osteogenesis, 5x10^ MSCs were 
seeded on the surface of each scaffold-titanium specimen and maintained in supplemented 
DMEM which was further supplemented with osteogenic factors. Following 1,7, 14, 21 and 28 
days maintenance in culture, MSC-seeded constructs were processed for immunoblotting, RT 
PCR analyses and immunohistochemical analyses to detect and quantify the expression levels 
and synthesis of two bone-specific markers with the collagen GAG scaffold acting as a control. 
Paraffin-wax embedded specimens used for immunohistochemical analyses were also used for 
histological analyses using H&E to study the MSC distribution within the constructs and alizarin 
red (s) dye to study the deposition of a calcified extracellular matrix.

The results indicated that the scaffold-titanium specimens were non-cytotoxic and supported 
MSC proliferation. Additionally, the constructs facilitated the osteogenic differentiation of MSCs 
through the identification of both bone-specific markers by immunoblotting, an upregulation of 
gene expression and a progressive accumulation of both bone-specific markers within the 
constructs throughout the 28 day observation period. Furthermore, the histological analyses 
demonstrated MSC attachment and migration into the construct in addition to the deposition of a 
calcified extracellular matrix. The scaffold-titanium specimens remained intact for the 28 day 
observation period and facilitated MSC proliferation. Osteogenic differentiation of the MSCs 
within the constructs resulted in an ordered deposition of a calcified extracellular matrix.


