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1.1 Demands and Problems in Orthopedic Applications 

 

Bone defects, which are caused by a variety of reasons such as fractures originating from 

trauma, osteoarthritis, osteoporosis or bone cancers, represent a common and significant 

clinical problem. Since the first hip replacement conducted in 1923 and the most 

significant breakthrough which happened in the 1960s with the introduction of ultra low 

friction cemented arthroplasty by John Charnley [1-2], various bone implant surgeries 

and procedures (such as for healing bone fractures, repairing defects, and inserting hip 

and knee replacements) are routinely performed and have rescued a myriad of people 

suffering from intense pain and limited mobility from bone diseases.  

 

Furthermore, with the increasing age of the U.S. population, there exists a strikingly 

increasing number of patients who need various orthopedic implants. For example, the 

National Center for Health Statistics (NCHS) reported that bone fractures for all sites 

increased from 1,002,000 in 1999 to 1,039,000 in 2004 [3]. In addition, there were about 

345,000 hospitalizations for hip fractures in 2003 in the United States alone, but only one 

in four patients recovered completely. The American Academy of Orthopedic Surgeons 

reported that in the United States, in just a 4 year period, there was a 19.7% increase in 

hip replacements performed from nearly 274,000 procedures in 1999 (including 168,000 

total hip replacements and 106,000 partial hip replacements) to 328,000 procedures in 
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2003 (including 220,000 total hip replacements and 108,000 partial hip replacements) [4]. 

The total hospitalization costs for knee replacements doubled to $11.38 billion in 2003 

compared with $5.67 billion in 1999 [5]. 

 

However, it is important to note that traditional orthopedic implant surgeries (specifically, 

autografts and allografts to repair bone defects and hip and knee replacements to treat 

osteoarthritis) still have many shortcomings. For autografts, it is usually difficult to 

collect sufficient bone from patients and they also have the problem of donor site 

morbidity; for allografts, inflammation, rejection, resorption as well as transmission of 

diseases may frequently occur [6-8]. In addition, considering the endurance of current 

orthopedic implants (10-15 years on average), younger and more active patients (men 

under 60 years and women under 55 years) who have received orthopedic implants will 

inevitably need more than one revision surgery in their lives. For example, in the United 

States, nearly 11% of hip replacements (36,000 revisions for 328,000 replacements) and 

8% of knee replacements (33,000 revisions for 418,000 replacements) were revision 

procedures of previously failed hip and knee replacements in 2003 [5]. A similar trend 

occurs in other industrialized countries. On the other hand, although osteoporosis (a 

disease in which bones become fragile and more likely to break) has been studied for a 

long time, no effective prevention and treatment methods exist for this disease. 

Consequently, patients may suffer intense pain caused by these bone defects and 

complications can dramatically increase health insurance costs at the hospital. 
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In summary, due to the greater numbers of elderly patients and the relatively high 

percentage of revision procedures performed around the world, it is urgent to develop a 

new generation of biocompatible bone substitutes which can restore and improve bone 

functions as well as significantly lengthen the lifetime of current orthopedic implants. An 

emerging interdisciplinary field (bone tissue engineering), thus, has evoked increasing 

interest from scientists wishing to develop novel biological substitutes in order to treat 

various bone defects. 

 

1.2 Complications Related to Implant Failures 

 

But before discussing ways to design novel biomaterials for orthopedic and bone tissue 

engineering applications, it is important to thoroughly investigate the fundamental 

reasons of implant failure. In fact, there are many complications which may occur during 

different stages of material implantation and finally result in failure. For example, in the 

early stage of implant surgery, acute complications, infection, inflammation, prosthesis 

dislocations, and surgery-mediated complications (such as improper placement and 

cement extrusion) may be reasons for implant failure [9]. After several years, implant 

loosening originating from insufficient osseointegration, osteolysis, and wear of articular 

bearing surfaces becomes the main reason necessitating revision surgery [9]. Taking 

Canada as an example, the Canadian Joint Replacement Registry (CJRR) reported that 
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the most common reasons for total hip replacement revisions were implant loosening 

(55%), followed by osteolysis (33%), implant wear and tear (30%), instability/dislocation 

(17%), bone and implant fracture (12%), and infection (10%) in 2004 [10]. Because some 

patients have more than one reason necessitating orthopedic implant revision surgery, the 

aforementioned percentages do not add up to 100%. In the following sections, specific 

complications leading to implant failures are described.  

 

1.2.1 Biological Failure 

  

Osseointegration, which was initially described as the formation of a direct structural and 

functional bone-to-implant contact area under load by Per-Ingvar Branemark [11], is a 

crucial criterion for the long-term success of orthopedic implants. It plays an important 

role in minimizing the motion-induced damage to surrounding tissues. In other words, 

insufficient bonding between the implant material and juxtaposed bone may lead to a 

mismatch in mechanical properties between an implanted material and surrounding bone 

tissue, thus, resulting in implant loosening and failure.  

 

Many factors including material surface roughness, overloading, inflammation and 

infection [12-13] have been reported to be related to insufficient osseointegration. 

Specifically, surface properties of implant materials may be intimately involved in the 

successful osseointegration between an endosseous implant and bone. Actually, 
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numerous studies have elucidated that surface roughness of implant materials affects the 

rate of osseointegration and biomechanical fixation [14-15]. Since traditional orthopedic 

implant materials (i.e., metals, ceramics, polymers and composites thereof) have only 

been chosen for implantation based on their mechanical properties and biological 

inertness, there has not been a large emphasis concerning biomaterial chemical and 

surface properties to date. Consequently, a variety of implant failures originating from 

insufficient osseointegration and stress-strain imbalances have frequently taken place 

when using such conventional materials in orthopedic applications. 

 

The formation of a fibrous soft tissue capsule which originates from excessive secretion 

of fibrous tissue from inflammatory cells is a vital factor that leads to insufficient 

osseointegration (Figure 1.1) [16-17]. After inserting a biomaterial into a surgical site, 

damage to the surrounding tissue causing injury is inevitable. As a response to such 

injury, various host responses (such as infection and inflammation) are triggered as 

shown in Figure 1.1. Initially, neutrophils and macrophages arrive at the injury site and 

begin to attempt to phagocytose the implanted material; when they fail to engulf this 

large mass, they fuse together to form giant cells and interrogate the biomaterial again 

resulting in walling it off from the surrounding tissue. At the same time, giant cells send 

out chemical messengers (e.g., cytokines) to recruit other cells to “help” them. In 

response to cytokines, fibroblasts (which secrete and synthesize collagen comprising the 

extra-cellular matrix of the soft tissue capsule [18]) arrive and generate a collagen 
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capsule, the first sign of a new tissue. The final stage of the process is that the implant is 

completely encapsulated in an acellular, avascular collagen bag about 50-200 

micrometers thick [16]. The fibrous capsule prevents sufficient bonding between an 

implant surface and juxtaposed bone and frequently leads to clinical failure of orthopedic 

implants. Consequently, repelling fibroblasts cause such an inflammatory reaction is 

necessary at the surface of a newly implanted orthopedic device [17]. Moreover, 

controlling protein adsorption by altering biomaterial surface properties is an effective 

method towards attracting desirable cells (such as osteoblasts) onto the implant surface 

and minimizing the functions of fibroblasts (such as their adhesion and secretion of 

fibrous tissue) [17]. 

 

Figure 1.1 The foreign body response towards an implanted biomaterial. 1) A 

biomaterial is implanted and damage to surrounding tissue occurs. 2) In seconds to 

minutes, non-specific proteins from body fluids adsorb on the implant surface. 3) 



8 

 

Neutrophils and macrophages interrogate the material. 4) Failing to interrogate the 

material, cells fuse to form giant cells and concurrently secrete cytokines to signal other 

kinds of cells. 5) and 6) Fibroblasts arrive and fabricate a collagenous bag to insulate the 

material from the surrounding tissue. This figure is adapted from [16]. 

 

1.2.2 Material Failure 

 

As a late-appearing complication, osteolysis induced by wear particles from implant 

materials has been regarded as one of the most common complications leading to revision 

surgery after a primary implant replacement [19-22]. It can cause severe bone loss which 

eventually results in implant instability and failure. Since they are commonly used as 

implants, metals, ceramics and polymers (such as polyethylene, a common material used 

as the acetabular component in hip replacements) are widely found in the form of 

prosthetic wear particles and serve as major contributors to bone resorption. These wear 

particles appear most commonly at the bearing implant surface but are also at the 

host-implant or implant-implant interfaces. Figure 1.2 illustrates the osteolysis process 

caused by biomaterial wear debris. 

 

Macrophages are believed to play a key role during osteolysis. A critical number of active 

macrophages exist necessary for osteolysis since only one disturbed macrophage and its 

neighboring osteoclast would not cause osteolysis. For instance, clinical experience 

indicates that osteolysis can not happen if the wear rate of the polyethylene cup is below 

0.05 mm per year. In contrast, osteolysis frequently occurs if the wear rate exceeds 0.2 

mm per year [23]. Moreover, studies have also illustrated that there exists a critical size 

for bioactive particles to trigger cellular responses and finally result in osteolysis. 
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Macrophages have evolved to detect and phagocytose bioactive particles in the size range 

of 0.5-10 m. Particles larger than 10 µm or less than 0.5 µm are relatively less active for 

macrophages. Particles larger than 10 µm will cause extensive giant cell responses 

leading to the formation of fibrous tissue (see details in 1.2.1) without osteolysis. In 

addition, particles with sharp edges are more active than spherical particles [22].  

 

 

Figure 1.2 Schematic illustration of biomaterial wear debris activating macrophages and 

inducing osteolysis. Particulate debris is generated from wear of arthroplasty components, 

metal corrosion, ceramic failure, or polymer degradation. Particles 10 m are engulfed 

directly by macrophages but can not be digested easily. Consequently, macrophages begin 

to release interleukins (IL-1, IL-6), prostaglandin E2 (PGE2), and tumor necrosis factors 

(TNF) which then mediate bone resorption via osteoclasts [22]. Macrophages form giant 

cells to phagocytose large particles (10 m) and then secrete cytokines to signal 

fibroblasts to synthesize collagen to result in a fibrous tissue capsule around the implant. 

This figure is adapted and redrawn from [24-25]. 

 

It is apparent that minimizing the generation of wear particles in interfacial tissues is a 
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fundamental approach to preventing osteolysis. Therefore, there has been an enormous 

amount of effort to design alternative wear-resistant bearing implant materials in order to 

reduce the production of wear particles. Metal-on-metal, ceramic-on-ceramic or 

ceramic-on-polyethylene implant components have been developed to prevent osteolysis 

and have been shown to produce less wear particles in vitro or in vivo than the 

conventional metal-on-polyethylene implant components [26-27]. For example, a 

five-year prospective randomized study in the U.S. revealed that osteolysis was greatly 

decreased from 14.0% in patients with metal-on-polyethylene bearings compared to 1.4% 

in patients with alumina-on-alumina ceramic bearings [26]. Furthermore, metal-on-metal 

bearings exhibit low wear rates (such as 0.004 mm per year compared with 0.1 mm per 

year for polyethylene on metal [27]). However, despite such promise, there still exist 

many concerns about the generation of metal ions or corrosion for metal combinations, 

leading to implant failure in the long term.  

 

In addition, the more active and younger the patients who receive orthopedic implants are, 

the higher the risk of articulating bearing surface wear [28]. In fact, wear of articulating 

bearing surfaces has commonly evoked our attention. From a basic mechanical viewpoint, 

adhesive wear, abrasive wear, third body wear, wear fatigue and corrosion are five major 

mechanisms causing wear of articulating bearing surfaces [29]. Modification of 

polyethylene and substitution of metal-metal or ceramic-ceramic bearings for 

polyethylene may both help to improve the wear-resistant property of implant materials. 

Moreover, bone cements (such as poly(methyl methacrylate), or PMMA) are common 

materials used in current orthopedic implant for fixing implant into the bone. However, 
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there still exist some problems related to the current bone cement materials. Specifically, 

the exothermic reactions of PMMA polymerization may severely damage the surrounding 

bone tissue during the cure process in situ [30], thus, leading implant failure. 

 

1.2.3 Other Complications 

 

In addition to those described above, there are other complications which may lead to 

implant failure. Several investigations have revealed that periprosthetic femoral fractures 

accompanied with total hip replacements are more common after revision surgeries than 

after primary replacements [31-32]. So with an increasing number of revision surgeries, it 

is expected that periprosthetic femoral fractures will become more common. Since 

mechanical properties (including strength, toughness, and ductility) of implant materials 

are closely related to the above complications and can influence long-term success of an 

orthopedic implant, synthesizing a wide range of orthopedic implant materials which 

mimic the various mechanical properties of natural bone is rather desirable.  

 

It should be realized that the above orthopedic implant complications are related to each 

other. That is, the previously mentioned high rates of implant failures may be 

accompanied by a loose implant and insufficient osseointegration [9, 33]; insufficient 

osseointegration can be caused by inflammation or osteolysis; and wear particle 

generation and infection often coexist with extensive wear of articulating surfaces. 

Therefore, reducing the influence of one implant failure complication may have extreme 

positive effects on preventing other complications and finally improving the long-term 
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success of orthopedic implants. A promising direction in bone tissue engineering and 

orthopedic implant design is to synthesize novel bone-like biomaterials which possess not 

only mechanical properties similar to those of physiological bone but also cytocompatible 

surface properties (such as surface roughness, energy, etc.) in order to successfully 

promote quick sufficient osseointegration of an implant at defect sites. This is being 

accomplished with nanotechnology. 

 

1.3 Nanostructured Bone and Bone Remodeling Process 

 

1.3.1 Nanostructured Bone 

 

From the point of view of chemical composition, natural bone is a well-organized 

composite matrix that consists of a protein based soft hydrogel template (i.e., collagen, 

noncollagenous proteins and water) and hard inorganic components (specifically, 

hydroxyapatite or HA, Ca10(PO4)6(OH)2)) [17] (Figure 1.3). Furthermore, it is important 

to point out that all of the components in the bone matrix are nanometer in dimension. 

For instance, 70 % of the human bone matrix is composed of inorganic nanocrystalline 

HA which is typically 20-80 nm long and 2-5 nm thick [18]. Additionally, other 

components in the bone matrix (i.e., type I collagen which is 300 nm in length and 1.5 

nm in diameter and noncollagenous proteins (such as laminin, fibronectin and 

vitronectin)) are all nanometer-scale in dimension [17]. Clearly, this unique structure of 

bone can create special physical properties (such as Young’s modulus, elasticity, and 

strength) in order to support various mechanical loads during human activity. However, 
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the conventional implant materials mainly own micron or above particle/grain sizes 

which did not mimic the nanostructure of bone and may elicit many complications during 

implantation as described in previous sections. 

 

 
Figure 1.3 Schematic illustration of the cortical bone structure (As an example, the femur) 

and a detailed structure of osteon which is the circular arrangements of bone around 

vascular channels [17] as basic functional units of compact bone. This figure is adapted 

and redrawn from [34-36]. 

 

1.3.2 Bone Cell and Cell-Implant Interactions 

 

Since bone is a living organ with self-repairing functions, various bone cells including 

osteoblasts (bone forming cells), osteoclasts (bone resorbing cells), and osteocytes 

(mature osteoblasts) are actively involved in normal bone functions. Specifically, 

osteoblasts contribute to extra-cellular matrix (ECM) mineralization and new bone 

synthesis. In the bone regeneration process, osteoblasts actively interact with proteins 

(i.e., fibronectin, laminin and vitronectin) and will adhere on implant surfaces 

immediately after the absorption of proteins and other minerals [17]. Figure 1.4 illustrates 

http://en.wikipedia.org/wiki/Cortical_bone
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the interactions among cells, proteins and a model implant material. Generally, although 

each type of protein has a different amino acid sequence, the short peptide domain, 

arginine-glycine-aspartic acid (RGD), is a well known cell adhesive domain in many 

proteins including fibronectin, vitronectin and collagen. It has been known that the RGD 

domain may interact specifically with integrin receptors of cell membrane receptors and 

improve osteoblast adhesion. After osteoblast adhesion, osteoblasts actively proliferate, 

develop an ECM and differentiate into mature bone. Clearly, initial osteoblast adhesion 

on an implant material is a prerequisite for osseointegration of the implant to juxtaposed 

bone.  

 

 

Figure 1.4 Schematic illustration of proteins mediating cell adhesion on biomaterial 

surfaces. This figure is adapted from [37]. 

 

1.3.3 In Vivo Bone Remodeling 

 

Moreover, in vivo bone remodeling is a complicated process involving various types of 



15 

 

cells activities. Mesenchymal stem cells or hematopoeitic cells, which have the capacity 

to differentiate into osteoblasts, osteocytes, endothelial cells, fibroblasts and osteoclasts, 

are supplied to bone via the vascular network in the bone marrow [17]. Under the 

influence of different growth factors, cytokines, and proteins present in the physiological 

bone matrix, different cell types can be activated for bone regeneration. For example, 

bone remodeling in cortical and trabecular bone includes a continuously activation of 

osteoclasts, leading to resorption of bone, and formation of new bone by osteoblasts on 

the site of the old resorbed bone [17]. Under normal physiological conditions, the bone 

remodeling process is continual throughout a person’s lifetime.  

 

Figure 1.5 illustrates the different stages of bone remodeling after implantation. After the 

initial absorption of specific protein, desirable cell types (i.e., osteoblasts, osteoclasts and 

osteocytes) can be recruited to the implant surface. Then, osteoclast resorption activity, 

and more importantly, osteoblast adhesion, proliferation, differentiation and 

mineralization can be well coordinated to form new bone on the implant surface as 

previously mentioned. For bone tissue engineering and orthopedic applications, sufficient 

bone remodeling at the implant-tissue interface is very important for mediating the 

long-term success of implants. Insufficient bone remodeling around implant materials or 

excessive remodeling coupled with massive bone resorption and osteolysis will lead to 

implant failure. Since the surface properties of implant materials intimately affect the 

initial protein adsorption from biological fluids and further selective recruitment as well 

as activation of favorable cell (such as osteoblast) functions, surface modifications (such 

as altering the implant surface topography and chemistry) have become popular methods 
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to achieve suitable bone remodeling and improve osseointegration. This is especially true 

for nanotechnology approaches to improve orthopedic implant efficacy. 

 

 
Figure 1.5 The different stages of bone regeneration on implant surfaces. This figure is 

redrawn and adapted from [38-39]. 

 

1.4 Nanotechnology and Nanomaterials: Biomimetic Tools for Bone Tissue 

Regeneration 

 

In 1959, Nobel award winner Richard Feynman first proposed the seminal idea of 

nanotechnology by suggesting the development of molecular machines. Ever since, the 

scientific community has investigated the role that nanotechnology can play in every 

aspect of society. The intrigue of nanotechnology comes from the ability to control 

material properties by assembling such materials at the nanoscale. The tunable material 

properties that nanotechnology can provide were stated in Norio Taniguchi’s paper in 

1974 where the term “nanotechnology” was first used in a scientific publication [40-41]. 
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Nanotechnology has been widely used in many fields (i.e., various quantum dots and 

nanoparticles in diagnostics, drug delivery, and therapeutics). Nanomaterials are materials 

with basic structural units, grains, particles, fibers or other constituent components in the 

range of 1-100nm [42]. Compared to respective conventional micron-scale materials, 

nanomaterials exhibit enhanced cytocompatibility, mechanical and electrical properties. 

 

Since natural bone is nanometer in dimension and various bone cells directly interact 

with (and create) a nanostructured ECM, the biomimetic features and excellent 

physiochemical properties of nanomaterials play a key role in promoting bone cell 

functions as well as guiding tissue regeneration. Even though it was a field in its infancy 

a decade ago, currently many biocompatible nanomaterials were designed for bone tissue 

engineering and orthopedic applications. From a material property point-of-view, 

nanomaterials for bone tissue engineering and orthopedic applications can be made of 

ceramics, polymers, metals, organic materials and composite thereof, just like 

conventional or micron structured materials. In addition, nanomaterials including 

nanoparticles, nanoclusters, nanocrystals, nanotubes, nanofibers, nanorods, etc. have been 

tested for bone regeneration. To date, numerous top-down and bottom-up nanofabrication 

technologies (such as electrospinning, phase separation, self-assembly processes, thin 

film deposition, chemical vapor deposition, chemical etching, nano-imprinting, 

photolithography, electron beam or nanosphere lithographies [43]) are available for the 

design of nanomaterials with ordered or random nanotopographies. Nanomaterials can 

also be grown or self-assembled into nanotubes/nanofibers which can even more 

accurately simulate the dimensions of natural entities, such as collagen fibers. After 
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decreasing material size into the nanoscale, dramatically increased surface area, surface 

roughness or surface area to volume ratios of nanomaterials may lead to a higher surface 

reactivity with many superior physiochemical properties (i.e., mechanical, electrical, 

optical, catalytic and magnetic properties, etc.) [44]. Therefore, nanomaterials with such 

excellent properties and biomimetic features have become quite popular in orthopedics. 

 

As is well-known, material surface properties mediate specific protein adsorption and 

bioactivity before cells adhere on implants, further regulating cell behavior and dictating 

tissue regeneration [17]. Furthermore, as mentioned in the previous sections, insufficient 

osseointegration may lead to a separation between implant materials and surrounding 

bone tissues, even causing implant failures. By controlling surface properties (such as 

surface roughness, wettability, and chemistry) of implant materials, successful 

osseointegration between an endosseous implant and bone may be achieved. In addition, 

other complications (i.e., osteolysis, inflammation, etc.) are also directly or indirectly 

related to the existing non-biologically inspired properties of conventional implant 

materials. Therefore, numerous researchers in bone tissue engineering have focused on 

the overall design and synthesis of bone-like nanomaterials with favorable surface 

properties in order to more successfully promote bone growth. Specifically, Figure 1.6 

illustrates one of possible underlying mechanisms of the superior properties of 

nanomaterials to conventional micron structured materials for tissue engineering 

applications. Specifically, since nanomaterials have the increased surface area, surface 

wettability and favorable surface chemistry compared to conventional materials, they 

may contribute to increase protein adsorption and bioactivity, promote osteoblast 

functions and rapidly induce osseointegration by mimicking the nanostructure of bone 
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[45]. There has already been much progress studying the use of nanomaterials 

(Specifically, ceramics, metals, and polymers and nanotubes/nanofibers) for bone tissue 

engineering; this will be the focus of the next section. 

 

 
Figure 1.6 Schematic illustration of the possible mechanism by which nanomaterials may 

be superior to conventional materials for bone regeneration. The bioactive surfaces of 

nanomaterials mimic those of natural bones to promote greater amounts of protein 

adsorption and efficiently stimulate more new bone formation compared to conventional 

materials. This figure is adapted from [45] 

 

1.4.1 Nanoceramics 

 

Ceramics are non-metallic inorganic materials which have excellent cytocompatibility 

properties and possibly a high degree of biodegradability in the physiological 

environment, making them attractive for orthopedic applications. For instance, 

hydroxyapatite (HA), which is one of the most popular bone graft substitutes, coatings 

and filler materials, has good osteoconductive properties. Its surface can undergo 
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selective chemical reactivity with surrounding tissues, resulting in a tight bond between 

bone and the implant. Thus, new bone formation will be improved by the bonded 

interface [46] and consequently osseointegration occurs more quickly. For these reasons, 

ceramics have been widely adopted as orthopedic implants (known as bioceramics for 

several decades). According to the tissue response in an osseous environment, 

bioceramics can be classified into three groups: bioactive ceramics (such as HA, 

tricalcium phosphate (TCP), bioglasses, HA/TCP bi-phase ceramics, and glass-ceramics), 

biopassive ceramics (such as alumina, titania and zirconia), and biodegradable ceramics 

(such as TCP). Although traditional bioceramics have long served as bone substitutes and 

filler materials, structural forms, and surface coatings in orthopedic applications [47], 

there often exists a variety of implant failures due to insufficient osseointegration, 

osteolysis as well as ceramic implant wear. Therefore, nanoceramics which mimic the 

nanostructure of natural bone are ideal candidates for orthopedic and bone tissue 

engineering applications.  

 

With a decreased grain size as well as a decreased pore diameter, nanoceramics possess 

increased surface area, surface roughness and number of grain boundaries at the surface. 

