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ABSTRACT 

 Skeletal loss and bone deficiencies are major worldwide problem that is only 

expected to increase due to increase in aging population. As current standards in treatment 

autografts and allografts are not without drawbacks, there is a need for alternative bone 

grafts substitutes. The goal of this project was to utilize electrospinning and heat sintering 

techniques to create biodegradable full thickness three dimensional biomimetic polymeric 

scaffolds with macro and nano architecture similar to natural bone for bone tissue 

engineering.   

 First we have investigated pretreatment with 0.1M NaOH and electrospinning 

gelatin/PLLA blends as means to increase overall mineral precipitation and distribution 

throughout the scaffolds when incubated in concentrated simulated body fluid 

(SBF)10XSBF. Mixture of 10% gelatin and PLLA resulted in the significantly higher 

degree of mineralization, increased mechanical properties, and scaffolds that supported 

cellular adhesion and proliferation. In the next step we applied heat sintering technique to 

fabricate 3D electrospun scaffolds that were used to evaluate effects of mineralization and 

fiber orientation on scaffold strength. Fiber orientation can make a slight difference in 

nanofibrous scaffold compressive mechanical properties, but this difference is not as 

profound as the difference seen with increased mineralization. We also developed a 

technique to fabricate scaffolds that mimic the organization of an osteon, the structural 

unit of cortical bone. Resulting scaffolds consisted of concentric layers of electrospun 
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gelatin/PLLA nanofibers wrapped around microfiber core with diameters that ranged 

from 200-600µm. Individual osteon-like scaffolds were heat sintered to fabricate three 

dimensional scaffolds  contained a system of channels running parallel to the length of the 

scaffolds, as found naturally in bone tissue.  

 Finally we combined two previously fabricated structures, sintered electrospun 

sheets and individual osteon-like scaffolds, to create novel scaffolds that mimic dual 

structural organization of natural bone with cortical and trabecular regions. Mineralization 

for 24 hr significantly increased mechanical properties of the scaffolds, both yield stress 

and compressive modulus under physiological conditions. Both nonminerlized and 

mineralized scaffolds were found to support cellular attachment and proliferation over 28 

days in culture, but scaffolds mineralized for 24hr were found to better support 

osteoblastic differentiation and mineral deposition. 
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Chapter 1 

Introduction 

1.1. OBJECTIVE  

After uncomplicated fractures bone has an ability to regenerate itself.  However in cases 

of traumatic injury, tumor removal, or disease, when the bone mass loss is significant, 

reconstructive surgery is required. Bone grafts are used in the orthopaedic reconstructive 

procedures to provide mechanical support and promote bone regeneration. It is estimated that 

600,000 bone grafting procedures are performed annually, making bone one of the most 

transplanted tissue, second to blood only [2]. The bone grafting market has an estimated value at 

over $1 billion globally, and this number is expected to increase due to a projected annual 

increase of 2-3% in the population of over 65. Unfortunately, current standards in treatment are 

not without drawbacks, such as donor site morbidity for autografts and high failure rates for 

allografts [3]; there is a need for alternative bone grafts substitutes. 

1.2. BONE BIOLOGY  

Bone is a living, dynamic, vascular, mineralized, connective tissue. It is characterized by 

its hardness, resistance and ability to remodel and repair itself [2]. It has many functions in the 

body:  provides structural support for movement,  support and protection for the body and vital 

organs, serves as a mineral (calcium),growth factor,  and blood cell reservoir for the body [1].  

1.2.1. Bone Structure  

Structurally bone is organized in two major types: compact or cortical bone and 

cancellous or trabecular bone [1, 2, 4, 5]. Two types are easily distinguished by density and 

location. Cortical bone is dense and usually found on the outside, while cancellous bone is highly 

porous and found within the confines of the cortical bone, as shown in Figure 1.1.  

Cancellous bone, also called trabecular bone, is composed of short struts of bone material 

called trabeculae (Latin for little beam) that surround interconnected spaces or canceli, as shown 

in Figure 1.1 [1, 2]. Trabecular bone is often referred to as spongy, with porosities as high as 

90% [1, 4, 6]. Trabecular bone is anisotropic due to the orientation of the trabeculae along the 

lines of principal stresses.   
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Figure 1.1. Structural organization of the bone tissue [7]  

Cortical bone is highly organized, dense and 

compact. It has low porosity, ranging from 5 to 30% 

[6], is usually found on the outside of the bone, as 

illustrated in Figure 1.1. There are three types of 

cortical bone: lamellar, woven and osteonal. Lamellar 

bone is composed of 200µm thick laminae that are 

concentrically arranged. Woven bone is less 

organized, and is replaced with lamellar bone by 

maturation process.  Osteonal bone is composed of 

tightly packed units, called osteons, oriented parallel 

along the axis of the bone, Figure 1.1.  Each 

osteon is a cylindrical unit with a diameter of 200-

300 µm, composed of concentric layers of 

mineralized collagen fibers (lamella) and a 

Haversian canal in the center, as illustrated in 

Figure 1.2. Blood vessels are housed in the 

Haversian canals, and bone cells are usually housed in lacunae, small openings in between 

Figure 1.2. Detailed structure of an 

osteon. Springer, Tissue Mechanics, 

2007,XVI, Bone Tissue, p.341-384, 

Stephen C. Cowin, Stephen B. Doty 

Copyright (2012) with kind permission 

from Springer Science and Business 

Media [1] 
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lamellar layers, as shown in Figure 1.1 [1, 4, 6].  Their high organization and compact nature 

provide excellent micro-crack propagation prevention and high tensile and compressive 

mechanical properties.   

Due to differences in organizations and porosities, mechanical properties of each 

structure vary accordingly. Cortical bone has compressive and tensile strengths in the range of 

167-215 MPa and 107-140 MPa respectively, and Young’s modulus of 10-20 GPa [2, 8]. 

Trabecular bone has compressive strength in the range of 3- 9 MPa, and Young’s modulus in 

0.01 – 0.9 GPa [2, 8].  

1.2.2. Bone Composition  

While the structure of the bone varies greatly in organization, porosity and mechanical 

properties, all the types of bone have the same composition. Bone is composed of an organic 

matrix of collagen fibers (20-30 wt%) and inorganic calcium phosphate mineral crystals (60-70 

wt%) and water (10 wt%) [2, 5, 9]. Each of these plays an important role in contributing to 

bones’ very strong mechanical properties; mineral content contributes to the stiffness of the 

tissue and the collagen matrix contributes to the toughness of the tissue [5].  

 Bone’s matrix is mostly composed of collagen type I, a fibril forming collagen. Collagen 

Figure 1.3. Organization of the collagen fibril. Periodic pattern that consists of gap (shaded) 

and overlap (crosslink) region. Springer, Tissue Mechanics, 2007, XVI, Collagen, p.289-339, 

Stephen C. Cowin, Stephen B. Doty Copyright (2012) with kind permission from Springer 

Science and Business Media [1] 
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is the most abundant protein found in the body. Collagen consists of arrays of tropocollagen 

molecules, which are 300 nm long and 1.5 nm wide and are composed of three left-handed 

helical peptides, two identical ( α1) and one dissimilar (α2) chains, that are bound together into a 

right-handed triple helix [2, 9].  Tropocollagen molecules are then assembled into ¾ stagger, 

parallel array to form collagen fibrils, as shown in Figure 1.3 [2, 9].  Due to this orientation, 

fibers exhibit a characteristic banding pattern that repots every 67nm, that consists of gap region 

and overlap region, as shown if Figure 1.3.  

 The majority of mineral phase of bone is composed of hydrated calcium phosphate 

mineral also referred to as hydroxyapatite (HA). It has a chemical formula Ca10 (PO4)6(OH) 2 and 

Ca:P ratio of 1.66. Bone crystals are plate-shaped 2-6 nm thick, 25-50 nm wide, and 50-100 nm 

long [1, 4]. Apatite crystals form within the spaces between the collagen fibrils (Figure 1.4 A) 

and grow in length along fibers and in width through the gap spaces, as depicted in Figure 1.4 B-

D. As the collagen microfibrils grow, crystals fuse into larger and thicker plates, still oriented 

parallel to one another [1, 9].  

                       

Figure 1.4. A schematic diagram of the organization of collagen and mineral at different 

structural levels. A) Crystal plates nucleate in the gaps B) Crystals grow in length along fibers C) 

and D) crystals fuse into lager plates while still maintaining parallel orientation [1]. Springer, 

Tissue Mechanics, 2007,XVI, Bone Tissue, p.341-384, Stephen C. Cowin, Stephen B. Doty 

Copyright (2012) with kind permission from Springer Science and Business Media  
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 Three cells types are responsible for the production, maintenance and resorption of the 

bone, and they are osteoblasts, osteocytes, and osteoclasts [1, 2]. Osteoblasts are bone forming 

cells. They produce the unmineralized collagen matrix and also participate in the calcification of 

the matrix. Osteocytes are derived from the osteoblasts, are found in the lacunae, and maintain 

surrounding bone tissue. Osteoclasts are derived from monocytes and are multinucleated giant 

cells responsible for resorption of the bone [1, 2].  

1.3. CURRENT TREATMENTS 

 Bone has a unique ability to heal when damaged without the formation of the scar tissue 

[10]. When this normal physiological response fails due to significant bone mass loss, a 

reconstructive surgery is required. Bone grafts are used in the orthopaedic reconstructive 

procedures to provide mechanical support and promote bone regeneration. It is estimated that 

600,000 bone grafting procedures are performed annually, making bone one of the most 

transplanted tissues, second only to blood [2]. The current treatment or “gold standard” for bone 

grafting procedures is an autograft, an autologous bone tissue harvested from the patient. 

Although autografts have a very high success rates, they do have drawbacks, namely donor site 

morbidity and limited supply. Incidences of donor site morbidity are reported to be as high as 

44% [11]. The amount of viable tissue that can be harvested can be very limited or nonexistent, 

in cases of bone disease. The current alternative to autografts is allografts. Although the use of 

allografts eliminates the potential drawbacks of the autografts, they do have the limitations of 

their own.  Whenever a donor tissue is transplanted, there is a chance of disease transmission. In 

addition the harsh sterilization techniques denature the bone matrix and decrease its mechanical 

properties.  Recent reports on long term use of allografts in vivo state that they exhibit decreases 

in mechanical strength and have failure rates of 30-60% over a period of ten years [3].   

Due to the limitations of the autografts and allografts, various bone graft substitutes have 

become commercially available. Some attributes that should be considered when discussing bone 

grafts are: biocompatibility – performing with an appropriate host response [12]; 

osteoconductivity -  allowing and promoting cell attachment, proliferation, and migration 

throughout the scaffold; osteoinductivity – possessing necessary bioactive molecules that can 

induce differentiation of progenitor cells toward osteoblastic lineage; osteogenicity – allowing 

osteoblasts that are on site to produce minerals and calcify surrounding matrix [2, 13]. 
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Some of the commercially available bone graft substitutes  include derivatives of 

biological material such as collagen and demineralized bone matrix (DMB), ceramics such as 

tricalcium phosphate, hydroxyapatite, and calcium phosphate cements, synthetic polymers and 

growth factors [10, 14-18]; these are shown in Table 1.1. and will be discussed in more detail in 

the next section. While a majority of the grafts listed are osteoconductive, with highly porous 

matrices, a small number of them have osteoinductive capacities. Recent attempts to enhance the 

osteoinductive properties of graft substitutes include the use of bone marrow aspirate and the use 

of bone morphogenetic proteins. Bone marrow aspirate can be used in conjunction with various 

matrices, and can be easily available and harvested from the patient. This technique has shown 

some success in clinical applications, however the concentration of the osteoprogenitor cells can 

be low [17, 19]. Another alternative, recently approved by the FDA, are two types of bone 

morphogenetic proteins (BMP), type 2 and 7[13, 20].  BMPs are groups of growth factors that 

are derived from the transforming growth factor β (TGF-β) family; BMP-2 and BMP-7 promote 

bone morphogenesis [21, 22]. For clinical applications, they are delivered in absorbable bovine 

collagen sponges for treatment of long bone non-unions (BMP-7/OP-1) and fusion of spinal 

vertebras (BMP-2) [13, 20-24].  Current research is investigating delivery of these factors from 

mechanically stronger scaffolds that contain an inorganic calcium phosphate phase [21, 23, 25, 

26].   

Table 1.1. List of possible and commercially available candidates for bone grafts. Reprinted 

from Injury, 36, Giannoudis, P.V., H. Dinopoulos, and E. Tsiridis, Bone substitutes: an update, p. 

S20-7, Copyright (2012), with permission from Elsevier [17]  
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1.4. TISSUE ENGINEERING OF BONE  

 The field of tissue engineering has emerged with a goal to bridge the gap between the 

need and lack of an ideal bone graft. Tissue engineering is defined as “an interdisciplinary field 

that applies the principles of engineering and life sciences toward the development of biological 

substitutes that restore, maintain, or improve tissue function or a whole organ” [27]. It combines 

the use of cells, bioactive molecules, and engineered scaffolds to improve tissue regeneration. 

Some of the properties that should be considered in scaffold design are biocompatibility, 

porosity, degradation rate, and mechanical properties. Porosity and pore interconnectivity of the 

scaffolds is essential to allow infiltration of the cells and new tissue growth. The degradation rate 

of the scaffolds should be comparable to the tissue growth rate, as the implant needs to maintain 

mechanical properties initially to bear loads, but over time the load bearing should transfer onto 

the new forming tissue. Mechanical properties of the scaffold should match the properties of the 

surrounding tissue.  Various materials and scaffolds fabrication techniques have been 

investigated for bone tissue engineering applications.  

1.4.1. Materials  

 Due to the complexity in organization of the natural bone tissue, various materials are 

being investigated as potential scaffolds for applications in bone tissue engineering. The 

materials investigated include synthetic polymers, natural polymers, calcium phosphate 

ceramics, and composites of two or more of these materials.  

1.4.1.1. Synthetic Biodegradable Polymers 

 Synthetic polymers offer unique benefits for fabrication techniques, as they are produced 

under controlled conditions giving them predictable and reproducible mechanical and 

degradation properties [28]. While many biodegradable synthetic polymers are available, poly(α-

hydroxy acid)s, a subgroup of polyesters, are most commonly used due to their ease of 

processing, biocompatibility, wide range of degradation rates, good mechanical properties, and 

are also FDA approved [12, 28-32]. Poly (α-hydroxy acid)s include poly(glycolic acid) and 

stereoisomeric forms of poly(lactic acid). They are formed by ring opening polymerization of 

cyclic diester (Figure 1.5), where methyl R-group would be poly(lactide) and hydrogen R-group 

would be poly(glycolide) [29].  
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Figure 1.5. Ring-opening polymerization of cyclic diesters (A) and hydrolytic cleavage of 

ester bonds (B). Reprinted from Biomaterials, 21(24), An, Y.H., S.K. Woolf, and R.J. Friedman, 

Pre-clinical in vivo evaluation of orthopaedic bioabsorbable devices, p. 2635-2652, Copyright 

(2012) with permission from Elsevier  [29] 

Poly(glycolic acid) (PGA) is a hard polymer characterized by high crystalinity (45-55% ), 

high melting point ( 220-225 °C) and glass transition temperature of 35°C [31, 33]. PGA has the 

following mechanical properties: tensile strength 60-80 MPa, Young’s modulus 5-7 GPa [34]. 

PGA and its products are biodegradable and they degrade by hydrolysis and degradation in vivo 

is enhanced by the degradation by enzymes [29, 33]. The hydrolytic degradation results in the 

breakage of ester bonds producing glycolic acid monomers, which are converted into glycine and 

then converted into pyruvate. The pyruvate enters the tricarboxylic acid (TCA) cycle which 

yields CO2 and water [33]. Degradation time of the PGA products has been reported as 6 – 12 

months, but they lose their strength after 1-2 months [6, 12, 28, 29, 31, 33, 34]. 

Poly(lactide) (PLA) is synthesized from lactide, a cyclic dimer of lactic acid which exists in 

two optical isomers D and L (Figure 1.6). The polymerization of lactide is similar to the PGA 

polymerization as it is ring-opening polymerization; however due to two isomers the final 

polymer can be L-, D- , or DL- lactide isomer.  Poly(L-lactide) (PLLA) is a semi-crystalline 

polymer (37% crystallinity) with a glass transition temperature of 60-65 °C and a melting 

temperature of 175°C. It has high tensile strength, 60-70 MPa, and a high tensile modulus, 3 GPa 

[31, 34, 35]. Poly (DL-lactide) (PDLLA) is an amorphous polymer that has random distribution 

of D and L isomers. It is characterized by lower mechanical properties (tensile strength of 40-50 

MPa and tensile modulus of 2 GPa) than PLLA, higher elongation, and faster degradation [31, 

34]. PLA degrades by the hydrolysis mechanism. The ester bonds are cleaved creating lactic 

acid. Lactic acid is converted to pyruvic acid which can enter the TCA cycle, and be excreted as 

water and carbon dioxide [29]. Besides the normal factors that affect the degradation times, the 

degradation of PLA depends on what type of isomer is present, which is correlated to the 
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crystallinity of the polymer. PLLA is the more crystalline and has the highest degradation time 

(> 24 months) and PDLLA which is amorphous (less crystalline) and has a degradation time of 

12-15 months [12, 28, 29, 31, 34]. 

       

Figure 1.6. D and L isomers of lactide. Used with permission of John Wiley and Sons, 2012 [36] 

Poly (lactide-co-glycolide) (PLGA) is the copolymer composed of the two monomers, 

glycolide and lactide. PLGA degrades by hydrolysis, following the same degradation cycle as 

PGA and PLA. It is an amorphous polymer with a glass transition temperature of 45-55°C, 

tensile strength of 40-50 MPa, and tensile modulus of 2GPa [31, 34]. Combining the two 

monomers allows one to tailor the properties of the copolymer synthesized simply by changing 

the ratio of PLA to the PGA. However the relationship between the polymer composition and 

mechanical properties is not linear [31]. 

1.4.1.2. Natural Polymers  

  Proteins are natural polymers, as they are essentially amino acid polymers arranged into 

three-dimensional structures. The most commonly used proteins are collagen, gelatin, elastin, 

albumin, and fibrin [12, 37].  

 Collagen is the most abundant protein in the human body, and is naturally found in the 

extracellular matrices of many tissues, including bone. This makes it a desirable candidate for 

applications in tissue engineering. It degrades by enzymatic degradation via natural enzymes, 
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collagenases and metalloproteinases. The drawbacks of the use of collagen for tissue engineering 

are the high cost of pure collagen, variable physio-chemical and degradation properties, and mild 

immunogenicity because the collagen for biomedical applications is derived from bovine or 

porcine skin and bovine and equine tendons [12, 37].  

 Gelatin is a natural protein derived from denaturing the collagen triple helical structure. 

As it is derived from collagen, it resembles collagen, but it eliminates the high cost associated 

with use of collagen. It is very abundant and often used in many industries, including food, 

pharmaceuticals and cosmetics; it is biocompatible and commercially available at low cost [38-

43]. All of these characteristic make it an attractive candidate for tissue engineering applications. 

However, gelatin is water soluble and cannot retain 3D structures in aqueous environments, and 

as a result it is either cross-linked [40, 42, 43] or mixed with polymer to stabilize it [40, 44]. 

Electrospun gelatin is commonly cross-linked in glutaraldehyde vapor, which is also a 

commonly used cross-linking method for electrospun collagen. The cross-linking by 

glutaraldehyde occurs between the carboxyl groups on the glutaraldehyde and the amine groups 

of the gelatin [43]. 

1.4.1.3. Ceramics  

 Since over 60 wt% of bone is composed of inorganic calcium phosphate mineral, 

inorganic ceramics have been intensely investigated and used for applications in bone grafts. 

Some of the ceramics materials investigated are bioactive glass, hydroxyapatite, and tricalcium 

phosphate [13, 19, 20, 28, 45]. Bioactive glasses are characterized by their bioactive nature, 

namely the ability to form bonds with surrounding natural tissue by formation of the carbonated 

hydroxyapatite layer [13, 20, 28]. They can have very high compressive mechanical properties, 

compressive strength ~500MPa and compressive modulus ~35GPa, but are very brittle and have 

low fracture toughness [13, 20, 28]. Hydroxyapatite (HA) (Ca10 (PO4)6(OH) 2) and tricalcium 

phosphate (TCP) (Ca3 (PO4)2) are attractive candidates as natural bone issue is also composed of 

HA. Because HA is more crystalline, it has higher mechanical properties (compressive strength 

of >400 MPa and compressive modulus ~100 GPa [28]), and degrades very slowly, TCP is more 

amorphous, and as a result has lower mechanical properties (compressive strength of 400-600 

MPa and compressive modulus 30-90 GPa [46]) but is reabsorbed easily and faster, and can be 

converted to HA in the body.  Calcium phosphate ceramics possess excellent osteoconductive 
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properties and are bioactive, but their applications are hindered by their highly brittle nature 

which can lead to catastrophic failures [13, 17, 19, 20, 28].  

1.4.1.4. Composite Scaffolds  

 Bone is a composite tissue, composed of collagenous matrix and calcium phosphate 

mineral, and each material contributes to the high mechanical properties of the bone. While the 

mineral content contributes to the stiffness of the bone, the collagenous network contributes to 

the toughness of the tissue [5]. As result, a single material cannot replicate bone properties, and 

composites of materials are used as they mimic composition of the bone more closely. Synthetic 

polymers and natural materials are used to mimic the organic collagen matrix, contributing to the 

ductility of the scaffolds. Calcium phosphates increase mechanical properties, are naturally 

found in the bone, and certain types can be remodeled by cells. By combining synthetic and 

natural polymers with ceramics, the goal is to maximize the benefits of each while reducing the 

drawbacks. The approaches that are being investigated for creating polymer/ceramic composite 

scaffolds will be discussed in Section 1.4.3.  

1.4.2. Scaffold Fabrication Techniques  

 A large number of scaffold fabrications techniques are being investigated for applications 

in tissue engineering of bone [13, 28, 30, 32, 47, 48]. Some important properties of the scaffolds 

should be noted when comparing different techniques, namely average pore size, porosity, pore 

interconnectivity and mechanical properties.  Porosity and interconnectivity play an important 

role in tissue regeneration, as it is necessary for migration and proliferation of the cells and tissue 

formation within the scaffolds. Higher porosities and larger pore sizes enhance bone ingrowth 

and osteointergration; optimal pores sizes for scaffolds have been reported to range from 100-

300µm [13, 48-51]. While macroporosity is important for tissue integration, microporosity and 

surface roughness also play a role in cellular attachment, proliferation, and differentiation [13, 

48-51]. Some of the techniques for scaffold fabrication that will be reviewed are thermally 

induced phase separation, solvent casting/particulate leaching, heat sintering microspheres, and 

electrospinning.  

 Thermally induced phase separation (TIPS) is a technique used to create highly porous 3-

D scaffolds by dissolving polymer in a solvent at a higher temperature and then inducing liquid-
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liquid or liquid-solid phase separation by lowering the temperature. The porosity is achieved by 

sublimation of solidified, solvent rich phase. Porosity, pore size and pore orientation is controlled 

by controlling polymer concentration and temperature gradient [30, 52, 53].  Resulting scaffolds 

have very high porosities (Figure 1.7 A), 80-97%, with average pore sizes of 10-100µm, and low 

mechanical properties, compressive moduli in the range of 4-15 MPa for PLLA, PDLA and 

PLGA polymers [30, 52, 53].  

 Solvent casting/particulate leaching is a scaffold fabrication technique where water 

soluble particles or paraffin are used as space holders for future pore networks, while polymer 

solution is cast around them. After the solvent is evaporated and polymer set, the porogens are 

leached out leaving a pore network behind. Porogens can be sintered together to ensure pore 

interconnectivity. Porosity and pore size is controlled by controlling porogen size. Resulting 

scaffolds (Figure 1.7 B) have high porosities, 70-95%, and a wide range of pore sizes 100-

500µm [54-56]. While the use of porogens provides the control of pore size and porosity, 

interconnectivity of the pores can still be a problem [6, 28, 30, 54, 55]. 

 Heat sintering is a technique where the polymer microspheres are heated above glass 

transition (Tg) of polymer and held for certain period of time, and then cooled down to room 

Figure 1.7. SEM images of scaffolds fabricated by various fabrication techniques: A) 

thermally induced phase separation (Reprinted from Biomaterials, 25(19), Wei, G. and P.X. 

