
  

 

Abstract 

MCCULLEN, SETH DYLAN. Assessment of Nanofibrous Scaffold Chemistry, Design, and 

Use of Extracellular Stimuli for Bone Tissue Engineering. (Under the direction of Elizabeth 

G. Loboa and Laura I. Clarke). 

An emerging cell source for bone tissue engineering is human adipose-derived stem 

cells (hASCs).  This research investigated the creation of biocompatible scaffolds through the 

electrospinning technique and their subsequent culture with hASCs.  Electrospun nanofibrous 

scaffolds were fabricated from poly (l-lactic acid) and loaded with β-tricalcium phosphate 

particles (β-TCP).  The physical properties and ability of the composite scaffolds to induce 

osteogenic differentiation of hASCs was assessed.  Scaffolds loaded with β-TCP exhibited a 

significant decrease in tensile strength.  As scaffolds underwent in vitro degradation, the 

amount of calcium residing within the scaffolds significantly decreased.  Human ASCs were 

able to adhere, proliferate, and differentiate on all scaffolds.  Human ASCs cultured on 

scaffolds with the largest loss in residual calcium displayed significant increases in hASC-

mediated mineralization.  The production of this mineral was hypothesized to be based on the 

influence of the dissolution products of the β-TCP particles.  To investigate the effect of the 

dissolution products of β-TCP, hASCs were cultured on electrospun nanofibrous PLA 

scaffolds in culture medium containing 1.8 (normal), 8, or 16 mM Ca
2+

 with or without the 

use of osteogenic supplements (β-glycerol phosphate, ascorbic acid, and dexamethasone).  

Materials deposited by hASCs were analyzed and mineral deposition was significantly 

enhanced under both growth and osteogenic medium conditions by increasing extracellular 

Ca
2+

.  The greatest mineral deposition occurred in the osteogenic differentiating medium 8 



  

 

mM Ca
2+

 treatment group.  FTIR and X-ray diffraction indicated that an elevated calcium 

concentration of 8 mM Ca
2+

 increased both PO4
 
amount and the crystalline structure of the 

mineral, respectively.  

To further functionalize the electrospun scaffolds, cylindrical pores of 150, 300, and 

600 µm diameter were micro-machined through the scaffolds using a laser ablation 

technique.  Laser ablation parameters were varied and it was determined that the aperture and 

z-travel direction of the laser linearly correlated with the ablated pore diameter.  Scaffold 

morphology was assessed and it was determined that scaffolds with 600 µm diameter pores 

exhibited significant polymer redeposition.  The addition of the 300 µm pore arrays was 

assessed and compared to non-ablated scaffolds by subsequent stacking and bonding together 

with collagen gel.  To evaluate the benefit of assembled scaffolds with and without 

engineered pores, hASCs were seeded on individual electrospun scaffolds, hASC-seeded 

scaffolds were bonded with type I collagen, and the entire constructs cultured to examine 

their potential as bone tissue engineering scaffolds.  Assembled electrospun 

scaffolds/collagen gel constructs using electrospun scaffolds with pores resulted in enhanced 

hASC viability, proliferation, and mineralization of the scaffolds after three weeks in vitro 

compared to constructs using electrospun scaffolds without pores.  Electron microscopy and 

histological examination revealed that the assembled constructs with laser ablated 

electrospun scaffolds maintained a contracted structure and not delaminate, unlike assembled 

constructs containing non-ablated electrospun scaffolds. 



  

 

A final study examined the influence of environmental stimuli, specifically low 

frequency electric fields on hASCs.  Electric stimulation is known to initiate signaling 

pathways and provides a technique to enhance osteogenic differentiation of stem and/or 

progenitor cells.  Human ASCs were cultured directly on custom interdigitated electrodes 

and exposed to either acute or chronic electric fields.  Acute exposure to sinusoidal electric 

fields of 1 Hz induced hASC calcium signaling that increased in response to electric field 

magnitude.  Human ASCs that were chronically exposed to an electric field treatment of 1 

V/cm under osteogenic medium displayed a significant increase in hASC mineralization.  