For example, from the results of extensive material characterization studies, increased 

surface roughness and improved surface wettability (i.e., decreased contact angles) are 

evident in nanophase compared to conventional alumina, HA and titania [48]. In the case 

of zinc oxide (ZnO), atomic force microscopy (AFM) root-mean-square roughness values 

of nanophase and microphase ZnO were 32 and 10 nm, respectively [49]. Additionally, a 

23 nm grain size alumina had approximately 50% more surface area for cell adhesion 



21 

 

than that of a 177 nm grain size alumina; similarly, a 32 nm grain size titania had nearly 

35% more surface area than that of a 2.12 μm grain size titania (Figure 1.7) [15]. A 

nanophase ZnO compact had 25% more surface area than that of microphase ZnO [49]. 

 

       

     

Figure 1.7 AFM images of nanophase and conventional titania and alumina. (a) and (c) 

represent conventional titania and alumina, respectively, and (b) and (d) represent 

nanophase titania and alumina, respectively. This figure is adapted from [15]. 

 

Furthermore, the special surface properties of nanoceramics are closely related to their 

excellent cytocompatibility properties. Just taking nanophase HA as an example, it has 

been demonstrated that higher amounts of surface porosity, increased surface roughness 

and improved wettability of nanophase HA had positive effects on improving osteoblast 

functions (such as adhesion, proliferation and differentiation) and osseointegration with 
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juxtaposed bone [17,39,48]. Specifically, some in vitro studies demonstrated that 

nanophase HA (67 nm grain size) significantly enhanced osteoblast adhesion and 

strikingly inhibited competitive fibroblast adhesion compared to conventional, 179 nm 

grain size HA, after just 4 hours of culture [48]. In addition, enhanced osteoclast-like cell 

functions (such as the synthesis of tartrate-resistant acid phosphatase (TRAP) and the 

formation of resorption pits) have also been observed on nano HA compared to 

conventional HA [50].  

 

Importantly, such results have not been limited to in vitro studies. In vivo studies also 

demonstrated that nanocrystalline HA accelerated new bone formation on tantalum 

scaffolds when used as an osteoconductive coating compared to uncoated or conventional 

micron size HA coated tantalum [39]. Histological examination revealed that 

nanocrystalline HA coatings promoted greater amounts of new bone growth in the rat 

calvaria than uncoated or conventional HA coated tantalum after 6 weeks of implantation. 

Recently, a bioresorbable nanocrystalline HA paste was used as a valuable addition to 

TCP-HA ceramic granules for acetabular bone grafting in animal models. That study 

showed that the nanocrystalline HA paste resulted in better acetabular cup stability than 

the pure allografts and at the same time did not cause adverse biological reactivity [51]. 

Histology slides in human cancellous bone revealed that nanocrystalline HA paste 

appeared to be a suitable bone substitute for bone defects or cavities since it showed good 

tissue incorporation, high biocompatibility and rapid osseointegration [52]. 

 

A similar tendency has been reported for other nanoceramics including alumina, zinc 
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oxide and titania, thus, providing strong evidence that, to some extent, it may not matter 

what implant chemistry is fabricated to have nanometer surface features to promote bone 

growth. For example, a 51% increase in osteoblast adhesion and a 235% decrease in 

fibroblast adhesion were observed on alumina as grain size decreased from 167 to 24 nm 

in a 4-hour period [48]. The above decreased competitive fibroblast functions on 

nanoceramics are important to stimulate sufficient osseointegration. Since excessive 

secretion of fibrous tissue from fibroblasts causes the formation of a detrimental fibrous 

tissue capsule that leads to loosening of implants, decreased fibroblast functions on 

nanophase ceramics may contribute to a better bone-implant interface. Moreover, 

osteoblast adhesion increased by 146% and 200% on nanophase ZnO (23 nm) and titania 

(32 nm) compared to microphase ZnO (4.9 m) and titania (4.1 m), respectively [49]. 

Furthermore, nanophase ZnO, nanophase titania and nanofiber alumina enhanced 

collagen synthesis, alkaline phosphatase activity and calcium mineral deposition by 

osteoblasts compared to conventional equivalents [49, 53]. On the other hand, the 

inhibited Staphylococcus epidermidis (a common bacterium contributing to an 

undesirable biofilm around the implants) functions were also observed on nanophase 

ZnO and titania [49]. 

 

It elucidated that the special surface topography as well as wettability of nanophase 

ceramics may be the main reason for the observed promoted bone cell functions on 

nanoceramics. At the tissue-implant interface, the first and necessary step for success is 

the adsorption of specific proteins onto biomaterial surfaces (see section 1.3.2). Many 

researchers have demonstrated that the protein adsorption process depends on surface 
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properties (such as hydrophilicity, charge density, roughness, and surface energy) [54-55]. 

For instance, on hydrophilic and nanorough surfaces, studies have shown maximum 

vitronectin, fibronectin and laminin adsorption [48, 54-55]. Specifically, the highest 

concentration of vitronectin (a protein known to mediate anchorage-dependent cell 

adhesion) adsorption on nanophase ceramics may explain the subsequent enhanced 

osteoblast adhesion on nanophase ceramics [48]. Webster et al. demonstrated that 

increased unfolding of vitronectin adsorbed on nanophase alumina compared to 

conventional alumina [106]. Furthermore, the unfolding vitronectin adsorption on 

nanophase alumina may promote to expose cell-adhesive epitopes (such as RGD) on 

proteins for subsequent interaction with cell-membrane integrin receptors and further 

mediating cell adhesion. Therefore, they indicated that enhanced vitronectin adsorption, 

conformation and bioactivity may explain the increased osteoblast adhesion on 

nanophase alumina. Clearly, surface properties are closely related to 

anchorage-dependent cells (like osteoblasts and osteoclasts) adhesion to a biomaterial 

surface. After that, cell proliferation, differentiation, and ECM deposition can happen and 

contribute to a successful integration with surrounding tissue.  

 

On the other hand, mechanical properties (such as hardness, ductility, stiffness, bending, 

compressive and tensile strength) of biomaterials play a crucial role in the long-term 

success of orthopedic implants. Many attempts and efforts have ensued to improve 

mechanical properties of orthopedic materials in order to mimic those of physiological 

bone. For example, in a recent study, Nukavarapu et al. fabricated a biodegradable 

nano-HA/polyphosphazene microsphere 3-D scaffold which had suitable mechanical 
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properties (compressive moduli of 46-81 MPa) and cytocompatibility properties for bone 

tissue engineering applications [56]. It should not be surprising that nanostructured 

composites have similar mechanical properties to bone since bone itself is a 

nanostructured composite. Moreover, a variety of nanocomposites (such as 

zirconia-toughened alumina nanocomposites [57], ceria-stabilized tetragonal 

zirconia–alumina nanocomposites [58] and HA coated ceria-stabilized tetragonal 

zirconia–alumina nanocomposites [59]) have shown promise as bearing materials with 

excellent cytocompatibility and low wear rates in order to prevent osteolysis. In summary, 

nanoceramics can offer significantly improved mechanical properties, good wear 

properties as well as excellent cytocompatibility compared to conventional ceramics.  

 

1.4.2 Nanometals 

 

Due to their excellent mechanical and suitable biocompatibility properties, metals and 

their alloys are the most common materials used in orthopedic applications. However, 

complications frequently occur on these traditional metal implants (including insufficient 

and unsustainable osseointegration). Thus, nanophase metals have been extensively 

investigated for orthopedic applications due to their higher surface roughness, energy, and 

presence of more particle boundaries at the surface compared with conventional micron 

metals.  

 

For example, Webster et al. provided the first evidence that nanophase Ti, Ti6Al4V and 

CoCrMo possessed greater surface roughness at the nanoscale and significantly enhanced 

osteoblast adhesion compared to respective conventional metals [60]. Furthermore, 
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Figure 1.8 shows osteoblast morphology on nanophase and conventional metals. 

Obviously, compared to conventional metals, osteoblasts spread well on nanophase Ti 

and Ti6Al4V with increased roughness and surface particle boundaries [60]. In addition, 

recently Puckett et al. created linear nano-featured patterned Ti via electron beam 

evaporation. This study revealed that the nano region of the patterned Ti induced greater 

osteoblast adhesion than the micron- rough regions and controlled osteoblast morphology 

and alignment more similar to th at observed in situ in natural bones [61]. Moreover, an 

electrochemical method known as anodization, a well-established nano surface 

modification technique, has been used to fabricate highly porous TiO2 nanotube layers on 

Ti. Through the anodization of Ti in dilute hydrofluoric acid (HF) electrolyte solutions, 

nanotubes with diameters around 100 nm and lengths around 500 nm can be formed in 

the TiO2 layers of Ti. Yao et al. reported greatly improved osteoblast functions on 

nanotubular anodized Ti compared to unanodized Ti in vitro [62]. Moreover, increased 

chondrocyte (cartilage-forming cells) adhesion was also observed on anodized 

nanotubular Ti compared to unanodized Ti in a recent study, thus, suggesting the 

possibility of promoting cartilage growth on anodized Ti [63]. 
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Figure 1.8 SEM images of osteoblasts on nanophase and conventional metals (Ti and 

Ti6Al4V) after 1 h of cell culture. More osteoblast spreading was observed on nanophase 

than conventional metals. Arrows point particle boundaries where cell protrusions are 

seen. This figure is adapted and redrawn from [60]. 

 

1.4.3 Nanopolymers 

 

Polymers are a class of synthetic materials characterized by their high versatility and, 

thus, have been widely applied in orthopedics. They can mechanically secure components 

of hip replacements into bone (as in bone cements, such as injectable 

polymethylmethacrylate (PMMA)) and can line acetabular cups for smooth articulation 

with metallic femoral head components (such as in UHMWPE). However, there also exist 

many disadvantages related to traditional polymers used in orthopedic applications. For 

example, PMMA suffers from fatigue-related cracking and impact-induced breakage due 
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to its poor setting and fixation [64]. Furthermore, PMMA can also elicit a host response 

due to the release of toxic monomers and necrosis of the surrounding tissue caused by 

exothermic polymerization in vivo [65]. Increased articulation-induced wear of 

UHMWPE frequently leads to osteolysis [66].  

 

Therefore, further development of polymer alternatives that could improve 

osseointegration is necessary, not only for fracture fixation but also as bone tissue 

engineering scaffolds. For this reason, polymers (such as polylactic acid (PLA), 

polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PLGA), poly(l-lactic acid) (PLLA) 

and various hydrogels) currently generate more interest from tissue engineers to repair 

bone defects due to their excellent biocompatibility, suitable mechanical properties, 

biodegradability and ease of modifications. An ideal bone repair scaffold should be 

biocompatible to minimize local tissue responses but maximize osseointegration. As will 

be described, an important consideration in polymeric tissue engineering scaffold design 

is to implement a nanoscale roughness for promoting cellular interactions. 

 

PLGA and its homopolymer derivatives, PLA and PGA are common biodegradable 

polymers used for bone tissue engineering and orthopedic applications. They have 

reasonable biocompatibility properties, are FDA approved, have the ability to degrade 

into harmless monomer units, and are useful for a range of mechanically demanding 

situations (depending on the copolymer ratio). Various techniques (such as particulate 

leaching, textile technologies or three-dimensional (3-D) printing techniques) have 

successfully created three dimensional porous matrices from PLGA and its derivatives 
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[67-71]. For instance, with the simplicity of a polymer casting and phase separation 

process, a robust nanofibrous PLLA scaffold can be prepared [71]. These nanofibrous 

scaffolds have a collagen-like 3-D structure, high porosity and suitable surface structures 

for osteoblast attachment, proliferation, and differentiation. 

 

In addition, several studies have shown that nanostructured PLGA prepared by chemical 

etching procedures can promote vascular endothelial and smooth muscle cell adhesion 

compared to the conventional PLGA [72-73]. Further investigation demonstrated that 

nanostructured PLGA can adsorb significantly more vitronectin and fibronectin from 

serum compared to conventional PLGA (just as the aforementioned nanoceramics and 

nanometals did) [74]. This increase in protein adsorption may help explain the enhanced 

cell adhesion observed on PLGA with nano-surface roughness. In addition, significantly 

increased chondrocyte functions (such as adhesion, proliferation and matrix synthesis) 

have been observed on NaOH-treated nanostructured PLGA [75]. At the same time, it was 

found that fibroblast density decreased on nanophase PLGA, polyurethane and 

polycaprolactone which may inhibit the formation of a fibrous tissue capsule [76]. 

Obviously, these nanostructured PLGA materials have excellent cytocompatibility 

properties (above that of traditional PLGA) and ease of degradability for improved 

numerous tissue engineering applications. 

 

Furthermore, polymeric hydrogels have reasonable biocompatibility properties that make 

them useful in bone tissue engineering applications. For example, since the first reported 

biomedical potential of poly(2-hydroxyethyl methacrylate) (pHEMA) by Wichterle and 
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Lim in 1960 [77], pHEMA (a chemically crosslinked hydrogel) has been one of the most 

widely used hydrogels as a biomaterial for tissue repair surgery, bone or dental 

applications, drug delivery devices and corneal implants [78-82]. pHEMA has reasonable 

biocompatibility properties, suitable mechanical properties and ease of modification for 

diverse applications. pHEMA has also been modified to be biodegradable through the 

action of enzymes by using dextran-modified pHEMA gels [83]. In addition, when 

pHEMA was prepared by bulk polymerization with low water content, a material with 

hardness similar to natural bone was created [84]. Moreover, natural hydrogels (such as 

collagen and gelatin) are the main components of the ECM of mammalian tissues 

including bone and cartilage [85]. Through a technique called electrospinning, 

nanofibrous scaffolds can be successfully created from these synthetic and natural 

polymers. Several studies have shown that bone cell functions are promoted by 

electrospun nanofibrous scaffolds that biomimetic the ECM [86-88]. For instance, 

Venugopal and colleagues electrospun a fibrous nanocomposite of PCL/HA/gelatin at a 

ratio of 1:1:2. The results demonstrated that osteoblast proliferation, alkaline phosphatase 

activity and mineralization were highest on the highly flexible PCL/HA/gelatin 

nanocomposite when compared to other PCL nanofibrous scaffolds [86]. Recently, 

Osathanon et al. developed a novel polymer/calcium phosphate composite for bone tissue 

engineering. These nanofibrous fibrin-based composites promoted osteoblast alkaline 

phosphatase activity as well as osteoblast marker gene (mRNA) expression to support 

bone maturation both in vitro and in vivo in a mouse calvarial defect model [87].   
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1.4.4 Carbon Nanotubes and Nanofibers 

 

With the rapid development of carbon nanotube/nanofiber (CNT/CNF) production 

technologies, CNTs/CNFs with nanometer to millimeter lengths (Figure 1.9) and 

1-100nm widths can be prepared [89-90]. Especially, due to their superior 

cytocompatibility, mechanical and electrical properties, CNTs and CNFs have been 

incorporated into current natural or synthetic polymers (such as collagen, PGA, etc.) and 

ceramic (such as HA) scaffolds for orthopedic and bone tissue engineering applications 

[90-95]. These novel cytocompatible nanotube/nanofiber composites not only overcome 

the disadvantages of poor mechanical properties of polymer or ceramic scaffolds [95] but 

they also have improved electrical conductivity properties which contribute to new bone 

formation under electrical stimulation [96]. 

 

   

Figure 1.9 High purity and densely aligned single wall carbon nanotube (SWCNT) 

forests grown with novel water-assisted chemical vapor deposition. The water assisted 

CVD method can be highly efficient to synthesize highly ordered CNTs (even in 10 min). 

(A) A SWCNT forest 2.5 mm in height on a 7 mm × 7 mm silicon wafer. (B) Scanning 

electron microscopy of the SWCNT forest ledge. (C) High-resolution transmission 

electron microscopy image of the SWCNTs. This figure is adapted from [89]. 

 

From a cytocompatibility point of view, there is increasing research showing the promise 

of CNTs, CNFs and their composites for orthopedic applications [97-102]. For example, 
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Elias et al. reported that osteoblast proliferation and long-term functions (i.e., synthesis of 

alkaline phosphatase and deposition of extracellular calcium for up to 21 days) were 

significantly improved on 60 nm diameter CNFs without a pyrolytic outer layer and 100 

nm diameter CNFs with a pyrolytic outer layer when compared to conventional larger 

carbon fibers [97]. The enhanced long-term osteoblast functions on CNFs have been 

attributed to their unique nanometer surface topography that mimics the dimension of 

inorganic crystalline HA and collagen found in natural bone. Further investigations 

showed not only that nanometer dimension but also that surface energy and chemistry 

played some role in promoting osteoblast functions on CNFs. In the report, Price et al. 

demonstrated that 60 nm diameter CNFs significantly increased osteoblast adhesion and 

concurrently decreased competitive cell (fibroblast, smooth muscle cell, etc.) adhesion in 

order to stimulate sufficient osseointegration [98]. Other research efforts have also 

demonstrated that CNTs are suitable to promote osteoblast functions [99]. Recently, 

Sitharaman and colleagues reported an in vivo study on ultra-short SWCNT polymer 

nanocomposites after implanting them into rabbit femoral condyles and subcutaneous 

pockets for up to 12 weeks [100]. The nanocomposites exhibited favorable hard and soft 

tissue responses after 4 and 12 weeks. They induced a 307% greater bone volume than all 

other experimental groups after 4 weeks and 200% greater bone growth at defect sites 

than control polymers without CNTs after 12 weeks. In addition, a study on the 

cytocompatibility properties of polycarbonate urethane CNF composites demonstrated 

that osteoblast adhesion was promoted on nanocomposites while a decreasing trend of 

fibroblast adhesion was observed on these composites with increasing CNF weight ratios 

in the polymers [101]. Another report observed increased osteoblast and decreased 
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fibroblast adhesion on PLGA casts of CNFs, highlighting the importance of nanoscale 

roughness provided by CNTs for orthopedic applications [102]. 

 

Moreover, numerous SWCNTs or multi-wall carbon nanotubes (MWCNTs) have been 

covalently bonded to a wide range of functional groups which make them exhibit 

excellent candidates for bone tissue engineering applications [103-105]. Specifically, 

Zhao et al. evaluated HA nucleation and crystallization on the surface of SWCNTs 

functionalized with phosphonates and poly(aminobenzene sulfonic acid) (PABS) when 

placed in a solution including CaCl2 and Na2HPO4 [104]. Scanning electron microscopy 

images showed that the functionalized SWCNTs attracted more HA self-assembly on 

CNTs as collagen did in natural bone. After 14 days of mineralization, the thickness of 

well aligned HA on functionalized SWCNTs can be over 3 m. Aryal and colleagues also 

observed a hierarchy assembly and nucleation of HA crystals on carboxylated MWCNTs 

after a 7 day incubation in simulated body fluid [105]. Changing the temperature and 

incubation time can yield different sizes of HA on CNTs. Other research showed that 

neutrally charged CNTs were suitable to promote osteoblast proliferation and other bone 

forming activities [99]. In summary, all of these experimental results provide insights into 

the capability of CNFs/CNTs to serve as biologically inspired scaffold materials to 

stimulate new bone growth for bone tissue engineering and orthopedic applications. 

 

From a mechanical property point of view, CNTs/CNFs are known as one of the strongest 

while light weight materials to reinforce bone tissue engineering scaffolds. For example, 

Shi and colleagues investigated the mechanical properties of an injectable SWCNT 
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reinforced poly(propylene fumarate) composite [107]. Their results showed that low 

concentrations of 0.05 wt% SWCNTs dispersed well in uncrosslinked polymer matrices 

(which have the most potential to enhance mechanical properties of the composites) and 

high concentrations of 0.2 wt% SWCNTs aggregate in polymers. The aggregation state 

can damage and decrease the mechanical properties of nanotube polymer composites 

because applied loads can not effectively transfer in aggregated nanotube reinforced 

polymer systems. Consequently, it has been demonstrated that a good dispersion of CNTs 

in poly(propylene fumarate) played a critical role in significant mechanical reinforcement. 

In another report, MWCNTs, SWCNTs and carbon nanofibrils have been dispersed into a 

PMMA matrix which is one of the most studied polymers for nanotube composite 

systems and can mechanically secure the components of the hip replacement device into 

bone as bone cement [108]. The impact strength (indirectly, the fracture toughness) was 

significantly improved by SWCNTs. The mechanical properties of the carbon nanofibril 

and PMMA composites were significantly improved in the study. Moreover, chemically 

functionalized MWCNTs have provided to great increases in tensile strength and storage 

modulus when incorporated into polymer matrices considering that load transferring is 

more effective through chemical bonds [92, 109].  

 

Clearly, there are many researchers dedicated to using CNFs as bone implant material 

reinforcements and achieving better mechanical properties. For example, Kobayashi et al. 

showed that CNFs can be used to improve (1.6 times) fracture toughness of HA and the 

novel CNF/HA exhibited bending strengths similar to cortical bone [110]. It has been 

observed that the bioactivity of CNF/HA is equal to HA alone when soaking them into 
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stimulated body fluid. In this manner, CNTs/CNFs as reinforcements in polymer and 

ceramic scaffolds for bone tissue engineering applications are promising in the design of 

extremely strong, high porosity matrices to support bone cell adhesion, invasion, and 

differentiation [91]. 

 

From an electrical point of view, CNT/CNF reinforced polymer nanocomposites have 

also demonstrated excellent electrical conductivity for bone tissue regeneration. It is well 

known that electrical stimulation can promote osteogenesis at bone fracture sites 

experimentally and clinically [111-112]. However, traditional methods which have used 

metal electrodes (i.e., titanium and stainless steel) [113] have disadvantages of inducing 

secondary surgery to remove electrodes; this may trigger complications (such as infection 

and loss of osseointegration) [114]. In addition, it is important to note that sometimes 

electrical stimulation can not effectively promote new bone growth at the entire bone 

damaged site. For these reasons, much research is focused on the fabrication of novel 

alternative nanocomposites by incorporating conductive CNTs/CNFs to electrically 

stimulate bone healing. Just taking biodegradable PLA/CNT composites as an example, 

the nanocomopsites (specifically, 80/20% (w/w) PLA/CNT) have good conductivity 

properties while PLA is an insulator [115]. It has been shown that osteoblast proliferation 

on PLA/CNT composites can be promoted 46% after applying an alternating electrical 

current for 6 hours each of 2 days and calcium content in the ECM can be increased 

above 300% after electrical stimulation for 21 days [115]. In summary, all of these studies 

indicated that the CNTs/CNFs and their composites can serve as osteogenic scaffolds 

with good cytocompatibility properties, reinforced mechanical properties and improved 
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electrical conductivity to effectively enhance bone tissue growth. 

 

1.4.5 Self-Assembly Nanotubes and Nanofibers 

 

The last types of nanomaterial to be studied for orthopedic applications are 

self-assembled materials. Because collagen in bone and cartilage is a nanostructured 

self-assembled helix, a bottom-up self-assembly process to design novel biomimetic 

nanofibrous or nanotubular scaffolds has attracted a lot of interest in the bone 

regeneration community. For instance, Hartgerink et al. reported that a 

peptide-amphiphile (PA) with the cell-adhesive ligand RGD self-assembled into 

supramolecular nanofibers [116]. By directly nucleating and aligning HA on the long axis 

of a nanofiber, a new nanofiber composite was designed with the same self-assembly 

pattern as collagen and HA crystals in bone. Moreover, Hosseinkhani et al. investigated 

mesenchymal stem cell (MSC) behavior on self-assembled PA nanofiber scaffolds [117]. 

Significantly enhanced osteogenic differentiation of MSC occurred in the 3-D PA 

scaffold compared to 2-D static tissue culture. RGD modified PA nanofibers promoted 

the maximum amount of alkaline phosphatase activity and osteocalcin content by 

osteoblasts.  

 

Furthermore, a new class of rosette nanotubes (specifically, RNTs, most of them own the 

helical structure, thus also named as helical rosette nanotubes (HRNs)) were obtained 

through the self-assembly of low-molecular-weight synthetic molecules in aqueous 

solutions. In designing RNTs, the DNA base pair building blocks (Guanine^Cytosine, 
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G^C) possess key elements for their sequential self-assembly towards the formation of 

stable nanotubular architectures [118-121]. Figure 1.10A highlights the G^C motif of one 

type of RNTs, which possesses the Watson-Crick H-bond donor-donor-acceptor array of 

guanine and acceptor-acceptor-donor array of cytosine central to the self-assembly of 

RNTs. An amino acid side chain (lysine, K) has been chosen to impose chirality (such as 

handedness) and surface chemistry on the RNTs. Furthermore, six G^C motifs undergo 

spontaneous self-assembly under physiological conditions first into a supermacrocycle 

resembling a rosette (Figure 1.10B). Then, through non-covalent interactions such as 

H-bonds, base stacking interactions and hydrophobic effects, the rosettes form a stable 

tubular stack with a hollow core 11 Å in diameter (Figure 1.10C). 