Ma, Structure and properties of nano-hydroxyapatite/polymer composite scaffolds for bone 

tissue engineering, p. 4749-57,  Copyright (2012), with permission from Elsevier) [60], B) 

solvent casting/particulate leaching (Reprinted from Biomaterials, 25(11), Chen, V.J. and 

P.X. Ma, Nano-fibrous poly(L-lactic acid) scaffolds with interconnected spherical 

macropores, p. 2065-73,  Copyright (2012), with permission from Elsevier)  [54], and C) 

heat sintering of microspheres (Reprinted from Biomaterials, 24(4), Borden, M., et al., 

Structural and human cellular assessment of a novel microsphere-based tissue engineered 

scaffold for bone repair, p. 597-609, Copyright (2012), with permission from Elsevier) [58].  
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temperature. During the heating process, the sintering occurs due to the intertwining of polymer 

chains between adjacent microspheres, forming bonds. By controlling the size of the 

microspheres and heat sintering time, the pore size and porosity can be controlled. Due to the 

round nature of the microspheres, the pore network is interconnected. Resulting scaffolds (Figure 

1.7 C) have porosities in the range 25-40%, with average pore size 50-200 µm, and compressive 

modulus 140-330 MPa for PLGA [57-59].  

 Each processing technique has advantages and disadvantages for applications in bone 

tissue engineering, but all the techniques seek to create scaffolds that mimic trabecular bone 

alone. Very few techniques and approaches have focused on creating scaffolds that mimic 

organization and properties of cortical bone tissue. In this project, we will focus on fabricating 

scaffolds that mimic both structures of the bone, cortical and trabecular. To do this we will 

utilize the electrospinning technique, which can create nanofiber scaffolds that mimic natural 

extracellular matrix.  

1.4.2.1. Electrospinning  

 Electrospinning is a fabrication technique that can create non-woven meshes with fibers 

in the nano and micron range from biodegradable polymers.  The process relies on the 

application of an electrostatic force to overcome the surface tension of the polymer solution and 

drive fiber formation. Typical electrospinning system is composed of a syringe with polymer 

solution with a needle tip (spinneret), pump that controls the extrusion rate of the polymer 

solution, high voltage power supply, and collecting plate or mandrel that is grounded or 

negatively charged (Figure 1.8) [37, 61-63].  
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         Figure 1.8. Schematic diagram of set up for electrospinning(Reprinted from Biotechnol 

Adv., 28(3), Bhardwaj, N. and S.C. Kundu , Electrospinning: a fascinating fiber fabrication 

technique, p. 325-47, Copyright (2012), with permission from Elsevier)  [37] and SEM of 

electrospun fibers (Reprinted from Biomaterials, 25(11), Chen, V.J. and P.X. Ma, Nano-fibrous 

poly(L-lactic acid) scaffolds with interconnected spherical macropores, p. 2065-73,  Copyright 

(2012), with permission from Elsevier) [54].  

 In the electrospinning process an electric charge is applied to the polymer solution being 

extruded from the tip of the syringe needle and is held by surface tension. When the electric 

charge reaches a critical value and overcomes the surface tension, an electronically charged jet of 

polymer solution erupts. The jet is unstable and a rapid whipping motion of the jet occurs as it 

travels toward the collecting plate. During this process the solvent evaporates and the jet is 

solidified into fibers that are collected/deposited onto a collecting plate or mandrel [37, 64]. 

Resulting scaffolds are characterized by high surface area, high porosities, and interconnected 

pore networks. These electrospun scaffolds are desirable for tissue engineering applications 

because the nano- and microfiber surface morphologies mimic the native extracellular matrix 

[65, 66]. 

1.4.2.2. Electrospinning for Bone Tissue Engineering 

 Electrospun scaffolds are desirable candidates for tissue engineering applications as the 

nano- and microfiber surface morphologies mimic the native extracellular matrix [65, 66]. 

Various natural and synthetic materials have been successfully electrospun into scaffolds for 

bone tissue engineering including, poly(ε-caprolactone) (PCL) [67, 68], poly(L-lactide) (PLLA) 
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[69, 70], poly(D,L-lactide) (PDLA) [71], poly(lactide-co-glycolide) (PLGA) [66, 72, 73], 

collagen type I [66],  gelatin [38-40, 42, 43]. Various mixtures of synthetic polymers with either 

natural polymer like gelatin or collagen [39, 69, 74, 75] or inorganic hydroxyapatite (HA) [39, 

70, 73, 75], or both have been investigated to increase cellular attachment, proliferation and 

differentiation of cells.    

 While electrospinning has many advantages, it is not without drawbacks, namely the lack 

of cellular infiltration due to small pore size and lack of three dimensional structures. 

Electrospun scaffolds are characterized by very high porosities (up to 75%[76]) and pore 

interconnectivity, but pore size is limited (8-10 µm) by the small fiber diameters [70, 76] . Two 

techniques have been investigated as means to increase pore size and porosities: addition of salt 

particles as porogen during electrospinning [77] and dual electrospinning with sacrificial fibers 

that can be dissolved out [78, 79].  By increasing porosities and pore size these approaches result 

in better cellular infiltration in the scaffold [77-79].  

 Up until recently electrospun structures were limited to two dimensional structures and as 

a result very little to no characterization has been performed to determine the compressive 

mechanical properties of these scaffolds. Wright et al. from our group has developed and 

characterized two different sintering techniques used to fabricate three dimensional (3D) 

electrospun scaffolds from electrospun sheets [80]. Briefly, electrospun PDLA layer was 

electrospun on top of electrospun PLLA mats to serve as bonding layer at higher temperatures 

and bind multiple layers together into 3D scaffolds. This technique provides the missing step in 

the investigation of electrospun scaffolds for bone tissue engineering applications, as we now can 

investigate compressive mechanical properties of these scaffolds.  This technique will be utilized 

in this project to fabricate 3D electrospun scaffolds and create structures that mimic both cortical 

and trabecular organization of the bone.  

1.4.3. Mineralization of Scaffolds  

 As discussed previously in Section 1.4.1.4, polymers and mineral composites combine 

the benefits of each material while reducing the drawbacks of each. Various techniques have 

been investigated for mineralization of electrospun scaffolds: incorporation of mineral particles 

into polymer solution [39, 70, 74, 75, 81, 82], precipitation of mineral onto nanofiber surface 
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[68, 76, 79, 83-85], or combination of both [66, 71, 73] .  Electrospun PLLA or PCL composites 

with nano-hydroxyapatite particles incorporated were found to support cellular attachment and 

proliferation and promote differentiation of the cells. However, the effect of HA on mechanical 

properties is unclear, as both increases [70, 81] and decreases [39, 75] have been reported.   

 Incubation of scaffolds in simulated body fluid (SBF), an aqueous solution that has ions 

concentration similar to human plasma, is considered a biomimetic approach to mineralization as 

it mimics the way mineral is precipitated in vivo [11]. Mineralization in SBF can take up 4 

weeks, and mineral precipitated was identified as carbonated hydroxyapatite [83]. Recently,  the 

use of more concentrated SBF solution, like 5X and 10X , is being investigated as mineral 

precipitation can be achieved faster, on the order of hours [11]. Tas and Bhaduri, reported a 

method that utilizes ten times concentrated simulated body fluid (10X SBF) achieving mineral 

deposition within hours of incubation [86].  The same process was utilized for mineralization of 

electrospun polymer scaffolds [68, 76, 79, 84]. Mineral precipitated was found to be mixtures of 

dicalcium phosphate dehydrate (DCPC), an amorphous calcium phosphate, and hydroxyapatite 

[68, 76].  Due the hydrophobic natures of the synthetic polymers, techniques for enhancing 

mineral deposition by introducing charge sites into the matrix are being investigated and include 

soaking in NaOH [83], plasma coating [76], and incorporation of gelatin [68].  Another approach 

is to incorporate nano-hydroxyapatite particles into polymer solutions to serve as nucleation cites 

for mineralization by incubation in simulated body fluid [72, 73].  

1.5. PROJECT DESCRIPTION  

 The objective of this project is to utilize electrospinning and heat sintering techniques to 

create a biodegradable full thickness three dimensional biomimetic polymeric scaffolds with 

macro and nano architecture similar to natural bone for successful bone regeneration. The 

proposed scaffolds would mimic the structural organization of both trabecular and cortical bone, 

creating scaffolds that better mimic the natural organization of the bone tissue. To achieve this, 

the project is divided into 4 steps:  

1) Evaluation and characterization of the mineralization technique for electrospun 

scaffolds. Characterize the mineralization technique for the electrospun scaffolds 



17 
 

with respect to mechanical properties, mineral deposition and distribution, and 

cytotoxicity.  

2) Design, fabrication, and characterization of three dimensional electrospun 

scaffolds that mimic structural organization of trabecular bone.  Fabricate three 

dimensional scaffolds and characterize mineralization and fiber alignment effects on 

compressive mechanical properties of electrospun scaffolds.    

3)  Design, fabrication, and characterization of three dimensional electrospun 

scaffolds that mimic structural organization of cortical bone. Design and fabricate 

the electrospun scaffolds that mimic the organization of a single osteon. Then, utilize 

the heat sintering technique to create cortical–like scaffolds by combining multiple 

osteon-like scaffolds.  

4) Design, fabrication, and characterization of full thickness three dimensional 

electrospun scaffolds. Combine the cortical and trabecular segments into one three 

dimensional scaffold, and characterize mechanical properties, mineral deposition and 

distribution, and cytotoxicity.  
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2.1.1. ABSTRACT  

 We investigated different techniques to enhance calcium phosphate mineral precipitation 

onto electrospun PLLA scaffolds when incubated in concentrated simulated body fluid 

(SBF)10XSBF. The techniques included the use of vacuum, pretreatment with 0.1M NaOH , and 

electrospinning gelatin/PLLA blends as means to increase overall mineral precipitation and 

distribution throughout the scaffolds.  Mineral precipitation was evaluated using environmental 

scanning electron microscopy (SEM), Energy Dispersive Spectroscopy (EDS) mapping, and the 

determination the mineral weight percents. In addition we evaluated the effect of the techniques 

on mechanical properties, cellular attachment and cellular proliferation on scaffolds. Two 

treatments, pretreatment with NaOH and incorporation of 10% gelatin into PLLA solution, both 

in combination with vacuum, resulted in significantly higher degrees of mineralization (16.79% 

and 14.9%, respectively)  and better mineral distribution on surfaces and through the cross-

sections after 2 hours of exposure to SBF. While both scaffolds groups supported cell attachment 

and proliferation, 10%gelatin/PLLA scaffolds had significantly higher yield stress (1.73 MPa vs. 

0.56MPa) and elastic modulus (107MPa vs. 44MPa) than NaOH pretreated scaffolds.  
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2.1.2. INTRODUCTION  

Skeletal loss and bone deficiencies are a major problem with over 600,000 bone grafting 

procedures performed in the US annually. The market is currently estimated at 2.5 billion dollars 

annually; however, this number is only expected to increase due to an aging population and 

increased life expectancy [1]. As current treatment have drawbacks, such as donor site morbidity 

for autografts and high failure rates for allografts [2], there is a need for alternative bone grafts 

substitutes. Bone tissue engineering has emerged as a promising new approach to design and 

produce bone graft substitutes [3].  

Tissue engineering combines scaffolds, cells, and/or growth factors to regenerate or 

repair lost or damaged tissues [3-5]. Electrospinning as a scaffold fabrication technique has 

recently gained interest in applications for bone tissue engineering [4, 6-10]. Electrospun 

scaffolds are characterized by high surface area, high porosities, and interconnected pore 

networks. This makes electrospun scaffolds desirable for tissue engineering applications as the 

nano- and microfiber surface morphologies mimic the native extracellular matrix [4, 6]. Various 

natural and synthetic materials have been successfully electrospun into scaffolds including, 

poly(ε-caprolactone) (PCL) [7, 8], poly(L-lactide) (PLLA) [9, 10], poly(D,L-lactide) (PDLA) 

[11], poly(lacitide-co-glycolide) (PLGA) [12], collagen type I [6], and gelatin type B [13]. 

Synthetic polymers are common choices for bone tissue engineering applications because they 

are biocompatible and easily processed to create the desired porous three-dimensional structures. 

Among the most frequently used polymers are polyesters such as poly(glycolic) acid (PGA), 

poly (lactic) acid (PLA), and their copolymer PLGA, which have been approved for medical use 

by the US Food and Drug Administration. They are also characterized with low glass transition 

temperatures allowing easy processing, variable degradation rates varying from 6 months (PGA) 

up to 2 years (PLLA) [14-17].  

Composite scaffolds, scaffolds composed of biodegradable polymers and inorganic 

calcium phosphates, have emerged as great options for bone grafts since their mechanical 

properties can be altered by varying the two phases. They also mimic natural bone tissue as they 

can contain both an organic bone phase (protein) with polymer and inorganic bone phase 

(calcium phosphate). The presence of calcium phosphate has been shown to enhance alkaline 
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phosphatase (ALP) activity, a marker of osteoblast activity, and improve the mechanical strength 

of the scaffolds [18, 19].   

Different techniques have been investigated for creating polymer and calcium phosphate 

composite electrospun scaffolds.  Hydroxyapatite nanoparticles can be dispersed in the polymer 

solution and electrospun as a composite [10, 20]. Incorporation of hydroxyapatite in 

electrospinning polymer solution resulted in increased mechanical properties [10, 20], increased 

proliferation and ALP activity of human fetal osteoblasts [20]. However uniform dispersion of 

hydrophilic hydroxyapatite nanoparticles in organic solvents can be difficult to maintain during 

the electrospinning process [8]. Another approach is the biomimetic mineralization of scaffolds 

by incubation in simulated body fluid (SBF) which leads to precipitation of the mineral calcium 

phosphate [21]. An advantage of this approach is that it somewhat mimics biological mineral 

growth; however, it can take up to 28 days to achieve an apatite layer [21]. An additional 

challenge is the hydrophobic nature of the synthetic polymers, which can result in reduced 

mineral precipitation [8, 21]. To enhance calcium phosphate precipitation various surface 

modification techniques have been investigated to expose or add charged functionalized groups, 

including argon plasma treatment [22], NaOH hydrolysis [21], and coating with gelatin [8]. Tas 

and Badhuri developed an accelerated mineral precipitation method that uses 10XSBF to achieve 

precipitation in a matter of hours [23].  

In this study, we investigated different techniques to enhance calcium phosphate mineral 

precipitation onto electrospun PLLA scaffolds incubated in 10XSBF. These include the use of  

vacuum pressure, pretreatment with 0.1M NaOH , and electrospinning gelatin/PLLA blends to 

increase overall mineral precipitation and distribution throughout the scaffolds.  Mineral 

precipitation was evaluated using SEM, EDS mapping, XRD and total mineral weight percents. 

We also compared mechanical properties and evaluated cellular attachment and proliferation on 

all the scaffolds.  

2.1.3. MATERIALS AND METHODS 

2.1.3.1. Fabrication of Scaffolds by Electrospinning 

 PLLA (inherent viscosity =2.0 dl/g, Mw = 152,000) was purchased from Sigma Aldrich 

(St. Louis, MO, USA).  Dichloromethane (DCM) and dimethylformaldehyde (DMF) were 
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purchased from Fisher Scientific (Pittsburgh, PA, USA).  Gelatin, type A, from porcine skin was 

purchased from Sigma Aldrich (St. Louis, MO, USA). NaCl, KCl, CaCl 2H20, MgCl2 6H20, 

NaHCO3, and NaH2PO4were purchased from Fisher Scientific (Pittsburgh, PA, USA).   

 The electrospinning solution was prepared by dissolving PLLA to 7 % w/v in 75% DCM 

and 25% DMF. The solution was loaded into a 5 ml plastic syringe with an 18-gauge needle, and 

extruded at a rate of 5 mL/h. The PLLA was electrospun onto a rotating (~ 1100 RPM) mandrel 

with a 5 cm diameter and a working distance of 5 cm. The voltage applied was +13kV and -7kV. 

Negative voltage is utilized in the electrospinning process to help drive the jet toward the target 

or collecting mandrel.   

 The gelatin/PLLA mixture was made by dissolving gelatin in 1ml deionized (dI) water 

and adding it to the 7% PLLA solution.  Polymer solutions are made in 16 ml batches, and in 

order to make overall volume of gelatin/PLLA and PLLA solutions equal, 1ml of DCM was 

replaced with 1ml of gelatin solution. The amount of gelatin in solution was equal to 10 or 5 %, 

w/w of the amount of PLLA in the solution, and will be referred to as 5% gel/PLLA and 10% 

gel/PLLA. As two solutions are not miscible, they were vortexed for 1 hr to mix. This results in a 

gelatin/PLLA solution mixture that was electrospun. The electrospinning parameters were 

identical to the parameters used for the PLLA solution alone, except the voltage applied was 

+18kV and -7kV.   

2.1.3.2. Mineralization of Scaffolds   

 We have adopted a method previously developed and reported by Tas and Bhaduri [23] 

to prepare 10XSBF. A stock solution was made using NaCl, KCl, CaCl 2H20, MgCl2 6H20, and 

NaH2PO4, and stored at room temperature. Prior to the mineralization process, NaHCO3 was 

added while stirring vigorously, resulting in the following  ion concentrations:   Ca
2+

  25 mM, 

HPO4
2-

 10 mM, Na
+
 1.03 M, K

+
 5 mM, Mg

2+
 5mM, Cl

-
 1.065M,and HCO3

-
 10mM . The 

electrospun mats were incubated in 400 ml of 10XSBF for two hours at room temperature. One 

group of PLLA scaffolds was incubated at room temperature, without vacuum, and will be 

referred to as PLLA_MIN. All other scaffolds were incubated in 10X SBF in vacuum at room 

temperature, which is denoted with letter V in the group name (Table 2.1.1).  After being 
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removed from 10X SBF , all the samples were rinsed in dI water to remove mineral not attached 

to scaffolds, and vacuum dried overnight. 

The NaOH pretreatment scaffolds were soaked in 0.1 M NaOH solution for 5 min in 

vacuum and then rinsed in dI water. The samples were then placed in the 10XSBF in vacuum for 

two hours, rinsed in dI water, and vacuum dried overnight. 

Names and the descriptions of all the groups that were analyzed are listed in the Table 2.1.1.  

Table 2.1.1. List of group names and descriptions 

Group Name  Description  

PLLA PLLA, not mineralized  

PLLA_MIN PLLA, no vacuum, mineralized  

PLLA_V_MIN PLLA, vacuum, mineralized  

PLLA_NaOH_V_MIN PLLA, vacuum, NaOH treatment, mineralized 

5%gel/PLLA PLLA, 5% gelatin, not mineralized  

5%gel/PLLA_V_MIN PLLA, 5% gelatin, vacuum, mineralized 

10%gel/PLLA PLLA, 10% gelatin, not mineralized 

10%gel/PLLA_V_MIN PLLA, 10% gelatin, vacuum,  mineralized 

 

2.1.3.3. Mineral Ash Weight 

Samples were subjected to high temperatures to burn off the polymer and determine the 

mineral ash weight percent. Scaffolds tested included PLLA_MIN, PLLA_V_MIN, 

PLLA_NaOH_V_MIN, 5%gel/PLLA_V_MIN, and 10%gel/PLLA_V_MIN. After the initial 

weight of the samples was recorded, the samples were placed in ceramic crucibles, and then 

placed into a high temperature furnace (Model No. FD1535M, Fisher Scientific, Pittsburgh, PA, 

USA) at 700°C for 24 hours. After cooling down, the mineral ash weight was recorded and the 

average mineral percent deposition calculated as ratio of mineral ash weight to samples original 

weight. Each sample was placed in separate crucible, and three samples per group were tested 

(n=3). 
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2.1.3.4. Characterization of Scaffolds  

Fiber morphology, fiber diameters, mineral deposition and distribution on the scaffolds 

were imaged by scanning electron microscopy (SEM).  Five fiber diameter measurements were 

taken in four different fields of vision, and the values were averaged to determine average fiber 

diameters. The scaffolds were soaked in liquid nitrogen and freeze-fractured to view the cross 

sections. Cross sections were imaged to map out mineral distribution throughout the scaffolds. 

All the samples were sputter coated with gold and palladium and imaged using an ESEM 

(Environmental Scanning Electron Microscope) (FEI Quanta 600 FEG). Energy Dispersive 

Spectroscopy (EDS) analysis was performed using the Bruker EDX Silicon Drifter Detector on 

the ESEM to map presence of calcium and phosphate across the cross sections. EDS was also 

utilized to quantify presence of Ca and P ions on surface and determine Ca:P ratio, and quantify 

presence of gelatin prior and after mineralization by quantifying presence of nitrogen. Spectra of 

three fields of view for each group were quantified, and data reported as atomic percentages.  

X-ray diffraction (XRD) was used to determine the crystallographic structure of the 

calcium phosphate mineral. Samples were tested using X-ray Diffraction System (Philips Xpert 

Pro) with 45kV, 40mA, step size of 0.03° and scanning range from 10° to 60°. Two groups of 

samples were analyzed, 10%gel/PLLA_V_MIN and PLLA_NaOH_V_MIN, as they had highest 

mineral content.  

2.1.3.5. Mechanical Testing 

The scaffolds were mechanically tested in tension using an Instron 5869 with Bioplus 

Bath (Norwood, MA, USA). Scaffolds tested included electrospun PLLA (n=7), PLLA_MIN 

(n=6), PLLA_V_MIN (n=7), PLLA_NaOH_V _MIN (n=7), 5% gel/PLLA (n=5), 5% 

gel/PLLA_V_MIN (n=5), 10% gel/PLLA (n=5), and 10% gel/PLLA_V_MIN (n=5). The tests 

were performed in phosphate buffered saline (PBS) (pH= 7.4) at 37°C. The samples were cut in 

into 1 x 5 cm strips, the gauge length was set to 2 cm, and the strain rate was 2 mm/min (10% 

stain/min). The samples were tested until failure. The data was analyzed to determine yield stress 

and elastic modulus.  
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2.1.3.6. Cell Culture  

Mouse pre-osteoblastic cells (MC3T3-E1, ATCC) were cultured in Dubelcco’s Modified 

Eagle Medium (DMEM, Cellgro, Mediatech, Manassas, VA, USA) supplemented with 10% fetal 

bovine serum (FBS, Cellgro, Mediatech, Manassas, VA, USA) and 1% streptomycin/ penicillin 

(Cellgro, Mediatech, Manassas, VA, USA).  The scaffolds were cut into 15mm discs with 0.2 

mm thickness and secured into 24-well tissue culture treated polystyrene (TCPS) plates using 

Silastic Medical Adhesive (Dow Corning, Midland, MI, USA). The samples were sterilized in 

70% ethanol for 30 minutes followed by exposure to UV light for 30 minutes on each side. The 

scaffolds were then washed with PBS and soaked in cell culture medium overnight. 

Approximately 50,000 cells were seeded onto each scaffolds and control (TCPS alone). The cells 

were allowed to attach for one hour before adding culture medium to a final volume of 1 ml. The 

medium was changed every other day, and the cultures were incubated at 37°C in a humidified 

atmosphere and 5% CO2. Cells were cultured for period of 28 days, and data was collected on 

days 7, 14, 21, and 28.  

Cell viability was measured using a Cell Titer 96
TM

 Aqueous Solution Cell Proliferation 

Assay (MTS Assay) (Promega, Madison, WI, USA) on following scaffolds PLLA (n=3), 

PLLA_V_MIN (n=3), PLLA_NaOH_V_MIN(n=3), 10%gel/PLLA (n=3), and 

10%gel/PLLA_V_MIN (n=3). At each time point (7, 14, 21, and 28 days) the media was 

removed, then 400 μl of fresh media and 80 μl of the MTS solution were added to each well and 

incubated at 37°C and 5 % CO2 for three hours. After incubation, 300 μl of the mixture was 

transferred to a 48-well plate and diluted with 300µl of dI water. The plate was read at 490 nm 

using a SpectroxMax M2 spectrophotometer (Sunnyvale, CA, USA).     

Cell attachment was visualized qualitatively using ESEM at the same time points for the 

same groups. Cells on the scaffolds were rinsed three times with PBS and fixed at 4°C in 1% and 

3% gluteraldehyde for one hour and 20 hours, respectively. The scaffolds were then dehydrated 

using a series of methanol dilutions from 10% to 100% for 15 minutes each. The scaffolds were 

dried and sputter coated using gold and palladium and viewed using ESEM.   
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2.1.3.7. Statistical Analysis  

Statistical analysis was performed using JMP 7 software.  All the data was analyzed 

using one way analysis of variance (ANOVA) with Tukey’s test to determine statistically 

significant differences between groups. Statistical significance was tested at p < 0.05.  