This is the first study to evaluate the effects of sinusoidal electric fields on hASCs and to 

demonstrate that both acute and chronic electric field exposure can significantly increase 

intracellular calcium signaling and the amount of mineralized calcium under osteogenic 

differentiation conditions, respectively.  
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proliferation was not affected by the application of electric field treatments of 1, 3, or 5 V/cm 

at 1 Hz. Groups not connected by same letter indicates significant difference (p< 0.05).155 

Figure 7.9: Human ASC mineralization was assessed after 7 and 14 days in vitro for hASCs 

exoposed to osteogenic supplements (dexamethasone, β-glycerol phosphate, ascorbic acid) 

and electric field stimulation of either 0 (control), 1, 3, 5 V/cm at 1 Hz for 4 hrs/day.  Groups 

not connected by same letter indicate significant difference (p-value < 0.05). .............. 156 
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Chapter 1 Introduction 

1.0 Motivation 

Tissue engineering is emerging as the new paradigm for regenerative medicine and 

offers to provide the necessary therapies to overcome organ donor shortages, tissue defects, 

traumatic injuries, and promote healthy healing of injured tissues.  This field of research will 

afford scientists the ability to identify cellular responses based on experimental models with 

the aim to extrapolate towards clinical therapies and a more comprehensive understanding of 

cellular behavior.  Tissue engineering makes use of the extracellular environment to direct 

cell populations to produce tissue with anatomically and physiologically correct structures 

that restore normal tissue function.  The main components for the development of functional 

tissue are: 1) cell source, 2) biocompatible scaffold material, and 3) appropriate extracellular 

stimuli.  Each of these components contributes to the development of potential tissues and is 

vital to the success of ex vivo engineered tissues for regenerative medicine.  An area of this 

field that has seen extensive growth is the field of musculoskeletal tissue engineering.  This 

field is committed to creating engineered tissue for bone, cartilage, ligament, and tendon 

replacement.  Of these tissues, bone tissue engineering has had the most success and strives 

to create replacement tissues as needed due to traumatic injury, osteoporosis, genetic 

disorders, and bone cancer.   

To generate viable and functional constructs for bone tissue engineering it is of great 

importance to use the correct type of cellular population that is capable of becoming 



2 

 

integrated into the skeletal system.  Stem cells generally possess two main characteristics, 

they are able to undergo self-renewal, and possess multi-lineage potential (1).  Based on 

these properties, stem cells are an advantageous cell source to use and their use can be 

considered status quo for a variety of mesodermal tissues including both bone and cartilage.  

Stem cells can be obtained from a variety of tissues; this research will focus on the use of 

human adipose-derived stem cells.  Human adipose-derived stem cells (hASCs) are a 

promising cell source for tissue engineering due to their multilineage potential, relative 

abundance, and ease of harvest compared to bone-marrow derived mesenchymal stem cells 

(MSCs) (1-3).  Within the human body, there are several depots containing these types of 

cells.  Multiple studies have carried out both chondrogenic and osteogenic differentiation by 

culture from 2-4 weeks (4).  From these studies, it is apparent that scaffold structure and 

composition are extremely important as are medium components for the induction of a 

specific lineage (5, 6).  It is suggested that the main mechanisms driving adipose-derived 

stem cells down mesodermal lineages include PPAR-γ and Runx2 (4).  However, there is a 

dearth of information on the implementation of human ASCs for bone tissue engineering 

based on their extracellular environment.  Two main developments that have been realized to 

resolve this area are the design of appropriate scaffold materials and the use of physical 

stimuli to initiate bone tissue formation through osteogenic differentiation of hASCs.   