 

 

Figure 1.10 Self-assembly of helical rosette nanotubes with a lysine side chain (HRN-K 

or RNT-K). (A) Guanine^Cytosine motif and K module. (B) Rosette supermacrocycle 

formed by six G^C motifs maintained by 18 H-bonds. (C) Rosette nanotube with a 3.5 

nm diameter and up to several μm in length. 

 

In addition, it is possible to further functionalize the outer space of the G^C motif in 

order to yield predefined chemical and physical properties for specific tissue 
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regenerations. For example, the amino acid side chain of RNTs can be possibly replaced 

by RGD or KRSR (lysine-arginine-serine-arginine), peptide sequences known to enhance 

cell functions. The RNTs functionalized with different peptide side chains may possibly 

resemble an environment more favorable to osteoblasts than currently used, non-modified 

conventional orthopedic materials. Moreover, other bone growth factors or specific 

peptide sequences which can enhance osteoblast adhesion can possibly attach on the 

RNTs. The special surface chemistry of RNTs can achieve a strong and robust bonding 

between the implant and juxtaposed bone for their long-term success of orthopedic 

implants. In previous study, Chun et al. demonstrated that osteoblast adhesion was 

greatly enhanced by the RNT-K coated titanium compared to uncoated titanium even at a 

very low concentration of 0.005 mg/mL [118]. Furthermore, they found RNT-K formed a 

dense nanotube network after heating or adding to serum free medium [119]. Recently, 

Journeay et al. reported an in vivo inflammatory study on the RNTs [120]. The results 

demonstrated that RNTs have low acute toxicity in vivo: i.e., 5 μg dose of RNTs did not 

trigger an inflammatory response and even with a 50 μg dose, inflammation was resolved 

after 7 days. Therefore, with such excellent cytocompatibility, flexible design and 

synthetic accessibility, RNTs are very well suited for orthopedic and bone tissue 

engineering applications. 

 

In conclusion, the self-assembly nanotubular or nanofibrous materials not only own the 

nanostructure features like other nanoceramics, nanometals, nanopolymers and 

CNTs/CNFs, but also mimic the natural hierarchical self-assembly and supramolecular 

organization of bone. Thus, they hold great promise for bone tissue engineering and 



39 

 

orthopedic applications.  

 

1.5 Objectives 

 

Due to the advantages and promises of the self-assembled RNTs and other types of 

nanomaterials mentioned above, the main goal of this dissertation was to synthesize, 

design and fabricate novel biomimetic nanostructured scaffolds or coating materials 

based on RNTs, nanocrystalline HA as well as hydrogels (specifically, 

poly(2-hydroxyethyl methacrylate), pHEMA) and test their cytocompatibility for bone 

tissue engineering and orthopedic applications. Moreover, the potentials of RNTs as 

coating materials for vascular stent applications were investigated as well. The specific 

objectives of this in vitro study included: 

 

 Design of novel nanostructured RNTs functionalized with different groups (K and 

RGD) in hydrogel scaffolds for injectable bone tissue engineering applications. 

 Synthesize and characterize nanocrystalline HA and incorporate them into RNTs in 

hydrogels or coated with RNTs on titanium for improving orthopedic implants. 

 Investigate osteoblast adhesion on RNTs in hydrogels and nanocrystalline 

HA/RNTs in hydrogels or coated on titanium. 

 Investigate long-term osteoblast responses (such as proliferation, calcium 

deposition, protein synthesis and alkaline phosphatase activity) on various RNTs in 

hydrogels and coated on titanium. 

 Modify RNTs with KRSR peptides and investigate osteoblast and fibroblast 



40 

 

adhesion on the novel nanotubes coated on titanium compared to RNTs 

functionalized with K and RGD coated on titanium for orthopedic applications. 

 Determine the role of surface chemistry, surface roughness and surface wettability 

of RNTs on osteoblast functions. 

 Determine endothelial cell adhesion and proliferation on RNTs coated on 

conventional vascular materials (specifically, titanium) for potential vascular stent 

applications.  

 

10 m 
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2.1 Introduction 

 

To date, much of the research in bone tissue engineering has focused on the development 

of novel nanophase materials (including nanophase polymers, ceramics, and metals, etc.), 

surface modifications (altering the implant surface topography and chemistry) of 

currently implanted materials, and the overall design and synthesis of bone-like 

composites in order to more successfully promote cell adhesion and tissue integration [1]. 

However, most of the nanomaterials studied so far do not mimic the natural hierarchical 

self-assembly and supramolecular organization of bone. Thus, it is desirable to design a 

matrix that can mimic the natural structure of bone and thus enhance osseointegration 

while providing a scaffold for bone tissue regeneration.  

 

Rosette nanotubes (RNTs) are a type of soft organic nanomaterial obtained through the 

self-assembly of low-molecular-weight synthetic molecules when placed in water as 

mentioned in section 1.4.5. RNTs have several unique features that make them attractive 

for orthopedic and bone tissue engineering applications: (a) rapid and quantitative 

preparation through self-assembly; (b) biomimetic nanostructured features that improve 

osteoblast (bone-forming cell) attachment; (c) ability to serve as excellent calcification 

templates [2]; (d) facile functionalization with amino acid and peptide side chains; (e) 

well-controlled spatial distributions of the side chains to enhance their functionality [3]; 

(f) ability to gel when heated or added directly into serum free medium [4] which may 

allow them to serve as novel injectable materials for bone repair under physiological 
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conditions; and (g) synthetic accessibility, chemical tunability, and functional group 

tolerance which impart a broad range of tailorable chemistries and biological properties. 

 

Specifically, the amino acids on the G^C motif of RNTs may be modified with numerous 

functional groups of different properties [5], thus, making it possible to tailor RNTs for 

specific tissue engineering applications. Considering that arginine-glycine-aspartic acid 

(RGD) is a well known cell adhesive domain present in many proteins (including 

fibronectin, vitronectin and collagen), it is a popular peptide sequence widely studied for 

improving osteoblast functions. For instance, a wide range of RGD containing peptides 

(e.g., RGD [6-9], RGDS [10], RGDSP [11,12], RGDFK [13], RGDSGGC [14], GRGD 

[15], GRGDS [16], GRGDSP [17,18], and GRDSPK [19]) have been immobilized on 

conventional implant materials (such as titanium and its alloys, hydrogels, and polymers) 

to improve bone cell functions in vitro and in vivo. For example, Elmengaard et al. 

showed that bone growth on RGD coated Ti6Al4V implants increased two-fold compared 

to uncoated implants in the proximal tibia of mongrel dogs for 4 weeks [13]. Recently, 

Chua et al. also reported that hyaluronic acid/chitosan polyelectrolyte multilayers with 

RGD immobilized on titanium improved osteoblast functions (such as osteoblast 

proliferation and alkaline phosphatase activity) by 100%-200% compared to uncoated 

titanium [8]. Furthermore, bacteria (i.e., staphylococcus aureus) functions have been 

inhibited on titanium coated with RGD functionalized poly(L-lysine)-grafted- 

poly(ethylene glycol) copolymers [20]. Thus, RGD containing peptides are excellent 

candidates to be functionalized on RNTs in order to design a more cytocompatible 

nanomaterial for bone tissue engineering applications. 
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In the present study, RNTs expressing a mixture of RGD containing peptides (specifically, 

RGDSK) and K at various concentrations (0%, 1%, 5%, 10% RGDSK to K molar ratios 

on RNTs, termed RNT-K and RNT-RGD-K, Figure 2.1) were studied for bone tissue 

engineering applications. Moreover, it should be emphasized that most of the reported 

efforts involving RGD modification on traditional materials have been carried out on 2-D 

flat substrates [6-8, 16-20]. It was reasoned that the incorporation of RNTs into a 

biocompatible hydrogel (specifically, poly(2-hydroxyethyl methacrylate), pHEMA) 

would result in a biologically-inspired 3-D nanoscale scaffold with self-assembled 

biomimetic features more suitable for 3-D bone regeneration. pHEMA has been 

extensively used as a cytocompatible tissue engineering and drug delivery material as 

mentioned in section 1.4.3. Therefore, by combining RNTs with pHEMA hydrogels, it 

was anticipated that one could develop a robust and nanostructured orthopedic scaffold 

with excellent cytocompatibility properties based on favorable surface chemistry. 

 

     

 

Figure 2.1 Schematic illustration of the self–assembly process of RNT-RGD-K. (A) G^C 

building blocks, G^C base with lysine side chain (G^C-K, bottom image) and newly 

synthesized G^C–RGDSK (RGD side chain, right image in (A)); (B) rosette–like 

(A) (B) (C) 



56 

 

supermacrocycle assembled from six building blocks; and (C) based on hydrophobic, 

electrostatic and base stacking interactions, rosettes stack up into stable helical nanotubes 

with a 11 Å hollow core. 

 

2.2 Research Objectives 

 

The objectives of this chapter were to design and investigate the potential of the 

biologically-inspired K and RGDSK functionalized RNTs placed in hydrogels for bone 

tissue engineering applications. For this purpose, the RNT-K and 1%, 5%, and 10% 

RNT-RGD-K were assembled by dissolving different types of GC motifs in water; such 

constructs were further characterized using transmission electron microscopy, scanning 

electron microscopy, atomic force microcopy, etc. In addition, surface wettability, 

specific protein (fibronectin) adsorption, osteoblast adhesion and proliferation studies 

were performed on the various RNTs coated on or embedded in pHEMA hydrogels. 

Finally, osteoblast responses to the various RNTs hydrogels were compared to those of 

type I collagen and poly L-Lysine coated hydrogels to understand the mechanism of 

osteoblast behavior on these new materials. Osteoblast morphology on these materials 

was also examined to further assess adhesion. 
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2.3 Materials and Methods 

 

2.3.1 Sample Preparation 

 

2.3.1.1 Preparation of RNTs Functionalized with K and RGDSK 

 

By using the standard peptide synthesis chemistry [5], the G^C-K (lysine side chain) 

motif was prepared by Sharwatie Ramsaywack from Professor Hicham Fenniri’s group at 

the University of Alberta. Furthermore, the RGDSK modified G^C base (G^C-RGDSK) 

was synthesized by coupling Wang resin protected RGDSK peptides onto the G^C motif, 

which was synthesized by Felaniaina Rakotondradany from Prof. Fenniri’s lab. Figure 2.2 

illustrates the RGDSK coupling onto the G^C motif. The detailed synthesis procedure 

and characterization data (
1
H-NMR, 

13
C-NMR spectra, high resolution ESI-MS and 

elemental analysis) of the G^C-RGDSK base can be found in [21]. 

 

In the current study, 1 mg/mL of RNT with lysine side chains (RNT-K) was prepared by 

directly dissolving 5 mg of G^C-K building blocks (formed as a white powder) into 5 mL 

of Millipore distilled and deionized water (ddH2O). The solution was diluted into various 

other concentrations including 0.1 mg/mL, 0.01 mg/mL and 0.001 mg/mL RNT-K in 

ddH2O. For the RNT-RGD-K formulation, 1%, 5% and 10% molar ratios of RGD to K 

on RNTs were prepared. Specifically, G^C-RGDSK and G^C-K building blocks were 

co-dissolved in ddH2O at molar ratios of 1%, 5% and 10% to achieve 0.1 mg/mL 
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stocking solutions of 1%, 5% and 10% RNT-RGD-K. Then, these stock solutions were 

diluted with ddH2O to achieve 0.01 mg/mL RNT-RGD-K solutions. All of the RNT 

solutions were sterilized by filtration through a 0.22 µm syringe filter to remove any 

debris and contamination.  

 

 

 

Figure 2.2 A synthetic scheme of Wang resin–supported protected RGDSK peptide 

coupling onto the G^C base. 

 

2.3.1.2 Fabrication of RNT Hydrogel Scaffolds 

 

The RNTs were then embedded in and coated on pHEMA hydrogels. For the RNTs 

embedded in hydrogels, 4 mL of the 2-hydroxyethyl methacrylate (HEMA) monomer 

(Polysciences Inc., PA) was combined with 4 mL of the RNT-RGD-K (0.01 mg/mL of 
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1%, 5% and 10%) or RNT-K (0.01 and 0.001 mg/mL) solutions in a 10 mL vial. Then, 8 

mg of a 2, 2’-azobisisobutyronitrile (Sigma-Aldrich, MO) free radical initiator was added 

at a concentration of 0.1% w/w (based on the weight of the monomer mixture) [22-24]. 

The mixture was blended mechanically in order to obtain a homogenous solution, which 

was then poured into a 10 mL glass beaker and heated in an oven at 78 °C for 50~60 min 

to polymerize. At lower temperatures (such as room temperature), the reaction proceeded 

slowly and took several days; at higher temperatures (such as above 85°C), the 

polymerization proceeded too fast and generated undesirable bubbles in the pHEMA. 

When the polymerization was complete, the beaker was removed from the oven and the 

gel was easily removed from the beaker. Once removed, the cylindrical hydrogel 

nanocomposites were placed in a Petri dish and cross sectioned into small samples 1.8 cm 

in diameter and 2 mm thick for further testing (Figure 2.3A). In addition, the changes in 

gelling time of the hydrogels after adding RNTs were investigated in this study. 

 

Hydrogels without RNTs served as controls, which were prepared by replacing the RNT 

solution mentioned in the above procedure with ddH2O. For preparing RNT coated 

hydrogels, the hydrogel controls were coated with either RNT-RGD-K (0.01 mg/mL of 

1%, 5% and 10%) or RNT-K (0.01 and 0.001 mg/mL) by simple adsorption at room 

temperature for 45 min (Figure 2.3B). All of the resulting hydrogel nanocomposites and 

controls were soaked in sterile ddH2O at room temperature for at least 30 min to remove 

unreacted residual monomers [25]. Then, various RNT hydrogels and controls were 

sterilized in a 70% ethanol solution for 15 min, air dried overnight and rinsed with 

phosphate buffered saline (PBS) prior to cell culture experiments. 
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Figure 2.3 Schematic illustration of various RNT hydrogels and osteoblast adhesion on 

these scaffolds (not drawn to scale). (A) RNTs embedded in hydrogels and (B) RNTs 

coated on hydrogels.  

 

Lastly, borosilicate glass coverslips (GL) were adopted as a reference substrate in this 

study. They were degreased in acetone for 15 min, sonicated for another 15 min, and then 

rinsed three times with ddH2O. Similarly, they were also soaked in 70% ethanol, 

sonicated for 15 min and rinsed with ddH2O, then, soaked and sonicated for another 15 

min and thoroughly rinsed with ddH2O. The glass was furthur etched in 1 M NaOH for 1 

h and rinsed. After separating GL with sharp tip tweezers, they were placed in an oven at 

80 °C overnight and autoclaved under high temperature and pressure (254-259 °F; 17-20 

psi) for at least 35 min for sterilization purposes before cell experiments. 

 

2.3.2 Characterization of RNTs and RNT Hydrogel Scaffolds 

 

Seeding cells on RNT 

embedded in 

hydrogels 

Cutting RNT 

embedded in hydrogel 

cylinder to small 
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2.3.2.1 Transmission Electron Microscopy (TEM) 

 

TEM was utilized to examine the morphology of the various RNTs (specifically, 0.1 

mg/mL of 1%, 5% and 10% RNT-RGD-K as well as 3.3 mg/mL, 0.1 mg/mL and 0.01 

mg/mL of RNT-K) in water and in hydrogels. For this purpose, a carbon-coated 

400-mesh copper grid (EM Sciences, PA) was floated on the viscous RNT hydrogel 

mixtures for 2 min, which was removed from the oven when polymerization proceeded 

for 40 min at 45 °C. For RNTs in water, a copper grid was placed on a droplet of RNT 

solution for 2 min to adsorb nanotubes. All of the samples, then, were placed on a droplet 

of 2% aqueous uranyl acetate (EM sciences, PA) for 20 s in order to remove any 

non-adherent RNTs. They were transferred to a second droplet of 2% aqueous uranyl 

acetate for 20 s to be negatively stained. The negatively stained RNT hydrogel coated 

grids were then blotted and dried with filter paper. TEM (Philips, EM410 PW6008, Dutch) 

images were recorded at 10,000×~235,000× operating at 100 or 120 kV acceleration 

voltages. Similarly, hydrogel controls without RNTs were imaged under TEM for 

comparison purposes. 

 

In addition, in order to image the RNT morphology in the fully polymerized hydrogels, 

two fully polymerized hydrogel scaffolds (0.01 mg/mL RNT-K embedded in hydrogels 

and hydrogel controls) were fixed in 2% glutaraldehyde (EM Sciences, PA) in PBS at a 

pH of 7.2 for 2 h. After washing 3 times in PBS, specimens were post-fixed in 2% 

osmium tetroxide overnight. Then, specimens were washed 3 times in ddH2O. After 

dehydration through a graded series of ethanol solutions, specimens were embedded in 
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Spurr’s resin (EM Sciences, PA) at 65°C in a mold. Thin sections (80-90 nm thick) were 

cut by a Reichert-Jung ultramicrotome and retrieved onto uncoated TEM grids. The grids 

were imaged at 31,000× on a TEM at an acceleration voltage of 80 kV. 

 

2.3.2.2 Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) 

 

Scanning electron microscopy (SEM, LEO 1530-VP) and tapping mode atomic force 

microscopy (TM-AFM, Dimension 3100, Veeco Instruments, USA) were used to 

characterize surface topography of RNT hydrogel scaffolds and hydrogel controls. For 

SEM, the RNT hydrogels and controls were completely dehydrated in an oven at 50°C 

for 2 days, and were sputter-coated with a thin layer of gold–palladium using a PS-2 

coating unit (International Scientific Instruments) in an argon environment for 3 min. 

They were imaged at an accelerating voltage of 10 kV and 3 kV. 

 

Since the solidified hydrogel surface was too rough to image the RNTs directly under the 

AFM, a thin layer of hydrogel was coated on glass coverslips and next, RNTs were 

coated on the hydrogel and imaged under the AFM. To accomplish this, glass coverslips 

were cleaned by the method mentioned in section 2.3.1.2. They were coated by placing a 

thin film of viscous hydrogel which was removed from the partly liquid-like hydrogel 

scaffolds (more than 60% polymerized). Then, they were placed back into the oven to 

complete the polymerization. The dried hydrogel coated glass coverslips were further 

coated with a 1.3 mg/mL RNT-K solution by simple adsorption at room temperature for 

45 min. The samples were air-dried and imaged by AFM in tapping mode at a scan rate of 
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1 Hz per line using an ultrasharp silicon cantilever with a radius of curvature less than 10 

nm (NSC15/Al BS, MikroMasch, USA). 

 

2.3.2.3 Water Absorption and Equilibrium Water Content Measurements 

 

For water absorption measurements, different concentrations of RNT-K embedded in 

hydrogels (0.01 mg/mL and 0.001 mg/mL) and hydrogel controls were maintained in 

ddH2O, exchanged daily for up to 11 days. Then, the residual surface water was blotted 

with filter paper and each sample was weighed in order to measure the hydrated scaffold 

weight (Whydrated). Next, samples were dried in an oven at 50°C over a 2 day period. Each 

scaffold was then weighed again to obtain the dry weight (Wdry). The water absorption 

(WA) of the hydrogel was calculated according to the following equation: 

     100
)(

% 



dry

dryhydrated

W

WW
WA                        (1) 

 

In addition, equilibrium water content (EWC), which is water absorption for a fully 

hydrated hydrogel, was collected (Whydrated) after 11 days and calculated according to the 

above equation. Furthermore, water content changes in scaffolds during polymerization at 

45 °C were measured as well. 

 

Moreover, the swelling behavior of a variety of RNTs at the same concentration in 

hydrogels was also measured at room temperature for a period up to 18 days compared to 

controls. 0.01 mg/mL 1%, 5% and 10% RNT-RGD-K and RNT-K embedded in hydrogels 

as well as controls were immersed in ddH2O which was exchanged daily. At select time 
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points (1, 2, 4, 6, 8, 10, 12, and 18 days), Whydrated was measured as described above. 

Similarly, after drying for two days at 50°C, the dry hydrogel weight was obtained by 

weighing hydrogels and the EWC values were calculated after 18 days.  

 

2.3.3 Cytocompatibility Studies 

 

2.3.3.1 Osteoblast Culture 

 

A human fetal osteoblast cell line (ATCC, CRL-11372, VA) was cultured in Dulbecco’s 

modified eagle’s medium (DMEM, Invitrogen Corporation, USA) supplemented with 

10% fetal bovine serum (FBS, Hyclone, UT) and 1% penicillin/streptomycin (P/S, 

Hyclone, UT) under standard cell culture conditions (37°C, a humidified, 5% CO2/95% 

air environment). Cells were used up to population numbers of 8-11 in the experiments 

without further characterization. 

 

2.3.3.2 Osteoblast Adhesion 

 

For investigating the cytocompatibility properties of different concentrations of RNT-K 

hydrogels, osteoblast adhesion was tested on five types of substrates: #1) 0.01 mg/mL 

RNT-K coated on hydrogel scaffolds, #2) 0.01 mg/mL RNT-K embedded in hydrogel 

scaffolds, #3) 0.001 mg/mL RNT-K embedded in hydrogel scaffolds, #4) 0.001 mg/mL 

RNT-K coated on hydrogel scaffolds, and #5) uncoated hydrogels. In addition, osteoblast 

adhesion on different types of RNT hydrogels, including 0.01 mg/mL of 1%, 5% and 
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10% RNT-RGD-K as well as 0.01 mg/mL RNT-K embedded in and coated on hydrogels, 

was determined and compared to hydrogel controls without RNTs.  

 

Osteoblasts were seeded at a density of 3500 cells/cm
2
 and were cultured under standard 

cell culture conditions for 4 h. Then, the substrates were rinsed using PBS to remove 

non-adherent cells and the remaining cells were fixed using 10% normal buffered 

formaldehyde (Fisher Scientific) for 10 min and 0.1% Triton X-100 (Sigma-Aldrich, MO) 

for 5 min. Osteoblasts were then stained with rhodamine-phalloidin (staining F-actin 

filaments, Molecular Probes) to examine cell spreading and were further stained with 

DAPI (Invitrogen). Five different fields of view per substrate were counted under a Zeiss 

Axiovert 200M fluorescence microscope. 

 

In addition, cell viability on the substrates of interest to the present study was also 

determined using a Live/Dead Viability/Cytotoxicity Kit for mammalian cells (Molecular 

Probes, Carlsbad, CA). The adherent cells on each substrate were stained with a mixture 

of calcein AM and ethidium homodimer-1 (EthD-1) according to manufacturer’s 

instructions. Briefly, a solution of 2 μM calcein AM and 4 μM EthD-1 was prepared (the 

optimal dye concentrations for current cells according to the product protocol suggested). 

Then, the above dye solution was added into each substrate seeded with cells as described 

and was incubated at 37 °C for 30 min before visualization under a Zeiss Axiovert 200M 

fluorescence microscope. The dead and live cells were counted at approximate 490 

nm/530 nm wavelengths (excitation/emission) for calcein AM and 560 nm/640 nm 

wavelengths (excitation/emission) for EthD-1, respectively. 
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2.3.3.3 Osteoblast Proliferation 

 

For osteoblast proliferation studies, similar to the above procedures, osteoblasts were 

seeded on substrates (0.01 mg/mL RNT-K embedded in hydrogels and controls) at 2500 

cells/cm
2
 and were cultured for 1 and 3 days. After the prescribed time periods, adherent 

cells were fixed, stained with DAPI and counted under the fluorescence microscope as 

described above. All cellular experiments were run in triplicate and repeated at least three 

times for each substrate. 