2.1.4. RESULTS  

PLLA and PLLA/gelatin blends (5 % and 10%) were electrospun onto a rotating mandrel 

to create a non-woven nanofibrous scaffolds. Surface morphologies of electrospun PLLA and 

10% gel/PLLA can be seen in Figure 2.1.1. Scaffolds electrospun with 10%gelatin/PLLA had 

significantly larger average fiber diameters of 1.184±0.384 µm than PLLA scaffolds, 

0.670±0.170 µm.   PLLA scaffolds were then incubated in 10XSBF, with and without vacuum, 

to achieve calcium phosphate precipitation. Treatment with 0.1M NaOH and incorporation of 

gelatin into PLLA solution were investigated as ways to enhance mineral precipitation.  

 

Figure 2.1.1. SEM images of electrospun PLLA (A) and 10%Gel/PLLA (B). 10%Gel/PLLA 

scaffolds were found to have significantly larger fiber diameters. 
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2.1.4.1. Mineral Ash Weight 

The amount of calcium phosphate coating was quantified as average ash weight percent 

after burning off the PLLA and measuring the resulting mineral ash weight. The ash weights are 

reported as average weight percent (Table 2.1.2). Scaffolds that were pretreated with NaOH 

(PLLA_NaOH_V_MIN) and 10% gel/PLLA_V_MIN scaffolds had significantly higher mineral 

weight percents than scaffolds that were mineralized without any pretreatments and no vacuum 

(PLLA _MIN) (Table 2.1.2).  

Table 2.1.2. Average mineral ash weight percent. (*) denotes significant difference from PLLA 

_MIN group (p<0.05) 

Group Average mineral ash weight 

PLLA_MIN 4.59% ± 2.95% 

PLLA_V_MIN 11.04% ± 1.22% 

PLLA_NaOH_V_MIN 16.55% ± 0.83%* 

5%gel/PLLA_V_MIN 10.12% ± 2.42% 

10%gel/PLLA_V_MIN 15.14% ± 2.04%* 

 

2.1.4.2. Mineralization of the Scaffolds    

Calcium phosphate deposition was qualitatively observed using SEM and EDS. SEM was 

used to observe the way mineral precipitated on the fibers and scaffolds.  In groups mineralized 

without vacuum (PLLA_MIN), mineral was deposited sparsely in the form of large and small 

crystals on fibers on the surface (Figure 2.1.2 A). In the group that was mineralized without any 

pretreatment in vacuum (PLLA_V_MIN), mineral was also deposited in the form of large and 

small crystals on the surface (Figure 2.1.2 B). The mineral was deposited more uniformly and in 

larger quantities in the form of small crystal grains on polymer fibers (Figure 2.1.2 C) for the 

scaffolds pretreated with 0.1 M NaOH (PLLA_NaOH_V_MIN).  Similarly, smaller grain 

crystals were also observed covering the surface of the scaffolds with 10% gelatin (Figure 2.1.2 

D).  
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Figure 2.1.2. SEM images of mineralized scaffolds: A) PLLA_MIN - Mineralized PLLA no 

vacuum, larger crystals can be seen of surface, B) PLLA_V_MIN - mineralized PLLA in 

vacuum, combination of large crystals with smaller crystals grain can be seen, C) 

PLLA_NaOH_V_MIN – mineralized PLLA in vacuum, pretreated with NaOH, small mineral 

crystals cover surface, but fiber morphology is preserved, D) 10%gel/PLLA_V_MIN – 10% 

gelatin/PLLA mineralized, surface is covered with small grain mineral crystals and fiber 

morphology is still visible  

EDS mapping was used to confirm presence of calcium and phosphorus in the cross-

sections of the scaffolds to qualitatively asses how well the mineral had deposited across the 

thickness of the scaffolds, see Figure 2.1.3. The presence of Ca and P was detected on the 

surfaces of the cross sections, but very little was detected in the middle of the cross-sections that 

were incubated without vacuum (Figure 2.1.3 A) and without any pretreatment (Figure 2.1.3 B). 

However, Ca and P were present across the cross-section for scaffolds pretreated with 0.1M 

NaOH (Figure 2.1.3 D). A similar trend was observed in the scaffolds that were electrospun with 

A      B  
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10% gelatin (Figure 2.1.3 C). The combination of vacuum and pretreatment or incorporation of 

gelatin resulted in increased mineral deposition throughout the thickness of the scaffolds.  

 

Figure 2.1.3. EDS map of mineralized scaffolds cross-sections where calcium is tagged with red, 

and phosphorus is tagged with green: A) PLLA no vacuum, presence of Ca and P on surfaces, 

scale bar shown 30µm, B) PLLA vacuum, no pretreatment (PLLA_MIN), presence of Ca and P 

on the surfaces with very little present in the center, scale bar shown 40 µm, C) PLLA pretreated 

with 0.1M NaOH (PLLA_T_MIN), presence of Ca and P can be seen across the cross-section, 

scale bar shown 60µm, D) 10% gelatin/PLLA mineralized, presence of Ca and P can be seen 

across the cross-section, scale bar shown 30µm.  

EDS mapping and XRD were utilized to identify the type of mineral that was formed on 

the surface of the scaffolds.  EDS spectra showed presence of calcium, phosphorus and oxygen. 

The amount of each element was quantified to determine Ca:P ratio for each group of samples. 

All the values were very close to 1, which corresponds to several calcium phosphates: dicalcium 

phosphate dehydrate (DCPD), also known as brushite, dicalcium phosphate (DCP), and calcium 

phosphate (CPP) [24]. X-ray diffraction patterns show presence of two types of minerals on the 

surfaces, brushite and hydroxyapatite, with peaks clearly labeled in Figure 2.1.4. 
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Figure 2.1.4. X-ray diffraction pattern of PLLA_NaOH_V_MIN (top) and 

10%gel/PLLA_V_MIN (bottom) scaffolds mineralized by incubation in 10X SBF for 2 h in 

vacuum. 

To determine presence of gelatin in scaffolds prior and after the mineralization, EDS 

spectra of the scaffolds were plotted and quantified. Average atomic percentages of nitrogen on 

the surfaces are 7.91±1.56% prior to mineralization and 0.43±0.26% after mineralization. 

Majority of the gelatin was lost during the mineralization process, as expected, since it was not 

cross-linked. However, it did not significantly affect mineralization process. 

2.1.4.3. Mechanical Properties  

Mechanical tests were performed to determine the effect of the 10XSBF, treatment with 

0.1 M NaOH, and incorporation of 5% and 10% gelatin on PLLA electrospun scaffolds. All the 

values are graphed as averages with standard deviations in Figure 2.1.5. Electrospun PLLA 

scaffolds, PLLA scaffolds mineralized with no vacuum, and mineralized NaOH pretreated PLLA 

scaffolds were found to have a significantly lower yield stress than the other groups. The 

addition of vacuum during mineralization process resulted in significant increase in mechanical 

properties of PLLA scaffolds.  There were not any significant differences between 5% and 10% 

gelatin, mineralized or not mineralized.  PLLA scaffolds, mineralized without vacuum PLLA 

scaffolds, and mineralized NaOH treated PLLA scaffolds were found to have statistically lower 

elastic modulus than all other groups. Mineralizing electrospun PLLA scaffolds and/or 
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incorporation of 5% or 10% gelatin resulted in scaffolds with significantly higher yield stresses 

and elastic moduli than electrospun PLLA alone. However treatment with 0.1 M NaOH and 

mineralization did not result in any changes in yield stress and elastic modulus when compared 

to PLLA alone.   

 

Figure 2.1.5. Mechanical testing data graphs include yield stress (top) and elastic moduli 

(bottom) averages as bars, and standard deviations as error bars.  (*) denotes statistically 

significant difference from PLLA, PLLA_MIN and PLLA_NaOH_V_MIN groups (p<0.05) 

2.1.4.4. Cell Culture 

Attachment and proliferation of MC3T3 cells were evaluated qualitatively using SEM 

and quantitatively using an MTS assay on the following scaffolds: electrospun PLLA alone, 

PLLA mineralized in vacuum, PLLA mineralized pretreated with 0.1 M NaOH, 10% gel/PLLA, 

10% gel/PLLA mineralized, and TCPS as a control.  Cell attachment and deposition of ECM on 

the scaffolds can be seen after 21 days in culture on electrospun PLLA alone and PLLA 

mineralized in vacuum (Figure 2.1.6 A and B). This also visible after 21 days on 10%gel/PLLA 

scaffolds  and 10%gel/PLLA_MIN scaffolds (Figure 2.1.6 C and D).     
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Figure 2.1.6. Cellular attachment and ECM after 21 days of MC3T3 cells culture on following 

electrospun scaffolds (note the scale bars as the pictures are at different magnifications): A) 

PLLA, scale bar shown 100µm, B) PLLA_V_MIN, scale bar shown 50µm, C) 10%gel/PLLA, 

scale bar shown 200µm, and D) 10%gel/PLLA_V_ MIN, scale bar shown 100µm. 

Cellular proliferation on the scaffolds was quantified using MTS assay on days 7, 14, 21, 

and 28 and the absorbances at 490 nm are shown in Figure 2.1.7. On day 7, absorbance on 

PLLA_NaOH_MIN was significantly lower than on PLLA, 10% gel/PLLA, and 10% 

gel/PLLA_V_MIN. On day 14 absorbance on 10% gel/PLLA_V_MIN was significantly lower 

than absorbances on control, PLLA, PLLA_V_MIN, and PLLA_NaOH_V_MIN. On day 21 

absorbance for 10% gel/PLLA_V_MIN was significantly lower than PLLA and control.  On day 

28, the absorbance for PLLA had an outlying low value which affected the overall average, 

resulting in significantly lower absorbance than for PLLA_V_MIN and PLLA_NaOH_V_MIN. 

On day 14 absorbances were significantly increased over those on day 7 for the following 

groups: 10% gel/PLLA, PLLA_V_MIN, PLLA_NaOH_V_MIN, and control. On day 21 

absorbances significantly increased for all scaffolds except PLLA when compared to that of day 
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14. An outlying low value on day 28 on PLLA scaffolds affected the statistical analysis of MTS 

data for PLLA group, resulting in no significance between time points. When statistical analysis 

was performed without data for day 28, significant increase in absorances from day 7 to day 14 

to day 21 was found.  Cells proliferation started to plateau by day 28; there were no significant 

increases in absorbances on day 28 when compared to day 21.     

 

Figure 2.1.7. Average absorbences of MTS assay with standard deviations as error bars of 

MCT3T3 –E1 cells. (*)  denotes significant difference from PLLA_NaOH_V_MIN, (#) denotes 

significant difference from 10% gel/PLLA_V_MIN, (@) denotes significant difference from 

PLLA, p<0.05 

2.1.5. DISCUSSION  

In this study electrospun PLLA scaffolds were rapidly mineralized by incubation with 

10X SBF, which significantly reduces incubation time from the order of week to hours. To 

further improve this process we investigated the use of vacuum during the mineralization 

process, treatment with NaOH and incorporation of various amounts of gelatin into PLLA 

solutions prior to electrospinning as ways to increase mineral deposition throughout the thickness 

of the scaffold, improve mechanical properties, and improve cellular adhesion and proliferation. 

The addition of gelatin resulted in increased fiber diameters, when compared to electrospun 
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PLLA. Mineral precipitated on the scaffolds was identified using EDS and X-ray diffraction as 

brushite and hydroxyapatite.  Similar results were also reported previously with mineralization 

by incubation in 10X SBF [8, 12, 22]. Also, it has been reported that brushite can be potential 

starting material for bone substitutes, and can be converted to hydroxyapatite [22, 25].  

Scaffolds pretreated with 0.1M NaOH (PLLA_NaOH_V_MIN) and scaffolds electrospun 

from 10%gel/PLLA mixture (10%gel/PLLA_V_MIN) had significantly higher mineral weight 

percents, 16.55% and 15.14% respectively, than scaffolds mineralized without vacuum, 4.59% 

(PLLA _MIN)  (Table 2).  Exposure of scaffolds to NaOH resulted in degradation and exposure 

of carboxyl groups, which then resulted in an increased number of mineral nucleation sites. The 

addition of gelatin to the electrospinning PLLA solution had a similar effect.  Gelatin, a 

denatured collagen, provided exposed carboxyl groups which increased mineral percent 

deposition with increased gelatin concentration. Treatment with NaOH and the addition of 

gelatin affected the way mineral was deposited in addition to overall mineral deposition. Mineral 

on the scaffolds without NaOH treatment and without gelatin, (PLLA _MIN, PLLA_V_MIN) 

was deposited in the form of large crystals which can block scaffolds pores (Figure 2.1.2). 

Mineral on the scaffolds treated with NaOH and scaffolds electrospun with gelatin/PLLA 

mixture formed small granules directly on the fibers (Figure 2.1.2). This can be more beneficial 

for applications in tissue engineering as the mineral is deposited in such way that electrospun 

fiber morphology is preserved and it does not block pores. Treatment with NaOH and addition of 

10%gelatin resulted in scaffolds with more uniform distribution of mineral throughout the 

scaffolds compared to scaffolds mineralized without any treatment, as seen in EDS cross-section 

maps of Ca and P in Figure 2.1.3. More uniform mineral distribution throughout the scaffolds 

can be beneficial for uniform mechanical properties and also provide uniform environment for 

cellular infiltration. 

The effect of the vacuum, NaOH treatment and addition of gelatin to PLLA solutions on 

mechanical properties was also evaluated. Addition of vacuum during mineralization process 

resulted in significant increase in mechanical properties of PLLA scaffolds. Although 

pretreatment with NaOH resulted in increased mineral deposition, mechanical properties were no 

different from PLLA alone and were significantly lower than all other mineralized groups. This 

decrease in mechanical properties compared to other mineralized groups was due to the 
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hydrolytic effects of the NaOH on the scaffolds. Chen et al. reported visible fiber degradation of 

electrospun PLLA scaffolds after 10 min exposure to 0.5 M NaOH [21]. Although the 

concentration and exposure time used was lower (0.1 M), this could still cause degradation and 

weakening of the fibers, resulting in decreased mechanical properties. Any possible increase in 

strength from mineralization was negated by scaffold degradation.  Therefore this process is not 

effective for the replacement of load bearing bone. 

 Incorporation of gelatin resulted in significantly higher mechanical properties than 

PLLA alone. However there were no significant differences in mechanical properties between 

the mineralized and unmineralized gelatin scaffolds. An increase in mechanical properties with 

the incorporation of gelatin into polymer solution was also observed by Gupta et al., mechanical 

properties of electrospun poly (L-lactic acid)-co-poly (ε-caprolactone) (PLACL) increased with 

the addition of 10% gelatin [26]. This is thought to be due to the higher mechanical properties of 

the electrospun gelatin scaffolds which is reported to have a tensile strength of 5.77 MPa and an 

elastic modulus of 499 MPa [27]. These data indicate that the incorporation of gelatin into the 

scaffold is better for the production of load bearing bone scaffolds than the use of NaOH.  

Incorporation of gelatin yields increased mineral deposition and sponsored cell growth, while 

also increasing mechanical properties whereas NaOH treatment did not increase the mechanical 

properties with mineralization. 

Cellular attachment and proliferation was evaluated over the period of 4 weeks in culture. 

All the scaffolds supported cell attachment and proliferation over the period of 28 days. Cell 

attachment and deposition of ECM on the scaffolds can be seen after 21 days in culture on 

electrospun PLLA alone and PLLA mineralized (Figure 2.1.7A and B). This was also visible 

after 21 days on 10%gel/PLLA scaffolds, and 10%gel/PLLA_MIN scaffolds (Figure 2.1.7 C and 

D).    The decrease in cell numbers from day 21 to day 28 on PLLA scaffolds was observed due 

to a low outlier value on one of the scaffolds. This affected the statistical analysis of MTS data 

for PLLA group, resulting in no significance between time points. We suspect that the low 

outlier value could be to the cells decreasing their activity or possibly dying due to over 

population. When statistical analysis was performed without data for day 28, significant increase 

in absorbances from day7 to day14 to day 21 was found.  MTS absorbances for every group have 
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significantly increased by day 21 in culture, indicating that the scaffolds had no cytotoxic effect 

on the cells. 

We observed no difference in proliferation between scaffolds with and without gelatin. 

Gelatin has been reported to increase cell proliferation, but mostly in the cross-liked state [8]. We 

believe that such effect was not observed in our system due to dissolution of gelatin in the media 

and mineralization solution, as the gelatin was not cross-linked and is soluble in water. EDS 

surface analysis revealed that most of the gelatin was dissolved during 2h mineralization process, 

thus no effect of increased proliferation due to gelatin was observed. We also did not observe 

any increased proliferation of cells on mineralized scaffolds compared to non-mineralized 

scaffolds. This could possibly be due to dissolution of mineral and gelatin on the scaffolds. The 

mineral present on the scaffolds was identified as brushite, which is a soluble calcium phosphate, 

and over time some of the mineral could be lost [24]. This dissolution of mineral can result in 

loss of cells that were bound to mineral on the surface. While no significant effect in cell 

proliferation was observed on the modified scaffolds over PLLA alone scaffolds, they all 

supported cellular attachment and proliferation and no cytotoxic effects.  

2.1.6. CONCLUSION  

In this study we investigated different treatment techniques for increasing mineral 

precipitation on electrospun PLLA scaffolds. Two treatments, pretreatment with NaOH and 

incorporation of 10% gelatin into PLLA solution, in combination with vacuum resulted in 

significantly higher degrees of mineralization as evidenced by the ash weight percent. They also 

had better mineral distribution on scaffold surfaces and through the cross-sections.  While both 

scaffold groups supported cell attachment and proliferation, 10% gelatin/PLLA scaffolds had 

significantly higher mechanical properties than NaOH treated scaffolds and PLLA alone. 

Pretreatment of PLLA scaffolds with NaOH resulted in scaffold degradation and decreased 

mechanical properties. Addition of 10% gelatin to PLLA solution resulted in the higher fiber 

diameters, significantly higher degree of mineralization, increased mechanical properties, and 

scaffolds that supported cellular adhesion and proliferation. Based on these findings, electrospun 

blends of 10% gelatin and PLLA that are mineralized in 10X SBF under vacuum may be a better 

method for enhancing mineral precipitation for bone tissue engineering. 
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2.2. Biological Evaluation of Electrospun Cross-linked PLLA/gelatin Scaffolds  

2.2.1 INTRODUCTION 

In our previous work we investigated addition of gelatin to electrospinning PLLA 

solution as means to increase mineral deposition and distribution throughout the scaffolds, 

section 1 of this chapter [1].  The addition of the gelatin resulted in increases in mineral 

deposition, mineral distribution, and mechanical properties, but there was no difference in 

cellular proliferation compared to electrospun PLLA scaffolds alone.  

Gelatin is natural molecule derived from denaturing collagen triple helical structure. As it 

is derived from collagen, it resembles collagen, but it eliminates high cost associated with use of 

collagen. It is very abundant and used in many industries, including food, pharmacy and 

cosmetics, making it biocompatible and commercially available at low cost [2-7]. All of these 

characteristic make it an attractive candidate for tissue engineering applications. However gelatin 

is water soluble and cannot retain 3D structures in aqueous environments, and as a result it is 

either cross-liked [4, 6, 7] or mixed with polymers to stabilize it for longer periods of time [4, 8]. 

Electrospun gelatin is commonly cross-linked in glutaraldehyde vapor, which is also a cross-

linking method for electrospun collagen. The cross-linking by glutaraldehyde occurs between the 

carboxyl groups on the glutaraldehyde and the amine groups of the gelatin [7]. Gelatin has been 

successfully electrospun alone [2, 4, 6, 7] and in combination with natural proteins [4]and 

synthetic polymers [2, 3].  Li et al. have coated electrospun PCL with gelatin and mineralized it 

for 2 hours in 10x SBF and saw increased cellular proliferation over PCL scaffolds alone with 

MC3T3-E1 cells after 7 days in culture [9]. Gupta et al. reported increase in proliferation on poly 

(L-lactic acid)-co-poly (ε-caprolactone) (PLACL)/gelatin blend sprayed with hydroxyapatite 

over PLACL and PLACL/gel and TCP with human fetal osteoblasts after 15 days in culture [3].  

Gu et al. reported increase in proliferation of WI-38 human embryonic fibroblast, lung derived, 

cultured on PLLA/gelatin electrospun scaffolds over PLLA scaffolds alone over period of 4 days 

[2].   

In this study, we further investigated the effects of addition of gelatin to electrospun 

PLLA scaffolds on the proliferation, differentiation and mineral deposition of MC3T3-E1 cells. 

Electrospun PLLA/gelatin scaffolds were cross-linked in glutaraldeyde vapor for 2 hours, and 
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also mineralized by incubation in 10x SBF. We evaluated cellular proliferation, attachment, ALP 

production, and mineral production over the period of 4 weeks.  

2.2.2. MATERIALS AND METHODS  

2.2.2.1. Scaffold Fabrication by Electrospinning 

 PLLA (inherit viscosity =2.0 dl/g, Mw = 152,000) was purchased from Sigma Aldrich 

(St. Louis, MO, USA).  PGA fibers were purchased from Concordia Medical (Warwick, RI, 

02886). Dichloromethane (DCM) and dimethylformaldehyde (DMF) were purchased from 

Fisher Scientific (Pittsburgh, PA, USA).  Gelatin, type A, from porcine skin was purchased from 

Sigma Aldrich (St. Louis, MO, USA). NaCl, KCl, CaCl 2H20, MgCl2 6H20, NaHCO3, and 

NaH2PO4were purchased from Fisher Scientific (Pittsburgh, PA, USA).   

 The electrospinning solutions were prepared by dissolving PLLA to 7 % w/v in 75% 

DCM and 25% DMF. The gelatin/PLLA mixture was made by dissolving gelatin in 1ml 

deionized (dI) water and adding it to the 7% PLLA solution.  Polymer solutions are made in 16 

ml batches, and in order to make overall volume of gelatin/PLLA and PLLA solutions equal, 1ml 

of DCM was replaced with 1ml of gelatin solution. The amount of gelatin in solution was equal 

to 10 %, w/w of the amount of PLLA in the solution. As two solutions are not miscible, they 

were vortexed for 1 hr to mix before electrospinning.  

The gel/PLLA was electrospun a rotating (~ 1100 RPM) 5 cm diameter mandrel for a 

total volume of 5ml with a working distance of 5 cm. The voltage applied was +18kV and -7kV. 

Negative voltage is utilized in the electrospinning process to help drive the jet toward the target 

or collecting mandrel.  Gelatin in the scaffolds was cross-linked in the vapor of 2.5% 

glutaraldehyde for 2 hours.  

2.2.2.2. Mineralization of Scaffolds 

We have adopted a method previously developed and reported by Tas and Bhaduri [10] 

to prepare 10XSBF. A stock solution was made using NaCl, KCl, CaCl2H20, MgCl2 6H20, and 

NaH2PO4, and stored at room temperature. Prior to the mineralization process, NaHCO3 was 

added while stirring vigorously, resulting in the following  ion concentrations:   Ca
2+

  25 mM, 

HPO4
2-

 10 mM, Na
+
 1.03 M, K

+
 5 mM, Mg

2+
 5mM, Cl

-
 1.065M,and HCO3

-
 10mM . The 
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electrospun mats were incubated in 400 ml of 10XSBF in vacuum for two hours at room 

temperature After being removed from 10X SBF , all the samples were rinsed in dI water to 

remove mineral not attached to scaffolds, and vacuum dried overnight. 

2.2.2.3. Scaffold Characterization  

Scaffold morphology, the presence of gelatin with or without cross-linking, mineral 

deposition and distribution on the scaffolds were imaged by scanning electron microscopy 

(SEM).  All the samples were sputter coated with gold and palladium and imaged using an 

ESEM (Environmental Scanning Electron Microscope) (FEI Quanta 600 FEG) in high vacuum 

mode. Energy Dispersive Spectroscopy (EDS) analysis was performed using the Bruker EDX 

Silicon Drifter Detector on the ESEM to map presence of gelatin on the scaffolds.  

2.2.2.4. Cell Study 

2.2.2.4.1. Cellular Proliferation   

 Mouse pre-osteoblastic cells (MC3T3-E1, ATCC) were cultured in Alpha Minimum 

Essential Medium (α-MEM, Cellgro, Mediatech, Manassas, VA, USA) supplemented with 10% 

fetal bovine serum (FBS, Cellgro, Mediatech, Manassas, VA, USA) and 1% streptomycin/ 

penicillin (Cellgro, Mediatech, Manassas, VA, USA).  Scaffolds were cut into 15mm disks and 

secured into 24-well tissue culture polystyrene (TCP) plates using Silastic Medical Adhesive 

(Dow Corning, Midland, MI, USA). The samples were then sterilized in 70% ethanol for 30 

minutes followed by exposure to UV light for 30 minutes. The scaffolds were then washed with 

PBS and soaked in cell culture medium overnight. Approximately 30,000 cells were seeded onto 

each scaffold and control (well plate without scaffold). The cells were allowed to attach for one 

hour before adding culture medium to a final volume of 1 ml. After the cells were seeded the 

media was supplemented with 3mM β-glycerophospate and 10µg/ml of L-ascorbic acid.  The 

media was changed every other day and the cultures were incubated at 37°C in a humidified 

atmosphere and 5% CO2. Cells were cultured for a period of 28 days and data was collected on 

days 7, 14, 21, and 28.  