Scaffold materials have evolved from relatively inert materials to tissue-specific 

materials that are able to provide a temporary three dimensional structure that offers a 

biocompatible mechanically stable material. Synthetic polymers are often used due to their 
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commercial availability and demonstrated success as an adequate material for cellular 

growth.  The properties of polymeric materials can be varied based on the molecular 

structure, crystallinity, and crosslinks between adjacent polymer chains.  Besides their 

molecular properties, the morphology of scaffolds including porosity, pore size, 

interconnectivity, and anisotropy contribute to not only the structural properties such as 

modulus and degradation rate, but also to cellular responses such as adhesion, proliferation, 

and extracellular matrix formation.                

Extracellular physical stimuli are known to be an important regulator in tissue 

development and are able to activate distinct transduction mechanisms through a process 

known as mechanobiology.  Mechanobiology is based on the conversion of physical stimuli 

into intracellular biochemical signals that control gene expression and cellular function.  

Physical stimuli are able to impart a deformation on the cellular level via membrane 

distortion and activation of surface membrane receptors.  Types of physical stimuli for bone 

tissue engineering include the use of mechanical forces (fluid shear stress, tensile strain, and 

compression deformation), and electric and magnetic fields.  This dissertation will allow us 

to begin understanding the complex mechanisms necessary for osteogenic differentiation of 

hASCs in response to extracellular stimuli including extracellular matrix interactions, the 

local biochemical environment, and physical stimuli. 

 1.1 Objectives 

The objectives of this research are two-fold in 1) assessing how both engineered 

scaffold materials can affect stem and progenitor cell function and differentiation, and 2) 
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determining how the use of external physical stimuli effect viability, proliferation and 

differentiation potential of human adipose-derived stem cells.   

The first aim of this dissertation is to develop scaffold materials for musculoskeletal 

tissue engineering by fabricating electrospun composite scaffolds.  Specifically, electrospun 

scaffolds of poly(l-lactic acid) (PLA) and tricalcium phosphate (TCP) will be produced at 

varying TCP content and the scaffolds’ material properties and their effect on the osteogenic 

differentiation of hASCs will be evaluated by assessing primary bone markers including 

alkaline phosphatase activity and mineralized calcium content.  Following this first study, the 

effect of ionic calcium on its influence of hASC mineralization will be assessed.  In addition 

to examining scaffold chemistry, scaffold morphology and structure will be assessed by 

micromachining the global structure of electrospun PLA scaffolds.  These scaffolds will be 

processed using the method of laser ablation to create micron-structured features within a 

nanofibrous scaffold.      The benefit of these micron-structured features will be determined 

by assembling multiple scaffolds together using a layer by layer technique to create thick 

bone constructs necessary for critical-size bony defects.   

The second aim of this research is to determine if physical stimuli such as oscillatory 

electric fields affect cellular signaling and can aid the osteogenic differentiation of hASCs.  

Specifically, hASCs will be grown on interdigitated electrodes and exposed to physiological 

electric fields.  Short-term experiments will focus on intracellular calcium signaling 

responses while long-term experiments will focus on electric field effects on the proliferation 
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and osteogenic differentiation of hASCs.  Human ASC response will be evaluated by 

examining proliferation and mineral formation up to two weeks in vitro.       

1.2 Dissertation Findings 

The findings of this body of work have been shared at both scientific conferences and 

the submission of manuscripts to peer-reviewed journals.  The manuscripts accepted, 

submitted, and in preparation are listed below: 

In Preparation 

McCullen, SD; Gittard, SD; Miller, PR; Narayan, RJ; Gorga, RE; Loboa, EG. Laser ablation 

imparts controlled micro-scale pores in nanofibrous electrospun PLA scaffolds for patterned 

cell adhesion. Journal of Micromechanics and Micromachining (2009)  

Submitted 

McCullen, SD; McQuilling, JP; Lubischer, J; Grossfeld, RM; Clarke, LI; Loboa, EG; 

Application of low frequency electric fields via interdigitated electrodes for functional tissue 

engineering: effect on viability and osteogenic differentiation of human adipose-derived stem 

cells. Tissue Engineering (2009). 