 

2.3.4 Mechanisms of Osteoblast Adhesion on RNT Hydrogels 

 

2.3.4.1 Contact Angle and Surface Energy Measurements 

 

The hydrophilicity of the various RNT hydrogels was measured by an EasyDrop contact 

angle measuring system (DSA1, Krüss, Germany). Before measurements, a 0.5 mm thick 

layer of hydrogels was first cast on glass in order to obtain a relatively flat hydrogel 

surface. 0.01 and 0.001 mg/mL of RNT-K as well as 1%, 5% and 10% RNT-RGD-K 

were coated on hydrogels for 45 min at room temperature. Static contact angles were 

measured 10 s after placing 3 µL of dH2O on the sample surfaces. Surface energy (Esurface) 

was calculated using the equation Esurface=Elv×cosθ, where Elv=72.8 mJ/m
2
 at 20ºC for 

pure water and θ is the measured contact angle [26]. All experiments were conducted in 

ambient conditions and were performed at least 6 times per sample. 
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2.3.4.2 Fibronectin Adsorption (ELISA) 

 

A well established enzyme-linked immunosorbent assay (ELISA) [27,28] was used to 

determine the amounts of fibronectin that adsorbed on the various RNT hydrogels. 0.01 

mg/mL of 1%, 5%, and 10% RNT-RGD-K as well as 0.01 mg/mL RNT-K coated 

hydrogels were exposed to 10 μL of fibronectin (F1141, Sigma-Aldrich, MO) in 0.5 mL 

of PBS and were incubated for 24 h at 37°C. The negative controls were prepared by only 

adding PBS (without fibronectin) into each well. After PBS rinsing, non-specific 

fibronectin adsorption on the substrates was blocked by soaking in 2% bovine serum 

albumin (BSA, Sigma-Aldrich, MO) for 1 h. Fibronectin was then bound to a primary 

rabbit anti-bovine fibronectin antibody (Chemicon, CA) for 1 h. The samples were 

further incubated with a secondary goat anti-rabbit antibody conjugated with horseradish 

peroxidase (Bio-Rad, MD) for 1 h. After washing with 0.05% Tween 20 (Sigma-Aldrich, 

MO), the amount of fibronectin absorption on RNT hydrogels was measured with an 

ABTS substrate kit (Vector Laboratories, CA). The secondary antibody binding was 

detected using a microplate spectrophotometer at an absorbance wavelength of 405 nm 

(SpectraMax 340PC, Molecular Devices, CA). The average absorbance was subtracted 

by the average absorbance obtained from negative controls and analyzed with SoftMax
@

 

Pro 5 software. Experiments were run in triplicate at three different times. 

 

2.3.4.3 Cytocompatibilty Comparison of RNTs to Collagen and Poly L-Lysine 

 

mailto:SoftMax@.Pro
mailto:SoftMax@.Pro
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In order to understand the potential role of RNTs (specifically, their nanostructure and 

surface chemistry) in mediating osteoblast functions, type I collagen and lysine were 

separately coated on hydrogels and compared with the same concentration of RNTs 

coated on hydrogels as just described. Specifically, rat tail type I collagen (Sigma-Aldrich, 

C3867) was used and diluted into two concentrations (0.01 mg/mL and 0.001 mg/mL) for 

cell tests. In addition, a 0.1% poly L-Lysine solution (Poly-K, Sigma) was diluted in 

ddH2O to obtain 0.01 mg/mL and 0.001 mg/mL lysine solutions. Although these 

concentrations are larger than the concentration of lysine in the same concentration of 

RNT-K, they were chosen in order to initiate the role of lysine plays in RNT-K mediating 

osteoblast adhesion. Hydrogels were coated with these solutions and respective RNTs at 

room temperature for 45 min. Osteoblasts were then seeded for 4 h, fixed, stained, and 

counted as described above. 

 

2.3.5 Statistics 

 

Experiments were run in triplicate and repeated at least three times for each substrate. 

Numerical data were analyzed with a student’s t-test to make pair-wise comparisons. 

Statistical significance was considered at p<0.1. 
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2.4 Results 

 

2.4.1 Synthesis and Characterization of RNTs and RNT Hydrogels 

 

The G^C-RGDSK was characterized with 
1
H-NMR, 

13
C-NMR spectra, high resolution 

ESI-MS and elemental analysis (Figure 2.4). From 
1
H-NMR (Figure 2.4(1)), all expected 

1
H resonances (labeled as A-Z, AA and BB in Figure 2.4) on the G^C-RGDSK were 

observed. Furthermore, 
13

C-NMR data (Figure 2.4(2)) showed that the C’s in the RGDSK 

peptide (i.e., the aliphatic CH, CH2, CH3, arginine’s guanidinium group, four CONH 

groups and two COOH groups) were present on the newly functionalized GC motif. 

Finally, according to the elemental analysis shown in Figure 2.4(4), C, H and N in the 

new compound were measured at 32.82%, 4.03% and 13.58%, which was comparable to 

the theoretical values of C (32.88), H (4.01) and N (13.70) in the G^C-RGDSK. These 

data verified that the RGDSK peptide was successfully attached to the G^C motif to form 

G^C-RGDSK. Similarly, G^C-K was also verified the purity and structure as shown in 

[5]. 

 

The structure of the RNT-K embedded hydrogel scaffolds and hydrogel controls were 

studied by TEM. The procedure followed resulted in minimal disturbance of the 

nanostructures formed in the hydrogels and, thus, had the ability for the most direct visual 

inspection of the morphology of RNT-K in the hydrogels. Figures 2.5A and 2.5B show that 

very large hydrogel fibers (100-300 nm in diameter), which originated from phase 
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separation during the polymerization, were formed in the hydrogel controls. In contrast, 

TEM images revealed that the RNT-K formed a dense network of long nanotubes several 

nm in diameter extending up to 3 m in length (Figures 2.5C and 2.5D). These nanotubes 

oriented in the hydrogels and were linked by a number of junctions that contributed to the 

formation of a highly interconnected network structure. It should be pointed out that the 

RNT-K embedded in hydrogels were removed for TEM analysis when the polymerization 

proceeded nearly to half of the time. Obviously, tubular structures of RNT-K were 

preserved during the polymerization process and the density and length of RNT-K 

dramatically increased based on the slight heating as well as due to interconnecting with 

the natural hydrogel fibers. Figures 2.5E and 2.5F revealed 0.01 mg/mL of RNT-K 

self-assembling in serum free medium and in water. The bundles of nanotubes were visible 

under the TEM. 
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(1) 
1
H-NMR (500 MHz, in 90% H2O/D2O): 9.25 (br, 2H, Y), 8.99 (m, 2H, L and O), 

8.68 (m, 1H, V), 8.43 (m, 1H, Z), 8.32 (m, 1H, I), 8.08 (m, G), 7.65 (m, 1H, AA), 7.48 (br, 

2H, U), 7.13 (br, 1H, B), 6.59 (br, 4H, A), 4.80 (m, 2H, X), 4.59 (m, 2H, J and M ), 

4.36-4.40 (m, 1H, F), 4.07 (m, 1H, P), 3.94 (s, 2H, H), 3.86 (d, 2H, K), 3.44 (m, 2H, N), 

3.19 (t, 2H, C), 3.02 (s, 3, BB), 2.98 (m, 2H, T), 2.91 (m, 2H, W), 1.92 (m, 2H, S), 1.77 

(m, 2H, D), 1.68 (m, 2H, Q), 1.61 (m, 2H, E), 1.45 (m, 2H, R).  

 

(2) 
13

C-NMR (600 MHz, D2O): 175.7, 174.3 (COOH groups), 172.8, 171.2, 171.1, 168.6 

(CONH groups on peptide), 163.5 (COOH of TFA), 162.7, 160.4, 156.9, 156.0, 150.0, 

83.0 (C’s on GC base), 155.7 (CN3H3 group of R), 116.8 (quartet, CF3 on TFA), 61.1, 

60.5, 55.6, 52.7, 50.3, 44.4, 42.6, 40.6, 39.1, 38.9, 35.6, 29.4, 28.0, 27.9, 26.5, 24.5, 21.2 

(aliphatic CH’s, CH2’s and CH3). 

 

(3) High resolution electrospray ionization mass spectrometry (ESI-MS): Calculated 

mass for C30H51N15O11 (M+H
+
)/z 797.38815; observed 398.69341 (M+2H

+
)/z. 

 

(4) Elemental analysis: Calculated for C30H51N15O11 (G^C-RGDSK) + 6 CF3CO2H + 

3H2O = C (32.88), H (4.01), N (13.70). Observed C (32.82), H (4.03), N (13.58). 

 

Figure 2.4 
1
H–NMR, 

13
C–NMR, high resolution ESI–MS and elemental analysis data of 

G^C–RGDSK building blocks. The data were analyzed by Felaniaina Rakotondradany in 

Prof. Fenniri’s lab at University of Alberta, Canada. 
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Figure 2.5 Negatively stained TEM images of the self-assembled RNT-K embedded in 

hydrogels, in water, in serum free medium and hydrogel controls at different 

magnifications. (A) Fibrillar hydrogel controls at low magnification; (B) Hydrogel 

controls at high magnification; (C) Oriented and long RNTs at 3.3 mg/mL concentrations 

embedded in hydrogels at low magnification; (D) Highly interconnected and densely 

packed RNTs at 3.3 mg/mL concentrations embedded in hydrogels; (E) 0.01 mg/mL 

RNT-K in serum free medium and (F) in water. The arrows point to individual nanotubes 

with 34 nm outer diameters. 
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Since the hydrogel scaffolds have very hydrophilic surfaces, they could not be cut by an 

ultramicrotome without any treatment that would disturb the RNTs. Thus, the scaffolds 

were embedded into Spurr’s resin and TEM images were taken (Figures 2.6A and 2.6B) to 

provide information about the nanostructure of the low concentration of RNT-K embedded 

hydrogel scaffolds. Figure 2.6A shows there are numerous black dots in the hydrogels 

which have a similar size to the RNT cross sections. In contrast, no small dots appeared in 

hydrogel controls (Figure 2.6B). Therefore, it can be confirmed that the nanostructured and 

self-assembled properties of RNT-K were maintained in the hydrogel scaffolds in this study. 

Note also that Figures 2.5 and 2.6 confirmed that when increasing RNT-K concentration, 

more RNTs were observed in pHEMA (Figure 2.5 utilized 3.3 mg/mL RNT-K in 

pHEMA while Figure 2.6 utilized only 0.01 mg/mL RNT-K in pHEMA). 

 

Furthermore, the synthesized G^C-RGDSK further assembled with G^C-K into 

RNT-RGD-K and were characterized with TEM. Figures 2.7A-2.7B, 2.7D-2.7E, and 

2.7G-2.7H revealed that 1%, 5% and 10% molar ratios of the G^C-RGDSK and the 

G^C-K building blocks assembled into RNT-RGD-K nanotubes in water. Furthermore, 

the 1%, 5% and 10% RNT-RGD-K retained their nanotubular morphologies after 

embedding them into the hydrogels (Figures 2.7C, 2.7F and 2.7I), which was also 

observed in the unmodified RNT-K hydrogels (Figure 2.5). For the 1% RNT-RGD-K 

embedded in hydrogels (Figure 2.7C), very long nanotubes (nearly 10 μm) formed. 

Therefore, it was verified that the various RNTs preserved their nanotubular morphologies 

in the hydrogels even after being functionalized with RGDSK. 
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Figure 2.6 TEM images of thin sections of 0.01 mg/mL RNT-K embedded in hydrogels 

and hydrogel controls. (A) 0.01 mg/mL RNT-K embedded in hydrogels. (B) Hydrogel 

controls without RNTs. The arrows show the cross sections of RNTs. Scale bar is 500 

nm. 

 

 

(A) 
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Figure 2.7 TEM images of 0.1 mg/mL of 1% 5% and 10% RNT-RGD-K in water and in 

hydrogels. (A), (B) and (C) are 1% RNT-RGD-K in water at low and high magnifications 

as well as in hydrogels, respectively. (D), (E) and (F) are 5% RNT-RGD-K in water at 

low and high magnifications as well as in hydrogels, respectively. (G), (H) and (I) are 

10% RNT-RGD-K in water at low and high magnifications and in hydrogels, 

respectively. 

(A) 

(F) (E) (D) 

(C) (B) 

(G) (H) (I) 
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Moreover, scanning electron micrographs showed that the various RNT-treated hydrogels 

and control samples had very rough, granular surfaces with rich porous structures inside, 

which contributed to the retention of a large amount of water in the hydrogels (Figures 

2.8A-2.8F). 

  

  

  

Figure 2.8 Surface morphology of 0.01 mg/mL RNT hydrogels and controls (SEM). (A) 

10% RNT-RGD-K embedded in hydrogels; (B) Higher magnification of 10% 

RNT-RGD-K embedded in hydrogels; (C) 1% RNT-RGD-K embedded in hydrogels; (D) 

RNT-K embedded in hydrogels; (E) Hydrogel controls and (F) cross section of hydrogels 

which shows a macroporous network inside the hydrogel. Scale bars are 10 μm and 2 μm. 

 

(A) 

(F) (E) 

(D) (C) 

(B) 



77 

 

Previous AFM images of RNT-K adsorption on titanium or highly ordered pyrolytic 

graphite have clearly shown that RNT-K can be easily coated substrates to form a 

nanostructured RNT network [3,4,29]. The present AFM image of RNT adsorption on 

hydrogels is shown in Figure 2.9A. A sectional analysis of the data (Figures 2.9B and 2.9C) 

indicates a height of 3.5-4.0 nm, which corroborates the calculated diameter of RNT-K 

from the aforementioned TEM results. 

 

       

 

Figure 2.9 Tapping mode AFM images of RNT-K coated on hydrogels. (A) AFM images 

of 1.3 mg/mL RNTs coated on hydrogels and (B) and (C) section analysis of image A: 

Arrow heads display one nanotube. The section analysis indicates a height of ~3.9 nm, 

which is in agreement with the calculated diameter of a single RNT. Images obtained at 1 

Hz, scan size is 500 nm. 

 

(A) 

(C) 

 

 

(B) 

 

 



78 

 

According to the gelling condition studies (Figure 2.10), RNT-K embedded in hydrogels 

need significantly less polymerization time than hydrogel controls, especially at low 

temperatures (37-45C). That is, by incorporating RNT-K with hydrogels, results of this 

study showed that bone regenerative constructs can be made through their solidification 

into viscous materials in less than 130 min at 40 C (220 min for hydrogel controls 

without RNTs at 40 C); at 37 C, viscous constructs were made in 150 min for RNT-K 

with hydrogels while hydrogel controls took over 290 min. 
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Figure 2.10 Temperature and RNT-K effect on hydrogel polymerization time. (A) 

Hydrogel control polymerization time at different temperatures and (B) 0.01 mg/mL 

RNT-K embedded in hydrogel polymerization time at different temperatures. 

 

Moreover, the change of water content during polymerization was recorded at 1 h and 2 h 

for different concentrations of RNT-K embedded in hydrogels (0.01 mg/mL and 0.001 

mg/mL) and hydrogel controls (Figure 2.11). It was found that 0.01 mg/mL and 0.001 

(A) 

(B) 
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mg/mL RNT-K embedded in hydrogels lost water significantly faster than hydrogel 

controls. The water content changed slightly after 2 h at a 45°C reaction temperature for 

0.01 mg/mL and 0.001 mg/mL RNT-K embedded in hydrogels. Visually, RNT-K 

embedded in hydrogels were completely polymerized while hydrogel controls just partly 

solidified after 2 h at a 45°C heating. This also confirmed the above results of a quicker 

gelling time of RNT hydrogel scaffolds than hydrogel controls without RNTs at lower 

temperatures. In addition, Figure 2.11 revealed that the equilibrium water content for the 

above three types of hydrogel scaffolds were similar after 11 days: 66.74% for 0.01 mg/mL 

RNT-K embedded in hydrogels; 66.51% for 0.001 mg/mL RNT-K embedded in hydrogels 

and 66.19% for hydrogel controls. 
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Figure 2.11 Water content of soaking scaffolds in water for 24 h and 11 days as well as 

changes of water content during polymerization (1 h, 2 h) for three types of hydrogel 

scaffolds: 0.01 mg/mL RNT-K embedded in hydrogels, 0.001 mg/mL RNT-K embedded in 

hydrogels, and hydrogel controls.  
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Furthermore, Figure 2.12 showed the swelling behavior of different types of RNTs at the 

same concentration in hydrogels for a period up to 18 days compared to controls (without 

RNTs, red line). The water content of the hydrogel controls greatly fluctuated compared 

to relatively small fluctuations of the RNT hydrogels. For instance, the water content of 

hydrogel controls decreased 13.9% while those for the RNT hydrogels changed less than 

5% on the 6
th

 day. After 18 days, controls decreased their water content 10% compared to 

1.1%, 5.4%, ~0% and 2.7% for 0.01 mg/mL of 1%, 5%, 10% RNT-RGD-K and RNT-K 

hydrogels, respectively. The equilibrium water content of hydrogels did not show a large 

difference among the various RNT hydrogels and controls. In summary, the result 

suggested that incorporating various RNTs into hydrogels not only speeded up the 

polymerization time, but also diminished water content fluctuations of the hydrogels. 
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Figure 2.12 Water content changes and EWC of different RNT hydrogel composites. 

Relatively small water content changes occurred for RNTs in hydrogels. Error bars are 

mean ± SEM with n=3. 
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2.4.2 Favorable Osteoblast Responses on Nanostructured RNT Hydrogels 

 

Figure 2.13 shows the results of osteoblast adhesion on the different concentrations of 

RNT-K coated on and embedded in hydrogels. Osteoblasts adhered more on RNT-K 

coated on and embedded in hydrogel scaffolds than to uncoated hydrogels. In the case of 

0.01 mg/mL RNT-K coated on hydrogels, the results (p<0.001) were significantly greater 

than that of uncoated hydrogels. With increasing RNT-K concentrations, cell density also 

increased. The difference in osteoblast adhesion between 0.01 mg/mL RNT-K embedded 

in and coated on hydrogels was not statistically significant. Also, there was no statistical 

difference between osteoblast adhesion on 0.001 mg/mL RNT-K embedded in and coated 

on hydrogels. Lastly, there were no significant differences found in the number of dead 

cells on the substrates of interest to the present study (Figure 2.13). However, since there 

were more cells on the RNT-K embedded in and coated on hydrogels, a larger percentage 

of live cells (and a smaller percentage of dead cells) was observed on those composites 

compared to pure hydrogels. Fluorescently stained cell nuclei on the various substrates 

are shown in Figure 2.14. 

 

Furthermore, the osteoblast proliferation results also provided the first evidence that the 

0.01 mg/mL RNT-K embedded in hydrogels enhanced osteoblast growth more than 

hydrogel controls after 1 and 3 days of cultures (Figure 2.15). The osteoblast density on 

RNT-K hydrogels was 115.4% more than that on hydrogel controls after 3 days. 

Moreover, although osteoblasts on each of the substrates proliferated from 1 to 3 days, 

embedding RNT-K into hydrogels improved cell growth by 160.5% compared to an 
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83.3% improvement in control experiments.  

 

Most importantly, after modifying RNTs with RGD side chains, more favorable 

osteoblast adhesion on 1%, 5% and 10% RNT-RGD-K hydrogels was observed in this 

study (Figure 2.16). Specifically, results of the present study provided the first evidence 

that RNT-RGD-K hydrogels contributed to more than a 136% increase in osteoblast 

density than controls after 4 h. In particular, 10% RNT-RGD-K coated on or embedded in 

hydrogels enhanced osteoblast attachment by 209% and 197%, respectively, when 

compared to controls. 

 

 

Figure 2.13 Enhanced osteoblast adhesion on 0.01 mg/mL RNT-K coated and embedded 

hydrogels. Data are mean ±SEM; N=3. *p<0.001, **p<0.01, and ***p<0.05 when 

compared to uncoated hydrogels;
 #

p<0.005 when compared to 0.001 mg/mL RNT-K 

coated on hydrogels. 
##

p<0.05 when compared to 0.001 mg/mL RNT-K embedded in 

hydrogels. Light blue bars are total cells; black bars are dead cells. 
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Figure 2.14 Increasing number of fluorescently stained osteoblasts on RNT-K coated or 

RNT-K embedded hydrogels compared to plain hydrogel controls. (A) 0.01 mg/mL 

RNT-K coated on hydrogels; (B) 0.01 mg/mL RNT-K embedded in hydrogels; (C) 0.001 

mg/mL RNT-K embedded in hydrogels; (D) 0.001 mg/mL RNT-K coated on hydrogels; 

and (E) hydrogel controls without RNTs. Scale bars are 200 μm. 

(A) (B) 

(C) (D) 

(E) 

200 m 

200 m 

200 m 

200 m 200 m 



84 

 

0

100

200

300

400

500

600

700

800

900

1000

1100

Day 1 Day 3

O
st

eo
b

la
st

 d
en

si
ty

 (
ce

ll
s/

cm
2
)

Hydrogel controls

0.01 mg/mL RNT-K embedded in hydrogel

*

**

*

**

 

Figure 2.15 One and three day osteoblast densities on RNT hydrogels. Data are mean 

values ±SEM; N=3, *p<0.05 compared to respective hydrogels after 1 day cell culture 

and **p<0.05 compared to hydrogel controls at respective days.  
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Figure 2.16 Improved osteoblast adhesion on 0.01 mg/mL RNT-RGD-K hydrogels after 

4 h. Data are mean values ±SEM; N=3. *p<0.05 compared to uncoated hydrogels, 

**p<0.05 and #p<0.1 compared to 0.01 mg/mL RNT–K embedded in hydrogels, and 

***p<0.1 compared to respective 0.01 mg/mL 1% RNT–RGD–K coated on and 

embedded in hydrogels. 
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Furthermore, an increasing trend of osteoblast adhesion with increasing RGD molar 

ratios on RNTs was observed. That is, a statistically significant difference in osteoblast 

adhesion on 1%, 5% and 10% RNT-RGD-K hydrogels relative to the same concentration 

of RNT-K embedded in hydrogels was observed. Specifically, 10% RNT-RGD-K coated 

on or embedded in hydrogels improved osteoblast adhesion by 80.9% and 74.1%, 

respectively, compared to unmodified RNT-K embedded in hydrogels. Thus, the modified 

RNT-RGD-K hydrogels were more effective at increasing osteoblast adhesion on 

hydrogels, which provided evidence of the excellent cytocompatibility properties of the 

RNTs as bone tissue engineering materials.  

 

2.4.3 The Potential Reasons for RNTs Improving Osteoblast Density 

 

Since the surface wettability, surface energy, surface chemistry and surface roughness of 

biomaterials are believed to be closely related to mediating cell adhesion, proliferation 

and differentiation on surfaces [27,30], the results of following sections will give some 

insights into the role of surface features of the RNTs towards enhancing osteoblast 

density. First, pHEMA hydrogels did not vary significantly in their contact angle 

measurements as the hydrophilicity only decreased slightly after the incorporation of 

RNT-K (Figure 2.17A). Interestingly, the hydrophilicity of the modified RNT-RGD-K 

hydrogels also decreased (for example, the contact angle of 5% was 63.9º and 10% was 

60.6º) compared to uncoated hydrogels (46.6º) (Figure 2.17B).  
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Figure 2.17 Changes in surface wettability and surface energy after coating either 

RNT-RGD-K or RNT-K on hydrogels. (A) The slightly increased hydrophobicity and 

decreased surface energy of RNT-K hydrogels and (B) the wettability and surface energy 

changes of RNT-RGD-K hydrogels compared with controls. Data are mean values ±SEM; 

n=6, *p<0.05 when compared to hydrogel controls, **p<0.05 when compared to 1% 

RNT-RGD-K coated on hydrogels, ***p<0.1 when compared to hydrogel controls, and 
#
p<0.05 when compared to 0.01 mg/mL RNT-K coated on hydrogels. 
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More importantly, an increasing trend of fibronectin adsorption was observed on the 1%, 

5% and 10% RNT-RGD-K and RNT-K coated hydrogels compared to uncoated 

hydrogels (Figure 2.18). Specifically, significantly greater amounts of fibronectin 

adsorbed onto the hydrogels coated with 0.01 mg/mL of 1% and 5% RNT-RGD-K as 

well as RNT-K relative to uncoated hydrogels. The greatest fibronectin adsorption 

occurred on the 1% RNT-RGD-K hydrogels. There was no statistical difference in protein 

adsorption between RNT-K, 5% and 10% RNT-RGD-K coated on hydrogels.  
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Figure 2.18 Increased fibronectin adsorption on RNT coated hydrogels. Data are mean 

values ±SEM; N=3, *p<0.05 when compared to all other scaffolds, **p<0.05 and 

***p<0.1 when compared to hydrogel controls. 

 

From the surface chemistry point of view, Figure 2.19 provides evidence that the amino 

acid side chains on RNTs were involved in increasing osteoblast attachment in this study. 