Cell viability was measured using a Cell Titer 96
TM

 Aqueous Solution Cell Proliferation 

Assay (MTS Assay) (Promega, Madison, WI, USA) on the following scaffolds PLLAgel (n=4), 
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PLLAgelCL (n=4), PLLAgelCL_MIN (n=4),  and a control(TCP) (n=4). At each time point (7, 

14, 21, and 28 days) the media was removed, then 300 μl of fresh media and 60 μl of the MTS 

solution were added to each well and incubated at 37°C with 5 % CO2 for three hours. After 

incubation, 300 μl of the mixture was transferred to a 48-well plate and diluted 1:1 with 300µl of 

dI water. The plate was read at 490 nm using a SpectroxMax M2 spectrophotometer (Sunnyvale, 

CA, USA).     

2.2.2.4.2. Alkaline Phosphatase Activity  

Alkaline phosphatase (ALP) activity was measured as an early marker of osteoblastic 

phenotype using an ALP substrate kit (Bio-Rad, Hercules, CA) on the following scaffolds 

PLLAgel (n=4), PLLAgelCL (n=4), PLLAgelCL_MIN (n=4),  and a control (TCP) (n=4). At 

each time point, scaffolds were washed twice with sterile PBS and transferred to a new well. 

Cells were lysed with 1ml of 1% Triton X-100 solutions and then subjected to three freeze-

thawing cycles at -80°C. All the cells lysates were stored at -80°C until the end of the study, 

when all the samples were thawed and assayed together. A 100µL of the sample was mixed with 

400µL of substrate solution (mixture of p-nitrophenylphosphate, diethanolamine buffer, and dI 

water) and incubated at 37°C for 30 minutes. The reaction was stopped with 500µL of 0.4N 

NaOH, and the resulting solution was read at 405nm using a SpectroxMax M2 

spectrophotometer (Sunnyvale, CA, USA). The amount of ALP was normalized to total protein 

content from the same cell lysates, which was determined using BCA protein assay (Thermo 

Scientific, Rockford, IL).  

2.2.2.4.3. Alizarin Red and Fluorescence Stain  

Mineral deposition and distribution was characterized by Alizarin red staining. At each 

time point, the scaffolds were washed with PBS and transferred into new well plates. The 

scaffolds were then fixed in 70% ethanol for 1hr at 4°C, and stained with 40 mM Alizarin red 

solution for 10 min. The scaffolds were then washed with dI water five times and air dried. The 

sections of the scaffolds were imaged using a stereoscope.  After the images were taken, the 

scaffolds were placed in 1ml of 10% w/v of cetylpyridinium chloride (CPC) in 10 mM Na2HPO4 

and incubated for 15 mins for the stain to dissolve. The absorbances were read at 562 nm on 

SpectroxMax M2 spectrophotometer (Sunnyvale, CA, USA).  
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Cellular attachment on the scaffolds was qualitatively observed by fluorescence staining. 

Scaffolds were fixed in 3.7% paraformaldehyde and 0.5% Triton X-100 at room temperatures 

and stained with phalloidin and DAPI.  The scaffolds were imaged using a fluorescence 

microscope (Leica Microsystems, Bannockburn, IL, USA).  

2.2.2.5. Statistical Analysis 

Statistical analysis was performed using JMP 9 software.  All the data was analyzed 

using one way analysis of variance (ANOVA) with Tukey’s test to determine statistically 

significant differences between groups. Statistical significance was tested at p < 0.05.  

2.2.3. RESULTS  

2.3.1. Scaffold Characterization  

 Scaffold fiber morphology before and after cross-linking were imaged using ESEM. 

Images revealed that the fibers morphology and porosity of the scaffolds was not affected by the 

cross-linking process. Some webbing was still present, but the fibers round morphology was not 

affected (Figure 2.2.1).  

 

Figure 2.2.1. SEM images of electrospun PLLA gelatin mixtures, not cross-linked (left) and 

cross-linked (right) 
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2.2.3.2. Cellular Proliferation  

 Proliferation of the M3T3-E1 cells on the scaffolds was quantified using MTS assay on 

days 7, 14, 21, and 28 with absorbances at 490 nm are shown in Figure 2.2.2. Absorbances for all 

the scaffolds were significantly lower than controls for every time point.  On day 7 and day 21 

PLLAgel and PLLAgelCL scaffolds had significantly higher absorbances than 

PLLAgelCL_MIN scaffolds. On day 14, PLLAgel scaffolds and on day 28, PLLAgelCL 

scaffolds had significantly higher absorbances than PLLAgelCL_MIN scaffolds.  Every group of 

scaffolds had experienced significant increase in absorbances over the 28 day period: PLLAgel 

from day 7 to day 14, PLLAgelCL from day 7 to day 14 to day 21, PLLAgelCL_MIN from day 

7 to day14, and Control form day7 to day14.  Surface fluorescence images of scaffolds (Figure 

2.2.3), stained for actin (green) and nuclei (blue), show cellular attachment and dispersion of the 

cells on the surfaces of all three groups of scaffolds on day 28 of cell study. 

 

Figure 2.2.2. MTS assay absorbances of cell viability. (*) – Significantly different from 

PLLAgelCL_MIN (p<0.05) 
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Figure 2.2.3. Fluorescent stains of actin (green) and nuclei (blue) on scaffolds after 28 days in 

culture. A) PLLAgel, B) PLLAgelCL and C) PLLAgelCL_MIN. Scale bar 50µm.  

2.2.3.3. Alkaline Phosphatase Activity  

 Alkaline phosphatase activity was measured using an ALP substrate kit and all the values 

are expressed as fractions of total cell protein in Figure 2.2.4. On day 21, PLLAgel and 

PLLAgelCL scaffolds have significantly higher fraction of ALP expression then 

PLLAgelCL_MIN scaffolds. On day 28, PLLAgelCL_MIN have significantly lower expression 

of ALP than remaining three groups. For PLLAgelCL and PLLAgelCL_MIN scaffolds there was 

no significant change in fraction of ALP expressed over the period of 4 weeks. Scaffolds 

PLLAgel showed a significant change in ALP expression for every time point, from day 7 to day 

14 to day 21 to day 28. Significant change in ALP expression over 4 weeks was also seen in 

Control group, from day 7 to day14 to day 21.  
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Figure 2.2.4. ALP expression as a function of total protein. (*) –Significantly different from 

PLLAgelCL_MIN (p<0.05) 

 To normalize the ALP expression, total protein was also measured and is shown in Figure 

2.2.5. At every time point, Control groups have a significantly higher protein concentration than 

the scaffolds. On day 7, PLLAgel scaffolds have significantly higher protein concentration than 

PLLAgelCL_MIN scaffolds. Significantly higher protein concentration was found on 

PLLAgelCL scaffolds than on PLLAgeCL_MIN scaffolds on day 28. All groups of scaffolds 

exhibited significant increase in the total protein over the 4 week period: scaffolds PLLAgel, 

PLLAgeCL, and PLLAgelCL_MIN from day 21 to day 28, while control group exhibited 

significant increase at every time point.   
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Figure 2.2.5. Average total protein concentration on the scaffolds over the 4 week period. 

(*)Significantly different from PLLAgelCL_MIN (p<0.05) 

 

2.2.3.4. Alizarin Red and Fluorescence Stain  

 Mineral deposition and distribution was observed by Alizarin red staining at each time 

point (Figure 2.2.6).  On day 7, little to no mineral can be seen on scaffolds that are not cross-

linked; slightly more can be seen on the cross-linked scaffolds, while premineralized scaffolds 

have the most mineral. By day 28, mineral staining can be seen on every scaffold, but 

premineralized scaffolds have the most mineral present on the surface, indicated by deep dark 

red stains.  
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Figure 2.2.6. Alizarin red stains of the following scaffolds PLLAgel (A, B), PLLAgelCL(C, D) 

and PLLAgelCL_MIN(E, F). Images were taken on day 7 (A, C, E) and day 28 (B, D, F).  

 Mineral stains were quantified by dissolving in 10%CPC and reading absorbances at 

562nm, averages can be seen in Figure 2.2.7. At every time point, PLLAgelCL_MIN scaffolds 

are significantly higher than for any other scaffold group. There were no significant differences 

between other the two groups. Scaffolds that were not cross-lined exhibited significant increase 

in stain absorbance from day 7 to day 14. Scaffolds that were cross-linked exhibited increase in 

stain absorbance from day 7 to day21. Mineralized scaffolds showed no significant change in 

stain absorbances over the period of 4 weeks.  
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Figure 2.2.7. Alizarin red stain absorbances over the period of 4 weeks. (*) –Significantly 

different from PLLAgel and PLLAgelCL(p<0.05) 

2.2.4. DISCUSSION  

  In this study, we were able to successfully electrospin PLLA /gelatin mixture solutions, 

and cross-link them using incubation in 2.5% glutaraldehyde vapor. SEM images revealed that 

the fiber morphology was not affected by the cross-linking process as can be seen in Figure 

2.2.1. Glutaraldehyde is commonly used cross-linking agent for electrospun collagen and gelatin 

structures [3, 4, 6, 7]. Some webbing of the fibers can be observed due to the water in the cross-

linking solution, but the fiber morphology is still preserved.   

Proliferation of the MC3T3-E1 cells was also evaluated on following electrospun 

scaffolds: PLLAgel not cross-linked, PLLAgel cross-linked, PLLAgel cross-linked and 

mineralized, and control (TCP).  There were no significant differences between uncross-linked 

and cross-linked PLLAgel scaffolds, indicating that the cross-linking process did not make 

scaffolds more cytotoxic (which was also observed in similar studies where glutaraldeyde was 

also used as cross-linking agent for gelatin [6, 7]). However, non mineralized scaffolds had 

significantly higher absorbances than mineralized scaffolds at every time point, both types on 

days 7 and 21, and not cross-linked on day 24 and cross-linked on day 28. A similar trend was 

* 

* 

* 

* 
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also observed in previous study [1], and is thought to be due to dissolution of mineral on the 

scaffolds. The mineral present on the scaffolds was identified as brushite, which is a soluble 

calcium phosphate, and over time some of the mineral could be lost [11]. This dissolution of 

mineral can result in loss of cells that were bound to mineral on the surface.  While there were 

some differences between scaffolds, all the scaffolds supported cellular attachment and 

proliferation, as every group of scaffolds had significant increase in absorbance over the period 

of 4 weeks. Surface fluorescence images of scaffolds, stained for actin (green) and nuclei (blue), 

show cellular attachment and dispersion of the cells on the surfaces of all three groups of 

scaffolds on day 28 of cell study.  Total protein concentrations in Figure 2.2.5 showed different 

trends than MTS assay, which measures cellular activity. MTS graphs (Figure 2.2.2) show 

plateau by 21 and start decreasing by day 28, while total protein graph shows continuous 

increase of protein concentration up to day 28.  The difference seen between MTS and BCA 

protein assay are most likely due to differences in what they measure. MTS measures cellular 

metabolic activity, which can change over the course of the study. Total amount of protein can 

change as cells keep dividing or their activity changes.   

Alkaline phosphatase activity was measured and expressed as the fraction of total protein 

for the corresponding scaffolds group. Only significant differences were observed compared to 

PLLAgelCL_MIN scaffolds, on day 21 PLLAgel and PLLAgelCL and on day 28 all three 

groups of scaffolds were significantly higher than PLLAgelCL_MIN.  No significant changes in 

ALP expressions were observed in cross-linked and cross-linked mineralized scaffolds over the 

period of 28 days. This could be due to the fact that the subclone of the MC3T3-E1 cells that was 

used, subclone 4, did not test positive for ALP expression [12]. The subcolone 4 cells, used in  

our study, did express collagen I , ostecalcin, bone sialoprotein, and successfully produced 

mineral, but were negative for ALP gene expression [12]. In the future, more extensive testing 

should be utilized to confirm cellular differentiation, for an example looking at osteocalcin or 

osteopontin expression.  

Alizarin red staining was also utilized to assess mineral distribution and deposition over 

the course of the 4 week study.  At the beginning very little to none staining can be seen on the 

non mineralized scaffolds, while mineralized scaffolds show light red stain. At the end of the 

study, red stains can be seen on every scaffolds group, indicating that the cells produced mineral. 
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This was also found in the absorbances of the dissolved alizarin red stains, where absorbances 

for non-mineralized scaffolds increased significantly over the period of the study. No significant 

changes were found in absorbances of the mineralized scaffolds, although an increasing trend 

can be seen. This may be due to a high outlier value on day 14. However, significant changes in 

the intensity of the stain color can be seen from day 7 to day 28, indicating more mineral was 

produced by the cells.  

2.2.5. CONCLUSION  

In this study, we were able to successfully electrospin PLLA /gelatin mixture solutions, 

and cross-link them using incubation in 2.5% glutaraldehyde vapor for 2 hours. SEM images 

revealed that the fiber morphology was not affected by the cross-linking process. Cellular 

attachment, proliferation, and mineral deposition were evaluated on following electrospun 

scaffolds: PLLAgel not cross-linked, PLLAgel cross-linked, PLLAgel cross-linked and 

mineralized, and TCP control. Cross-linking process did not have cytotoxic effects on the 

cellular proliferation.  After 28 days in cell culture, significant increase in presence of the 

mineral is seen of the surface of the scaffolds, as stained by alizarin red stain, indicating that the 

cells produced the mineral deposited.  All the scaffolds supported cellular attachment and 

proliferation, as every group of scaffolds had significant increase in absorbance over the period 

of 4 weeks. Surface fluorescence images of scaffolds show cellular attachment and dispersion of 

the cells on the surfaces of all three groups of scaffolds on day 28 of cell study.   
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3.1. ABSTRACT  

 When traumatic injury, tumor removal, or disease results in significant bone loss, 

reconstructive surgery is required. Bone grafts are used in orthopaedic reconstructive procedures 

to provide mechanical support and promote bone regeneration. In this study, we applied a heat 

sintering technique to fabricate 3D electrospun scaffolds that were used to evaluate effects of 

mineralization and fiber orientation on scaffold strength. We electrospun PLLA/gelatin scaffolds 

with a layer of PDLA and heat sintered them into three dimensional cylindrical scaffolds. 

Scaffolds were mineralized by incubation in 10X simulated body fluid for 6h, 24h, and 48 h to 

evaluate the effect of mineralization on scaffolds compressive mechanical properties. The effects 

of heat sintering hydroxyapatite (HA) microparticles directly to the scaffolds on mineral 

deposition, distribution and mechanical properties of the scaffolds were also evaluated. We 

found that orientation of the fibers had little effect on the compressive mechanical properties of 

the scaffolds. However, increasing the mineralization times resulted in an increase in 

compressive mechanical properties. Also, the direct addition of HA microparticles had no effect 

on the scaffold mechanical properties, but had a significant effect on the mineral deposition on 

PLLA/gelatin scaffolds. 

3.2. INTRODUCTION   

 When traumatic injury, tumor removal, or disease, results in significant bone loss, 

reconstructive surgery is required. Bone grafts are used in these orthopaedic reconstructive 

procedures to provide mechanical support and promote bone regeneration. It is estimated that 

600,000 of bone grafting procedures are performed annually, making bone one of the most 

transplanted tissues, second only to blood [1]. The current treatment or “gold standard” for bone 

grafting procedures is an autograft, autologous bone tissue harvested from the patient. Although 
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autografts have very high success rates, they do have drawbacks, namely donor site morbidity 

and limited supply. Incidence of donor site morbidity has been reported to be as high as 44% [2]. 

In cases of bone disease, the amount of tissue that can be harvested can be very limited or even 

nonexistent. The current alternatives to autografts are allografts. Although the use of allografts 

eliminates the potential drawbacks of the autografts, they do have limitations of their own.  

Whenever donor tissue is transplanted, there is a chance of disease transmission. In addition, the 

harsh sterilization techniques also denature the bone matrix and deteriorate its mechanical 

properties.  Recent reports on long term use of allografts in vivo report that they exhibit a 

decrease in mechanical strength and have failure rates of 30-60 % over a period of ten years [3].  

The field of tissue engineering has emerged with a goal to bridge this gap between the 

need and lack of ideal bone graft. Some of the necessary properties that should be considered in 

scaffold design are porosity, degradation rate, and mechanical properties. Porosity and pore 

interconnectivity of the scaffolds is essential to allow infiltration of the cells and new tissue 

growth. The degradation rate of the scaffolds should be comparable to the tissue growth rate, as 

the implant needs to maintain mechanical properties initially to bear loads, but over time the load 

bearing should transfer onto the newly forming tissue. The mechanical properties of the scaffold 

should match the properties of the surrounding tissue.  Additional attributes that should be 

considered when discussing bone grafts are: biocompatibility – performing with an appropriate 

host response [4];  osteoconductivity -  allowing and promoting cell attachment, proliferation, 

and migration throughout the scaffold; osteoinductivity – possessing necessary bioactive 

molecules that can induce differentiation of progenitor cells toward osteoblastic lineage; 

osteogenicity – allowing osteobalsts that are on site to produce minerals and calcify the 

surrounding matrix [1, 5]. 

Various scaffold fabrication techniques have been investigated for creating three 

dimensional (3D) porous composite polymeric scaffolds for bone tissue engineering [5-7]. 

Thermally induced phase separation is used to create foam scaffolds by freezing polymer 

solution into molds, and sublimating solvent out at low temperatures leaving an interconnected 

porous network behind [6, 8-10]. Solvent casting with particulate leaching involves the use of 

porogens (salt sugar or paraffin particles) that are incorporated into the polymer solution and 

then poured into 3D mold. Once the polymer has set, the solvent evaporates and the porogen is 
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leached out, leaving a porous network behind. While the pore size can be controlled by 

controlling the size of the porogen particles, porogen entrapped and closed off pores can be 

problematic [6, 7].  

Sintered microsphere scaffolds are produced by packing polymeric microspheres into 3D 

molds, and heat sintered above glass transition temperature. Due to the shape of the 

microspheres, the interconnected pore network is created in-between the microspheres, and pore 

size can be controlled by controlling the microsphere size. These scaffolds have been reported to 

have mechanical properties in the range of trabecular bone, with incorporation of either 

amorphous calcium phosphates or hydroxyapatite (HA) nanoparticles [6, 7, 11-13].  

Electrospinning is a scaffold fabrication technique that has recently gained interest in 

applications for bone tissue engineering [4, 6-10]. Electrospun scaffolds are characterized by 

high surface area, high porosities, and interconnected pore networks. This makes electrospun 

scaffolds desirable for tissue engineering applications as the nano- and microfiber surface 

morphologies mimic the native extracellular matrix [14, 15]. Various techniques have been 

investigated to create fiber alignment in electrospun mats to improve mechanical properties and 

better mimic native tissue, and they include electrospinning onto rotating mandrel and parallel 

plate deposition. While use of the rotating mandrel allows creation of thicker larger electrospun 

mats, the degree of fiber alignment is far from perfect. In parallel plate set up, fibers are collected 

on two conductive electrode strips separated by a gap.  Almost perfect alignment of fibers 

collected  between two electrodes can be achieved, but the mats are very small (due to small gap 

region) and thin [16].  

Various natural and synthetic materials have been successfully electrospun into scaffolds 

including, poly(ε-caprolactone) (PCL) [17, 18], poly(L-lactide) (PLLA) [19, 20], poly(D,L-

lactide) (PDLLA) [21], poly(lacitide-co-glycolide) (PLGA) [22], collagen type I [15],  gelatin 

type B [23-27]. Various mixtures of synthetic polymers with either natural polymer like gelatin 

or collagen [19, 24, 28, 29] or inorganic hydroxyapatite (HA) [20, 24, 29, 30], or both have been 

investigated to increase cellular attachment, proliferation and differentiation of cells.    

Scaffolds produced by electrospinning technique are two dimensional meshes with 

thickness up to a couple hundred microns. As a result, very little to no characterization has been 

done to determine the compressive mechanical properties of these scaffolds. Our group has 
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developed and characterized a sintering technique to fabricate 3D electrospun scaffolds from 

electrospun sheets[31]. Briefly, a layer of PDLA was electrospun onto an electrospun PLLA mat 

to serve as a bonding layer at higher temperatures to bind multiple layers together into 3D 

scaffolds.  This technique has been utilized in this study to fabricate 3D PLLA/gelatin with 

PDLA layer electrospun scaffolds and the effects of mineralization and fiber orientation on 

compressive mechanical properties were evaluated.  

3.3. MATERIALS AND METHODS  

3.3.1. Fabrication of Scaffolds by Electrospinning 

 PLLA (inherent viscosity =2.0 dl/g, Mw = 152,000) was purchased from Sigma Aldrich 

(St. Louis, MO, USA).  PDLA (inherent viscosity 0.6-0.8 dL/g) was purchased from SurModics 

Pharmaceuticals (Birmingham, AL, USA). Dichloromethane (DCM), tetrahydrofuran (THF), and 

dimethylformaldehyde (DMF) were purchased from Fisher Scientific (Pittsburgh, PA, USA).  

Gelatin, type A, from porcine skin was purchased from Sigma Aldrich (St. Louis, MO, USA). 

NaCl, KCl, CaCl 2H20, MgCl2 6H20, NaHCO3, and NaH2PO4 were purchased from Fisher 

Scientific (Pittsburgh, PA, USA).   

The electrospinning solutions were prepared by dissolving PLLA to 7 % w/v in 75% 

DCM and 25% DMF, and dissolving PDLA to 22 %w/v in 75% THF and 25%DMF. The 

PLLA/gelatin mixture was made by dissolving gelatin in 1ml deionized (dI) water and adding it 

to the 7% PLLA solution.  The amount of gelatin in solution is equal to 10 %, w/w of the amount 

of PLLA in the solution. As two solutions are not miscible, they were vortexed for 1 hr to mix 

before electrospinning. Polymer solutions were made in 16 ml batches and to make overall 

volume of gelatin/PLLA and PLLA solutions equal, 1ml of DCM is replaced with 1ml of gelatin.  

First,  the PDLA solution was loaded into a 5 ml plastic syringe with an 18-gauge needle, 

and extruded at a rate of 5 mL/h. PDLA was electrospun on a rotating (~ 2000 RPM) 5 cm 

diameter mandrel for a total volume of 1ml, at a distance of 15cm with voltages of +12kV and -

5kV applied.  The gelatin/PLLA was then electrospun directly onto the PDLA layer with a 

working distance of 5 cm. The voltages applied were +18kV and -7kV. The negative voltage is 

utilized in the electrospinning process to help drive the jet toward the collecting mandrel.  For 

scaffolds that were used for heat sintering HA, an additional layer of 1ml PDLA was electrospun 
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on top of gelatin/PLLA layer, with idea that one layer or PDLA is used for heat sintering HA and 

the other for sintering into 3D scaffolds. Gelatin in all the scaffolds was cross-linked in vapor of 

2.5% glutaraldehyde for 2 hours. 

3.3.2. Heat Sintering  

To fabricate three dimensional electrospun scaffolds, we will be utilizing heat sintering 

method previously reported by our group [31]. For heat sintering process, the electrospun mats 

were cut into 1cm wide strips, and rolled around 24-guge blunt needle into cylinders with 5 mm 

diameter. The cylinders were sintered in the oven at 54°C for 45 min. 

3.3.3. Variation of the Angles  

The effect of fiber alignment and orientation on mechanical properties of electrospun 

scaffolds in compression was investigated.  Electrospun scaffolds were cut into 1cm wide strips 

at various angles (0°, 15°, 30°, 45°, and 90°), with 0° being vertical orientation of the fibers and 

90° being horizontal orientation of the fibers (Figure 3.1). The strips were then rolled and 

sintered into 10mm by 5mm cylinders as described above, and tested in compression under 

physiological conditions (PBS pH7.4 at 37°C) until failure (n=6).