McCullen, SD; Onorato ML; Bernacki, SH; Loboa, EG.  Elevated Ca
2+ 

induces human 

adipose-derived stem cell mineralization. Tissue Engineering (2009) 

McCullen, SD; Miller, PR; Gittard, SD; Pourdeyhimi, B; Gorga, RE; Narayan, RJ; Loboa, 

EG. In situ collagen polymerization of cell-seeded electrospun scaffolds for bone tissue 

engineering applications.  Tissue Engineering (2009) 
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Published 

McCullen, SD; Zhu, Y; Bernacki, SH; Narayan, RJ; Pourdeyhimi, B; Gorga, RE; Loboa, 

EG.  Electrospun composite (poly(L-lactic acid)/tricalcium phosphate scaffolds induce 

proliferation and osteogenic differentiation of human adipose-derived stem cells. Biomedical 

Materials (2009) 4(3) 35002.  

McCullen, SD; Ramaswamey, S; Clarke, LI; Gorga, RE; "Review: Nanofibrous composites 

for tissue engineering applications," Wiley Interdisciplinary Review: Nanomedicine and 

Nanobiotechnology 1, 369 (2009).   
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Chapter 2 Literature Review 

2.1 Need for Tissue Engineering of Bone 

Bone is currently the most-commonly transplanted tissue (~600,000 bone grafts 

annually in the U.S. alone), with autografts accounting for 90% of such surgeries and 

transplants from cadavers the most common procedures (7, 8).  Autografting is a procedure 

where clinicians harvest bone tissue from the patient’s body, usually from the iliac crest or 

fibula, and place this excised tissue within the defect site.  Though this method is the gold 

standard due to it being an autologous tissue source with minimal patient rejection, 

autografting has additional problems associated with it including infection/morbidity at the 

donor site, limited supply of tissue, and this procedure essentially creates another defect to 

treat the original problem.  The main cause for bone grafting is the result from trauma, 

cancer, and aging (6).  In addition, there are a variety of disorders where autografting is not 

the choice procedure and include osteogenesis imperfecta, osteoporosis, and osteomyelitis 

(6).  Thus, the need for bone tissue for grafting is likely to increase rapidly in the future due 

to factors such as an increasing trauma survival rates and an aging population.  

Cell-based strategies to generate replacement bone have recently received much 

attention, with current trends focused on tissue engineering.  In particular, an alternative 

source of bone is to engineer, from a patient’s own stem cells, new tissue able to function as 

replacement bone.  Tissue engineering of bone is based on three main components: 1) 

progenitor and/or stem cell source, 2) biocompatible scaffold system, and 3) appropriate 
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extracellular stimuli.  This process generally requires the ex vivo expansion of the cell source 

to an adequate population number, seeding of cells on and within a biocompatible scaffold, 

and subsequent culturing of the cell-seeded scaffold in defined culture conditions until the 

cells produce an extracellular matrix that resembles the native tissue properties in terms of 

composition, morphology, material properties, and physiological demands of its in vivo 

counterpart.     

2.2 Potential Cell Sources for Bone Tissue Engineering 

Cell sources used for bone tissue engineering include bone cells such as osteoblasts 

and/or osteoprogenitor cells.  Osteoprogenitor cells can be derived from mesodermal tissues 

and include stem cells.  By definition, stem cells must possess two key attributes, they must 

be multipotent and they must be able to self-replicate (1, 9, 10).  Mesenchymal stem cells 

(MSCs) are known to be adherent fibroblastic cells and are able to differentiate into 

mesodermal cells including bone, cartilage, adipose, muscle, tendon, and ligament pathways 

(1).  Though they are a heterogeneous population of cells, these cells lack expression of 

hematopoietic lineage markers including CD11b, CD14, CD34, and CD45 (1).  MSCs are 

largely present in marrow and other solid mesodermal tissues such as the periosteum, fat pad, 

and synovium.  Typical characterization of mesenchymal stem cells consists of their 

expression of specific protein markers such as, but not limited to, CD44, CD71, CD90, 