For example, osteoblast adhesion on poly L-Lysine coated hydrogels significantly 

increased with increasing lysine concentrations from 0.001 to 0.01 mg/mL, which was 
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also better than uncoated hydrogels (Figure 2.19). Similarly, the 0.01mg/mL RNT-K and 

RNT-RGD-K coated hydrogels increased osteoblast adhesion more than 0.001 mg/mL 

RNT-K coated hydrogels. In addition, results revealed that 0.01mg/mL RNT-K and 

RNT-RGD-K coated hydrogels increased osteoblast adhesion by 72% compared to the 

same concentration of poly L-Lysine coated hydrogels. Lastly, osteoblasts were more 

spread on RNT-K and RNT-RGD-K coated hydrogels than on uncoated hydrogels or poly 

L-Lysine coated hydrogels at respective concentrations (Figures 2.20A-2.20F). 
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Figure 2.19 Quantitative results of enhanced osteoblast adhesion on RNT-K and 

RNT-RGD-K coated hydrogels compared to poly L-Lysine coated hydrogels. Data are 

mean values ±SEM; N=3. *p<0.001 when compared to uncoated hydrogels; **p<0.05 

when compared to 0.001 mg/mL poly L-Lysine coated hydrogels; ***p<0.01 when 

compared to 0.01 mg/mL poly L-Lysine coated hydrogels; and #p<0.001 when compared 

to 0.001 mg/mL RNT-K coated hydrogels.  
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Figure 2.20 Increasing fluorescently stained osteoblasts and extended cell spreading 

(inset images, stained F-actin filaments) on RNT-K and RNT-RGD-K coated hydrogels 

compared to poly L-Lysine coated hydrogels at respective concentrations and hydrogel 

controls. Scale bars are 200 μm in the large images and 100 μm in the inset images. 
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This study established the synergistic role of not only adhesion peptides conjugated to the 

RNTs but also the nanoscale architecture in promoting osteoblast adhesion; in particular, 

the RNTs feature dimensions that are reminiscent of collagen in the extra-cellular matrix 

of bone. These studies have shown that 10% RNT-RGD-K coated hydrogels promoted a 

73% increase in osteoblast adhesion compared to the same concentration of collagen 

coated hydrogels (Figure 2.21). Additionally, higher concentrations of collagen were 

more efficient at improving osteoblast adhesion than lower concentrations of collagen 

and poly L-Lysine. Fluorescently stained cell nuclei on the various substrates are shown 

in Figure 2.22. 
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Figure 2.21 Enhanced osteoblast adhesion on RNT-RGD-K coated hydrogels compared 

to collagen coated hydrogels. Data are mean values ±SEM; N=3. *p<0.05 compared to 

uncoated hydrogels, **p<0.05 compared to 0.001 mg/mL collagen coated hydrogels, 

***p<0.01 compared to 0.01 mg/mL poly L-Lysine coated hydrogels, and #p<0.05 

compared to 0.01 mg/mL collagen coated hydrogels. 

(1) 
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Figure 2.22 Fluorescence microscopy images of osteoblast stained nuclei on different 

substrates. Scale bar is 200 μm. 
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2.5 Discussion 

 

2.5.1 The Morphologies and Properties of RNTs and Hydrogel with RNTs 

 

It is widely known that components of the bone matrix (such as hydroxyapatite, collagen, 

laminin, fibronectin and vitronectin) are nanoscale in dimension as mentioned in section 

1.3.1. Thus, current bone tissue engineering efforts are focused on the design of a matrix 

that mimics the nanoscale features of bone while providing a scaffold for tissue 

regeneration [31-33]. Previous research [34-38] has shown that various cell adhesion and 

proliferation can be greatly enhanced on materials including polymers, ceramics, metals 

and composites thereof with grain sizes (and consequent surface features) less than 100 

nm. When RNTs were coated on implant surfaces, a nanometric network was formed that 

resembled the nanoscale constituents in bone (such as collagen) to increase bone cell 

functions. Previous studies have shown extensive networks and bundles of long RNT-K 

structures on titanium (Figure 2.23A) [4,29] and highly ordered pyrolytic graphite [3]. 

Since reproducing such dimensions on implant surfaces is critical in bridging synthetic 

materials with living systems (in order to achieve a stronger and more robust 

integration/bond between the implant and tissue), it was thus anticipated that RNTs 

would be better-suited for orthopedic applications compared to conventional implant 

materials (Figure 2.23B) which do not mimic the nanometric features of bone.  
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Figure 2.23 Surface roughness comparisons of RNTs and conventional titanium. (A) 

AFM images of RNTs with a 3.5 nm height roughness on titanium; (B) Optical 

micrographs of the micron titanium surface (400× magnification). The surface roughness 

of titanium is 1.5 ± 0.5 μm. This figure is adapted from [29]. 

 

Furthermore, there is also much interest in the use of liquid injectable materials that can 

solidify into a scaffold once inserted in the human body. Injectable bone substitutes have 

the advantages of minimally invasive surgery and may alleviate many challenges 

associated with current surgical treatments [39,40]. Thus, the formation of injectable 

scaffolds onto which cells are able to develop new bone tissue at the site of fracture is a 

promising method to repair bone fractures and defects. Due to the fact that RNTs 

self-assembly is an entropically driven process in which temperature plays a crucial role, 

heating can result in longer and more aggregated nanotubes [3,4]. In this light, it has been 

found that when heating aqueous RNT-K to over 60ºC, a phase transition from a liquid to 

a viscous gel is observed [3]. Furthermore, a more viscous gel-like RNT can be also 

obtained when added directly to serum-free media at body temperatures [3]. Because 

RNT can undergo the above phase transition from a liquid to a viscous gel when heated 

or when added directly to serum-free media, RNT may provide an exciting therapy to 

heal bone fractures and defects in situ as injectable bone filler materials. Figures 2.5C and 

 

(A) (B) 
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2.5D provided evidence that a dense, oriented and highly interconnected long nanotube 

network formed in the hydrogels when heating RNT-K in hydrogels to 40-50ºC. Figure 

2.7C, 2.7F and 2.7I revealed long nanotubes can form inside RGD modified RNT 

hydrogels as well. These studies also confirmed that the biologically-inspired 

nanostructure features of RNT-RGD-K occurred throughout the hydrogels and were not 

just limited to the surface. 

 

In fact, the current study found that the polymerization of the novel nanostructured 

hydrogels occurred at a faster rate at 40-45ºC compared to hydrogel controls without 

RNTs. This ease of processability can be advantageous if used in vivo in injectable form 

and can, thus, be promising clinically since surgery time would be decreased. In addition, 

equilibrium water content and water content change are important parameters to evaluate 

the swelling behavior of hydrogels. Although RNTs embedded in hydrogels and controls 

have similar EWC, the swelling behavior of the RNT hydrogel composites created in this 

study revealed relatively small changes of water content compared with the hydrogels 

without RNTs. Since pHEMA has been investigated as an excellent drug delivery system, 

the slow change of water content may help control the release of growth factors (such as 

bone morphogenetic proteins) from macroporous hydrogels to bone fracture sites over an 

extended time period in order to accelerate the bone repair process. 

 

Furthermore, because of the macroporous structure of the RNT hydrogels revealed by 

SEM, cellular infiltration into this scaffold is anticipated. These water-containing pores 

can easily allow water and other nutrients in while allowing waste removal from 
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embedded cells. In addition, the hydrogel pore size and morphology can be modified by 

controlling phase separation and gelation time, polymerization temperature and other 

factors [41].  

 

2.5.2 The Excellent Cytocompatibility Properties of RNT Hydrogels 

  

Because the adhesion of osteoblasts plays a critical role in subsequent bone tissue 

regeneration on implanted materials, the present cell adhesion experiments provided 

evidence of enhanced osteoblast adhesion on RNT-K hydrogel scaffolds even at RNT 

concentrations of 0.01 mg/mL. For example, hydrogel scaffolds coated with RNT-K at 

0.01 mg/mL significantly increased osteoblast adhesion 75.1% and 129.5% compared to 

0.001 mg/mL RNT-K coated and uncoated hydrogels, respectively. A similar tendency 

was also observed on 0.01 mg/mL RNT-K embedded hydrogels. Osteoblast adhesion on 

0.001 mg/mL RNT-K coated and embedded hydrogels were statistically similar to 

uncoated hydrogels due to the relatively low concentration of RNT-K. These results are 

consistent with previous studies that focused on investigating RNT-K as a potential 

orthopedic Ti-coating material [3,4,29]. In addition, enhanced osteoblast proliferation on 

RNT-K embedded in hydrogels after 3 days revealed that RNTs further improved 

osteoblast functions much more than uncoated controls.  

 

Importantly, a RGDSK peptide was successfully covalently linked onto the G^C base. 

The co-assembly of this conjugate with G^C–K at molar ratios of 1, 5, and 10% yielded 

nanotubular assemblies that were more efficient at promoting osteoblast adhesion. These 



96 

 

results are very encouraging because they not only indicate a new type of RNTs with 

desirable chemistry, but they also show the feasibility of diversifying the adhesive 

properties of RNTs to selectively recruit other cell types. For instance, conjugation of 

RNTs with KRSR (Lys-Arg-Ser-Arg) would selectively bind heparin sulfate 

proteoglycans in osteoblast cell membranes and promote osteoblast adhesion, but may 

inhibit fibroblast adhesion [ 42 , 43 ]. A 209% increase in osteoblast adhesion on 

RNT-RGD-K hydrogels as shown in this study (Figure 2.16) demonstrates the 

exceptional promise of these RNT-RGD-K hydrogels. This study also demonstrated that 

increasing the ratio of RGD to K on RNTs directly affected osteoblast density on these 

scaffolds. Consequently, this indicated that such RGD modified RNTs indeed contributed 

to a more cytocompatible bone healing material.  

 

2.5.3 Mechanisms of Favorable Osteoblast Responses Towards RNTs 

 

2.5.3.1 The Role of Protein Adsorption and Surface Wettability 

 

A key objective of this study was to clarify possible reasons why nanostructured RNT 

hydrogels were more cytocompatible with osteoblasts than other substrates tested herein. 

As an attempt to understand osteoblast adhesion on these materials, fibronectin 

adsorption on RNT coated hydrogels compared to uncoated hydrogel controls was 

determined. Specific protein adsorption on implant surface is directly related to bone cell 

functions [44-46]. For instance, Webster et al. reported that increasing protein (including 

vitronectin and fibronectin) adsorption on nanophase materials [45,46] may be one of the 



97 

 

underlying mechanisms that improved osteoblast functions on such materials.  

 

In the present work, greater fibronectin adsorption was observed on 0.01 mg/mL of 1% 

and 5% RNT-RGD-K as well as RNT-K hydrogels compared to uncoated hydrogels, 

lending insights into why osteoblast adhesion was enhanced on these scaffolds. 

Furthermore, although fibronectin adsorption on 10% RNT-RGD-K was statistically 

similar to uncoated hydrogels, the rich RGD side chains on its outer surface (ten and two 

times over RGD on 1% and 5% RNT-RGD-K) served some additional functions to 

directly improve osteoblast adhesion. In addition, it was also found that the unique 

surface chemistry of the RNTs played a key role in changing surface wettability and 

corresponding surface energy of these materials to influence protein adsorption. The 

pHEMA hydrogels increased hydrophobicity when coated with RNTs. The relatively long 

molecular chains shown in the G^C-RGDSK chemical structures increased surface 

hydrophobicity of the hydrogels. However, it should be pointed out that all RNT 

hydrogels exhibited modestly hydrophilic surfaces (contact angles roughly less than 60º) 

which have been shown by others to be favorable for osteoblast attachment [26]. 

 

2.5.3.2 The Role of Surface Chemistry 

 

Because RNTs have special surface chemistry originating from their rich peripheral 

amino acid and peptide distributions, these K or RGD side chains provided a favorable 

environment for improving cell adhesion. For example, Figure 2.16 provides evidence 

that higher molar ratios of RGD on RNTs (such as 10%) can induce more osteoblast 
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adhesion than RNT-K without RGD or 1% HRN-RGD-K. This indicated that the 

cell-adhesive RGD peptides on RNTs closely contributed to the favorable osteoblast 

responses on RNT-RGD-K hydrogels. 

 

On the other hand, poly L-Lysine coated hydrogels were used to confirm that the amino 

acids (such as K) alone enhanced osteoblast adhesion. The structure and surface charge of 

poly L-Lysine (Figure 2.24) are similar to the lysine side chains on the outer surface of 

RNTs. Results indeed demonstrated that 0.01 mg/mL RNTs and poly L-Lysine with 

higher densities of lysine induced more osteoblast adhesion than 0.001 mg/mL RNTs and 

poly L-Lysine. This suggested that K side chains on RNTs provided a more favorable 

chemistry towards improving osteoblast adhesion on RNT coated hydrogels. According 

to the chemical structure of the various RNTs, numerous NH2 (positively charged), 

COOH and OH groups on G^C-RGDSK or G^C-K building blocks have been reported to 

regulate focal adhesion, protein adsorption and osteoblast functions [47,48]. In addition, 

many other studies have supported the role that poly lysine plays in promoting cell 

adhesion [49-51]. For example, McKeehan and colleagues demonstrated that poly-lysine 

coated surfaces can cause human or chicken fibroblasts to adhere more strongly and 

fibroblasts were able to survive in lower concentrations of serum proteins in culture media 

when surfaces were coated with poly-lysine [49]. It was believed that the lysine moieties 

on RNTs had the potential for increasing osteoblast adhesion by possibly mimicking 

lysine-rich bovine bone proteins known to enhance osteoblast adhesion, proliferation and 

differentiation [4,52].  
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Figure 2.24 Poly L-Lysine structures. This figure is redrawn from [53]. 

 

 

Moreover, even though the molar amount of lysine on 0.01 mg/mL poly L-Lysine was 

more than that in 0.01 mg/mL RNT-K and RNT-RGD-K, osteoblasts attached more and 

were better spread on RNT coated hydrogels than poly L-Lysine coated hydrogels. 

Therefore, the lysine or RGD moieties may partly account for this favorable osteoblast 

adhesion on RNT coated and embedded hydrogels, but not for all of it. This may be 

explained by the unique nanotubular and biomimetic structures of RNTs in the next 

section.  

 

2.5.3.3 The Role of Nanostructured Surface Topography 

 

Actually, the nanoscale and tubular architecture that formed due to the presence of RNTs 

may have provided a nanoscale topography that improved protein adsorption in hydrogels 

by resembling properties (Specifically, chemistry, charges, and wettability) of an 
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extra-cellular matrix favorable to bone cells. For instance, higher concentrations of 

RNT-K hydrogels (such as 0.01 mg/mL RNT-K coated and embedded hydrogels) not 

only displayed more lysine side chains on the surfaces but also resembled a more dense 

nanometric network on hydrogels than 0.001 mg/mL RNT-K hydrogels, thus, inducing 

more osteoblast attachment. Since cell adhesion is a prerequisite for further 

differentiation, the present results show promise for RNT hydrogel scaffolds in 

orthopedic applications. 

 

Furthermore, type I collagen is one of the main ECM components in bone, has 

nanometric and helical structures and contains cell-adhesive RGD peptides just like the 

RNT-RGD-K created in this study [30]. The RNT-RGD-K samples were further 

examined for their biomimetic properties by comparing osteoblast adhesion to collagen 

coated hydrogels. Results showed a collagen concentration-dependent osteoblast 

adhesion profile and that collagen promoted osteoblast adhesion more than poly L-Lysine. 

More importantly, RNT-RGD-K stimulated more osteoblast adhesion than type I collagen, 

which provided additional evidence of the promise of the biomimetic properties of RNTs 

for improving osteoblast adhesion.  

 

2.6 Conclusions 

 

In summary, the potential of nanostructured RNT hydrogels as novel tissue engineering 

scaffold materials for orthopedic applications was investigated here. A new family of 

RNTs functionalized with cell-adhesive RGD peptides were prepared and tested here for 
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the first time. This study demonstrated that these materials were attractive for promoting 

osteoblast adhesion due to their nanoscale dimensions and chemical composition. Easy 

and fast preparation of RNT coated and embedded hydrogels made them clinically 

promising materials for orthopedic applications. 

 

Importantly, drastically increased osteoblast adhesion and proliferation were observed on 

these RNT hydrogels compared to hydrogel controls. Specifically, the 0.01 mg/mL 

RNT-K coated and embedded hydrogels significantly improved osteoblast adhesion 

compared to the hydrogel controls and other lower concentrations of RNT-K hydrogels. 

Furthermore, 10% RNT-RGD-K significantly promoted over a two-fold increase in 

osteoblast adhesion compared to hydrogel controls without RNTs. Incorporating 

cell-adhesive RGD onto RNTs improved their cytocompatibility properties pertinent to 

orthopedic applications more than unmodified RNT-K hydrogels. 

 

In addition, this study investigated the possible underlying mechanisms of why RNTs 

increased osteoblast functions. Results demonstrated that 1% and 5% RNT-RGD-K and 

RNT-K coated on hydrogels greatly enhanced fibronectin adsorption compared to 

uncoated controls, which might be partly responsible for the enhanced osteoblast 

densities observed on these scaffolds. This study also provided evidence that the 

controllable surface chemistry (such as the K and RGD) and nanoscale-biomimetic 

features of RNTs created a cell-favorable environment to improve osteoblast functions, 

thus, making them intriguing materials for further study in orthopedic applications. 
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CHAPTER 3 

A BIOMIMETIC ROSETTE NANOTUBE 

NANOCRYSTALLINE HYDROXYAPATITE COMPOSITE 

FOR ORTHOPEDIC APPLICATIONS 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A portion of this chapter has been published in: 

 
1. L. Zhang, Y. Chen, J. Rodriguez, H. Fenniri and T.J. Webster. Biomimetic Helical Rosette 

Nanotubes and Nanocrystalline Hydroxyapatite Coatings on Titanium for Improving Orthopedic 

Implants. Int. J. Nanomedicine, 3(3): 323–333 (2008). 

2. L. Zhang, J. Rodriguez, A.J. Myles, H. Fenniri and T.J. Webster. Biologically Inspired Rosette 

Nanotubes and Nanocrystalline Hydroxyapatite Hydrogel Nanocomposites as Improved Bone 

Substitutes. Nanotechnology, in press (2009).

javascript:AL_get(this,%20'jour',%20'Int%20J%20Nanomedicine.');


109 

 

 

 

3.1 Introduction 

 

In the previous chapter, novel osteogenic rosette nanotube (RNT) hydrogels with 

favorable nanometric feature and cell-adhesive RGD or K side chains were created. It 

was demonstrated that RNT hydrogels significantly enhanced osteoblast adhesion and 

proliferation for bone tissue engineering applications. In this chapter, a biomimetic 

nanocomposite was designed to further improve the cytocompatibility and mechanical 

properties of RNTs for orthopedic applications. 

 

As mentioned in chapter 1, inorganic nanocrystalline hydroxyapatite (Ca10(PO4)6(OH)2, 

HA) is the main component of the natural bone matrix. Specifically, HA has promising 

osteoconductive properties [1,2] and forms a tight bond with bone. High amounts of 

surface porosity, increased surface roughness and improved wettability of nanophase HA 

may have positive effects on the osseointegration of HA with juxtaposed bone by 

promoting various osteoblast functions (such as adhesion, proliferation and 

differentiation, etc.). As a result, HA has been one of the most popular bone graft 

substitutes, fillers and coating materials for orthopedic applications. Many researchers 

have reported even better cytocompatibility properties of nanophase HA than micron 

structured ceramics (including micron HA) and other conventional orthopedic implant 

materials [3-7]. For example, Webster et al. demonstrated significantly enhanced 

osteoblast adhesion and inhibited fibroblast (cells that contribute to forming a fibrous 

tissue capsule) adhesion on nanophase HA (67 nm grain size) compared to conventional 

HA (179 nm grain size) after 4 h of cell culture [3]. In addition, in vivo studies 
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demonstrated complete osseointegration of tantalum coated with nanophase HA after 2 

weeks whereas tantalum coated with conventional (or micron) HA took up to 8 weeks [7]. 

Recently, Venugopal et al. electrospun a fibrous polycaprolactone (PCL)/HA/gelatin 

nanocomposite and demonstrated that osteoblast proliferation, alkaline phosphatase 

activity and mineralization were the greatest on the most flexible PCL/HA/gelatin 

nanocomposite when compared to the other PCL scaffolds [4].  

 

Due to above mentioned excellent properties of nanocrystalline HA, it was combined 

with biologically-inspired RNTs for the following purposes: 1) It is anticipated that 

nanocrystalline HA and RNTs can enhance osteoblast adhesion by mimicking the natural 

HA/collagen self-assembly in bone; 2) HA nanoparticles can also increase the mechanical 

properties of novel scaffolds to match those of natural bone; 3) The osteoconductive HA 

can specifically bond to bone defect sites and increase bone mass quickly; and 4) the 

degradable nano HA can be functionalized with the knuckle region of BMP-2 and, thus, 

control the release of the knuckle region of BMP-2 to increase bone mass. 

 

3.2 Research Objectives 

 

This chapter focused on fabricating a biomimetic nanocrystalline HA/RNT-K orthopedic 

composite and determining its cytocompatibility and mechanical properties when 

incorporated into pHEMA hydrogels or when coated on conventional implant materials 

(i.e., titanium).  
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In this study, a wet chemistry precipitation method, which enabled good control of the 

crystalline phase and surface morphology of HA at the micrometer and nanometer levels, 

was used to synthesize HA [7-9]. Since grain size is one of the most important factors 

that may influence the growth of osteoblasts on implant materials, several grain sizes of 

nanocrystalline HA were fabricated here by utilizing different sintering temperatures or 

hydrothermal treatment regimes. Then, osteoblast responses on different grain sizes of 

nanocrystalline HA and RNT-K were determined when used as a coating on titanium.  

 

Moreover, considering that agglomeration of nanometer crystals of HA in polymers may 

potentially decrease scaffold cytocompatibility and mechanical properties, well-dispersed 

nanocrystalline HA at different weight ratios (specifically, 2%, 10% and 20%) in RNT-K 

hydrogels were prepared. The mechanical and cytocompatibility properties of the 

biomimetic nanocrystalline HA in RNT-K hydrogels were investigated for the first time 

in this study. Lastly, direct HA nucleation and mineralization on RNTs and respective cell 

responses were investigated as well. 
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3.3 Materials and Methods 

 

3.3.1 Synthesis of Nanocrystalline HA 

 

As shown in Equation (1), nanocrystalline HA was synthesized by a wet chemistry 

method [7-9]. Briefly, 37.5 mL of a 0.6M ammonium phosphate (Sigma-Aldrich) 

solution was mixed with 375 mL of ddH2O while ammonium hydroxide (Fisher 

Scientific) was used to adjust the solution pH to around 10. Then, 45 mL of a 1M calcium 

nitrate (Sigma-Aldrich) solution was slowly (~3.6 mL/min) dripped into the above 

mixture (that is, at 1:10:0.67:1.2 volume ratios of (NH4)2HPO4 : H2O : NH4OH : 

Ca(NO3)2) over 12 min while stirring. HA precipitation occurred immediately and was 

allowed to continue for 10 min without stirring. After removing 25% of the supernatant 

by centrifugation, HA precipitates were treated hydrothermally at 200°C for 20 h in a 125 

mL Teflon liner (Parr Instrument, Figure 3.1) [10]. This hydrothermal treatment method 

produced small grain sizes with high crystallinity of geometrically shaped nano HA rods 

at relatively low temperatures but under a higher pressure [11]. After 20 h, the nanometer 

HA crystals were centrifuged and rinsed sequentially with ddH2O three times, then dried 

at 80°C for 12 h and crushed into a nano HA powder. 

 

6 (NH4)2HPO4 + 10 Ca(NO3)2 + 8 NH4OH = Ca10(PO4)6(OH)2 + 20 NH4NO3 + 6 H2O       (1) 

 

Larger grain size and higher yield rates of nanocrystalline HA were obtained without 

hydrothermal treatment for comparison. For this, 1M calcium nitrate was slowly added to 
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0.6M ammonium phosphate, while ethanol was used to disperse the mixture and 

ammonium hydroxide to adjust the pH up to 12. The mixture was then slightly heated at 

40°C for 1h and HA precipitated at room temperature for 24 h. The HA white powder 

was obtained after washing and centrifugation and was dried similar to the method 

described above. Then, the HA powder was sintered at 700°C for 6 h to achieve a large 

nanocrystalline HA grain size or at 550°C for 6 h to produce a middle nanocrystalline HA 

grain size with irregular shapes.  

 

    
Figure 3.1 A 125 mL 4748 Parr Acid Digestion Vessel. (A) The cross section view and 

(B) the picture of the vessel. Figures are redrawn from [12]. 