 

Figure 3.1. Schematic representation of cutting 1 cm strips at angles: 0°, 45°, and 90 ° 

3.3.4. Addition of Hydroxyapatite  
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Hydroxyapatite (HA) microparticles (10-20µm) were added by heat sintering to 

electrospun scaffolds to investigate potential effects on overall increase in mineralization and 

increase in mechanical properties. Amount of HA was determined as weight percentage of the 

weight of the entire electrospun mat. Two different amounts of HA microparticles were 

investigated, 50% or 100% w/w of the entire electrospun mat. Scaffolds that were used for HA 

sintering had 2 layers of PDLA, 1ml of PDLA on the bottom and 1ml of PDLA on the top of the 

PLLA/gelatin layer. HA was spread on one side of the mat and heat sintered for 45 min at 54°C. 

Afterwards, the mats were cut into 1cm strips as described above and heat sintered into cylinders 

for further mineralization and testing.   

3.3.5. Mineralization of the Scaffolds  

All the scaffolds were mineralized using a previously reported method by incubation in 

10X SBF [32]. Briefly, a stock solution was made using NaCl, KCl, CaCl 2H20, MgCl2 6H20, 

and NaH2PO4, and stored at room temperature. Prior to the mineralization process, NaHCO3 was 

added while stirring vigorously, resulting in the following  ion concentrations:   Ca
2+

  25 mM, 

HPO4
2-

 10 mM, Na
+
 1.03 M, K

+
 5 mM, Mg

2+
 5mM, Cl

-
 1.065M,and HCO3

-
 10mM . The 

electrospun scaffolds were incubated in 300 ml of 10XSBF for various times at room 

temperature, with mineralizing solution replaced every 2 hours. After being removed from 10X 

SBF , all the samples were rinsed in dI water to remove mineral not attached to scaffolds, and 

vacuum dried overnight. 

3.3.6. Scaffold Characterization  

 Scaffold morphology, HA microparticles, and mineral deposition and distribution on the 

scaffolds were imaged by scanning electron microscopy (SEM).  All the samples were sputter 

coated with gold and palladium and imaged using an ESEM (Environmental Scanning Electron 

Microscope) (FEI Quanta 600 FEG) in high vacuum mode. 

3.3.7. Mechanical Properties  

The scaffolds were mechanically tested in compression using an Instron 5869 with 

Bioplus Bath (Norwood, MA, USA). The tests were performed in phosphate buffered saline 

(PBS) (pH= 7.4) at 37°C. The scaffolds were fabricated into 10mm high cylinders with 5mm 
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diameter (2:1 height to diameter ratio) and tested in compression (n=6) until failure with uniform 

strain rate of 1mm/min (10% stain/min). The data was analyzed to determine yield stress and 

elastic modulus.  

3.3.8. Mineral Ash Weights  

Samples were subjected to high temperatures to burn off the polymer and determine the 

mineral ash weight percent. After the initial weight of the samples was recorded, the samples 

were placed in ceramic crucibles, and then placed into a high temperature furnace (Model No. 

FD1535M, Fisher Scientific, Pittsburgh, PA, USA) at 700°C for 24 hours. After cooling down, 

the mineral ash weight was recorded and the average mineral percent deposition calculated as 

ratio of mineral ash weight to samples original weight. Each sample was placed in separate 

crucible, and three samples per group were tested (n=3). 

3.3.9. Alizarin Red Stains 

Mineral deposition and distribution was characterized by the Alizarin red stain. At each 

time point, the scaffolds were washed with PBS and transferred into new well plates. The 

scaffolds were then fixed in 70% ethanol for 1hr at 4°C, and stained with 40 mM Alizarin red 

solution for 10 min. The scaffolds were then washed with dI water five times, placed into 

cryomolds, imbedded in OCT imbedding medium, and frozen at -20°C. The scaffolds were cut 

into 200µm section using a Cryostat HM 550 (Thermo Scientific Microm, Walldorf, Germany), 

and imaged using stereoscope. 

3.3.10. Statistical Analysis 

Statistical analysis was performed using JMP 9 software.  All the data was analyzed 

using one way analysis of variance (ANOVA) with Tukey’s test to determine statistically 

significant differences between groups. Statistical significance was tested at p < 0.05.  

3.4. RESULTS   

We were able to successfully create three dimensional heat sintered scaffolds from 

electrospun materials. The resulting scaffolds were in the shape of the cylinders with 2:1 height 
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to width ratio, with 5mm diameter and 10mm height.  The scaffolds were used to investigate the 

effect of fiber orientation on the mechanical properties in compression.  

3.4.1. Variation of the Angles 

The effect of fiber alignment and orientation on compressive mechanical properties of 

scaffolds in compression can be seen in Figure 3.2.  The alignment of the fibers that were 

electrospun can be seen in Figure 2A. No noticeable trends were observed as the angle of the 

orientation of the fibers was changed. Scaffolds with vertical orientation (0°) of the fibers had 

significantly higher compressive yield stress than scaffolds with fiber orientation at 45°. The 

same scaffolds, 45° orientation had significantly lower compressive modulus than scaffolds at 

30° fiber orientation. As there were no differences between vertical and 30° orientation scaffolds, 

vertical orientation was chosen for continuing studies.  

 

Figure 3.2.  Effects of fiber alignment on compressive mechanical properties of the scaffolds. 

(*) - Statistically different from 45° (p<0.05) 

3.4.2. Addition of Hydroxyapatite and Mineralization  

 The hydroxyapatite microparticles were sintered to the surface of the electrospun 

scaffolds and can be seen in Figure 3.2. There were no differences in the amount of HA 

microparticles present between 50wt% and 100wt%, but the particles were distributed evenly on 

the surfaces. 
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Figure 3.3. SEM images of electrospun PLLAgelatin cross-linked scaffolds (A) and scaffolds 

with hydroxypatite (HA) microparticles on the surface (B, C). No difference is seen between 

50wt% HA (B) and 100wt% HA (C). Scale bar 40µm 

 Mineral formation on the scaffolds was also qualitatively observed using SEM and can be 

seen in Figure 3.4.  After 6 hour of mineralization (A, D, and F), fiber morphology of the 

electrospun scaffolds is still preserved, but some large crystals can be seen on the surface. 

However, as the mineralization time is increased to 24 hours (B, E, and G), the surfaces of the 

scaffolds become completely covered in calcium phosphate crystals. Some fiber morphology can 

be seen on the 100wt% HA scaffolds (G), but it still dominated by large crystals. After 48 hours 

of mineralization (C and H), surface of the scaffolds are covered in calcium phosphate crystals, 

and no fiber morphology is visible, and there are no differences in appearances of the scaffolds.    
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Figure 3.4. SEM images of the following scaffolds: NoHA (A, B, C), 50wt%HA (D, E), and 

100wt%HA (F,G, H). Imaging was performed after 6 hour (A, D, F), 24 hr (B, E, G) and 48 hr 

(C, H) of mineralization 

 

3.4.3. Mechanical Properties  

Effects of heat sintering and prolonged mineralization times on compressive mechanical 

properties were investigated under simulated physiological conditions (Figure 3.5). Scaffolds 

were tested in pH 7.4 PBS at 37°C at 10% strain rate until failure.  
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Figure 3.5.  Mechanical properties of the scaffolds in compression after mineralization up to 48 

hrs. (*) - Statistically different from 50wt%HA, 24hr (p<0.05) 

 No effect on the yield stress was seen from the addition and heat sintering of HA to the 

electrospun scaffolds.  There were also no significant differences between groups after 6 hours of 

mineralization. After 24 hours of mineralization, scaffolds that contained 100wt% HA had a 

significantly higher yield stress than scaffolds with 50% wt HA. However, no differences 

between scaffolds were found on after 48 hours of mineralization. Mineralization time had an 

effect on the yield stresses of scaffolds without HA and with 100 wt% HA , but not on scaffolds 

with 50 wt% HA. Scaffolds with no HA showed significant increase in yield stress from 6 hr to 

24 hr to 48hr. With scaffolds with 100 wt% HA, a significant increase in yield stress was 
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observed from 6hr to 24hr mineralization. Prolonged mineralization times resulted in increase in 

compressive mechanical properties, however the addition of the HA had no significant effect on 

the mechanical properties of the scaffolds.  

3.4.4. Ash Weights  

The amount of mineral deposited onto each scaffolds was determined by determining 

mineral ash weights. The percentages are reported in Table 1. After heat sintering HA to the mats 

and then heat sintering mats into 3D scaffolds, reaming HA in the scaffolds only around 10-11 

wt%.   Increasing the mineralization times resulted in a significant increase in mineral ash for 

50% HA and 100%HA, from 6hr to 24hr, and also from 24hr to 48 hr for groups with 0%HA and 

100%HA.  Addition of HA to the scaffolds resulted in significantly higher amount of mineral 

present on the scaffolds after 6, 24 and 48 hours of mineralization. No significant differences in 

amount of mineral present were seen between scaffolds with 50%HA and 100%HA, therefore 

the ash weight of 48h for 50% HA was not included in Table 3.1.  

Table 3.1. Average mineral ash weight percents 

 0%HA 50%HA 100%HA 

0h  10.07±2.69 11.68±0.49 

6h 2.19±1.56 15.79±0.32 15.29±1.10 

24h 7.86±2.67 24.33±0.75 26.78±2.93 

48h 15.64±3.84 34.50±0.59 

 

 

3.4.5. Alizarin Red Stains  

 The mineral presence and distribution were visualized by staining with alizarin red for 

calcium (Figure 3.6). The presence of calcium is most noticeable on the outer most layers of the 

scaffolds. Very little to no mineral can be seen on the inside layers of the scaffolds, but the 

scaffolds with increased mineralization time did show some mineral on the inside layers. The 

addition of HA to the scaffolds made no noticeable difference.  
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Figure 3.6. Alizarin red cross-sections stains of the following scaffolds: NoHA (A, B, C), 

50wt%HA (D, E), and 100wt%HA (F, G, H). Staining was performed after 6 hour (A, D, F), 24 

hr (B, E, G) and 48 hr (C, H) of mineralization 

3.5.DISCUSSION  

In this study we utilized previously reported heat sintering technique for the electrospun 

scaffolds [31] to investigate the effect of fiber orientation and degree of mineralization on 

compressive mechanical properties of the electrospun scaffolds. While the effect of fiber 

alignment on tensile mechanical properties of electrospun scaffolds has been investigated [33], 

the effect of the alignment on compressive properties is still unknown. Scaffolds with vertical 

orientation of the fibers had significantly higher yield stress than scaffolds with fiber orientation 

of 45°. Scaffolds with fiber orientation at 30° had significantly higher compressive modulus than 

scaffolds with 45° orientation. Overall, no trends were observed as the orientation was varied, 
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indicating that the alignment may not affect the compressive mechanical properties. This could 

also be due to the limitation of the speed of the rotating mandrel that was used to collect the 

nanofibers. In our system, the speed of the mandrel maxes out at 2000 RPM, but higher speeds 

are possible with other setups. With increasing rotation speed of the collecting mandrel, even 

better alignment can be obtained and the differences or trends in mechanical properties may 

become more prominent. 

Addition of the HA by heat sintering and prolonged mineralization times were evaluated 

as means to increase mineral deposition and mechanical properties of the scaffolds. SEM images 

of the scaffolds before mineralization (Figure 2) and during the various stages of mineralization 

(Figure 3) are shown. Before mineralization HA can be seen on the surface and there were no 

differences between two amounts of HA added. Increased mineralization times resulted in 

increase of the mineral deposited on the scaffolds (Figure 3). After 6 hour of mineralization, 

mineral deposition can be seen, but the fiber morphology is preserved. Scaffolds with 100%HA 

seem to have the highest amount of mineral present. As the mineralization times increases 

scaffolds become completely covered in large mineral crystals, as seen in Figure 3 C and H, and 

no difference can be seen between the groups of the scaffolds.  

Effects of increased mineralization and addition of hydroxyapatite on compressive 

mechanical properties of the scaffolds were also investigated. There were no differences in 

compressive mechanical properties between scaffolds with HA and without HA, and any time 

point of the mineralization.  The effects of incorporation of HA into electrospinning polymer 

solution have only been investigated on tensile mechanical properties, with some conflicting data 

suggesting  increase in yield stresses and elastic modulus for PLLA/HA vs. PLLA [20], but also 

reports of decrease in tensile mechanical properties [24, 29]. However these are tensile properties 

and the HA was incorporated directly into polymer solution. Lv et al. also investigated heat 

sintering nanoHA to PLGA microspheres and heat sintering 3D scaffolds. They found that 

addition of nanoHA can increase mechanical properties in compression, however if too much 

HA was added it interfered with heat sintering, resulting in the decrease in mechanical properties 

[34]. This could also explain the results we are observing with our data, that sintering the HA to 

the surface of the mats is interfering with the sintering of polymeric layers to one another. 

Increased mineralization times had positive effect on the mechanical properties of the scaffolds, 
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with significant increases in mechanical properties for scaffolds without HA and with 

100wt%HA. 

Mineral ash weight percentages were calculated after the polymer was burned off.  After heat 

sintering HA to the mats and then heat sintering mats into 3D scaffolds, only 10-11 wt% HA 

remained in the scaffolds. This indicated that most of the HA was lost during the fabrication 

process probably due to lack sintering to the polymer fibers. Also, there were no differences in 

the amount of HA sintered in the scaffolds between 50wt%HA and 100wt% HA, indicating that 

there may be a limit to the amount of HA that can be sintered to the mats. Increasing 

mineralization times resulted in increased mineral content, as expected. Addition of HA to the 

scaffolds resulted in significantly higher amount of mineral present on the scaffolds after 6, 24 

and 48 hours of mineralization. While the presence of HA increased overall mineral weight 

percentage, it also provides nucleation sites during the incubation in 10X SBF, resulting in the 

increased mineral precipitation. Similar reports have also been reported by Dr. Bowlin’s group, 

where incorporation of nanoHA significantly increased mineral precipitation during incubation is 

SBF [30].  

Alizarin red staining of the scaffolds cross-sections was used to observe mineral deposition 

and distribution in the scaffolds. Some increase in mineral distribution could be seen with 

increased mineralization, but a majority of the mineral was found on the outer layers of the 

scaffolds. This is a common drawback of mineralization by incubation in simulated body fluid 

under static condition. Until now, electrospun scaffolds were 2 dimensional so mineralization at 

the centers was possible with the use of vacuum [35], but these 3D scaffolds are too big to 

achieve mineralization throughout the scaffolds using these methods. Recently Teo et al. utilized 

flow chamber for mineralization of electrospun scaffolds by alternate immersion in CaCl2 and 

Na2HPO4. This resulted in more uniform mineral deposition throughout the scaffolds and 

improved mechanical properties over scaffolds mineralized in static conditions [36]. 

The porosity of the scaffolds was not investigated in this study, but the mineral presence on 

the surface could affect the cellular infiltration. Mineral deposited by incubation in 10X SBF was 

shown to deposit mainly as brushite, which is a reabsorbable and amorphous CaP, and does not 
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have negative effects on cellular proliferation[35]. Future work will focus on in vitro studies to 

further investigate these scaffolds. 

3.6.CONCLUSION  

 In this study we utilized a heat sintering technique to create 3D electrospun scaffolds and 

explored the effect of fiber orientation and degree of mineralization on compressive mechanical 

properties. Scaffolds with vertical fiber orientation had a significantly higher yield stress 

compared to those with a 45° nanofiber orientation. Scaffolds with a nanofiber orientation at 30° 

had a significantly higher compressive modulus than scaffolds with 45° orientation. Longer 

mineralization times resulted in an increase in compressive mechanical properties. HA 

incorporation had no effect on the mechanical properties of the scaffolds, but had significant 

effect on the mineral deposition on PLLA/gelatin scaffolds. SEM images showed significant 

amounts of mineral deposited on the scaffolds; however, alizarin red cross-sectional stains 

indicate that the majority of the mineral is located on the outer surfaces of the scaffolds.   

 Based on this data we can conclude that fiber orientation can make a slight difference in 

nanofibrous scaffold compression, but this difference is not as profound as the difference seen 

with increased mineralization.  The data also shows that there is a balance when utilizing HA for 

increased compressive strength.  HA deposition through mineralization in an SBF bath increases 

compressive strength by reinforcing the nanofibrous matrix.  On the other hand, the use of HA 

microparticles can interfere with nanofiber sintering and decrease scaffold strength.  In addition, 

the use of static mineralization techniques limits the depth of mineralization into the scaffold.  

Future work will focus on the use of flow to improve mineral distribution throughout the 

scaffolds. 
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Chapter 4 

Fabrication and Characterization of Electrospun Osteon Mimicking Scaffolds 

for Bone Tissue Engineering 

Tea Andric, Alana C. Sampson, Joseph W. Freeman 

Materials Science and Engineering C 31(2011) 2-8 

4.1. ABSTRACT  

 Skeletal loss and bone deficiencies are a major worldwide problem with over 600,000 

procedures performed in the US alone annually, making bone one of the most transplanted 

tissues, second to blood only. Bone is a composite tissue composed of organic matrix, inorganic 

bone mineral, and water. Structurally bone is organized into two distinct types: trabecular (or 

cancellous) and cortical (or compact) bone.  Trabecular bone is characterized by an extensive 

interconnected network of pores.  Cortical bone is composed of tightly packed units, called 

osteons, oriented parallel along to the axis of the bone. While the majority of scaffolds attempt to 

replicate the structure of the trabecular bone, fewer attempts have been made to create scaffolds 

to mimic the structure of cortical bone. The aim of this study was to develop a technique to 

fabricate scaffolds that mimic the organization of an osteon, the structural unit of cortical bone. 

We built a rotating stage for PGA fibers and utilized it for collecting electrospun nanofibers and 

creating scaffolds. Resulting scaffolds consisted of concentric layers of electrospun PLLA or 

gelatin/PLLA nanofibers wrapped around PGA microfiber core with diameters that ranged from 

200-600µm. Scaffolds were mineralized by incubation in 10x simulated body fluid, and scaffolds 

composed of 10%gelatin/PLLA had significantly higher amounts of calcium phosphate. 

Electrospun scaffolds also supported cellular attachment and proliferation of MC3T3 cells over 

the period of 28 days.  
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4.2. INTRODUCTION 

Skeletal loss and bone deficiencies are major worldwide problem with over 600,000 

procedures performed in the US alone annually, making bone second most transplanted tissues, 

second to blood only [1, 2] . This number is only expected to increase due to the aging 

population and increased life expectancies.  The annual market is estimated at 2.5 billion 

annually. The current standard in orthopedic reconstructive surgeries is the autograft, autologus 

tissue harvested from the patient. Although autografts have very high success rates, they do have 

drawbacks, namely donor site morbidity and limited supply. The current alternative to autografts 

is allografts or tissue from donors. Although the use of allografts eliminates the potential 

drawbacks of the autografts, they do have the limitations of their own, such as chance of disease 

transmission and high failure rates. As current standards in treatment are not without drawbacks, 

there is a need for alternative bone grafts substitutes.  

Bone is a composite tissue composed of organic matrix (20-30 wt%),  inorganic bone 

mineral (60-70 wt%), and water (10 wt%) [3]. The majority of the bone’s organic matrix, over 

90 %, is composed of type I collagen fibrils [1, 4]. The inorganic phase of the bone is composed 

of hydrated calcium phosphate, known as hydroxyapatite [1, 4]. While the mineral content of the 

bone contributes to tissue stiffness, collagen matrix contributes to the toughness of the tissue [5].  

Structurally, bone is organized into two distinct types: trabecular (or cancellous) and 

cortical (or compact) bone.  The two types of bone are distinguished by their degree of porosity.  

Cortical bone is highly organized, dense and compact. It has a low porosity that range from 5 to 

30% [4] and is usually found on the outside of the bone. Cortical bone is composed of tightly 

packed units, called osteons, oriented parallel along to the axis of the bone. Osteons are 

composed of concentric layers of mineralized collagen fibers around central channel, haversian 

canal, where vasculature and nerves are housed [6-8]. Osteons can range from 100 to 300 μm in 

diameter [6, 7]. The high organization and compact nature provide excellent micro-crack 

propagation prevention and high tensile and compressive mechanical properties.  Trabecular 

bone is generally found surrounded by cortical bone. Trabecular bone is often referred to as 

spongy bone, due to extensive interconnected network of pores, with porosity as high as 90% [4, 

7, 9]. The variation in bone structure and composition results in a wide range of mechanical 

properties. Cortical bone has compressive and tensile strengths in the range of 167-215 MPa and 
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107-140 MPa respectively, and the Young’s modulus is 10-20 GPa [4]. Trabecular bone has 

compressive strength in the range of 3- 9 MPa, and Young’s modulus of 0.01 – 0.9 GPa [4] 

Many fabrication and polymer processing techniques have been investigated for possible 

bone tissue engineering scaffolds, including sintered microspheres [10, 11], thermally induced 

phase separation [12-14], particulate leaching [15, 16], and 3D printing [17-20].  All of the 

scaffolds are characterized by high porosities, pore interconnectivity, and architectures that 

mimic the structure of the trabecular bone. No fabrication technique, to the best of our 

knowledge, has attempted to create scaffolds that replicate the structural organization of the 

cortical bone.   

Electrospinning as a scaffold fabrication technique has recently gained interest in 

applications for bone tissue engineering [4, 6-10]. Electrospun scaffolds are characterized by 

high surface area, high porosities, and interconnected pore networks. This makes electrospun 

scaffolds desirable for tissue engineering applications as the nano- and microfiber surface 

morphologies mimic the native extracellular matrix [21, 22]. One limitation on the electrospun 

scaffolds for bone tissue engineering is that scaffolds are sheets with thicknesses up to 500µm 

[23].  

In this study, the aim was to develop a technique to fabricate scaffolds that mimic the 

structural organization of an osteon, the structural unit of the cortical bone. We successfully built 

rotating stage for PGA fibers and utilized it for collecting electrospun nanofibers and creating 

scaffolds. Resulting scaffolds consisted of concentric layers of electrospun PLLA or 

gelatin/PLLA nanofibers wrapped around PGA microfiber core. Scaffolds were successfully 

mineralized utilizing incubation in 10X simulated body fluid (SBF) solution and evaluated for 

cellular attachment and proliferation.  

 

4.3. MATERIALS AND METHODS  

4.3.1. Scaffold Fabrication by Electrospinning 

 PLLA (inherit viscosity =2.0 dl/g, Mw = 152,000) was purchased from Sigma Aldrich 

(St. Louis, MO, USA).  PGA fibers were purchased from Concordia Medical (Warwick, RI, 

02886). Dichloromethane (DCM) and dimethylformaldehyde (DMF) were purchased from 

Fisher Scientific (Pittsburgh, PA, USA).  Gelatin, type A, from porcine skin was purchased from 
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Sigma Aldrich (St. Louis, MO, USA). NaCl, KCl, CaCl 2H20, MgCl2 6H20, NaHCO3, and 

NaH2PO4were purchased from Fisher Scientific (Pittsburgh, PA, USA).   

 The electrospinning solution was prepared by dissolving PLLA to 7 weight percent (wt 

%) in 75% DCM and 25% DMF. The solution was loaded into a 5 ml plastic syringe with an 18-

gauge needle, and extruded at a rate of 5 ml/hr. The PLLA was electrospun onto a rotating PGA 

fibers placed in front of negatively charged plate with a 5 cm diameter and a working distance of 

5 cm. The voltage applied was +13kV and -7kV. A stage for rotating PGA fibers was custom 

built and allowed three fibers to be rotated at one time, see Figure 4.1.  A total of 1ml of polymer 

solution was electrospun for every set of scaffolds.  

 

Figure 4.1. Set up that was used for rotation of PGA fibers and scaffolds fabrication 

The gelatin/PLLA mixture was made by dissolving gelatin in 1ml deionized (dI) water 

and adding it to the 7% PLLA solution.  The amount of gelatin in solution was equal to 10 or 5 

%, w/w of the amount of PLLA in the solution, and will be referred to as 5% gel/PLLA and 10% 

gel/PLLA. As the two solutions are not miscible, they were vortexed for 1 hr prior to 

electrospinning. The electrospinning parameters were identical to the parameters used for the 

PLLA solution alone, except the voltage applied was +18kV and -7kV.   

4.3.2. Mineralization of Scaffolds 

We have adopted a method previously developed and reported by Tas and Bhaduri [24] 

to prepare 10XSBF. A stock solution was made using NaCl, KCl, CaCl2H20, MgCl2 6H20, and 

NaH2PO4, and stored at room temperature. Prior to the mineralization process, NaHCO3 was 
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added while stirring vigorously, resulting in the following  ion concentrations:   Ca
2+

  25 mM, 

HPO4
2-

 10 mM, Na
+
 1.03 M, K

+
 5 mM, Mg

2+
 5mM, Cl

-
 1.065M,and HCO3

-
 10mM . The 

electrospun mats were incubated in 400 ml of 10XSBF in vacuum for two hours at room 

temperature After being removed from 10X SBF , all the samples were rinsed in dI water to 

remove mineral not attached to scaffolds, and vacuum dried overnight. 