CD105, CD106, and CD166 (1), and multi-lineage differentiation.   Their role in bone tissue 

engineering and development is twofold in that not only are they a supply of progenitor cells 

but they also are trophic mediators where they are able to receive and provide cues for tissue 
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formation and restoration in the case of healing (9).  MSCs are able to promote tissue repair 

by secretion of factors that enhance regeneration of injured cells, stimulate proliferation, and 

differentiation of local progenitor cells.  Researchers have also begun to extensively 

investigate other sources of mesenchymal stem cells, including from adipose tissue. In 

contrast to MSCs from bone marrow, adipose tissue provides an abundant and easily 

obtainable source of cells that exhibit somewhat similar capacity for expansion, growth 

kinetics, and differentiation.  Adipose-derived stem cells (ASCs) were first characterized and 

reported in a leading research by Zuk et al. (2).  The main advantages of this cell source 

relative to MSCs are that acquisition is less invasive, larger quantities of stem cells/mass 

source tissue are obtained, and similar differentiation potential.  Within the body there are 

several adipose depots and this must be factored into the potential of the isolated cells, due to 

heterogeneity based on anatomical location (11). 

In vitro expansion of these cells generally requires the use of serum-based medium as 

investigators have reported difficulty in stem cell viability, proliferation, and overall 

maintenance without serum (1).  It is generally accepted that to induce osteogenic 

differentiation, it is required to use ascorbic acid/ascorbate, dexamethasone, and β-glycerol 

phosphate are required (5, 12).  Ascorbic acid is a known promoter in collagen fibril 

formation, dexamethasone is a synthetic glucocorticoid steroid and is essential for 

differentiation, and β-glycerol phosphate is a necessary chemical cue for phosphate donation 

for mineralization to occur (5, 12, 13).    Soluble factors that affect the induction of 

osteogenesis include ionic levels of calcium, phosphate, silicon, and strontium (14, 15).  The 
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effect of these ionic species can be directly related to genetic expression of osteoblastic cells 

and the formation of a mineralized matrix (14, 16, 17).   

Generally, osteoblastic differentiation can be divided into three main sequences 

including: 1) proliferation, 2) matrix maturation, and 3) mineralization (5, 12).  During the 

initial time period of culture, osteoblastic cells proliferate and begin to secrete large amounts 

of type I collagen.  By the end of ~7 days in culture, the osteoblasts begin to slow down their 

mitotic cycle and undergo differentiation by upregulation of alkaline phosphatase, 

osteopontin, and osteocalcin (5).  Finally, osteoblastic cells begin to mineralize the secreted 

matrix.  The main mineral for bone is hydroxyapatite and mineralization is able to occur due 

to the matrix proteins (predominantly collagen I) acting as sites of nucleation for 

mineralization to occur.  Mineral can be characterized by quantification, histological 

techniques, x-ray diffraction, Fourier transform infrared spectroscopy, Raman spectroscopy, 

and by indentation examination for material properties such as hardness and modulus (18-

20). 
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Figure 2.1: General scheme for osteoblastic differentiation.  Osteoprogenitor cells in 

culture go through the stages of proliferation, matrix maturation, and mineralization.  

During proliferation, cells multiply and express type I collagen (COL I).  Alkaline 

phosphatase (ALP) peaks during the matrix maturation phase, and during the final 

stage of differentiation the cells produce a mineralized matrix.  Adapted from (5).  

 

2.3 Role of Scaffold Materials for Bone Tissue Engineering 

The architecture of bone is representative of the many functions it serves in the 

human body. The adult skeleton is comprised of two types of bone: cortical bone (80%) and 

trabecular bone (20%) (21). Cortical bone provides mechanical stability and protection to 

vital organs and is therefore almost completely solid, having a very low porosity (10%) (5).  