 

3.3.2 Preparation of Nanocrystalline HA/RNT Coatings and Hydrogels 

 

3.3.2.1 RNT-K and HA Coatings on Titanium 

 

0.001 mg/mL of RNT-K solution was prepared as described in section 2.3.1.1. Then, the 

solution was sterilized with a 0.22 µm syringe filter before coating on titanium. Titanium 

 

HA    

Solutions 

(A)  (B)  
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(Ti, 99.2% pure, Alfa Aesar) was cut to sizes of 1cm×1cm×0.2cm. They were cleaned by 

first soaking in acetone for 15 min, then sonicating for 15 min. This was followed by 

three rinses with ddH2O. Similarly, they were then soaked in 70% ethanol, sonicated for 

15 min and sequentially rinsed by ddH2O. Lastly, they were soaked in ddH2O, sonicated 

for another 15 min and rinsed. Substrates were then put into a drying oven overnight and 

autoclaved for sterilization before coating with RNTs and cell experiments. 

 

250 mg of each type of nanocrystalline HA (specifically, small, middle and large HA 

grain sizes) was mixed with 5 mL of 70% ethanol and sonicated for 20 min to obtain a 

well-mixed HA solution. Then, 5 mL of 0.001 mg/mL RNT-K solution was added into 

each of the above mixtures. Nano HA and RNT-K mixtures were coated on the titanium 

surface by absorption for 45 min at room temperature and dried overnight. In addition, 

0.001 mg/mL RNT-K without HA was coated on titanium. Uncoated titanium served as 

controls. 

 

3.3.2.2 Nanocrystalline HA in RNT-K Hydrogel Composites 

 

In addition to coating nanocrystalline HA and RNT-K on titanium, they were also 

dispersed into pHEMA hydrogels in this chapter. For this purpose, two types of 

nanocrystalline HA (prepared by the hydrothermal treatment or sintered at 550°C 

methods) were added into the HEMA monomer (Polysciences, PA), 

2,2’-azobisisobutyronitrile (free radical initiator, Sigma-Aldrich) and RNT-K solution to 

provide 2%, 10% and 20% ceramic/polymer weight ratios. In order to obtain 
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well-dispersed nanocrystalline HA hydrogel composites, the nanocrystalline HA was first 

sonicated in the HEMA solution using a Misonix sonicator 3000 (Misonix Inc., NY) for 

12 min and 30 min. 0.01 mg/mL RNT-K and 2,2’-azobisisobutyronitrile were then added 

into the above mixtures, mixed thoroughly and heated at 78°C for less than 1 h to 

polymerize (as described in section 2.3.1.2). After polymerization, the nanocrystalline 

HA/RNT-K hydrogel composites were cut into circular samples with a 1.55 cm diameter 

and 2 mm thickness. 

 

2% nanocrystalline HA in hydrogels, 0.01 mg/mL RNT-K coated hydrogels and 

unmodified hydrogels were used as controls in the following experiments. 2% 

nanocrystalline HA in hydrogels were prepared by replacing the RNT-K with water in the 

above procedure. For the 0.01 mg/mL RNT-K coated hydrogels, hydrogels were soaked 

in 0.01 mg/mL RNT-K at room temperature for 45 min. For unmodified hydrogels, 

2,2’-azobisisobutyronitrile, the same volume amount of HEMA monomer and water were 

heated in an oven at 78°C for 1 h and cut into the same size as above. In addition, 

agglomerated 2%, 10% and 20% (wt.%) nanocrystalline HA in RNT-K hydrogels were 

prepared in a similar way to the well-dispersed nanocrystalline HA in RNT-K hydrogels 

except using a vortex mixer (Fisher Scientific) to mix the entire reaction solution without 

ultra-sonication. Finally, all of the resulting hydrogel composites and controls were 

soaked in water at room temperature for 30 min. Then, the various substrates were 

sterilized in 70% ethanol for 20 min and evaporated overnight before cell experiments.  
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3.3.3 Nanocrystalline HA Powder, RNT-K Coating and Hydrogel Nanocomposite 

Characterization 

 

The crystallinity of nanophase HA powders was characterized by X-ray diffraction (XRD, 

Siemens Diffraktometer D5000 Kristalloflex; Bruker AXS Inc.). The diffraction angles 

(2θ) ranged from 20° to 70° at 0.02° s
-1

 for middle and large grain sizes of nanophase HA 

(prepared by sintering at 550°C and at 700°C) and 0.4° s
-1

 for small grain sizes of 

nanophase HA (prepared by hydrothermal treatment). Diffraction signal intensity was 

monitored and processed using Diffrac
Plus

 software (Bruker AXS Inc.). In addition, the 

agglomerated mean particle sizes of these nano HA materials were examined by a 

particle size analyzer (Nano ZS, Malvern Instruments).  

 

Nanocrystalline HA and RNT-K morphologies were characterized using a TEM (Philips, 

EM410 PW6008) at a 120 kV acceleration voltage. For this purpose, 0.01 mg/mL RNT-K 

and nanocrystalline HA were separately absorbed onto carbon-coated copper grids (EM 

Sciences). RNT-K coated grids were negatively stained with 2% aqueous uranyl acetate 

(EM sciences) for 20 s. In order to image the interaction between nanocrystalline HA and 

RNTs, nanocrystalline HA was further adsorbed onto the above RNT-K coated copper 

grids. After drying, all sample grids were imaged under TEM. 

 

A SEM (LEO 1530-VP) operating at 3 kV accelerating voltage was used to characterize 

agglomerated and well-dispersed nanocrystalline HA in RNT-K hydrogels. The 

dehydrated composite substrates were sputter-coated with a thin layer of gold–palladium 
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using a PS-2 coating unit (International Scientific Instruments) in an argon environment 

for 3 min. SEM images of the top and bottom as well as cross sectional area of different 

nanocomposites were taken. 

 

3.3.4 Cell Testing 

 

The same osteoblast cell line described in section 2.3.3.1was used and cultured here. For 

the nanocrystalline HA and RNT-K used as coating materials, osteoblast adhesion was 

determined on: (1) 0.001 mg/mL RNT-K with the small grain size nanocrystalline HA 

(prepared by the hydrothermal treatment) coated on titanium, (2) 0.001 mg/mL RNT-K 

with the middle grain size nano HA (prepared by sintering at 550°C) coated on titanium, (3) 

0.001 mg/mL RNT-K with the large grain size nanocrystalline HA (prepared by sintering at 

700°C) coated on titanium, (4) 0.001 mg/mL RNT-K alone coated on titanium, and (5) 

uncoated titanium.  

 

For the nanocrystalline HA in RNT-K hydrogels, seven substrates were tested: (1) 2% 

nanocrystalline HA (prepared by the hydrothermal treatment) in RNT-K hydrogels, (2) 2% 

nanocrystalline HA (prepared by the sintering method at 550°C) in RNT-K hydrogels, (3) 

10% nanocrystalline HA (prepared by the sintering method at 550°C) in RNT-K hydrogels, 

(4) RNT-K coated hydrogels, (5) 2% nanocrystalline HA (prepared by the hydrothermal 

treatment) in hydrogels, (6) 2% nanocrystalline HA (prepared by the sintering method at 

550°C) in hydrogels, and (7) hydrogel controls. 0.01 mg/mL RNT-K was used in the above 

RNT-K hydrogels. The 2% and 10% were weight ratios of nano HA in hydrogels. 
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Osteoblasts were seeded onto the above coatings, nanocomposites and control substrates 

of interest in this study at a density of 3500 cells/cm
2
 and were cultured under standard 

cell culture conditions for 4 h. After the prescribed time period, cells were rinsed by 

several PBS washings. Then, the remaining cells were double fixed, stained with 

rhodamine-phalloidin (Molecular Probes) and DAPI (Invitrogen), and counted under a 

fluorescence microscope as described in section 2.3.3.2. Experiments were run in 

triplicate and repeated three separate times for each sample. 

 

3.3.5 Mechanical Testing 

 

The tensile and compressive mechanical properties of the 2% nanocrystalline HA/RNT-K 

hydrogel composites and hydrogel controls were determined using an Instron 5882 

mechanical tester (Instron, Norwood, MA). 2% nanocrystalline HA prepared by sintering 

at 550°C was first ultra-sonicated in HEMA solutions for 12 min. Then, they were mixed 

with a 0.01 mg/mL RNT-K solution and respective amounts of the free radical initiator 

and were poured into molds to polymerize with heating at 78-80°C for less than 1 h. The 

dog bone shaped samples and cylindrical samples were used for tensile and compressive 

tests, respectively (Figure 3.2). The scaffolds were soaked in water for one day before 

measurements. The initial cross-sectional area and thickness of each sample were 

measured before testing. The extension and compression rates were 15 mm/min and 1 

mm/min. The stress–strain curves were plotted by Microsoft Excel. The ultimate tensile 

stress (defined as the maximum load divided by the cross-sectional area of the sample) 
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was measured directly from the tensile stress–strain curve. The compressive and tensile 

moduli were calculated from the slope of the initial linear region of the respective 

stress–strain curves. 

 

 

Figure 3.2 Mechanical testing. (A) A tensile test of 2% nanocrystalline HA in RNT-K 

hydrogels using an Instron 5882 mechanical tester. (B) The dog bone shaped 

nanocrystalline HA in RNT hydrogels and control samples used for tensile tests. (C) The 

cylindrical nanocrystalline HA in RNT hydrogels and control samples used for 

compressive tests. 

 

3.3.6 Hydroxyapatite Nucleation on RNTs 

 

Besides mechanically mixing pre-synthesized nanocrystalline HA with RNTs, the 

mineralization properties of RNTs by directly nucleating HA crystals were investigated 

here as well. For this, 10 μL of a 0.1 mg/mL RNT-K solution was mounted on a 300 mesh 

carbon grid (EM Science) and dried after 8 s with Whatman filter paper. 5 μL of 10 mM 

CaCl2 (Sigma-Aldrich) was coated on the grid adsorbed with RNT-K for 1 min [13]. 5 

mM Na2HPO4 (EMD) was then added to the back side and left to mix by passing through 

(A)  (B)  

(C)  

 

 

Hydrogel controls 

Nano HA and RNTs in hydrogel 

Hydrogel controls 

(C)  
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the holes of the carbon grid for 2 min. Controls were also prepared by the same procedure 

but without RNT-K on the grids. Images of HA nucleation on the RNT-K coated grids as 

well as all the respective controls were obtained by Jose Rodriguez using a Hitachi S 

4800 SEM from the National Institute for Nanotechnology in Edmonton, Canada. In 

addition, osteoblast adhesion was investigated on these HA precipitated RNTs and control 

grids by using the same method as described in section 3.3.4. 

 

3.3.7 Statistics 

 

Data were represented by the mean value with the standard error of the mean (SEM). A 

student’s t-test was used to check statistical significance between means and p<0.1 was 

considered statistically significant. 
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3.4 Results and Discussion 

 

3.4.1 Characterization of Nanocrystalline HA, Nanocrystalline HA/RNT Coatings 

and Hydrogels 

 

3.4.1.1 Characterization of Nanocrystalline HA 

 

In this chapter, different grain sizes and morphologies of nanocrystalline HA were 

synthesized using two treatment methods. TEM images showed that the hydrothermally 

treated nanocrystalline HA possessed regular rod-like nanocrystals within the range of 

50-100 nm in length and 20-30 nm in width (Figures 3.3A and 3.3B). Nanocrystalline HA 

prepared by sintering at 700ºC for 6 h also had rod-like morphologies but of a larger size 

(~100-170 nm in length and 20-30 nm in width, Figure 3.3E). In addition, sintering HA 

powers at 550°C for 6 h produced a middle grain size of irregular shaped nanocrystallized 

HA with a more agglomerated morphology (Figure 3.3C and 3.3D). Figure 3.3F showed 

that HA precipitates did not have clear demarkation lines or regular shapes before the 

hydrothermal treatments or sintering methods.  

 

Furthermore, by measuring the sizes of nanocrystalline HA in TEM images, Figure 3.4 

provided quantified results of the average HA grain sizes after hydrothermally treatment 

and sintering which demonstrated that hydrothermal treatment yielded much smaller 

crystallite sizes than other methods. Specifically, the nanocrystalline HA prepared by the 
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hydrothermal treatment had an average grain size of 82.8 nm (in length) while 

nanocrystalline HA particles prepared by sintering methods at either 550°C or 700°C had 

average grain sizes of 90.0 nm and 129.8 nm, respectively. Moreover, consistent with 

previous studies [14,15], all types of nanocrystalline HA agglomerated into micron sizes 

and hydrothermally prepared nanocrystalline HA agglomerated into smaller sizes than 

sintered nanocrystalline HA. Specifically, hydrothermally treated HA and HA sintered at 

either 550°C or at 700°C had ~1.51, 3.32 and 1.61 µm agglomerated mean particle sizes 

(Table 3.1), respectively. The agglomerated sizes of the irregular nanocrystalline HA 

sintered at 550ºC were two times higher than that of the rod-like nanocrystalline HA 

prepared by hydrothermally treatment or sintering at 700°C. A previous study 

demonstrated that conventional (or micron) HA agglomerated up to 169 µm [15]. The 

significant larger agglomeration size of the middle grain sizes nanocrystalline HA may be 

due to the more irregular HA shapes and possibly greater hydrophobic surface chemistry 

that increased agglomeration after sintering at 550°C when compared to the regular 

rod-like hydrothermal HA. Moreover, Table 3.1 showed that sintering HA precipitates to 

either 550°C or 700°C achieved higher yield rates of nanocrystalline HA (86.46% and 

83.51%, respectively) than nanocrystalline HA prepared by hydrothermal treatments 

(69.54%). The longer HA precipitation time (24 h) before sintering most likely 

contributed to the higher yield rates of nanocrystalline HA prepared by sintering (whereas 

only a 10 min precipitation was used during the hydrothermal treatment). 
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Figure 3.3 TEM images of various nanocrystalline HA and HA precipitates. (A) and (B) 

small grain size nanocrystalline HA (prepared by hydrothermal treatment) at different 

magnifications, (C) and (D) middle grain size nanocrystalline HA (prepared by sintering 

at 550°C) at different magnifications, (E) large grain size nanocrystalline HA (prepared 

by sintering at 700°C), and (F) HA precipitates before sintering. Scale bars are 200 nm, 

100 nm and 20 nm. 

 

(A) 

(F) (E) 

(D) (C) 

(B) 
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Figure 3.4 The comparison of the average grain sizes of nanocrystalline HA under 

different synthesis treatments. Data are mean ±SEM; n=50. *p<0.0001 when compared 

to large grain size nanocrystalline HA (prepared by sintering at 700°C). 

 

Table 3.1 Summary of the nanocrystalline HA yield rates, agglomerated and grain sizes. 

Data are mean ± SEM. *p<0.001 compared to nano HA prepared by sintering at 550ºC. 

 

 

Yield rates Agglomerated 

mean size (nm) 

Average grain 

sizes (nm) 

Small grain size nanocrystalline HA 

(hydrothermally treated at 200ºC for 20 h) 
69.54% 1512.5 ± 180.6* 82.8 ± 4.3 

Middle grain size nanocrystalline HA 

(prepared by sintering at 550ºC for 6h) 
86.46% 3323.5 ± 269.4 90.0 ± 4.7 

Large grain size nanocrystalline HA 

(prepared by sintering at 700ºC for 6h) 
83.51% 1609.9 ± 166.5* 129.8 ± 6.0 

HA precipitates (before hydrothermal 

treatment or sintering) 
__ 2278.6 ± 496.4 113.6 ± 6.3 

 

 

In addition, XRD patterns provided evidence that crystalline HA was present in all 

particles (Figure 3.5). Hydrothermally treated nanocrystalline HA displayed small 

amounts of peak broadening (Figure 3.5A) which supported previously mentioned data of 

smaller crystallite sizes of hydrothermally prepared nano HA compared to the other two 

types of sintered nano HA (Figures 3.5B and 3.5C). 

 

* 
* 
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Figure 3.5 XRD pattern of nanocrystalline HA. (A) Small grain size nanocrystalline HA 

(prepared by hydrothermal treatment), (B) middle grain size nanocrystalline HA 

(prepared by sintering at 550°C), and (C) large grain size nanocrystalline HA (prepared 

by sintering at 700°C). 

(A) 
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(B) 
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3.4.1.2 Morphology of Nanocrystalline HA/RNT Coatings 

 

The morphology of RNT-K and nanocrystalline HA/RNT-K are shown in Figure 3.6. 

Bundles of the self-assembled RNT networks were observed in Figure 3.6A. Most 

importantly, Figure 3.6B showed for the first time a good affinity between RNT-K and 

nanocrystalline HA. Specifically, a bundle of RNT-K attached and oriented on the 

nanocrystalline HA surfaces by simple adsorption. However, the agglomeration of 

nanocrystalline HA was clearly observed in the TEM image.  

 

  
Figure 3.6 TEM images of nanocrystalline HA/RNT-K. (A) Bundles of 0.01 mg/mL 

RNT-K. (B) RNT-K with nanocrystalline HA prepared by hydrothermal treatment; inset 

shows the enlarged region of (B) demonstrating the close and aligned RNT-K/HA 

interaction. Arrows show the RNT-K. 

 

SEM images showed that thin layers of different size distributions of nanocrystalline HA 

in 0.001 mg/mL RNT-K were coated on titanium (Figure 3.7). All of the nanocrystalline 

HA with RNT coatings had agglomerated nanocrystallites. In addition, uncoated titanium 

had micron roughness with large grain sizes while small grain sizes of nanocrystalline 

HA with RNTs revealed dense HA rod crystallite agglomerations in the coating (Figures 

(A) (B) 
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3.7A and 3.7B). Middle grain sizes of nanocrystalline HA with RNT coatings also 

showed very dense crystallite agglomerations but irregular crystalline distributions 

(Figures 3.7C and 3.7D) which was consistent with previous TEM and Table 3.1 results. 

In contrast, large grain sizes of nanocrystalline HA with RNT-K coatings exhibited the 

largest HA rod crystallite assemblies with a loose connecting pattern (Figures 3.7E and 

3.7F) compared to the other coatings. TEM clearly demonstrated intimate interactions 

between RNTs and HA when coated on titanium. 
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Figure 3.7 SEM micrographs of nano HA/RNT coatings. (A) Low and (B) high 

magnifications of small grain size nanocrystalline HA (prepared by hydrothermal 

treatment) with RNT-K coated on titanium. (C) Low and (D) high magnifications of 

middle grain size nanocrystalline HA (prepared by sintering at 550°C) with RNT-K 

coated on titanium. (E) Low and (F) high magnificaitions of large grain size 

nanocrystalline HA (prepared by sintering at 700°C) with RNT-K coated on titanium. (G) 

Titanium coated with RNT-K and (H) uncoated titanium. 0.001 mg/mL RNT-K was used 

in these coatings. Arrows show the single HA crystallites. 

(H) (G) 

(B) 

(F) (E) 

(C) (D) 

(A) 
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3.4.1.3 Morphology of Nanocrystalline HA in RNT-K Hydrogels 

 

Increasing amounts of nanocrystalline HA particles were visible when 2%, 10% and 20% 

(wt%) nanocrystalline HA were added into RNT-K hydrogels (Figure 3.8). Specifically, 

larger amounts of agglomerated nanocrystalline HA (prepared either by hydrothermal 

treatment or sintering) were present at the bottom of the HA/RNT-K nanocomposites. 

Figures 3.8C-3.8E showed loose interactions between the agglomerated nanocrystalline 

HA and hydrogels. The 20% addition of nanocrystalline HA sintered at 550ºC in RNT 

hydrogels showed very dense crystallite agglomeration (Figure 3.8F) compared to 

respective hydrothermally treated nano HA/RNT-K hydrogels (Figure 3.8E). In addition, 

the cross section images (Figures 3.8G-3.8H) of the nanocomposites also revealed a 

non-homogeneous distribution of nanocrystalline HA throughout the RNT hydrogels. 

Agglomerated nano HA particles (either unevenly embed in hydrogels or those which 

settled down to the bottom side of the composite) were barely observed on the surface. 

 

 

After ultra-sonicating nanocrystalline HA polymer solutions for 12 min (Figures 

3.9A-3.9B, 3.9E-3.9F) and 30 min (Figures 3.9C-3.9D, 3.9G-3.9H), well-dispersed 

nanocrystalline HA/RNT-K hydrogel composites were fabricated. A too short sonication 

time did not yield a desirable homogenous mixture while a too long sonication time (such 

as over 30 min) led to larger amounts of water evaporation and an extremely viscous 

polymer solution. Thus, a 12 min sonication time was used in a further study to determine 

the mechanical and cytocompatibility properties of the materials of interest. The 
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homogenous distribution of nanocrystalline HA was observed in the ultra-sonicated 2% 

and 10% nano HA/RNT-K hydrogels. Specifically, Figures 3.9A-3.9H showed more 

nano HA particles on the surface of 2% and 10% nano HA/RNT-K hydrogel composites 

after using higher sonication powers, whereas most of the surface of the unsonicated 2% 

nano HA/RNT-K hydrogels lacked HA particles (Figures 3.9I and 3.9J). Furthermore, 

SEM images demonstrated that a large amount of nanocrystalline HA filled the inside 

pores of the hydrogels after ultra-sonicating (Figures 3.10A and 3.10B), which was even 

more than the amounts of nano HA in the 20% unsonicated nano HA/RNT hydrogel 

composites (Figure 3.10C). 
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Figure 3.8 SEM images of different weight ratios of nano HA and RNT-K in hydrogels. 

(A) 2%, (C) 10% and (E) 20% nano HA (prepared by hydrothermal treatment) in RNT 

hydrogels (bottom images); (B) 2%, (D) 10% and (F) 20% nano HA (prepared by 

sintering at 550ºC) in RNT hydrogels (bottom images); (G) and (H) are the cross sections 

of the 2% nano HA (hydrothermal treatment) and 10% nano HA (sintering at 550ºC) in 

RNT hydrogels, respectively, which demonstrated the agglomeration of nano HA. 
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Figure 3.9 SEM images of well-dispersed small grain size nanocrystalline HA (prepared 

by hydrothermal treatment) and RNT-K hydrogels compared to agglomerated samples. 

The bottom and top images of well-dispersed 2% nanocrystalline HA in RNT-K 

hydrogels after ultra-sonicating for 12 min (A-B) and for 30 min (C-D); well-dispersed 

10% nanocrystalline HA in RNT-K hydrogels after ultra-sonicating for 12 min (E-F) and 

for 30 min (G-H); (I) and (J) are unsonicated 2% nanocrystalline HA in RNT-K hydrogels 

which show mostly agglomerated HA at the bottom. 

 

 

  

  
Figure 3.10 The cross sections of small grain size nanocrystalline HA in RNT-K 

hydrogels. (A) and (B) are the cross sections of the well-dispersed 2% and 10% 

nanocrystalline HA in RNT-K hydrogels after ultra-sonicating for 12 min; (C) is the 

unsonicated 20% nano HA in RNT-K hydrogels; and (D) is the hydrogel control. 
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3.4.2 Improved Mechanical Properties of Nano HA in RNT-K Hydrogels 

 

As shown in Table 3.2 and Figure 3.11, the nanocrystalline HA in RNT-K (0.01mg/mL) 

hydrogel composite enhanced mechanical properties compared to the hydrogel controls. 

The compressive and tensile moduli of the scaffolds (Table 3.2) were determined from 

the compressive and tensile stress-strain curves (Figures 3.11A and 3.11B). 2% 

nanocrystalline HA/RNT hydrogels supported greater ultimate tensile stresses and had 

greater compressive and tensile moduli than hydrogel controls (Table 3.2). For example, 

the compressive modulus of 2% nanocrystalline HA in RNT hydrogels increased 38% 

compared to hydrogel controls. After ultra-sonicating, nanocrystalline HA may have 

reinforced the scaffold via a homogenously distribution into the hydrogels or filling pores. 

The improved mechanical properties of the scaffolds using nano HA in this study are 

important for bone tissue engineering applications and are also consistent with other 

reports of nanoparticles towards improving mechanical properties of polymer scaffolds 

[6,16]. For example, Wei et al. demonstrated that the introduction of over 30% nano HA 

particles into PLLA greatly increased the mechanical properties of the composite and the 

compressive modulus of nano HA/PLLA scaffolds increased with nano HA content [6]. 

Although the current mechanical properties of the composites were still lower than 

natural bone (i.e., the compressive modulus was ~10 MPa and 10 GPa in low-density 

cancellous bone and high-density compact bone, respectively [17]; The ultimate tensile 

strength of human femur was 124 MPa [18]), this study provided evidence that 

well-dispersed nanocrystalline HA in RNT-K hydrogel composites, even at a low 
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concentration of nanocrystalline HA, improved mechanical properties. Fundamentally, 

the water content, the crosslinking degree and molecular weight of the polymer may have 

affected mechanical properties of nanocrystalline HA/RNT polymer scaffold which needs 

to be the focus of future studies. 