4.3.3. Mineral Ash Weight 

Samples were subjected to high temperatures to burn off the polymer and determine the 

mineral ash weight percent. After the initial weight of the samples was recorded, the samples 

were placed in ceramic crucibles, and then placed into a high temperature furnace (Model No. 

FD1535M, Fisher Scientific, Pittsburgh, PA, USA) at 700°C for 24 hours. After cooling down, 

the mineral ash weight was recorded and the average mineral percent deposition calculated as 

ratio of mineral ash weight to samples original weight. Scaffolds were tested in groups of five 

fibers (n=3).  

4.3.4. Scaffold Characterization  

Scaffold morphology, size, mineral deposition and distribution on the scaffolds were 

imaged by scanning electron microscopy (SEM).  The scaffolds were soaked in liquid nitrogen 

and freeze-fractured to view the cross-sections. Cross-sections were imaged to map out mineral 

distribution throughout the scaffolds. All the samples were sputter coated with gold and 

palladium and imaged using an ESEM (Environmental Scanning Electron Microscope) (FEI 

Quanta 600 FEG) in high vacuum mode. Energy Dispersive Spectroscopy (EDS) analysis was 

performed using the Bruker EDX Silicon Drifter Detector on the ESEM to map presence of 

calcium and phosphate on the scaffolds.  

X-ray diffraction (XRD) was used to determine the crystallographic structure of the 

calcium phosphate mineral. Samples were tested using X-ray Diffraction System (Philips Xpert 

Pro) with 45kV, 40mA, step size of 0.03° and scanning range from 10° to 60°.  
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4.3.5. Degradation Study 

Four groups of scaffolds, PLLA (n=5), PLLA_MIN (n=5), 10%gel/PLLA (n=5), and 

10%gel/PLLA_MIN (N=5) were subjected to in vitro degradation study.  The weights of five 

samples were recorded and the samples were placed in 15ml conical tubes with 10ml of PBS, 

and placed in an agitated water bath (Stovall Life Science Inc., Greensboro, NC, USA) at 37°C 

for period of 4 weeks. At the end of every week, samples were removed from the conical tubes, 

rinsed in dI water, vacuum dried overnight, and weighed. Weight percent change for every group 

was calculated as change in weight divided by the original weight.  To evaluate the presence of 

PGA fibers in the osteons, the scaffolds were freeze-fractured using liquid nitrogen, and cross-

sections were imaged using ESEM.  

4.3.6. Cell Study 

4.3.6.1. Cellular Proliferation   

 Mouse pre-osteoblastic cells (MC3T3-E1, ATCC) were cultured in Alpha Minimum 

Essential Medium (α-MEM, Cellgro, Mediatech, Manassas, VA, USA) supplemented with 10% 

fetal bovine serum (FBS, Cellgro, Mediatech, Manassas, VA, USA) and 1% streptomycin/ 

penicillin (Cellgro, Mediatech, Manassas, VA, USA).  The scaffolds were cut into 15mm fibers 

and secured into 24-well Ultra-Low Cluster plates (Costar)   using Silastic Medical Adhesive 

(Dow Corning, Midland, MI, USA). The samples were sterilized in 70% ethanol for 30 minutes 

followed by exposure to UV light for 30 minutes. The scaffolds were then washed with PBS and 

soaked in cell culture medium overnight. Approximately 20,000 cells were seeded onto each 

scaffold and control (well plate without scaffold). The cells were allowed to attach for one hour 

before adding culture medium to a final volume of 1 ml. After the cells were seeded the media 

was supplemented with 3mM β-glycerophospate and 10µg/ml of L-ascorbic acid.  The media 

was changed every other day and the cultures were incubated at 37°C in a humidified 

atmosphere and 5% CO2. Cells were cultured for a period of 28 days and data was collected on 

days 7, 14, 21, and 28.  

Cell viability was measured using a Cell Titer 96
TM

 Aqueous Solution Cell Proliferation 

Assay (MTS Assay) (Promega, Madison, WI, USA) on the following scaffolds PLLA (n=4), 

PLLA_MIN (n=4), 10%gel/PLLA (n=4), 10%gel/PLLA _MIN (n=4) and a control (n=4). At 
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each time point (7, 14, 21, and 28 days) the media was removed, then 300 μl of fresh media and 

60 μl of the MTS solution were added to each well and incubated at 37°C with 5 % CO2 for three 

hours. After incubation, 300 μl of the mixture was transferred to a 48-well plate. The plate was 

read at 490 nm using a SpectroxMax M2 spectrophotometer (Sunnyvale, CA, USA).     

4.3.6.2. Alkaline Phosphatase Activity  

Alkaline phosphatase (ALP) activity was measured as an early marker of osteoblastic 

phenotype using an ALP substrate kit (Bio-Rad, Hercules, CA) on the following scaffolds PLLA 

(n=4), PLLA_MIN (n=4), 10%gel/PLLA (n=4), and 10%gel/PLLA _MIN (n=4). At each time 

point, scaffolds were washed twice with sterile PBS. Cells were lysed with 1ml of 1% Triton X-

100 solutions and then subjected to three freeze-thawing cycles at -80°C. All the cells lysates 

were stored at -80°C until the end of the study, when all the samples were thawed and assayed 

together. A 100µL of the sample was mixed with 400µL of substrate solution (mixture of p-

nitrophenylphosphate, diethanolamine buffer, and dI water) and incubated at 37°C for 30 

minutes. The reaction was stopped with 500µL of 0.4N NaOH, and the resulting solution was 

read at 405nm using a SpectroxMax M2 spectrophotometer (Sunnyvale, CA, USA). The amount 

of ALP was normalized to total protein content from the same cell lysates, which was determined 

using BCA protein assay (Thermo Scientific, Rockford, IL).  

4.3.6.3. Alizarin Red and Fluorescence Stain  

Mineral deposition and distribution was characterized by the Alizarin red stain. At each 

time point, the scaffolds were washed with PBS and transferred into new well plates. The 

scaffolds were then fixed in 70% ethanol for 1hr at 4°C, and stained with 40 mM Alizarin red 

solution for 10 min. The scaffolds were then washed with dI water five times, placed into 

cryomolds, imbedded in OCT imbedding medium, and frozen at -20°C. The scaffolds were cut 

into 50µm section using a Cryostat HM 550 (Thermo Scientific Microm, Walldorf, Germany), 

and imaged using light microscope (Leica Microsystems LAS AF 6000, Bannockburn, IL, USA).  

Cellular attachment on the scaffolds was qualitatively observed by fluorescence staining. 

Scaffolds were fixed in 3.7% paraformaldehyde and 0.5% Triton X-100 at room temperatures 

and stained with phalloidin and DAPI.  The scaffolds were imaged using a fluorescence 

microscope (Leica Microsystems, Bannockburn, IL, USA).  
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3.3.7. Statistical Analysis 

Statistical analysis was performed using JMP 7 software.  All the data was analyzed 

using one way analysis of variance (ANOVA) with Tukey’s test to determine statistically 

significant differences between groups. Statistical significance was tested at p < 0.05.  

4.4. RESULTS 

Scaffolds were fabricated by electrospinning polymer solutions onto rotating PGA fibers. 

ESEM images of the scaffolds showed that they consisted of concentric layers of polymer 

nanofibers with PGA fibers as the cores. ESEM picture shows a cross-section of a single scaffold 

(Figure 4.2). Scaffolds were found to have average diameters that ranged from 200-600µm. In 

our previous work, we have showed that scaffolds electrospun with PLLA/gelatin mixture were 

found to have higher fiber diameters [25]. Osteon-like scaffolds electrospun with 10%gel/PLLA 

were found to have significantly higher average diameter (704 μm ±172 μm) than PLLA 

scaffolds (481µm±260µm).   

 

Figure 4.2. ESEM of scaffold cross-section, where PGA fibers are visible in the core surrounded 

by concentric layers of PLLA fibers 
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4.4.1 Mineralization of Scaffolds  

Mineral content of the scaffolds was quantitatively evaluated by determining mineral ash 

weights. All ash weights are listed in the Table 4.1. Scaffolds with 10% gelatin were found to 

have significantly higher mineral ash weight percentages than PLLA and 5%gel/PLLA scaffolds.  

Table 4.1. Average mineral ash weight percentages. * than PLLA (p<0.05) 

Group Name Avg. Mineral Ash Weight % 

PLLA 2.65 ±2.02 

5%gel/PLLA 6.08±2.23 

10% gel/PLLA 13.50±1.85* 

 

The amount and distribution of mineral on the scaffolds was qualitatively assessed using 

ESEM and EDS mapping. EDS maps of scaffolds revealed presence of calcium and phosphorus 

ions on the surfaces of all osteons (Figure 4.3), but the highest amounts of mineral can be seen 

on 10%gel/PLLA scaffolds in Figure 4.3 C and F. In the pictures, calcium is tagged with red and 

phosphorus with green, and in places where the two overlap the color becomes yellow.   
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Figure 4.3. ESEM pictures of PLLA_MIN (A), 5%gel/PLLA_MIN (B), and 

10%gel/PLLA_MIN(C) scaffolds and corresponding EDS maps (D,E,F). The highest amount 

calcium phosphate can be seen on the 10%gel/PLLA scaffolds (F) 

Crystallographic structure of the calcium phosphate mineral on the surface on the 

scaffolds was investigated using a X-ray diffraction (XRD).  Diffraction pattern can be seen in 

Figure 4.4, where the peaks identified as the combination of hydroxyapatite and brushite.  

 

Figure 4.4. Diffraction pattern of the 10%gel/PLLA_MIN scaffolds with brushite and 

hydroxyapatite peaks labeled  
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4.4.2 Degradation Study  

Osteons found in cortical bone are characterized by concentric layers of mineralized 

collagen fibers around the haversian canal. We performed 4 week degradation study to degrade 

PGA fibers found in the core of the scaffolds, to create channels that would mimic haversian 

canals.  After 4 weeks, there was no significant weight loss due to degradation between groups, 

but significant weight loss was observed for PLLA scaffolds from day 21 to day 28 point and for 

PLLA_MIN scaffolds from day14 to day 28.  Overall, average percent weight loss was between 

14-21 weight percents (Figure 4.5).   

 

Figure 4.5. Average weight percent loss over the 4 week degradation study 

ESEM pictures of these scaffolds were taken after 4 weeks to assess the degradation of 

PGA fibers in the cores of the scaffolds. Pictures shown in Figure 4.6 reveal the presence of 

PGA fibers in the cores of the scaffolds. PGA fibers did not degrade completely during the 4 

week study.  
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Figure 4.6. ESEM of scaffold cross-section on day 28 of degradation study. PGA fibers can be 

seen in the cores of the scaffolds: A) PLLA, B) PLLA_MIN, C) 10%gel/PLLA, and D) 

10%gel/PLLA_MIN 

4.4.3. Cell Study  

4.4.3.1. Cellular Proliferation  

Proliferation of the M3T3-E1 cells on the scaffolds was quantified using MTS assay on 

days 7, 14, 21, and 28 and the absorbances at 490 nm are shown in Figure 4.7. All absorbances 

were significantly higher than negative controls for every time point.  On day 7, absorbance for 

PLLA was significantly higher than for all the other groups. Absorbance for PLLA scaffolds was 

significantly higher than absorbances for PLLA_MIN and 10%gel/PLLA_MIN group on day 14. 

On day 21, PLLA and10%gel/PLLA scaffolds showed significantly higher absorbances than 

PLLA_MIN and 10%gel/PLLA_MIN scaffolds. On day 28, PLLA scaffolds had significantly 

higher absorbances than PLLA_MIN scaffolds.  
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Figure 4.7. MTS assay absorbances over the period of 4 week cell study. * - significantly 

different from all groups (p<0.05); # - significantly different from PLLA (p<0.05), @ - 

significantly different from PLLA_MIN and 10%gel/PLLA_MIN (p<0.05)  

 

Over the period of 28 days, all groups exhibited significant increase in absorbance. 

Significant increase in absorbances was observed from day 7 to day 14 for groups PLLA_MIN, 

10%gel/PLLA, 10%gel/PLLA_MIN, from day 7 to day 21 for PLLA, from day 14 to day 21 for 

10%gel/PLLA, and from day 21 to day 28 for 10%gel/PLLA_MIN. Cells can also be seen on the 

surfaces of the scaffolds where actin filaments are stained green and nuclei stained blue (Figure 

4.8).  
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Figure 4.8. Fluorescently labeled scaffolds after 28 days of cell culture, actin filaments are 

stained green and the cell's nuclei stained blue for the following scaffolds: A) PLLA , 

B)PLLA_MIN, C)10%gel/PLLA, and D) 10%gel/PLLA_MIN (scale bar 75µm) 

 

4.4.3.2. Alkaline Phosphatase Activity  

Alkaline phosphatase activity was measured using an ALP substrate kit, all of the values 

are expressed as fractions of total cell protein in Figure 4.9. On day 14 scaffolds for 

10%gel/PLLA_MIN had higher levels of ALP than PLLA scaffolds. On day 21 ad 28 there were 

no significant differences between scaffolds.  
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Figure 4.9. ALP expression as the fraction of the total cell protein. * - significantly different 

from PLLA (p<0.05)  

4.4.3.3. Alizarin Red Stain 

Mineral deposition and distribution was observed by Alizarin red staining at the end of 

each time point in the cell study (Figure 4.10). On day 7, very little of the alizarin red stain can 

be seen in the cross-sections, especially on the nonmineralized scaffolds. By day 28, mineral 

stains can be seen on all scaffolds. Scaffolds that were originally nonmineralized have a thin 

surface layer of mineral. Presence of mineral across the entire cross-section after 28 days of cell 

culture can be seen on the mineralized scaffolds, PLLA and gel/PLLA.   
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Figure 4.10. Alizarin red stains of scaffolds: PLLA (A, E), PLLA_MIN (B, F), 

10%gel/PLLA(C, G), and 10%gel/PLLA_MIN (D, H) after 7 (A-D) and 28(E-H) days of cell 

culture. Scale bar 100µm. 

4.5. DISCUSSION  

In this study, we have designed and fabricated nanofibrous PLLA and gelatin/PLLA 

scaffolds that mimic structural organization of osteons, the building units of cortical bone. We 

successfully built rotating stage for PGA fibers (Figure 4.1) and utilized it for collecting 

electrospun nanofibers and creating scaffolds. The resulting scaffolds, seen in Figures 4.2 and 

4.5, consisted of concentric layers of electrospun PLLA or gelatin/PLLA nanofibers wrapped 

around PGA microfiber core, with diameters that ranged from 200-600µm.  

Scaffolds were mineralized by incubation in 10X SBF. The amount of mineral 

precipitated was quantified as mineral ash weight and mineralization percentages were calculated 

and reported in Table 4.1.  Scaffolds electrospun from 10%gel/PLLA mixture were found to 

have the highest average mineral ash weights (13.50±1.85), significantly higher than PLLA 

alone (2.65±2.23) and 5%gel/PLLA (6.08±2.02). Gelatin, a denatured collagen, provided 

exposed carboxyl groups which increased mineral percent deposition with increased gelatin 

concentration. A similar trend can also be seen on the surface ESEM and EDS maps of the 

scaffolds in Figure 4.3, where the highest amount of calcium phosphate can be seen on the 

surface of 10%gel/PLLA scaffolds. Similar findings were also previously                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

reported by our group for electrospun 10%gel/PLLA electrospun sheets [25]. Mineral 

precipitated on the scaffolds was identified using EDS and X-ray diffraction as brushite and 
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hydroxyapatite.  Similar results were also reported previously with mineralization by incubation 

in 10X SBF [26-28]. It has been reported that brushite can be potential starting material for bone 

substitutes, and can be converted to hydroxyapatite [27, 29]. 

A four week degradation study was performed with an attempt to degrade out the PGA 

core fibers and create canals that would mimic haversian canals found in osteons. The average 

weight loss recorded ranged from 14 to 21 wt%, however there was no significant differences in 

weight loss between groups. Two groups, PLLA and PLLA_MIN, showed significant wt % loss. 

No significant weight loss was seen for 10%gel/PLLA and 10%gel/PLLA_MIN groups because 

of large standard deviations due to the low scaffold weights. The most important aspect of the 

degradation study was to degrade PGA core fibers, but SEM pictures of the cross-sections after 

28 days revealed the presence of the PGA inside the scaffolds (Figure 4.5). When the 

degradation study was performed with PGA fibers alone, fibers degraded within a 4 week period 

(data not shown).  We suspect that the layers of wrapped PLLA fibers around PGA core 

prevented the degradation of the PGA fibers. PLLA is more hydrophobic and has slower 

degradation time that can be up two years [17, 19]. Alternative methods will be utilized to create 

hollow core scaffolds, either changing core polymer or increasing degradation times.  

Scaffolds were evaluated for cellular attachment and proliferation using a MC3T3_E1 

cell line over period of 4 weeks. All the scaffolds supported cellular attachment, as all the values 

were significantly higher than negative controls or cells seeded on Ultra-low attachment plates. 

Also, over the period of 28 days, values for every group of scaffolds increased significantly 

indicating cellular proliferation. There were no significant differences between PLLA and 

gelatin/PLLA groups after the day 7 point. The differences were not seen, as the water soluble 

gelatin the scaffolds was not cross-linked and probably dissolved. Gelatin has been reported to 

increase cell proliferation, but mostly in the cross-liked state [26]. Also higher absorbances were 

observed on nonminerazlied PLLA scaffolds over mineralized PLLA scaffolds for all time 

points. Similar effect was also observed on gelatin/PLLA mineralized scaffolds until day 28 

point when the absorbances were no different from PLLA and gelatin/PLLA. Cells can also be 

seen on the surfaces of the scaffolds where actin filaments are stained green and nuclei stained 

blue (Figure 4.9).  
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Alkaline phosphatase activity was measured as an early marker of an osteoblastic 

phenotype activity. On day 14, mineralized gelatin/PLLA scaffolds had significantly higher 

levels of ALP than PLLA scaffolds. However, at later time points there was no difference in 

ALP levels between any of the scaffolds.  Mavis et al. have also investigated ALP activity on 

electrospun PCL scaffolds mineralized using a similar procedure, using a modified 10X SBF 

recipe [30].  They were able to see significant increase in absorbance values for ALP for  

scaffolds mineralized for 2 and 4 hours using their modified recipe for “less phosphate-rich” 10X 

SBF, however their results were not normalized for total cell protein or cell number, so it is 

difficult to compare to our data [30].  

Scaffolds were also stained with Alizarin red stains to visualize presence and distribution 

across the scaffolds over the period of cell study. On day 7 no mineral can be seen on the 

nonmineralized scaffolds, but by day 28 a thin layer of mineral produced by the cells can be seen 

on the surface. Intense mineral stains can be seen across the cross-section of the mineralized 

scaffolds, PLLA and gelatin/PLLA.  In addition, the staining runs through the entire cross-

section of the scaffolds. So the scaffolds not only supported cell attachment and proliferation, but 

also provided an environment that allowed cell to produce calcium phosphate and further 

mineralized the scaffolds.  

4.6. CONCLUSION  

In this study, we have designed and fabricated electrospun PLLA and gelatin/PLLA 

scaffolds that mimic structural organization of osteons, building units of cortical bone. We 

successfully built rotating stage for PGA fibers and utilized it for collecting electrospun 

nanofibers and creating scaffolds. The resulting scaffolds consisted of concentric layers of 

electrospun PLLA or gelatin/PLLA nanofibers wrapped around PGA microfiber core, with 

diameters that ranged from 200-600µm.  Scaffolds were successfully mineralized utilizing 

incubation in 10X SBF solution for two hours. Scaffolds supported cellular attachment and 

proliferation of MC3T3 cells and also provided an environment that allowed cells to produce 

calcium phosphate, increasing scaffold mineralization.  Creating scaffolds that mimic structural 

organization of an osteon is a first step in creating scaffolds that resemble structural organization 

and mechanical properties of the cortical bone. Recently our group developed and applied heat 

sintering technique to create 3D electrospun scaffolds to evaluate for tissue engineering 



94 
 

applications [23]. Similar technique will be utilized to sinter multiple osteon-like scaffolds 

together.  
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Chapter 5 

Fabrication and Characterization of Three Dimensional Electrospun Cortical 

Bone Scaffolds  

Tea Andric, Katherine E. Degen, Joseph W. Freeman 

5.1. ABSTRACT  

Bone is a composite tissue composed of organic matrix, inorganic bone mineral, and 

water. Structurally, bone is organized into two distinct types: trabecular (or cancellous) and 

cortical (or compact) bone.  Trabecular bone is highly porous and usually found within confines 

of cortical bone.  Cortical bone is highly organized and dense. Cortical bone is composed of 

tightly packed units or osteons, which consist of concentric layers of mineralized collagen fibers. 

While many scaffolds fabrication techniques have sought to replicate the structure and 

organization of trabecular bone, very little attempts have been made to mimic the cortical 

organization of the bone. In this study we fabricated three dimensional electrospun scaffolds 

composed of heat sintered individual osteon like scaffolds. The scaffolds also contained a system 

of channels running parallel to the length of the scaffolds, as found naturally in the haverisan 

systems of bone tissue. Cross-linking of the gelatin prior to the mineralization of the scaffolds 

has helped keep the channels of the osteons from collapsing during dissolution of PEO fibers. 

Premineralization before formation of the larger scaffold and mineralization increased mineral 

deposition between the electrospun layers of the scaffolds. A combination of cross-linking and 

premineralization significantly increased compressive moduli of the scaffolds.  

5.2. INTRODUCTION  

 Bone is a composite tissue composed of organic matrix (20-30 wt %),  inorganic bone 

mineral (60-70 wt %), and water (10 wt%) [1]. Structurally, bone is organized into two distinct 

types: trabecular (or cancellous) and cortical (or compact) bone.  The two types of bone are 

distinguished by their organization and degree of porosity.  Cortical bone is highly organized, 

dense and compact. It has a low porosity that ranges from 5 to 30% [2] and is usually found on 

the outside of the bone. Cortical bone is composed of tightly packed units, called osteons, 

oriented parallel along to the axis of the bone. Osteons are composed of concentric layers of 

mineralized collagen fibers around central channel, haversian canal, where vasculature and 
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nerves are housed [3-5]. Osteons can range from 100 to 300 μm in diameter [3, 4]. The high 

organization and compact nature provide excellent micro-crack propagation prevention and high 

tensile and compressive mechanical properties.  Trabecular bone is generally found surrounded 

by cortical bone. Trabecular bone is often referred to as spongy bone, due to extensive 

interconnected network of pores, with porosity as high as 90% [2, 4, 6].  

Many fabrication and polymer processing techniques have been investigated for possible 

bone tissue engineering scaffolds, including sintered microspheres [7, 8], thermally induced 

phase separation [9-11], particulate leaching [12, 13], and 3D printing [14-17].  All of the 

scaffolds are characterized by high porosities, pore interconnectivity, and architectures that 

mimic the structure of the trabecular bone. No fabrication technique, to the best of our 

knowledge, has attempted to create scaffolds that replicate the structural organization of the 

cortical bone.   

In our previous study we have successfully fabricated electrospun scaffolds that mimic 

structural organization of an osteon [18]. The scaffolds were fabricated by electrospinning onto 

PGA microfibers, which were mounted onto rotating fiber set up. The resulting scaffolds had 

diameters that fall into physiological range of an osteon; however the PGA core fibers were 

difficult to dissolve during a 4 week degradation study. In this study, the objective was to 

electrospun scaffolds onto material that can be dissolved out more easily and create channels 

inside the osteon scaffolds. Heat sintering techniques for creating three dimensional scaffolds 

were utilized for combining multiple osteon scaffolds into 3D structures.  

5.3. MATERIALS AND METHODS  

5.3.1. Scaffold Fabrication by Electrospinning 

 PLLA (inherit viscosity =2.0 dl/g, Mw = 152,000) was purchased from Sigma Aldrich 

(St. Louis, MO, USA).  Poly (ethylene oxide) (PEO) (Mv = 200,000) was purchased from Sigma 

Aldrich (St. Louis, MO, USA). Dichloromethane (DCM) and dimethylformaldehyde (DMF) 

were purchased from Fisher Scientific (Pittsburgh, PA, USA).  Gelatin, type A, from porcine 

skin was purchased from Sigma Aldrich (St. Louis, MO, USA). NaCl, KCl, CaCl 2H20, MgCl2 

6H20, NaHCO3, and NaH2PO4were purchased from Fisher Scientific (Pittsburgh, PA, USA).   
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PEO was dissolved in 10% of 100% ethanol and 90% of deionized water to 10% w/v 

solution. The solution was electrospun onto rotating mandrel with 5cm diameter at rate of 5 

ml/hr and working distance of 10 cm. Total volume of 3ml was electrospun with voltages +10V 

and -3V. The electrospun mats were cut into 3mm wide strips and rolled into fibers that were 

used for the next step.  

In the next step, electrospinning solutions were prepared by dissolving PLLA to 7 % w/v 

in 75% DCM and 25% DMF, and dissolving PDLA to 22 % w/v in 75% THF and 25%DMF. 

The gelatin/PLLA mixture was made by dissolving gelatin in 1ml deionized (dI) water and 

adding it to the 7% PLLA solution.  The amount of gelatin in solution was equal to 10 %, w/w of 

the amount of PLLA in the solution. As two solutions are not miscible, they were vortexed for 1 

hr to mix before electrospinning. 

Individual osteon-like scaffolds were electrospun onto rotating PEO fibers using the set 

up previously reported [18], and shown in Figure 5.1. The fibers were placed into set up and 

placed in front of negatively charged target, as shown. PLLA/gelatin mixture was electrospun 

first to total volume of 1.5 ml, with following parameters: working distance of 5 cm, at extrusion 

rate of 5 ml/hr, and voltages of + 17V and -9V. This was followed by electrospinning of PDLA 

solution in total volume of 0.5 ml with following parameters: working distance of 15 cm, 

extrusion rate of 5 ml/hr, and voltages of +13 V and -8V. 

                                 

          Figure 5.1. Picture of the electrospinning set for rotating PEO fibers 
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 Finally, electrospun mats were also created by electrospinning onto 5 cm diameter 

rotating mandrel, with total volume of 1ml of PDLA followed by 5ml of PLLA/gelatin solution. 

The electrospun mats were cut into 1cm wide strips and later used for heat sintering process. All 

electrospun scaffolds were cross-linked in 2.5% glutaraldehyde vapor for either 2 hours or 17 

hours.  

5.3.2. Heat sintering of the Scaffolds  

 To fabricate three dimensional electrospun scaffolds, we will be utilizing heat sintering 

method previously reported by our group [19]. Individual osteons were cut into 1 cm segments, 

and wrapped with 1cm wide strip of electrospun PLLA/gelatin/PDLA sheet to a diameter of 5 

mm. The wrapped scaffolds were then placed in the 5mm diameter with 1 cm height mold and 

heat sintered at 54°C for 45 minutes.  

5.3.3. Mineralization of the Scaffolds  

All of the scaffolds were mineralized using a previously reported method by incubation 

in 10X SBF [20, 21].  Briefly, a stock solution was made using NaCl, KCl, CaCl 2H20, MgCl2 

6H20, and NaH2PO4, and stored at room temperature. Prior to the mineralization process, 

NaHCO3 was added while stirring vigorously, resulting in the following  ion concentrations:   

Ca
2+

  25 mM, HPO4
2-

 10 mM, Na
+
 1.03 M, K

+
 5 mM, Mg

2+
 5mM, Cl

-
 1.065M,and HCO3

-
 10mM 

. The electrospun scaffolds were incubated in 300 ml of 10XSBF for various times at room 

temperature, with mineralizing solution replaced every 2 hours. After being removed from 10X 

SBF , all the samples were rinsed in dI water to remove mineral not attached to scaffolds, and 

vacuum dried overnight. 

For the scaffolds with premineralization treatment, individual osteons and electrospun 

sheets were mineralized for 1 hour, and then rinsed in dI water and vacuum dried overnight. The 

electrospun pieces were then heat sintered as described above and mineralized again as a three 

dimensional scaffold.  

5.3.4. Alizarin Red Staining  

Mineral deposition and distribution was characterized by the Alizarin red stain. The 

scaffolds were then fixed in 70% ethanol for 1hr at 4°C, and stained with 40 mM Alizarin red 
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solution for 10 min. The scaffolds were then washed with dI water five times, placed into 

cryomolds, imbedded in OCT imbedding medium, and frozen at -20°C. The scaffolds were cut 

into 200µm section using a Cryostat HM 550 (Thermo Scientific Microm, Walldorf, Germany), 

and imaged using stereoscope (Vision Engineering, New Milford, CT, USA).  

5.3.5. Mechanical Testing  

The scaffolds were mechanically tested in compression using an Instron 5869 with 

Bioplus Bath (Norwood, MA, USA). Scaffolds tested included: Mineralized scaffolds (Min) for 

6 hr and 24 hr, cross-linked scaffolds for 2h (CL_2hr) and mineralized for 6hr, scaffolds 

premineralized for 1 hr without cross-linking (premin1h), and scaffolds cross-linked for 2hr and 

premineralized (CL_premin1hr) and then mineralized for 6 and 24 hours. For each group we 

tested six samples (n=6). The tests were performed under simulated physiological conditions in 

phosphate buffered saline (PBS) (pH= 7.4) at 37°C. The scaffolds were fabricated into 10 mm 

high cylinders with 5 mm diameter (2:1 height to diameter ratio) and tested in compression until 

failure with uniform strain rate of 1mm/min (10% stain/min). The data was analyzed to 

determine yield stress and compressive modulus. 

5.3.6. Mineral Ash Weights  

After the mechanical testing the samples were vacuum dried overnight and used to 

determine mineral ash weights. After the initial weight of the samples was recorded, the samples 

were placed in ceramic crucibles, and then placed into a high temperature furnace (Model No. 

FD1535M, Fisher Scientific, Pittsburgh, PA, USA) at 700°C for 24 hours. After cooling down, 

the mineral ash weight was recorded and the average mineral percent deposition calculated as 

ratio of mineral ash weight to samples original weight. For each group we tested three samples 

(n=3). 

5.3.7. Statistical Analysis  

Statistical analysis was performed using JMP 9 software.  All the data was analyzed 

using one way analysis of variance (ANOVA) with Tukey’s test to determine statistically 

significant differences between groups. Statistical significance was tested at p < 0.05.  

 



102 
 

5.4. RESULTS  

 In this study we electrospun osteon-like scaffolds onto rotating PEO microfibers. The 

individual electrospun osteon-like scaffolds were successfully heat sintered into 3D scaffolds 

that mimic the organization of the cortical bone. PEO fibers can then be dissolved out leaving a 

set of channels running along the length of scaffolds.  

5.4.1. Alizarin Red Staining 

 Alizarin red staining was used to stain the mineral deposited on the scaffolds.  Majority 

of the mineral can be seen on the outer most layers of the scaffolds, shown in Figure 5.2. 

Mineralization process of soaking in 10X SBF has dissolved PEO core fibers out individual 

osteons, leaving behind a system of channels that run along the length of the scaffolds. 

Premineralization treatment, without cross-linking of the scaffolds, resulted in the dissolution of 

PEO cores and collapse of the individual osteon–like scaffolds, as shown in Figure 5.2 B. Cross-

linking the osteons prior to the premineralization treatment, helped keep the individual osteons 

open without collapsing, thus preserving the channels (Figure 5.2 C and D). Keeping the 

channels open resulted in mineral deposition inside of the channels. However most mineral 

present after 6hr of mineralization can be seen on scaffolds that have been premineralized and 

cross-linked (Figure 5.2 D).Similar effects can be seen also after 24 hours of mineralization, 

where scaffolds that have been premineralized and cross-linked (Figure 5.2 F) have higher 

mineral deposition than mineralized scaffolds without any treatment (Figure 5.2 E).  
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Figure 5.2. Alizarin red stain of cross-sections after 6 hr of mineralization: A) Min6h, B) 

Premin1h_Min6h, C) CL_Min6h, and D) CL_premin1h_Min6h, E)Min24h, and 

F)CL_premin1h_Min24h 

 

5.4.2. Mechanical Testing  

The compressive mechanical properties of the scaffolds were also evaluated. Data for the 

compressive moduli is shown in Figure 5.3, and the data for the compressive yield stresses is 

shown in Figure 5.4. After 24 hr of mineralization, scaffolds that were premineralized and cross-

linked had significantly higher compressive modulus than just mineralized (6hr and 24hr) 

scaffolds and premineralized only (6hr) scaffolds. After 6hr of mineralization, scaffolds that 

were premineralized and cross-linked had significantly higher compressive modulus than 

premineralized scaffolds only.  
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Figure 5.3. Compressive moduli of scaffolds. * - from Min(6hr and 24hr) and Premin1h , # - 

from Premin1h (p<0.05) 

Scaffolds mineralized only (6hr and 24hr) and cross-linked scaffolds (6hr) had 

significantly higher yield stresses than scaffolds that were premineralized first. Also, scaffolds 

that were cross-linked only and mineralized only for 6hr had significantly higher yield stress than 

scaffolds cross-linked and premineralized.  
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Figure 5.4. Compressive yield stress of scaffolds. * - than CL_Premin1h (6hr) and Premin1hr; # 

- than Premin1h (p<0.05) 

5.4.3. Mineral Ash Weights  

 Mineral ash weights were determined to quantify the amount of mineral present on the 

scaffolds.  Two groups of scaffolds were analyzed: mineralized only and cross-linked and 

premineralized scaffolds. Two mineralization times, 6 hr and 24 hr, were investigated. Mineral 

ash weighs of the scaffolds were recorded and shown in Table 5.1.Combination of cross-linking 

and premineralization treatment resulted in significant increase in mineral deposition both after 6 

and 24 hrs of mineralization. Mineral deposition increased with increased mineralization time, as 

expected.  

Table 5.1. Mineral ash weight percentages  

Mineralization time No treatment CL_Premin1h 

6hr 5.51%±3.10% 15.81%±1.87% 

24hr 20.55%±2.54% 33.62%±3.69% 
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5.5. DISCUSSION  

In this study we electrospun osteon-like scaffolds onto rotating PEO microfibers. The 

individual electrospun osteon-like scaffolds were successfully heat sintered into 3D scaffolds 

that mimic the organization of cortical bone. Mineralization by soaking in 10X SBF dissolved 

PEO core fibers out individual osteons, leaving behind a system of channels that run along the 

length of the scaffolds. Cross-linking of the gelatin prior to the mineralization of the scaffolds 

helped keep the channels of the osteons from collapsing during dissolution of PEO fibers. A 

premineralization treatment was introduced consisting of mineralizing all individual osteon 

scaffolds and electrospun mats for 1 hour, prior to heat sintering. The goal was to introduce 

mineral particles to serve as seeds once the scaffolds are heat sintered into 3D structures. 

However the premineralization treatment resulted in the dissolution of PEO and collapse of the 

channels in the scaffolds Figure 5.2 B.  Cross-linking the gelatin prior to the preminerazlization 

treatment helped keep the channels open and allow mineral deposition on the inside of the 

channels (Figure 5.2 D and F).   Combination of premineralization and cross-linking treatments 

resulted in better mineral distribution inside the channels of the scaffolds and more mineral 

overall compared to just mineralization alone, both after 6 hr and 24 hr of mineralization.  

Amount of mineral deposited was quantified by determining mineral ash weights of the 

scaffolds. While increased mineralization time increased mineral deposition, combination of 

premineralization and cross-linking resulted in significant increase in mineral deposit  

We evaluated compressive mechanical properties of the scaffolds and different 

treatments. Cross-linking of gelatin combined with premineralization significantly increased 

compressive moduli over mineralization alone after 24 hours and over premineralization alone, 

after 6 hours of mineralization. Premineralization may affect the mechanics by increasing the 

overall amount of mineral in the scaffolds and also improving the distribution, as seen in the 

alizarin red stains. However, presence of the mineral can interfere with binding of the layers 

during the heat sintering process.  Cross-linking of the gelatin may also contribute to the increase 

in scaffold mechanical strength. Gelatin is water soluble, and without cross-linking process can 

be dissolved and lost from the scaffolds [22-24]. Electrospun gelatin is commonly cross-linked in 

glutaraldehyde vapor, which is also a commonly used cross-linking method for electrospun 

collagen. The cross-linking by glutaraldehyde occurs between the carboxyl groups on the 
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glutaraldehyde and the amine groups of the gelatin [24]. Gelatin was also found to increase 

tensile mechanical properties of the electrospun scaffolds, as shown in Chapter 2 [25]. So the 

cross-linking process is preserving the gelatin and could be contributing to mechanical properties 

of the scaffolds.  

5.6. CONCLUSION   

In this study we successfully fabricated three dimensional electrospun scaffolds 

composed of heat sintered individual osteon like scaffolds. The scaffolds contained a system of 

channels running parallel to the length of the scaffolds, as found naturally in the haverisan 

systems of bone tissue. Cross-linking of the gelatin prior to the mineralization of the scaffolds 

has helped keep the channels of the osteons from collapsing during dissolution of PEO fibers. 

Combination of cross-linking and premineralization significantly increased overall amount of 

mineral and mineral distribution in the scaffolds, and also improved compressive moduli of the 

scaffolds. These scaffolds will be investigated further as scaffolds of bone tissue engineering.  
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Chapter 6 

Fabrication and Characterization of Complete Electrospun Scaffolds  

for Bone Tissue Engineering 

Tea Andric, Abby R. Whittington, Joseph W. Freeman 

6.1. ABSTRACT  

 Skeletal loss and bone deficiencies are major worldwide problem that is only expected to 

increase due to increase in aging population. As current standards in treatment autografts and 

allografts are not without drawbacks, there is a need for alternative bone grafts substitutes. A 

large number of scaffold fabrications techniques are being investigated for applications in tissue 

engineering of bone, but very few techniques and approaches have focused on creating scaffolds 

that mimic organization and properties of cortical bone tissue. In this study, we combined two 

previously fabricated structures, sintered electrospun sheets and individual osteon-like scaffolds, 

to create scaffolds that mimic dual structural organization of natural bone with cortical and 

trabecular regions. Scaffolds were successfully mineralized in 10X SBF up to 48 hr with good 

mineral distribution throughout the scaffolds. Mineralization for 24 hr significantly increased 

mechanical properties of the scaffolds, both yield stress and compressive modulus. Scaffolds 

were found to support cellular attachment and proliferation over 28 days in culture, but scaffolds 

mineralized for 24hr were found to better support osteoblastic differentiation and mineral 

deposition. 

6.2. INTRODUCTION  

Skeletal loss and bone deficiencies are major worldwide problem that is only expected to 

increase due to increase in aging population. It is estimated that over 600,000 procedures are 

performed in the US alone annually, with market estimated at 2.5 billion annually [1, 2] .  

Although the current standard in orthopedic reconstructive surgeries, autograft, has high success 

rates, it is not without drawbacks, namely limited supply and donor site morbidity. Although the 

use of alternative graft option, allograft, eliminates the potential drawbacks of the autografts, 

they do have the limitations of their own, such as chance of disease transmission and high failure 
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rates. As current standards in treatment are not without drawbacks, there is a need for alternative 

bone grafts substitutes.  

Structurally, bone is organized into two distinct types: trabecular (or cancellous) and 

cortical (or compact) bone.  The two types of bone are distinguished by their degree of porosity.  

Cortical bone is highly organized, dense and compact and is usually found on the outside of the 

bone. Cortical bone is composed of tightly packed units, called osteons, oriented parallel along to 

the axis of the bone. Osteons are composed of concentric layers of mineralized collagen fibers 

around central channel, haversian canal, where vasculature and nerves are housed [3-5]. Osteons 

can range from 100 to 300 μm in diameter [3, 4]. The high organization and compact nature 

provide excellent micro-crack propagation prevention and high tensile and compressive 

mechanical properties.  Trabecular bone is generally found surrounded by cortical bone. 

Trabecular bone is often referred to as spongy bone, due to extensive interconnected network of 

pores, with porosity as high as 90% [4, 6, 7]. The variation in bone structure results in a wide 

range of mechanical properties. Cortical bone has compressive and tensile strengths in the range 

of 167-215 MPa and 107-140 MPa respectively, and the Young’s modulus is 10-20 GPa [6]. 

Trabecular bone has compressive strength in the range of 3- 9 MPa, and Young’s modulus of 

0.01 – 0.9 GPa [6] 

 A large number of scaffold fabrications techniques are being investigated for applications 

in tissue engineering of bone [8-13]. Some important properties of the scaffolds should be noted 

when comparing different techniques, namely average pore size, porosity, pore interconnectivity 

and mechanical properties.  Porosity and interconnectivity play an important role in tissue 

regeneration, as it is necessary for migration and proliferation of the cells and tissue formation 

within the scaffolds. Higher porosities and larger pore sizes enhance bone ingrowth and 

osteointergration; optimal pores sizes for scaffolds have been reported to range from 100-300µm 

[8, 13-16]. While macroporosity is important for tissue integration, microporosity and surface 

roughness also play a role in cellular attachment, proliferation, and differentiation [8, 13-16]. 

Some of the techniques currently investigated for scaffold fabrications include thermally induced 

phase separation, solvent casting/particulate leaching, heat sintering microspheres, and 

electrospinning. 
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 Thermally induced phase separation (TIPS) is a technique used to create highly porous 3-

D scaffolds by dissolving polymer in a solvent at a higher temperature and then inducing liquid-

liquid or liquid-solid phase separation by lowering the temperature. Porosity, pore size and pore 

orientation is controlled by controlling polymer concentration and temperature gradient [9, 17, 

18]. Solvent casting/particulate leaching is a scaffold fabrication technique where water soluble 

particles or paraffin are used as space holders for future pore networks, while polymer solution is 

cast around them. After the solvent is evaporated and polymer set, the porogens are leached out 

leaving a pore network behind. Porosity and pore size is controlled by controlling porogen size 

[19-21]. While the use of porogens provides the control of pore size and porosity, 

interconnectivity of the pores can still be a problem [9, 10, 19, 20, 22].Heat sintering is a 

technique where the polymer microspheres are heated above glass transition (Tg) of polymer and 

held for certain period of time, and then cooled down to room temperature. During the heating 

process, the sintering occurs due to the intertwining of polymer chains between adjacent 

microspheres, forming bonds. By controlling the size of the microspheres and heat sintering 

time, the pore size and porosity can be controlled [23-25]. Each processing technique has 

advantages and disadvantages for applications in bone tissue engineering, but all the techniques 

seek to create scaffolds that have uniform structure and porosity throughout the scaffolds, unlike 

the natural dual organization in natural bone. Very few techniques and approaches have focused 

on creating scaffolds that mimic dual structural organization found in natural bone tissue [26, 

27].  

 In this study, we will focus on fabricating scaffolds that mimic both structures of the 

bone, cortical and trabecular. To do this we will utilize the electrospinning technique, which can 

create nanofiber scaffolds that mimic natural extracellular matrix. Electrospun scaffolds are 

characterized by high surface area, high porosities, and interconnected pore networks [28, 29]. 

However, electrospun scaffolds were limited to two dimensional structures and as a result very 

little to no characterization has been performed to determine the compressive mechanical 

properties of these scaffolds. Our group has characterized heat sintering technique for 

electrospun scaffolds, which has allowed us to us to investigate and tune compressive 

mechanical properties of these scaffolds. It also allows us to combine different electrospun 

structures to create unique and more tailored scaffold architectures. We combined two previously 
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fabricated structures, sintered electrospun sheets and individual osten-like scaffolds [30], to 

create scaffolds that mimic dual structural organization of natural bone with cortical and 

trabecular regions.  Scaffolds will be mineralized by incubation in 10X SBF and characterized to 

determine mechanical properties, mineral deposition and distribution, and cellular activity on the 

scaffolds. 

6.3. MATERIALS AND METHODS 

6.3.1. Electrospinning 

Poly (L-lactide) (PLLA) (inherent viscosity =2.0 dl/g, Mw = 152,000) was purchased 

from Sigma Aldrich (St. Louis, MO, USA).  Poly (D, L-lactide) (PDLA) (inherent viscosity 0.6-

0.8 dL/g) was purchased from SurModics Pharmaceuticals (Birmingham, AL, USA). 

Dichloromethane (DCM), tetrahydrofuran (THF), and dimethylformaldehyde (DMF) were 

purchased from Fisher Scientific (Pittsburgh, PA, USA).  Gelatin, type A, from porcine skin was 

purchased from Sigma Aldrich (St. Louis, MO, USA). NaCl, KCl, CaCl 2H20, MgCl2 6H20, 

NaHCO3, and NaH2PO4 were purchased from Fisher Scientific (Pittsburgh, PA, USA).   

The electrospinning solutions were prepared by dissolving PLLA to 7 % w/v in 75% 

DCM and 25% DMF, and dissolving PDLA to 22 %w/v in 75% THF and 25%DMF. The 

PLLA/gelatin mixture was made by dissolving gelatin in 1ml deionized (dI) water and adding it 

to the 7% PLLA solution.  The amount of gelatin in solution is equal to 10 %, w/w of the amount 

of PLLA in the solution. As two solutions are not miscible, they were vortexed for 1 hr to mix 

before electrospinning. Polymer solutions were made in 16 ml batches and to make overall 

volume of gelatin/PLLA and PLLA solutions equal, 1ml of DCM is replaced with 1ml of gelatin.  

First,  the PDLA solution was loaded into a 5 ml plastic syringe with an 18-gauge needle, 

and extruded at a rate of 5 mL/h. PDLA was electrospun on a rotating (~ 2000 RPM) 5 cm 

diameter mandrel for a total volume of 1ml, at a distance of 15cm with voltages of +12kV and -

5kV applied.  The gelatin/PLLA was then electrospun directly onto the PDLA layer with a 

working distance of 5 cm. The voltages applied were +18kV and -7kV. An additional layer of 

1ml PDLA was electrospun on top of gelatin/PLLA layer.  

Poly (ethylene oxide) was dissolved in 10% of 100%ethaonl and 90% of deionized water 

to 10% w/v solution. The solution was electrospun onto rotating mandrel with 5cm diameter at 
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rate of 5 ml/hr and working distance of 10 cm. Total volume of 3ml was electrospun with 

voltages +10V and -3V. The electrospun mats were cut into 3mm wide strips and rolled into 

fibers that were used for next step.  

Individual osteon-like scaffolds were electrospun onto rotating PEO fibers using the set 

up previously reported [30]. The fibers were placed into set up and placed in front of negatively 

charged target, as shown. PLLA/gelatin mixture was electrospun first to total volume of 1.5 ml, 

with following parameters: working distance of 5 cm, at extrusion rate of 5 ml/hr, and voltages 

of + 17V and -9V. This was followed by electrospinning of PDLA solution in total volume of 0.5 

ml with following parameters: working distance of 15 cm, extrusion rate of 5 ml/hr, and voltages 

of +13 V and -8V.  

Gelatin in all the scaffolds was cross-linked in vapor of 2.5% glutaraldehyde for 2 hours. 

6.3.2. Heat Sintering of Scaffolds  

 The complete scaffolds were assembled by heat sintering individual components together 

at 54°C for 45 min. The final design consisted of “trabecular” core that is 4mm wide which is 

surrounded by osteon-like segments and wrapped with electrospun sheet to final diameter of 

6mm. This provided 2:1 ratio of trabecular to cortical section.  

 Dual layer PDLA and gelatin/PLLA mats were cut into 1.2 cm strips and rolled to 4mm 

segments and heat sintered. Osteon-like scaffolds were cut into small segments and placed 

around the core and everything was wrapped with electrospun sheet. The complete scaffolds 

were then heat sintered.   

6.3.3. Mineralization of Scaffolds 

All the scaffolds were mineralized using a previously reported method by incubation in 

10X SBF [31, 32].Briefly, a stock solution was made using NaCl, KCl, CaCl 2H20, MgCl2 6H20, 

and NaH2PO4, and stored at room temperature. Prior to the mineralization process, NaHCO3 was 

added while stirring vigorously, resulting in the following  ion concentrations:   Ca
2+

  25 mM, 

HPO4
2-

 10 mM, Na
+
 1.03 M, K

+
 5 mM, Mg

2+
 5mM, Cl

-
 1.065M,and HCO3

-
 10mM . The 

electrospun scaffolds were incubated in 200 ml of 10XSBF for 6, 24, and 48 hours at room 

temperature, with mineralizing solution replaced every 2 hours. After being removed from 10X 
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SBF , all the samples were rinsed in dI water to remove mineral not attached to scaffolds, and 

vacuum dried overnight. 

 For the scaffolds with premineralization treatment, individual osteons and electrospun 

sheets were mineralized for 1 hour, and then rinsed in dI water and vacuum dried overnight. The 

electrospun pieces were then heat sintered as described above.  