 

Table 3.2 Mechanical properties of nanocrystalline HA/RNT-K hydrogels and controls. 

Data are mean ±SEM, n=3. *p<0.05 when compared to respective hydrogel controls. 
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Figure 3.11 The stress and strain curves of the (A) compressive test and (B) tensile test of 

2% nano HA in RNT-K hydrogels, as well as hydrogel controls.  

 

3.4.3 Cytocompatibility Properties of Nanocomposites and Hydrogel Controls 

 

3.4.3.1 Osteoblast Adhesion on Nano HA/RNT-K Coatings on Titanium 

 

Results of this study also showed greater osteoblast adhesion on nanocrystalline 

HA/RNT-K coatings on titanium compared to uncoated titanium (Figure 3.12). 

Specifically, the small and middle grain sizes of nanocrystalline HA/RNT coatings 

increased osteoblast adhesion by 29.3% and 36.3% on titanium compared to uncoated 

titanium, respectively. In the present study, a grain size dependent osteoblast adhesion 

was also observed: i.e., the small and middle grain size nanocrystalline HA/RNT coatings 

increased osteoblast adhesion more than on the larger grain size nanocrystalline HA/RNT 

coatings. In addition, osteoblast attachment significantly improved on the 0.001 mg/mL 

RNT-K coated titanium (alone) which was consistent to previous studies [ 19 ]. 

 

 

RNT-K hydrogels 

(B)  
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Importantly, although the bone remodeling process in vivo includes various cell types 

(such as osteoblasts, osteoclasts, and osteocytes) [2], promoting initial osteoblast 

adhesion on orthopedic implant materials is essential for further new bone growth. 

Therefore, the significantly enhanced osteoblast adhesion on nanocrystalline HA/RNT 

coatings observed here indicated promise for the continued investigation of these 

biomimetic coatings for improving orthopedic implants. 

  

 
 

Figure 3.12 Osteoblast adhesion on HA and RNT-K coated titanium. Data are mean 

±SEM; N=3. * p<0.05 when compared to uncoated titanium; ** p<0.01 and *** p<0.1 

when compared to larger grain size nanocrystalline HA (prepared by sintering at 700°C) 

with 0.001 mg/mL RNT-K coated on titanium. 

 

 

As is known, inorganic nanocrystalline HA and elastic collagen (which has helical 

nanostructures) assemble to form the natural bone matrix [2,20]. Thus, much effort has 

been devoted to apply bioactive and osteoconductive nano HA materials as coatings on 
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implant materials for orthopedic applications [7,10,14,15,21-28]. For instance, recently it 

was reported that enhanced cell functions were observed on titanium coated with nano 

HA by an electrochemical method [25]. However, current HA coatings still can not 

satisfy a patient’s high expectations for orthopedic implants due to many shortcomings 

(i.e., lack of rapid osseointegration, low degree of crystallinity, weak interactions with 

titanium, etc.). In this study, it should be emphasized that novel nanotubular RNTs, which 

were coated with a high degree of nanocrystalline HA on titanium, not only possessed 

flexible functionalizable chemistries but also had biologically-inspired surface features 

which created a favorable bone-like environment (Figure 3.13) to possibly eventually  

improve osseointegration with juxtaposed bone.  

 

In addition, although there were no statistical difference in osteoblast adhesion among the 

RNTs coated on titanium and nanocrystalline HA/RNT coated on titanium (due to the 

possibly different concentrations of exposed RNTs on their surfaces), creating a 

biomimetic coating on titanium is promising to promote osteoblast adhesion and long 

term bone tissue formation possibly contributing to lower implant failure rates. Moreover, 

nano HA and RNTs were coated on titanium by simple physical adsorption, which was 

adopted as a model coating method in this study. This coating method could be improved 

by using commercially available coating techniques (such as the widely used 

plasma-spray process, sol-gel processing, spin coating, electrospinning, newly developed 

IonTite
TM

 methods [14], etc.), which may contribute to more surface coverage and 

coating strength for orthopedic applications.  
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Figure 3.13 A biologically-inspired nanocrystalline HA/RNT coating. (A) The schematic 

illustration of coating nano HA/RNT on titanium, (B) the nanostructured HA/RNT 

coating mimics the natural bone matrix which consists in part of triple helices of collagen 

assembled with nanocystalline HA. 

 

In the current study, the concentration of RNTs that osteoblasts interacted with was 

below 0.001 mg/mL due to dilution effects of co-coating RNTs and HA (e.g., some RNTs 

may be underneath the HA and not exposed on the surface). Since it has been 

demonstrated that higher concentrations of RNTs on hydrogels (such as 0.01 mg/mL) can 

enhance osteoblast adhesion compared to low RNT concentration coatings as described in 

previous section 2.4.2, it anticipated that increasing RNT-K concentration on the 

HA/RNT coating can further augment osteoblast adhesion.  

 

 

 

RNTs 

RNTs on titanium 
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3.4.3.2 Osteoblast Adhesion on Nano HA in RNT-K Hydrogels 

 

Due to the positive cell responses on the biomimetic nano HA and RNT coatings 

observed in the above section, the cytocompatibility properties of nanocrystalline HA in 

higher concentrations of RNT-K (such as 0.01 mg/mL) in hydrogels for orthopedic 

applications was also investigated here. The result of this cytocompatibility study 

demonstrated for the first time that when combining the biologically-inspired RNT 

hydrogels and nanocrystalline HA, osteoblast adhesion can be greatly improved (Figure 

3.14). Specifically, osteoblast adhesion was significantly higher (p<0.005) on 2% 

nanocrystalline HA hydrogels and 0.01 mg/mL RNT-K hydrogels as well as 10% 

nanocrystalline HA/RNT-K hydrogel composites than hydrogel controls. Essentially, all 

of the scaffolds incorporating 0.01 mg/mL RNT-K enhanced osteoblast adhesion 

compared to nanocrystalline HA in hydrogels without RNTs. In particular, 2% 

nanocrystalline HA (prepared by sintering at 550°C) in RNT-K hydrogels had the highest 

osteoblast densities, which were 235% and 99% greater than hydrogel controls and 2% 

nanocrystalline HA (prepared by sintering) in hydrogels, respectively. This suggested that 

although both of the nanocrystalline HA and RNTs contributed to greater 

cytocompatibility properties, the biomimetic and nanostructured RNT-K played a more 

important role in improving the cytocompatibility properties of the nanocomposites.  

 

In previous sections, various RNTs with different amino acids or peptide side chains 

(such as lysine, RGD) were shown to have the potential to increase new bone growth 

when incorporated into hydrogels because of their nanoscale biologically-inspired 
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features and rich lysine or peptide side chains. However, of course for an orthopedic 

application, separation of RNTs from the biomaterial may occur and possible systemic 

toxicity may become an issue. In this light, Journeay et al. conducted an in vivo 

inflammatory study on the RNTs [29] and demonstrated that an inflammatory response 

was not triggered at a 5 μg dose (in 50 μL of water) and even with a 50 μg dose, 

inflammation was resolved after 7 days. Thus, RNTs not only exhibited excellent 

cytocompatibility properties in vitro but also had low acute toxicity in vivo. Importantly, 

the present study used RNT concentrations (0.01 mg/mL) lower than those concentrations 

in [29], which were cytocompatible here for orthopedic applications. More importantly, 

this study demonstrated that the introduction of osteoconductive nanocrystalline HA and 

RNT-K together into the hydrogel composites further boosted the cytocompatibility 

properties of hydrogels, making them promising for bone tissue engineering applications. 

 

Figure 3.14 Greatly enhanced osteoblast adhesion on nanocrystalline HA/RNT-K 

hydrogel composites. Data are mean ±SEM, N=3. *p<0.005 compared to hydrogel 

controls; #p<0.005 and ##p<0.05 compared to 2% nanocrystalline HA (prepared by 

hydrothermal or sintering methods) in hydrogels; and &p<0.05 compared to all other 

scaffolds except 10% nanocrystalline HA in RNT-K hydrogels.  



142 

 

 

In addition, there were no significant differences in cell adhesion between 2% 

nanocrystalline HA prepared by two different methods, hydrothermal treatment or 

sintering at 550°C, when placed in hydrogels. However, after further introduction of 

nanocrystalline HA into RNT hydrogels, it was noted that the 2% nanocrystalline HA 

prepared by sintering at 550 °C attracted more osteoblasts than respective hydrothermally 

treated nanocrystalline HA in RNT hydrogels. This may be because nanocrystalline HA 

prepared by sintering at 550°C had a slightly different surface chemistry and 

hydrophobicity which possibly led to more RNT adsorption and interaction than the 

rod-like hydrothermally treated HA, although clearly this needs further study. 

Furthermore, other researchers reported that increasing nano HA content (up to 30%) in 

polymers (such as poly(propylene fumarate)) may increase biocompatibility properties 

including pre-osteoblast cell adhesion and proliferation [30]. The present study did not 

observe a similar significant increased cytocompatibility with osteoblasts by increasing 

the nanocrystalline HA ratio from 2% to 10%. Since RNT-K was more effective and 

more important in enhancing cytocompatibility with osteoblasts than nanocrystalline HA, 

increasing the content of nanocrystalline HA may have minimized RNT surface coverage 

on hydrogel nanocomposites. Thus, 10% nanocrystalline HA (prepared by sintering at 

550°C) in RNT-K hydrogels only slightly promoted osteoblast adhesion compared to 

RNT-K hydrogels and did not enhance the adhesion of as many osteoblasts as the 2% 

nanocrystalline HA (prepared by sintering at 550°C) in RNT-K hydrogels. 

 

Moreover, results of this study showed that osteoblasts extended more filopodia and 
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possessed a relatively flatter and better spread shape on the 2% and 10% nanocrystalline 

HA in RNT-K hydrogels, 2% nano HA hydrogels and RNT hydrogels than hydrogels 

alone (Figure 3.15). 

 

 
 

Figure 3.15 Fluorescently F-actin filament and nucleus stained osteoblasts on various 

nanocrystalline HA in RNT-K hydrogels and controls. 
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3.4.4 HA Nucleation on RNTs 

 

For bone tissue engineering and orthopedic implant applications, the deposition, 

nucleation and growth of HA crystals in pores of an extracellular collagen matrix are 

important steps during bone remodeling in vivo. In addition, the ability of HA to nucleate 

in a similar fashion to what happens naturally on biomaterials is important for promoting 

long-term implant osseointegration. Thus, the ability of HA nucleation on RNTs was 

investigated here. Results demonstrated that after 2 min, HA crystals rapidly formed and 

regularly aligned on RNTs in a pattern similar to the HA nucleation on collagen in bone 

(Figure 3.16). However, randomly dispersed HA was observed on the grids without RNTs. 

Hartgerink et al. also demonstrated that peptide-amphiphile (PA) nanofibers can directly 

nucleate and align HA on the long axis of the nanofiber similar to the self-assemble 

pattern of collagen and HA crystals in bone [13]. However, this present study 

accomplished the alignment for a different self-assembly molecule (RNTs) suggesting 

that self-assembly nanotubes have the potential to serve as excellent biomimetic 

templates for HA deposition.  

 

Lastly, the result of osteoblast adhesion experiments revealed that more osteoblasts were 

attached on the biomimetic RNT-K aligned with HA crystals than control grids without 

RNTs (Figure 3.17). 
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Figure 3.16 SEM images of HA nucleation. (A) Biomimetic HA nucleation on 0.1 

mg/mL RNT-K on a porous carbon TEM grid and (B) only HA on TEM grid (control, 2 

min reaction). Images were prepared by Jose Rodriguez from the University of Alberta. 

 

 

 
Figure 3.17 Osteoblast adhesion on HA nucleated RNT-K grid and control grids. Data 

are mean ± SEM, n=5. *p<0.1 compared to HA nucleation without RNTs (control). 

(A) 

(B) 
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3.5 Conclusions 

 

In summary, different grain sizes of nanocrystalline HA were synthesized in this chapter 

via hydrothermal and sintering methods. They were co-coated with 0.001 mg/mL of 

RNT-K on titanium. The present study demonstrated that RNTs had a high affinity with 

nano HA. Furthermore, biomimetic nano HA/RNT coatings offer advantages over 

traditional orthopedic implant materials (such as uncoated titanium) by enhancing 

osteoblast adhesion. 

 

In addition, nanocrystalline HA was well dispersed into 0.01 mg/mL RNT-K and pHEMA 

hydrogels via high power ultrasonicating. Further, the induction of nanocrystalline HA 

and RNTs increased the mechanical properties (such as compressive modulus, ultimate 

tensile stress, etc.) of the nanocomposites. Importantly, this study also provided evidence 

that the biomimetic nanocrystalline HA/RNT-K hydrogels, even at a low concentration of 

nano HA and RNTs, significantly enhanced osteoblast adhesion over hydrogel controls. 

Specifically, 2% nanocrystalline HA (prepared by sintering at 550°C) in RNT-K 

hydrogels enhanced two times more osteoblasts compared to hydrogel controls.  

 

Lastly, this chapter also demonstrated that RNTs were an excellent template for directing 

HA nucleation and mineralization and, thus, further improved osteoblast adhesion. In 

summary, this study used RNTs and nanocrystalline HA to successfully design a novel 

biomimetic nanocomposite with improved mechanical and cytocompatibility properties 

for orthopedic applications, and, thus, should be further investigated. 
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CHAPTER 4 

ROSETTE NANOTUBES WITH DIFFERENT 

FUNCTIONAL GROUPS AS ORTHOPEDIC OR 

VASCULAR STENT COATING MATERIALS 
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4.1 Introduction 

 

It has been well-known that cells (such as osteoblasts) preferentially attach with various 

amino acid or peptide sequences (such as RGD) via cell-membrane integrin receptors as 

shown in Figure 1.4. Furthermore, other researchers reported that other mechanisms may 

be also involved in cell adhesion processes [1-5]. For example, osteoblast adhesion may 

be regulated via cell-membrane heparin sulphate proteoglycans and heparin-binding sites 

on proteins (i.e., fibronectin and collagen) as well [1-4]. Dee and colleagues 

demonstrated for the first time that lysine-arginine-serine-arginine (KRSR) peptides 

selectively enhanced osteoblast, but not endothelial cell or fibroblast adhesion via a 

heparin sulphate proteoglycan mediated mechanisms [5]. Since osteoblast adhesion is an 

important process at the bone-implant interface, the selectively controlled osteoblast 

adhesion holds great potentials for the long-term success of orthopedic implant. 

 

Thus, a novel KRSR functionalized rosette nanotube was investigated in this chapter for 

selectively controlled orthopedic applications. Figure 4.1 reveals the building blocks of 

RNT-KRSR and the self-assembly process in water. The RNT-KRSR building blocks 

were composed of twin G^C bases with one KRSR side chain (Figure 4.1A) while 

previous RNT-K and RNT-RGD-K building blocks had single G^C base. The resulted 

nanotubes had a larger diameter than the single base RNT-K. For the single base G^C-

RGDSK motif, only up to 10% RGD modified RNTs were assembled in the current study 

due to the effects of long peptide side chains. However, this twin base construct 
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guaranteed the formation of stable rosette nanotubes functionalized with 100% KRSR 

side chains. It was anticipated that the RNTs with rich KRSR peptides can selectively 

improve osteoblast adhesion and inhibit other cell functions (such as fibroblasts, the 

undesirable fibrous tissue contributed cells) for better orthopedic applications. In 

addition, not limited to KRSR peptides, K (Figure 4.1B) and RGD (Figure not shown) 

can be covalently bonded onto twin base G^C motifs. 

 

 

Figure 4.1 The new KRSR functionalized rosette nanotubes. (A) The twin base building 

blocks with KRSR side chains (G^C-KRSR, twin bases); (B) The twin base blocks with 

K side chains (G^C-K, twin bases); (C) The self-assembly process of twin bases into a 

larger diameter rosette nanotube (with K side chains). Figure 4.1C is redrawn from [6]. 

 

Moreover, due to the increasing prevalence of vascular diseases, there is an enormous 

market for vascular stents (commonly metallic scaffolds, such titanium) which are 

inserted into narrowing or clogged arteries in order to improve the normal blood flow and 

prevent myocardial infarction (Figure 4.2A). However, there still existed several 
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unresolved issues with current vascular stents. For example, bare metal stents often 

trigger an inflammatory response leading to scar tissue buildup on the stent, known as 

restenosis [7], which constricts the blood flow defeating the original purpose of the stent 

(Figure 4.2B). Drug-eluting stents combat this by releasing immune-suppressants, but 

these can also suppress the endothelial cell growth and leave parts of the metal exposed 

to the bloodstream, and eventually interactions between the two can form a clot in a 

process known as late thrombosis (Figure 4.2C) [8]. The underlying reasons of both of 

these issues are the contact between the stent and the proteins and cells of the 

bloodstream. Since nanomaterials have shown much promise to improve vascular cell 

(specifically, endothelial and smooth muscle cells) functions to inhibit thrombosis and 

severe inflammation [9-13], we investigated endothelialization on biologically-inspired 

RNT coatings on titanium without the use of drugs for improving vascular stent efficacy 

here.  

 

4.2 Research Objectives 

 

This chapter investigated the cytocompatibility properties of rosette nanotubes 

functionalized with KRSR, K and RGD as coatings on titanium for selectively improving 

orthopedic applications. For this purpose, different types of RNTs were characterized 

using transmission electron microscopy. Then, the osteoblast, fibroblast adhesion on the 

novel KRSR modified RNTs coated titanium were tested and compared to RNTs with K 

and RGD sequences coated titanium. In addition, long-term osteoblast responses (such as 

total protein synthesis, alkaline phosphatase activity and calcium deposition by 
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osteoblasts) on RNT-K hydrogels were investigated in this chapter. 

 

Lastly, the endothelial cell adhesion and proliferation were determined on rosette RNT-K 

coated conventional vascular materials (specifically, titanium) for potential vascular stent 

applications.  

 

 

  
 

Figure 4.2 Coronary stenting. (A) Coronary stent implantation process. (B) Restenosis in 

a traditional bare-metal stent. (C) Late thrombosis in a drug-eluting stent. Arrows 

represent blood flow. Figure 4.2A is adapted from [14] and Figures 4.2B-4.2C are 

adapted from [15]. 

 

 

 

  

(A) 

(B) (C) 
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4.3 Materials and Methods 

 

4.3.1 Sample Preparation and Characterization 

 

Titanium squares (1x1x0.05 cm, Ti, Alfa Aesar titanium foil) and glass coverslips were 

cleaned as described in sections 3.3.2.1 and 2.3.1.2. Then, they were put into a drying 

oven overnight and autoclaved for sterilization before cell experiments. In the 

proliferation experiment, the titanium was first soaked in soap for 15 min, sonicated for 

30 min and then rinsed prior to undergoing the above steps in order to thoroughly clean 

the substrate and remove any grease that might be deposited when the pieces were cut. 

 

G^C-KRSR or G^C-K (twin bases, in HCl or in TFA) motifs were synthesized by Usha 

Hemraz in Department of Chemistry at University of Alberta. The G^C-K (twin bases) in 

HCl or in TFA are the same types of nanotube building blocks except being synthesized 

in different solvents, thus may have different counter ions. 1 mg/mL of RNT-KRSR and 

RNT-K (twin bases) stock solutions were prepared by dissolving 1mg of G^C-KRSR or 

G^C-K (twin bases, in HCl or in TFA) into 1 mL of ddH2O. These stock solutions were 

diluted into 0.1 mg/mL and 0.01 mg/mL solutions. In addition, 0.01 mg/mL 1% and 5% 

RNT-RGD-K and 0.01 or 0.001 mg/mL of RNT-K were prepared as described in section 

2.3.1.2. Furthermore, 1 mg/mL KRSR peptide solutions was also prepared by directly 

dissolving 1mg KRSR into 1mL of ddH2O and was then diluted into 0.01 mg/mL as 

comparisons. All of the above sample solutions were filtered through a 0.22 µm syringe 
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filter. The morphology of various RNTs with KRSR, RGD and K (singe or twin bases) 

were characterized by TEM. The day before cell seeding, the cleaned titanium was coated 

by various 0.01 mg/mL or 0.001 mg/mL of RNT and 0.01 mg/mL KRSR peptide 

solutions for 45 min at room temperature, then removed and left to dry overnight. 

 

In addition, 0.01 mg/mL and 0.001 mg/mL RNT-K embedded in and coated on hydrogels 

samples were achieved (as described in section 2.3.1.2) in order to test long-term 

osteoblast differentiation. 

 

4.3.2 Short-Term Cell Testing 

 

4.3.2.1 Osteoblast, Fibroblast and Endothelial Cell Culture 

 

The same human fetal osteoblast cell line described in Chapters 2 and 3 was used and 

cultured here. Rat skin fibroblast cell line (FR, ATCC, CRL-1213) was cultured in 

Eagle’s Minimum Essential Medium (EMEM, ATCC, 30-2003) supplemented with 10% 

fetal bovine serum (FBS, Hyclone, UT) under standard cell culture conditions (37°C, 

humidified, 5% CO2/95% air). Rat aortic endothelial cell (RAEC, VEC Technologies) 

was cultured in MCDB-131 Complete medium (VEC Technologies) under standard cell 

culture conditions. The fibroblasts at population numbers 6-9 and the endothelial cells at 

pollution numbers 6-11 were used in the adhesion and proliferation study. The cell 

medium was replaced every other day. 
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4.3.2.2 Osteoblast, Fibroblast and Endothelial Adhesion Study 

 

For the osteoblast, fibroblast and endothelial adhesion study, various RNT-KRSR, RNT-

RGD-K, RNT-K, RNT-K (twin bases) and KRSR peptide coated titanium, uncoated 

titanium controls and glass references were tested. Cells were seeded onto the substrates 

at a density of 3500 cells/cm
2
 and were incubated in the medium (specifically, DMEM 

supplemented with FBS and P/S for osteoblasts, EMEM supplemented with FBS for 

fibroblasts and MCDB-131 complete medium for endothelial cells) for 4 h. Then, the 

substrates were rinsed three times with PBS to remove non-adherent cells. The remaining 

cells were double fixed, stained with rhodamine-phalloidin (Molecular Probes) and DAPI 

(Invitrogen) as described in section 2.3.3.2. The cells were observed using a fluorescent 

microscope and five different areas of each sample were imaged. The cell density was 

then determined by counting cells using Image Pro Analyzer.   

 

4.3.2.3 Endothelial Cell Proliferation Study 

 

For the 5 day endothelial cell proliferation study, three sets of substrates including 0.01 

mg/mL and 0.001 mg/mL RNT-K coated titanium as well as uncoated titanium were 

seeded at a cell density of 1000 cells/cm
2 

and were placed in an incubator. The medium 

was changed every other day. After 1, 3 and 5 days, a set was taken out, stained and 

counted using the same procedure as in the adhesion study. Cellular experiments were run 

in triplicate and repeated three separate times for each samples. 
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4.3.3 Long-Term Osteoblast Function Study 

 

Previous chapters and sections mainly focused on short-term osteoblast adhesion and 

proliferation, long-term osteoblast functions including total protein synthesis, alkaline 

phosphatase activity and calcium deposition were further investigated here. Osteoblasts 

were seeded at a density of 50,000 cells/cm
2
 on: 1) 0.01 mg/mL and 2) 0.001 mg/mL 

RNT-K coated on hydrogels; 3) 0.01 mg/mL and 4) 0.001 mg/mL RNT-K embedded in 

hydrogels; 5) uncoated hydrogels; and 6) glass references. Then they were cultured in 

DMEM supplemented with 10% FBS, 1% P/S, 50 μg/mL L-ascorbate acid (Sigma), and 

10 mM β-glycerophosphate (Sigma) for 7, 14, and 21 days under the standard cell culture 

conditions. Cell culture medium was changed every other day. At each prescribed time 

point, osteoblasts were lysed using distilled water and three freeze-thaw cycles as 

mentioned elsewhere [16,17], which removed intracellular and membrane-bound proteins. 

All of resulted solutions were stored at 4ºC refrigerator before testing. 

 

4.3.3.1 Total Protein Synthesis 

 

Total protein content in the cell lysates was measured using a commercial BCA
TM 

Protein 

Assay Reagent kit (Pierce Biotechnology) and following manufacturer’s instructions. For 

this purpose, 150 µL of aliquot supernatants of the protein-containing cell lysates were 

mixed with 150 µL of working agent solutions (including 1:24:25 of cupric sulfate : 

bicinchnoninic acid : a reagent with sodium bicarbonate, sodium carbonate and sodium 

tartrate) and then were incubated at 37 °C for 2 h. Light absorbance was measured at 562 

nm on a spectrophotometer. According to a standard curve of known concentrations of 
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albumin versus absorbance run in parallel with experimental samples, the total protein 

synthesized by osteoblasts cultured on the substrates of interest to this study was 

calculated.  