6.3.4. Alizarin Red Staining 

Mineral deposition and distribution was characterized by the Alizarin red stain. The 

scaffolds were stained with 40 mM Alizarin red solution for 10 min. The scaffolds were then 

washed with dI water five times, placed into cryomolds, imbedded in OCT imbedding medium, 

and frozen at -20°C. The scaffolds were cut into 200µm section using a Cryostat HM 550 

(Thermo Scientific Microm, Walldorf, Germany), and imaged using stereoscope (Vision 

Engineering, New Milford, CT, USA).  Scaffolds from the cell study were fixed in 70% ethanol 

for 1 hr, rinsed in dI water and the same protocol as above was followed.  

6.3.5. Mechanical Properties   

The scaffolds were mechanically tested in compression using an Instron 5869 with 

Bioplus Bath (Norwood, MA, USA). The tests were performed in phosphate buffered saline 

(PBS) (pH= 7.4) at 37°C. Three mineralization times were investigated 6, 24 and 48 hr, and six 

samples per each group were tested (n=6).  The 12mm X 6mm (2:1 height to diameter ratio) 

scaffolds were tested in compression until failure with a uniform strain rate of 1.2mm/min (10% 

stain/min). The data was analyzed to determine yield stress and compressive modulus.  

6.3.6. Mineral Ash Weights 

After the mechanical testing the samples were vacuum dried overnight and used to 

determine mineral ash weights. After the initial weight of the samples was recorded, the samples 

were placed in ceramic crucibles, and then placed into a high temperature furnace (Model No. 

FD1535M, Fisher Scientific, Pittsburgh, PA, USA) at 700°C for 24 hours. After cooling down, 

the mineral ash weight was recorded and the average mineral percent deposition calculated as 

ratio of mineral ash weight to samples original weight. Three samples per group were tested 

(n=3).  
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6.3.7. Cell Study 

 Mouse pre-osteoblastic cells (MC3T3-E1, ATCC) were cultured in Alpha Minimum 

Essential Medium (α-MEM, Cellgro, Mediatech, Manassas, VA, USA) supplemented with 10% 

fetal bovine serum (FBS, Cellgro, Mediatech, Manassas, VA, USA) and 1% streptomycin/ 

penicillin (Cellgro, Mediatech, Manassas, VA, USA).  The scaffolds were cut into 450 µm 

sections Cryostat HM 550 (Thermo Scientific Microm, Walldorf, Germany), soaked in DI water 

overnight and vacuum dried. The scaffolds were then secured into 24-well Ultra-Low Cluster 

plates (Costar) using Silastic Medical Adhesive (Dow Corning, Midland, MI, USA) and were 

sterilized in 70% ethanol for 30 minutes followed by exposure to UV light for 30 minutes. The 

scaffolds were then washed with PBS and soaked in cell culture medium overnight.  

 Two groups of scaffolds were used, scaffolds mineralized for 24 hr (Min24) and scaffolds 

that have not been mineralized (Min0). Approximately 100,000 cells were seeded onto each 

scaffold and were allowed to attach for one hour before adding culture medium to a final volume 

of 1 ml. After the cells were seeded the media was supplemented with 3mM β-glycerophospate 

and 10µg/ml of L-ascorbic acid.  The media was changed every other day and the cultures were 

incubated at 37°C in a humidified atmosphere and 5% CO2. Cells were cultured for a period of 

28 days and data was collected on days 7, 14, 21, and 28. 

Cell viability was measured using a Cell Titer 96
TM

 Aqueous Solution Cell Proliferation 

Assay (MTS Assay) (Promega, Madison, WI, USA) on the following scaffolds Min0 (n=6) and 

Min24(n=6). At each time point (7, 14, 21, and 28 days) the media was removed, then 300 μl of 

fresh media and 60 μl of the MTS solution were added to each well and incubated at 37°C with 5 

% CO2 for three hours. After incubation, 300 μl of the mixture was transferred to a 48-well plate 

and diluted with 300 μl of di water. The plate was read at 490 nm using a plate reader. 

Calibration curve with known cell numbers was performed on the beginning of the study to 

correlate MTS absorbance values to cell numbers.   

6.3.7.1. Osteocalcin ELISA Assay 

Osteocalcin (OCN) is a non-collagenous protein produced by mature osteoblasts during 

later stages of differentiation. It was measured in the media using an ELISA kit from Biomedical 
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Technologies, Inc (Stoughton, MA). Media samples (n=4) were collected over the course of 28 

days and stored at -80°C until the end of study. The assay was performed according to the 

manufactures instructions and absorbance was read at 450nm.  Osteocalcin content is expresses 

as ng/cell.  

6.3.7.2. Alizarin Red and Fluorescence Stain  

Mineral deposition and distribution was characterized by the alizarin red stain. At each 

time point, the scaffolds were washed with PBS and transferred into new well plates. The 

scaffolds were then fixed in 70% ethanol for 1hr at 4°C, and stained with 40 mM Alizarin red 

solution for 10 min. The scaffolds were then washed with dI water five times, placed into 

cryomolds, imbedded in OCT imbedding medium, and frozen at -20°C. The scaffolds were cut 

into 50µm section using a Cryostat HM 550 (Thermo Scientific Microm, Walldorf, Germany), 

and imaged using light microscope (Leica Microsystems LAS AF 6000, Bannockburn, IL, USA).  

Cellular attachment on the scaffolds was qualitatively observed by fluorescence staining. 

Scaffolds were fixed in 3.7% paraformaldehyde and 0.5% Triton X-100 at room temperatures 

and stained with phalloidin and DAPI.  The scaffolds were imaged using a fluorescence 

microscope (Leica Microsystems, Bannockburn, IL, USA).  

6.4. RESULTS 

 In this study we fabricated complete three dimensional electrospun scaffolds and 

mineralized then by incubation in 10X SBF. The scaffolds were composed of dual structures, 

inner core surrounded by osteon-like scaffolds, shown in Figure 6.1. The scaffolds were then 

further characterized to determine mechanical properties, mineral deposition and distribution, 

and cellular activity on the scaffolds. 

6.4.1. Alizarin Red Staining  

 Mineral distribution across the scaffolds was observed using the alizarin red staining. 

Staining of the scaffolds was performed two ways, first the scaffolds were stained with alizarin 

red and then sectioned and imaged, shown in Figure 6.1 A-C, and then scaffolds were also 

sectioned and individual sections were stained and imaged, shown in Figure 6.2 D-F. When the 
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scaffolds were stained and then section (Figure 6.1 A-C) mineral can be seen on the outer edges 

of the scaffolds with some mineral also found on inside of the osteons channels. No major 

differences can be seen between mineralization times. When the scaffolds were sectioned then 

stained much more mineral stain can be seen on the scaffolds. After 6hr of mineralization (Figure 

6.1 D) mineral can be seen on the outer edges and on the osteons, but absent from the central 

core. After 24 and 48 hr (Figure 6.1 E and F) scaffolds are completely covered in mineral and no 

differences can be seen between two mineralization times.   

 

Figure 6.1. Alizarin red staining after 6hr (A, D), 24hr (B, E) and 48 hr(C, F) of mineralization. 

Scaffolds were stained then sectioned to be imaged (A-C) and also sectioned then stained (D-F) 

 

6.4.2. Mineral Ash Weights  

 Mineral ash weights were determined to quantify the amount of mineral present on the 

scaffolds and are shown in table 6.1.  Increasing the mineralization time resulted in increase 

mineral deposition, and each mineralization time point was significantly higher than other two 

time points.  
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Table 6.1. Mineral ash weight percentages. Each time point is significantly different from the 

other two.  

Mineralization time (hr) Mineral Ash Weight 

6 6.33%±0.91% 

24 17.01%±2.99% 

48 26.18%±0.85% 

 

6.4.3. Mechanical Properties  

 Scaffolds were tested under simulated physiological conditions in compression at 10% 

strain rate/min. Data was analyzed to determine yield stress and compressive modulus and is 

shown in Figure 6.2.  No significant differences in mechanical properties were seen after 6 hr of 

mineralization and also between 24 hr and 48 hr of mineralization. Scaffolds mineralized for 

24hr and 48hr had significantly higher yield stresses than scaffolds mineralized for 6hr and 0hr. 

Scaffolds mineralized for 24 hr had significantly higher compressive modulus than non 

mineralized scaffolds (0hr).  
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Figure 6.2. Mechanical testing data. * - than 0hr and 6hr mineralization for yield stress, and 0hr 

mineralization for compressive modulus (p<0.05) 

6.4.3. Cell Study  

 Proliferation of the M3T3-E1 cells on the scaffolds was quantified using MTS assay on 

days 7, 14, 21, and 28 and the absorbances at 490 nm are shown in Figure 6.3. Over the course of 

4 weeks no differences were observed between the groups at any time point. Both groups did 

experiences significant increase in absorbances over 28 days, Min0 group from day 7 to day 14 

to day 21, and Min24 group from day 14 to day 2.  

 

Figure 6.3. MTS absorbances over the 4 week cell study (left) and cell numbers determined 

form MTS curve (right)  
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6.4.3.1. Osteocalcin ELISA Assay 

 Differentiation of osteoblasts was measured by the expression of osteocalcin over the 

course of the study. Figure 6.4 shows the amount of OCN protein detected in the media as 

measured by the ELISA kit and normalized by cell numbers. There was an increase in OCN 

secretion during the last two weeks of the study. Also, there was significant increase in OCN 

secretion on mineralized scaffolds during days 18-20 and 25-27.  

 

Figure 6.4. Secreted OCN protein in cell culture media. Results normalized by cell numbers 

determined by MTS assay. * - significantly different than Min0 (p<0.05) 

6.4.3.2. Alizarin Red and Fluorescence Stain  

 At each time point during the cell study, the scaffolds were fixed and stained with alizarin 

red to visualize mineral deposition and distribution. The pictures are shown in the Figure 6.5. On 

day 0,prior to the start of the study,  small amount of mineral can be seen on Min0 scaffold from 

the premineralization treatment and  much greater amount of mineral can be seen on Min24 

scaffolds. Over the course of study increased amount of mineral can be seen both scaffold types, 

but overall Min24 scaffolds seem to have more mineral present.  
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Figure 6.5. Alizarin red stain pictures of scaffolds Min0 (top) and Min24 (bottom) over period 

of 28 days 

 Scaffolds were fluorescencently stained to visualize cellular attachment and distribution 

on the scaffolds. Thickness and rough surfaces of the scaffolds it made focusing difficult. Cells 

can be seen on the edges of the scaffolds and also mostly on the inside of the osteon channels 

(Figure 6.6).  
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Figure 6.6. Fluorescence stain of actin (green) and nuclei (blue) after 21 days (A, B) and 28 days 

(C,D) on scaffolds Min0 (A,C) and Min24(B,D)  

 6.5. DISCUSSION  

 In this study we have fabricated complete three dimensional electrospun scaffolds and 

mineralized then by incubation in 10X SBF. The scaffolds were composed of dual structures, 

inner core composed of wrapped electrospun sheets surrounded by osteon-like scaffolds and 

which can be seen in Figure 6.1, which mimics natural bone organization. Few attempts have 

been made to create dual structure scaffolds. One includes biphasic foam scaffolds where degree 

of porosity varies, with denser scaffolds found in the middle surrounded by outer ring with 

higher degree of porosity. The scaffolds are made by heat sintering HA particles over porous 

polymeric sponges at very high temperatures, thus making them not biodegradable [26, 27].   

 The Figure 6.1 also shows alizarin red stains of mineral on scaffolds that were stained 

before and after sectioning the scaffolds. When the scaffolds were stained before sectioning, 

some mineral can be seen on the edges and inside the channels, but overall no major differences 
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can be observed between mineralization times. When the scaffolds were section than stained 

much more mineral can be seen especially on the 24h and 48hr mineralized scaffolds, which are 

completely covered. When we compared the amount of mineral found on the scaffolds, each 

mineralization time was significantly higher than the previous one. So while there is a difference 

in the amount of mineral present between 24hr and 48hr scaffolds, no differences can be seen in 

the mineral distribution.   

 Scaffolds were tested under simulated physiological conditions in compression at 10% 

strain rate/min to determine mechanical properties. Significant increase in mechanical properties 

was observed after 24 hr of mineralization both in compressive modulus and yield stress.  

Presence of mineral has significantly increased the mechanical properties. No differences in 

mechanical properties were seen between 24hr and 48hr mineralization times.  While there is a 

difference in mineral amount, no differences in mechanical properties were observed most likely 

due to nonuniform mineral distribution throughout the scaffolds. This is commonly seen with 

scaffolds that are mineralized by static incubation in SBF. Teo et al. utilized a flow chamber to 

mineralize electrospun scaffolds by alternately immersing them in CaCl2 and Na2HPO4. This 

resulted in a more uniform deposition throughout the scaffold, and showed that mineral 

distribution is more important than overall mineral amount in the scaffolds [33]. 

 Cellular attachment and proliferation was evaluated as mitochondrial activity as 

measured by the MTS assay over the period of 4 weeks. Over the course of the study both groups 

of scaffolds supported proliferation of MC3T3-E1 cells, as significant increase in absorbances 

were observed. Based on the cell numbers as determined by MTS assay, the population of cells 

doubled after 28 days. However, no differences between mineralized and nonmineralized 

scaffolds were observed. Similar results were seen in previous work [30, 31] and work published 

by White et al. [34]. This can be explained by competing processes of proliferation and 

differentiation in osteoblasts, where one decreases as the other increases [35]. Our results for the 

expression of OCN protein confirm shown in Figure 6.4 further confirm this. Scaffolds that have 

been mineralized show significantly higher levels of secreted OCN protein, a most abundant 

non-collagenous protein found in bone expressed by differentiated osteoblasts. By the end of 
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study, OCN expression on mineralized scaffolds was almost two-fold higher than non 

mineralized scaffolds. This finding is consistent by the results previously reported [34, 36].  

 At the end of each week, scaffolds were fixed and stained with alizarin red to visualize 

the mineral deposition on the scaffolds (Figure 6.5). Over the course of the cell study, non 

mineralized scaffolds that starts with very little mineral become much more mineralized, 

especially around osteon channels. Mineralized scaffolds had much more mineral to start with, 

but over the course of the study, certain areas seemed to have much more, namely edges and 

osteon channels. This shows that cells on cite mineralized the matrix, which was previously 

observed in our work [30] and also published work[34].  

 Scaffolds were also fluorescently labeled for actin filaments and nuclei to visualize cell 

attachment and position/distribution. Cells were mostly found on the inside of the osteon 

channels, as shown in Figure 6.6, and also on the edges of the scaffolds.  Lack of cells on the 

center regions could be explained by the loss of microfiber morphologies due to cryostat 

sectioning of the scaffolds. As the cutting is performed at -20°C, it can result in plastic 

deformation of fibers. Loss of microsfiber morphology can be seen on SEM of cryostat sectioned 

scaffolds (Figure 6.7). So the insides of the osteon channels and outside edges could be the only 

regions there electrospun fiber morphology was preserved. However, we do not foresee this 

being a problem in the future, as these scaffold were only sectioned for the purposes of this 

study.  
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Figure 6.7. SEM image of scaffolds sectioned using cryostat where fiber fusion is visible on the 

surface.  

6.6. CONCLUSION 

 In this study we have successfully fabricated complete three dimensional electrospun 

scaffolds that were composed of dual structures, inner core composed of wrapped electrospun 

sheets surrounded by osteon-like scaffolds. Scaffolds were successfully mineralized in 10X SBF 

up to 48 hr and showed good mineral distribution throughout the scaffolds. Mineralization for 24 

hr significantly increased mechanical properties of the scaffolds, both yield stress and 

compressive modulus under physiological conditions. Both scaffolds were found to support 

cellular attachment and proliferation over 28 days in culture, but scaffolds mineralized for 24hr 

were found to better support osteoblastic differentiation and mineral deposition.  
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Chapter 7 

Conclusions and Future Directions 

 

7.1. PROJECT CONCLUSIONS   

 The objective of this project was to utilize electrospinning and heat sintering techniques 

to create biodegradable full thickness three dimensional biomimetic polymeric scaffolds with 

macro and nano architecture similar to natural bone for bone tissue engineering. This was 

achieved by completing series of studies which are summarized below.   

 First we investigated different techniques to enhance calcium phosphate mineral 

precipitation onto electrospun PLLA scaffolds when incubated in concentrated simulated body 

fluid (SBF)10XSBF. The techniques included the use of vacuum, pretreatment with 0.1M NaOH, 

and electrospinning gelatin/PLLA blends as means to increase overall mineral precipitation and 

distribution throughout the scaffolds.  Two treatment regimen, pretreatment with NaOH and 

incorporation of 10% gelatin into PLLA solution, both in combination with vacuum, resulted in 

significantly higher degrees of mineralization (16.79% and 14.9%, respectively)  and better 

mineral distribution on surfaces and through the cross-sections after 2 hours of exposure to SBF. 

Mineral on the scaffolds was indentified to be mixture of brushite and hydroxyapatite.  While 

both scaffolds had similar mineral content, 10%gelatin/PLLA scaffolds had significantly higher 

yield stress (1.73 MPa vs. 0.56MPa) and elastic modulus (107MPa vs. 44MPa) than NaOH 

pretreated scaffolds. Pretreatment of PLLA scaffolds with NaOH resulted in scaffold degradation 

and decreased mechanical properties. Both scaffolds were found to support cell attachment and 

proliferation over the period of 4 weeks. But overall, mixture of 10% gelatin and PLLA resulted 

in the significantly higher degree of mineralization, increased mechanical properties, and 

scaffolds that supported cellular adhesion and proliferation.  

 Next, we applied a heat sintering technique to fabricate 3D electrospun scaffolds that 

were used to evaluate effects of mineralization and fiber orientation on scaffold strength. We 

electrospun PLLA/gelatin scaffolds with a layer of PDLA, and heat sintered them into three 

dimensional cylindrical scaffolds. Scaffolds were mineralized by incubation in 10X simulate 

body fluid for 6h, 24h, and 48 h to evaluate the effect of mineralization on scaffolds mechanical 
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properties. The effects of heat sintering hydroxyapatite (HA) microparticles directly to the 

scaffolds on mineral deposition, distribution and mechanical properties of the scaffolds were also 

evaluated. Fiber orientation can make a slight difference in nanofibrous scaffold compressive 

mechanical properties, but this difference is not as profound as the difference seen with increased 

mineralization. On the other hand, the use of HA microparticles can interfere with nanofiber 

sintering and decrease scaffold strength, but had significant effect on the mineral deposition on 

PLLA/gelatin scaffolds. In addition, the use of static mineralization techniques limits the depth 

of mineralization into the scaffold.   

 The next part of the project was to develop a technique to fabricate scaffolds that mimic 

the organization of an osteon, the structural unit of cortical bone. We successfully built a rotating 

stage for PGA fibers and utilized it for collecting electrospun nanofibers and creating scaffolds. 

Resulting scaffolds consisted of concentric layers of electrospun PLLA or gelatin/PLLA 

nanofibers wrapped around PGA microfiber core with diameters that ranged from 200-600µm. 

Scaffolds were successfully mineralized utilizing incubation in 10X SBF solution for two hours. 

Scaffolds supported cellular attachment and proliferation of MC3T3 cells and also provided an 

environment that allowed cells to produce calcium phosphate, increasing scaffold mineralization. 

However, the PGA core fibers did not degrade during the 4 week degradation study, so an 

alternative material needed to be used as the core for the osteon-like scaffolds. We electrospun 

PEO mats, which were then cut and rolled into fibers that were used as core fibers for 

electrospinning osteon-like scaffolds. Soaking fibers in an aqueous environment resulted in 

dissolution of the PEO core fibers. Individual osteon-like scaffolds were heat sintered to 

fabricate three dimensional scaffolds which were further mineralized and characterized. 

Resulting scaffolds contained a system of channels running parallel to the length of the scaffolds, 

as found naturally in the haverisan systems of bone tissue. Cross-linking of the gelatin prior to 

the mineralization of the scaffolds kept the channels of the osteons from collapsing during 

dissolution of PEO fibers. The combination of cross-linking and premineralization significantly 

increased the amount of mineral, mineral distribution, and compressive moduli of the scaffolds. 

 In final study of the project we combined two previously fabricated structures, sintered 

electrospun sheets and individual osteon-like scaffolds, to create novel scaffolds that mimic the 

dual structural organization of natural bone with cortical and trabecular regions. Mineralization 
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for 24 hr significantly increased mechanical properties of the scaffolds, both yield stress and 

compressive modulus under physiological conditions. Both nonminerlized and mineralized 

scaffolds were found to support cellular attachment and proliferation over 28 days in culture, but 

scaffolds mineralized for 24hr were found to better support osteoblastic differentiation and 

mineral deposition. 

7.2. FUTURE DIRECTIONS  

7.2.1. Flow Mineralization 

 Mineralization by incubation in simulated body fluid is considered to be a biomimetic 

process, as SBF has similar ion concentrations to human body plasma. By using 5X or 10X 

solutions, the process can be accelerated to achieve mineral precipitation on the order of hours. 

But one limiting factor with this mineralization method is nonuniform mineral deposition due to 

static conditions. Use of vacuum for mineralization two dimensions electrospun mats was 

successful [1] but, these 3D scaffold are too large to achieve uniform mineralization throughout 

using this method. Recently Teo et al. utilized a flow chamber to mineralize electrospun 

scaffolds by alternately immersing them in CaCl2 and Na2HPO4. This resulted in a more uniform 

deposition throughout the scaffold. And even though scaffolds mineralized in flow chamber had 

lees mineral overall than scaffold mineralized in static condition, they had significantly higher 

mechanical properties, indicating that mineral distribution is an important factor [2]. 

7.2.2. Bioreactors 

 One of the limitations that all the 3D scaffolds for tissue engineering applications face is 

nutrient transfer within the scaffolds. To overcome this limitation in vitro bioreactor systems are 

used to convectively transport nutrients to the cells. Use of a bioreactor would allow us to better 

in vitro investigation of complete 3D electrospun scaffolds that we have fabricated. Use of 

bioreactors has shown to improve cell seeding efficiency, cell proliferation and osteoblastic 

differentiation.  Three types of bioreactors are most often utilized in bone tissue engineering: 

spinner flasks, rotating wall, and perfusion systems [3]. Spinner flask and rotating wall 

bioreactor systems effectively create homogenous media solution on the exterior of the scaffolds, 

but offer limited perfusion of media into the scaffolds. Due to this limited media perfusion 

matrix production in these scaffolds is limited to the exterior [3]. Perfusion systems actively 
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perfuse media throughout the scaffolds and expose the cells fluid shear stress. This allows for 

more uniform matrix production throughout the scaffolds, and cells are exposed to fluid shear 

stress as in natural bone tissue. However, these systems are complex and expensive to build, and 

scaffolds need to be highly porous with interconnected pore networks to allow perfusion.  

7.2.3. Vascularization of Scaffolds  

 Bone is highly vascular, metabolically active tissue that is continuously remodeled.  In 

natural bone, vasculature is found within the Haversian channels in individual osteons, ensuring 

that no point is further than 100µm from nutrient source. The inability to recreate and vacularize 

scaffolds in vitro has been major limiting factor in tissue engineered constructs. While use of 

bioreactors improves nutrient delivery in vitro, the problem still exists in in vivo situations.  

Novel design of our complete scaffolds that contains channels within the osteon-like scaffolds 

that run parallel to the scaffold length better mimics the native tissue. Channels within the 

scaffolds could be seeded with endothelial cells (ECs) to allow co-culture with osteoblastic cells. 

Literature shows that co-culture of the two cell types had positive effects on both cell types: ECs 

release higher amount of VGEF than in monoculture and osteoblasts up regulate expression of 

alkaline phosphatase [4].  

Preliminary data, shown in Figure 7.1, was done in collaboration with Dr. Chris Rylander, where 

individual osteon-like channels were loaded with fluorescent microspheres using hollow 

microneedle for loading.   

 

Figure 7.1. Electrospun scaffolds with channels loaded with fluorescent microbeads. 
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7.2.4. Improving Mechanical Properties 

  One of the challenges all scaffolds for bone tissue engineering face is matching bone 

natural mechanical properties. While polymers alone are not strong enough, pure ceramics are 

too brittle, and composite materials so far have failed to match bone properties. One of the 

approaches for increasing mechanical properties that is being investigated is use of carbon 

nanotubes (CNT), which have very high mechanical properties, as reinforcements. Multi-walled 

carbon nanotubes have been successfully dispersed and electrospun in polymer solution and have 

shown to increase tensile mechanical properties of scaffolds [5]. They have also shown to 

improve compressive mechanical properties of calcium phosphate cements. Furthermore, 

fictionalization of CNT with –OH or -COOH can induce mineral precipitation when incubated in 

SBF [6]. However, so far effects of addition of CNT to electrospun scaffolds in combination 

with SBF mineralization on compressive mechanical properties have not been investigated.    
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