 

4.3.3.2 Alkaline Phosphatase Activity 

 

The alkaline phosphatase activity in the cell lysates prepared above was evaluated by a 

commercially available Alkaline/Acid Phosphatase Assay kit (Upstate, Cat#17-128). For 

this purpose, 20 µL of the distilled water supernatants of cell lysates were mixed with 5 

µL NiCl2, 5 µL bovine serum albumin (BSA) and 5 µL phosphopeptide stock solution 

and 45 µL pNPP ser/thr assay buffer in one well of a 96-well microplate. Then, 25 µL 

aliquots of above mixtures (in triplicate) were transferred into a new plate and were 

incubated for 15 min at 37°C. 100 µL of Malachite Green solution were added to detect 

alkaline phosphatase activity. The absorbance of the prepared samples was read on a 

spectrophotometer at an absorbance wavelength of 650 nm (SpectraMax 340PC, 

Molecular Devices) and analyzed with SoftMax
@

 Pro 5 software. Alkaline phosphatase 

synthesized by osteoblasts cultured on the substrates of interest to this study was 

calculated according a standard curve of known concentrations of phosphate versus 

absorbance run in parallel with the experimental samples. The final alkaline phosphatase 

activity was normalized by the substrate area and expressed as pmoles of converted pNPP 

per minute per square centimeter. 

 

 

mailto:SoftMax@.Pro
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4.3.3.3 Calcium Deposition 

 

Calcium deposition as one of the most important indicators of osteoblast differentiation 

was measured using a calcium reagent kit (Pointe Scientific Inc.). Briefly, after 

osteoblasts were lysed and removed, the extracellular matrix of all substrates was 

immersed in a 0.6 N HCl solution at 37ºC for 24h. After the prescribed time period, the 

amount of dissolved calcium present in the acidic supernatant was measured by reacting 

with the o-cresolphthalein complexone to form a purple-color solution. The light 

absorbance of these samples was measured at 570 nm by a spectrophotometer. Total 

calcium deposition was calculated from standard curves of known calcium concentrations 

versus absorbance run in parallel with the experimental samples. Calcium deposition 

values were normalized by the substrate area and expressed as mg/cm
2
. 

 

4.3.4 Statistics 

 

Data were represented by the mean value with the standard error of the mean (SEM) and 

were analyzed with a student’s t-test to make pair-wise comparisons. Statistical 

significance was considered at p<0.1. 
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4.4 Results and Discussion 

 

4.4.1 Morphology of RNTs with Different Functional Groups 

 

TEM images demonstrated that both the single and twin bases of DNA constructs with 

different amino acids and peptides (such as KRSR, K and RGD) formed rich rosette 

nanotube in water (Figure 4.3). Specifically, the RNT-KRSR formed a dense nanotube 

network in water (Figures 4.3A and 4.3B). Furthermore, TEM images revealed that the 

RNT-KRSR had a larger diameter (~ 4.5 nm) than other RNT-K (single or twin bases). In 

addition, 0.1 mg/mL RNT-K (twin bases, in HCl or TFA, Figures 4.3C and 4.3D) also 

formed many long nanotubes with ~ 4 nm diameters and several hundred nm lengths 

while the normal singe base RNT-K had ~ 3.5 nm diameters (Figure 4.3E). As controls, 

KRSR peptide did not show nanotube morphologies under TEM (Figure 4.3G).  
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Figure 4.3 TEM images of various RNTs and KRSR peptides. 
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4.4.2 Cell Responses Towards RNT Coatings 

 

4.4.2.1 Osteoblast Adhesion 

 

Several other studies showed the promise of the KRSR peptides for improved orthopedic 

implants [18,19]. For example, Balasundaram et al. once immobilized KRSR peptides on 

nanophase and conventional titanium surfaces for improved osteoblast adhesion [18]. In 

their study, they demonstrated that KRSR functionalized titanium (both nanophase and 

conventional) increased osteoblast adhesion compared to respective nonfunctionalized 

substrates, which indicated that altering surface chemistry of implant materials using 

KRSR peptides was promising for future orthopedic applications. Furthermore, they also 

observed a high density of osteoblasts on nanophase titanium without KRSR when 

compared to conventional titanium with KRSR, which possibly suggested the importance 

of nanometric feature of biomaterials on improving osteoblast adhesion. In this chapter, 

nanostructured RNTs functionalized with cell-adhesive KRSR peptides were coated on 

titanium in order to create a biomimetic environment for cell adhesion.  

 

Results demonstrated that all of RNTs and KRSR peptide coated titanium significantly 

enhanced osteoblast adhesion compared to uncoated titanium (Figure 4.4). For example, 

0.01 mg/mL RNT-KRSR and 5% RNT-RGD-K coated titanium improved osteoblast 

adhesion by 121.7% and 124.4%, respectively, compared to uncoated titanium. In fact, 

the KRSR and RGD peptides modified RNTs (specifically, RNT-KRSR or 5% RNT-

RGD-K) induced the highest osteoblast densities on titanium. The results confirmed 
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again the surface chemistry role of RNTs towards improving cell functions as discussed 

in section 2.5.3.2. Furthermore, all of the RNTs coated on titanium also attached more 

cells than KRSR peptides coated titanium, which was consistent to previous results of 

favorable cell responses on RNTs over poly L-lysine and collagen (see chapter 2). 

Especially, osteoblast adhesion on RNT-KRSR coated titanium was 84.4% more than on 

KRSR coated titanium, which provided evidence that nano-biomimeitc features of RNTs 

besides the favorable surface chemistry contributed to improving cell adhesion as well.  

 
Figure 4.4 Osteoblast adhesion on RNTs coated on titanium. Data are mean values 

±SEM, N=3. *p<0.01 and &p<0.1 compared to uncoated titanium; **p<0.05 compared to 

0.01 mg/mL KRSR coated on titanium; ***p<0.1 compared to 0.01 mg/mL RNT-K, 1% 

RNT-RGD-K, RNT-K (twin bases, in HCl) coated titanium; #p<0.05 compared to 0.01 

mg/mL RNT-K coated titanium; and §p<0.1 compared to 1% RNT-RGD-K, RNT-K (twin 

bases, in HCl or in TFA) coated titanium.  

 

Moreover, Figure 4.5 showed nuclei stained cell density and the rhodamine stained 

osteoblast spreading morphology on the substrates of interest to the present study. 

Generally, compared to KRSR coated and uncoated titanium, all of RNT coated titanium 

0

500

1000

1500

2000

2500

3000

3500

4000

0.01 mg/mL 

RNT-K

0.01 mg/mL 

RNT-K (twin 

bases, in HCl) 

0.01 mg/mL 

RNT-K (twin 

bases, in TFA)

0.01 mg/mL 

RNT-KRSR

0.01 mg/mL 

1% RNT-

RGD-K 

0.01 mg/mL 

5% RNT-

RGD-K

0.01 mg/mL 

KRSR 

Uncoated Ti

O
st

eo
b

la
st

 d
en

si
ty

 (
ce

ll
s/

cm
2
)

*

**

*

**

***

*

**

*

** 
# §

*

**
*

**

&



165 

 

increased cell number. Additionally, osteoblasts were more extended on the 

nanostructured RNT (such as RNT-K with singe or twin bases, RNT-RGD-K and RNT-

KRSR) coated titanium than on uncoated titanium. Very long osteoblast filopodia 

protrusions were observed at RNTs coated titanium as indicated by arrows (Figures 4.5A’, 

4.5F’). 

 
Figure 4.5 Fluorescent microscopy images of osteoblast adhesion on RNT coated 

titanium at low (original magnification 50×, DAPI stained nuclei) and high 

magnifications (400×, rhodamine stained F-actin). 0.01mg/mL of (A) and  (A’) RNT-K; 

(B) and (B’) RNT-K (twin bases, in HCl); (C) and (C’) RNT-K (twin bases, in TFA); (D) 

and (D’) RNT-KRSR; (E) and (E’) 1% RNT-RGD-K; (F) and (F’) 5% RNT-RGD-K; and 

(G) and (G’) KRSR coated titanium. (H) and (H’) uncoated titanium as controls.  

(G) (H)  (G’) (H’)  

(E) (F)  

(C)  (D)  (C’)  (D’)  

(E’) (F’)  

(A)  (B)  (A’)  (B’)  
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4.4.2.2 Fibroblast Adhesion 

 

Fibroblasts are one of the contributor cells for forming a fibrous capsule, which prevents 

sufficient osseointegration and frequently leads to orthopedic implant failure. 

Consequently, minimizing the functions of fibroblasts (such as their adhesion) is 

necessary at the surface of a newly implanted orthopedic device [20]. For this purpose, 

this chapter investigated fibroblast responses towards the RNTs functionalized with 

KRSR and K.  

 

The result provided evidence that RNTs functionalized with KRSR or K regardless of 

singe base or twin bases did not improve fibroblast adhesion (Figure 4.6). Specifically, 

the KRSR peptides inhibited the fibroblast adhesion. Due to the previous reports [1-4], 

KRSR peptides may only improve osteoblast not other cell adhesion on substrates via 

cell-membrane heparin sulphate proteoglycan mechanism. The selectively controlled cell 

adhesion on RNT coated titanium (i.e., only attracting favorable osteoblast adhesion and 

repelling undesirable fibroblast adhesion) may have a positive effect on the orthopedic 

success in a long run. Finally, Figure 4.7 showed the fibroblast spreading morphologies 

on different RNT-K and RNT-KRSR coated titanium and controls. Many tiny filopodia 

extensions of rounded fibroblasts were visible on all substrates.  
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Figure 4.6 Fibroblast adhesion on RNTs coated on titanium. Data are mean values ±SEM, 

N=3. *p<0.05 compared to uncoated titanium;  #p<0.05 compared to 0.01 mg/mL RNT-K 

(twin bases, in HCl) coated on titanium; and ##p<0.05 compared to 0.01 mg/mL KRSR 

coated on titanium.  
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Figure 4.7 Fluorescent microscopy images of fibroblast spreading morphologies. (A) 

RNT-K (twin bases, in HCl) coated titanium; (B) RNT-K (twin bases, in TFA) coated 

titanium; (C) RNT-K coated titanium; (D) RNT-KRSR coated titanium; (E) KRSR 

coated titanium and (F) uncoated titanium. 

 

(E) (F)  

(C)  (D)  

(A)  (B)  
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4.4.3 Osteoblast Long-Term Functions on RNT-K Hydrogels 

 

Figure 4.8 showed the total protein content synthesized by osteoblasts on all substrates 

after 7, 14 and 21 days. With longer time of osteoblast culture, greater total protein 

synthesis on all samples was observed after 21 days than after 7 days. There was no 

statistical significance among the RNT-K hydrogels and controls at each time point. 

However, there still existed an increasing trend of total protein synthesis on 0.01 mg/mL 

RNT-K coated on hydrogels and 0.001 mg/mL RNT-K embedded in hydrogels compared 

to hydrogel controls after 21 days of culture.  

 
Figure 4.8 Total protein content in osteoblasts cultured on RNT-K hydrogels, hydrogel 

controls and glass references. Data are mean ± SEM, n=3; *p<0.05 and **p<0.1 

compared to respective substrates at 7 days. ∞p<0.05 compared to all hydrogel substrates 

at respective 7, 14 and 21 days. 

 

0

40

80

120

160

200

240

0.01 mg/mL 

RNT-K coated 

on hydrogels

0.001 mg/mL 

RNT-K coated 

on hydrogels

0.01 mg/mL 

RNT-K 

embedded in 

hydrogels

0.001 mg/mL 

RNT-K 

embedded in 

hydrogels

Hydrogel 

controls

Glass 

references

T
o

ta
l 

P
ro

te
in

 C
o
n

te
n

t 
(m

ic
ro

n
 g

ra
m

/c
m

2
)

7days 14day 21 days

* 

∞ 

∞ 

∞ 

* 
* 

** 



170 

 

As an enzyme occurring in high concentrations during bone growth [ 21 ], alkaline 

phosphatase signifies the osteoblast differentiation [22] and often correlates to the degree 

of mineralization. The increasing amounts of alkaline phosphatase synthesized by 

osteoblasts were detected on all the substrates after 7, 14, and 21 days of culture (Figure 

4.9). Specifically, the 0.01 mg/mL and 0.001 mg/mL RNT-K embedded in hydrogels 

promoted significantly greater (p<0.1) alkaline phosphatase activity than hydrogel 

controls after 7 days. The early alkaline phosphatase activity can translate into more rapid 

calcium deposition by osteoblasts [17] which will be shown next. In addition, there was 

no statistical difference between other RNT-K coated hydrogels and uncoated hydrogels 

after 7 days of culture. After 14 days of culture, only 0.001 mg/mL RNT-K coated on 

hydrogel had greater amount of intracellular alkaline phosphatase activity than 0.001 

mg/mL RNT-K embedded in hydrogel (p<0.05). Importantly, after 21 days of culture, the 

amount of alkaline phosphatase was the highest on 0.01 mg/mL RNT-K embedded in 

hydrogels. Osteoblast on the higher concentration (0.01 mg/mL) of RNT-K embedded in 

hydrogels had the greater (p<0.05) alkaline phosphatase activity than on 0.001 mg/mL 

RNT-K embedded in hydrogels after 21 days. 

 

Most importantly, the calcium deposition into extracellular matrix was a crucial step 

during new bone growth. The results of the present study provided evidence that there 

were detectable amounts of calcium deposited by osteoblasts on all RNT-K hydrogels 

(Figure 4.10). The calcium depositions on all the substrates after 21 days were greater 

than after 7 and 14 days. Importantly, there were significantly greater calcium depositions 

on the 0.01 mg/mL and 0.001 mg/mL RNT-K embedded in hydrogels as well as 0.001 
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mg/mL RNT-K coated on hydrogels than hydrogel controls after 7 days of culture. In 

addition, there was no statistical difference between any of the RNT-K hydrogel and 

control substrates after 21 days of culture. All RNT hydrogels and control substrates had 

a larger amount of deposited calcium and alkaline phosphatase activity (p<0.05) than did 

the glass references at all time periods. 

 

 

Figure 4.9 Enhanced alkaline phosphatase activity on RNT-K in hydrogels. Data are 

mean ± SEM, n=3; *p<0.1 compared to respective hydrogel controls at 7 and 21 days. 

#p<0.05 compared to 0.001 mg/mL RNT-K embedded in hydrogels at 14 days. **p<0.05 

compared to 0.001 mg/mL RNT-K embedded in hydrogels at 21 days. £p<0.1 compared 

to respective substrates at 7 days. ∞p<0.05 compared to all hydrogel substrates at 

respective 7, 14 and 21 days. 
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Figure 4.10 Increased early calcium deposition on RNT-K in hydrogels. Data are mean ± 

SEM, n=3; *p<0.05 and **p<0.1 compared to hydrogel controls at 7 days. ***p<0.1 

compared to 0.01 mg/mL RNT-K coated on hydrogel at 7 days. #p<0.05 and ##p<0.1 

compared to 0.01 mg/mL RNT-K coated on hydrogel at 14 days. £p<0.05 compared to 

respective substrates at 7 days. ∞p<0.05 compared to all hydrogel substrates at respective 

7, 14 and 21 days.  
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especially after 7 days of culture. In addition, the alkaline phosphatase activity on RNT 

hydrogels was increased with the increase of the RNT-K concentrations after 21 days, 

which was consistent to the previous osteoblast adhesion result in Figure 2.12. 

Apparently, the nanostructured RNTs can provide a biomimetic environment for the 

long-term bone growth.  

 

Lastly, although alkaline phosphatase activity and calcium deposition on all RNT-K 

hydrogels were not significantly enhanced compared to hydrogel controls after 21 days, 

the more and quicker calcium deposition and alkaline phosphatase activity on RNT-K in 

hydrogels after 7 days may play a crucial role for further successfully regenerating strong 

bone at defect sites. Interestingly, the 0.01 mg/mL RNT-K coated on hydrogels which 

had the more osteoblast adhesion in previous chapters did not show the greater alkaline 

phosphatase activity and calcium deposition than other substrates at each time point. One 

of the possible explanations might be due to a portion of RNTs on the hydrogel surface 

washed out under a long time interaction with medium. Consequently, a better coating 

method in addition to the current physical adsorption method may be necessary to 

strongly coat RNTs on hydrogel or titanium. In addition, it was possible that the very 

strong osteoblast adhesion on 0.01 mg/mL RNT-K coated hydrogels in the short-term 

may have reverse effects on osteoblast migration and differentiation in a long term. Of 

course, this needs further exploration in details. 
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4.4.4 Endothelial Cell Functions on RNT Vascular Stent Coatings 

 

4.4.4.1 Endothelial Cell Adhesion 

 

The 4 h endothelial cell adhesion study provided evidence for the first time that cells 

adhered at a significantly higher (p<0.05) density to the titanium coated with 0.01 mg/mL 

of RNTs with K or RGD side chain than the uncoated titanium (Figure 4.11). 

Specifically, RNT-K (twin bases, in HCl) coated titanium attached the greatest 

endothelial cell over all other substrates. Furthermore, more cells were attached on the 

RNT-K coated titanium than on RNT-KRSR coated on titanium. The RNT-KRSR and 

KRSR peptide coated titanium did not enhance endothelial cell adhesion here, which 

confirmed the KRSR selectively controlled cell adhesion on substrates as described 

previously [5]. Endothelial cell spreading morphologies were shown in Figure 4.12. 

 

Due to the above favorable endothelial cell adhesion on RNT-K coated titanium, different 

concentrations of RNT-K (specifically, 0.01 mg/mL and 0.001 mg/mL) coated titanium 

were further studied for potential vascular stent coatings. The results showed that both the 

concentrations of RNT-K significantly increased endothelial cell density over uncoated 

titanium (*p<0.05 and **p<0.1 in Figure 4.13). One hypothesis as to the cause of the 

increased endothelial cell adhesion was that the nanostructured RNTs had biomimetic 

features which were favorable for endothelial adhesion. In addition, other studies 

reported that poly L-lysine coated vascular stents can significantly improve endothelial 
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cell adhesion compared to uncoated controls perhaps due to the electric interaction 

between poly L-lysine and endothelial cell membrane [26]. Therefore, considering the 

rich K side chains and their well-controlled spatial distributions on RNTs, RNTs may 

alter the surface chemistry and surface roughness of titanium to allow the increased cell 

attachment and spreading as shown in Figures 4.11, 4.12 and 4.13. 

 

 
Figure 4.11 Endothelial cell adhesion on RNTs coated on titanium. Data are mean values 

±SEM, N=3. *p<0.05 and **p<0.1 compared to uncoated titanium. #p<0.05 compared to 

all other substrates. &p<0.1 compared to 0.01 mg/mL RNT-KRSR coated on titanium.  
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Figure 4.12 Fluorescent microscopy images of endothelial cell spreading morphologies 

on various coatings after 4 h. (A) RNT-K coated titanium; (B) RNT-K (twin bases, in 

HCl) coated titanium; (C) 1% RNT-RGD-K coated titanium; (D) RNT-KRSR coated 

titanium; (E) KRSR coated titanium; and (F) uncoated titanium. F-actins were stained by 

rhodamine (green color) and cell nuclei were stained by DAPI (blue color). 

(E) (F)  

(C)  (D)  

(A)  (B)  
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Figure 4.13 Enhanced endothelial cells adhesion of 0.01 and 0.001 mg/ml RNT-K coated 

on titanium after 4 h. Data are mean values ±SEM; N=3. *p<0.05, **p<0.1 compared to 

uncoated titanium and #p<0.005 compared to all other substrates. 

 

4.4.4.2 Endothelial Cell Proliferation 

 

Endothelial cells greatly proliferated on all substrates after 5 days. Importantly, the 5-day 

proliferation study demonstrated that RNT-K coated titanium greatly improved 

endothelial cell functions compared to the uncoated titanium (Figure 4.14). For example, 

the 0.01 mg/mL and 0.001 mg/mL RNT-K coated titanium showed 52% (p<0.01) and 

21% (p<0.05) increases in cell densities respectively over uncoated titanium after 3 days 

of culture. In addition, the cell densities were significantly higher on 0.01 mg/mL RNT-K 

coated titanium than 0.001 mg/mL RNT-K coated titanium on day 3. This could be 

because the denser nanometric network on the titanium surfaces created by the higher 

concentrations of RNTs, with more lysine side chains displayed, induced more 

endothelial cell attachment.  
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Figure 4.14 Enhanced endothelial cell density on RNT-K coated on titanium after 3 and 5 

days. Values are means ±SEM; N=3; #p<0.01 and ##p<0.05 compared to uncoated 

titanium on day 3; *p<0.05 compared to 0.001 mg/ml RNT-K coated on titanium on day 

3; **p<0.001 compared to respective substrates on day 1; ***p<0.001 compared to 

respective substrates on day 3. The proliferation data was collected by Eli Fine from 

Biomedical Engineering Department at Brown University [27]. 

 

By the 5th day, the RNT coated titanium still had a higher average density, but the 

differences were no longer significant (Figure 4.14). This leaved open the possibility that 

cells continued to proliferate at a higher rate on the RNT coated titanium but reached 

confluence earlier than the uncoated substrate during the undocumented time between 3 

and 5 days. Furthermore, Figure 4.15 showed more endothelial cell densities on RNT 

coated titanium than uncoated titanium after 1, 3 and 5 days. Figure 4.16 revealed the 

endothelial cell spreading morphology images. The flat and well spread cell 

morphologies were observed on RNT coated titanium after 3 days and cells on all three 

substrate types had reached confluence by the 5th day. 
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Figure 4.15 The fluorescence microscopy images of increasing endothelial cell densities 

(DAPI stain) on 0.01 mg/mL and 0.001 mg/mL RNT-K coated on titanium compared to 

uncoated titanium after 1, 3 and 5 days of proliferation. 

 

In short, this study showed the improved endothelial cell adhesion and proliferation on 

RNT coated titanium, which suggested the potential and promise of these biomimetic 

RNT coatings for improved vascular stent application. Further investigations may 

determine the adherence strength of RNT coating on the titanium under the shear stress of 

the physiological flow of the bloodstream.  
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Figure 4.16 The fluorescence microscopy images of double-stained endothelial cell 

spreading morphologies on 0.01 mg/mL, 0.001 mg/mL RNT-K coated on titanium and 

uncoated titanium after 1, 3 and 5 days of proliferation. F-actins were stained by 

rhodamine (green color) and cell nuclei were stained by DAPI (blue color).  

 

4.5 Conclusions 

 

In summary, this study tested the cytocompatibility of a novel KRSR functionalized 

RNTs as orthopedic coating materials. The greater osteoblast adhesion was observed on 

the RNT-KRSR coated titanium than on uncoated titanium and unmodified RNT-K 

coated titanium. In contrast, the fibroblast adhesion did not improve on the RNT-KRSR 
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and other types of RNTs compared to uncoated controls. Furthermore, KRSR peptide 

inhibited the undesirable fibroblast adhesion, which made the selectively controlled cell 

growth possible at the bone defect site. Therefore, this study suggested that RNTs with 

diverse amino acid and peptide side chains had excellent cytocompatibility properties and 

favorable surface chemistry for selectively enhancing bone cell attachments. 

 

Moreover, the 7, 14 and 21 days of osteoblast differentiation study demonstrated that 

nanostructured RNT-K hydrogels even at a very low concentration (such as 0.001 

mg/mL) had greater and quicker calcium deposition and alkaline phosphatase activity 

than hydrogel controls and glass references. This confirmed the excellent 

cytocompatiblity of RNTs as shown in previous chapters and indicated that the nanoscale 

features, chemical composition and the flexible design of RNTs created a biomimetic 

bone-like environment for improved orthopedic applications.  

 

Last but not the least, the initial investigation of the effects of RNTs on endothelial cell 

function yielded very positive results. Titanium coated with RNTs showed a significant 

increase in endothelial cell densities compared to uncoated titanium after 4 h in the 

adhesion study and after 3 days in the proliferation study. While further investigations, 

such as testing cell growth in a flow system and in vivo study, are needed to determine 

the suitability of RNTs as a vascular stent coating, the results of this study showed great 

promise for RNTs to improve vascular stent applications. Furthermore, since growing 

new blood vessels was important for bone growth as well, the increased endothelial cell 

function on RNTs was also good for orthopedic applications.  
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