In comparison, trabecular bone is loosely organized and very porous (50-90%) in order to 

provide a proper environment for metabolic activity, ion exchange, and filtering of solutes 

(22).  Bone consists of both an organic and inorganic phase (~50% by volume each) 
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consisting of Type I Collagen and hydroxyapatite Ca5(PO4)3(OH) (a crystalline form of 

calcium phosphate), respectively (5).   Scaffold materials play an important role in directing 

tissue growth and offer opportunities to manipulate and control stem cell behavior especially 

for bone tissue engineering.  To perform appropriately, the key criteria for scaffolds include: 

biocompatibility, specific morphology (similar to the natural extracellular matrix (ECM)), 

necessary mechanical properties (sufficient for mechanical stimulation), support of normal 

cell processes (including adhesion, proliferation, migration, organization, and 

differentiation), degradation (at a comparable rate to tissue formation), and functionality (23, 

24).  Research in the field of artificial tissue scaffolding has evolved from constructing inert 

structures to fabricating functionalized materials with enhanced physical and chemical 

properties that not only mimic the native morphology and chemistry of the ECM but can also 

deliver a series of signals required to evoke certain cell responses.    

When considering the overall composition and morphology of the ECM, three key 

prevalent characteristics are: 1) the ECM is a heterogeneous combination of macromolecules; 

2) it exists in fiber form and, 3) it is on the nanoscale, i.e. less than 500 nm. 

2.3.1 Role of Scaffolds in Tissue Engineering 

 In essence, scaffold materials allow stem and progenitor cells to arrange on a three-

dimensional structure and can be derived from three main sources: naturally-derived 

materials, decellularized tissue matrices, and synthetic materials.  Naturally-derived materials 

include either proteins, polysaccharides, or inorganic materials commonly found in nature 

and often include collagen, silk, alginate, hyaluronan, hydroxyapatite, and nacre.  Typically 
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these materials are some form of secondary product and must undergo chemical treatment 

and sterilization before end use.  The use of naturally-derived materials typically requires the 

combination of native proteins or growth factors to promote cell adhesion, differentiation, 

and to provide a biological recognition element.  Main limitations with these materials are 

the range of properties due to the variety of source and batch processing.  A recent review by 

Malafaya et al. has addressed the overall status of these types of materials in tissue 

engineering (25).   

Decellularized tissue matrices are tissues that have been decellularized to remove any 

presence of foreign cellular material to enhance biocompatibility and lower the possible 

rejection rate.  The use of decellularized scaffolds from native bone tissue have been 

performed since the early studies conducted by Urist et al. where he demonstrated the 

osteoinductive properties of bone, later to be determined by the presence of bone 

morphogenetic proteins residing within the scaffold (26, 27).  To be used as a scaffold, 

decellularized bone must go through an extensive process including decellularization, 

defatting, demineralization, and sterilization.  The advantages of decellularized bone 

scaffolds are transparent when considering the natural mimicry of anatomical shape, 

microstructural features, and material properties.  With respect to its osteoinductive 

properties, Urist et al. proposed that a low molecular weight oligosaccharide glycoprotein 

exists in the intercellular matrix and perilacunar walls of bone that is exposed when bone is 

demineralized; and that this glycoprotein causes osteogenic differentiation when it comes 

into contact with seeded cells (26).  The implantation of this type of graft also provides 
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mechanical support to the defect area, and possesses strength properties approaching native 

live bone tissue (28).  One of the main disadvantages of decellularized bone scaffolds is that 

the allogenic supply is extremely limited due to bone banking and extensive donor screening 

(29).  Xenogenic supply is essentially unlimited but the possibility of either rejection, 

infection, or foreign body responses could be potentially higher.  The variation in processing 

conditions is large and thus the responses of cells seeded on the decellularized scaffolds are 

also broad and include the type of sterilization and degree of mineralization (30, 31).  

Structural differences within the scaffold can account for high heterogeneity in cellular 

distribution and infiltration during in vitro expansion (30, 31).   

Mass transport has also been reported to be limited into the scaffold due to diffusional 

limitations within the scaffold, adversely affecting viability of seeded cells (30, 31).  The 

ability of the implanted decellularized bone matrix to be remodeled is a relatively slow 

process compared to other scaffolding options (32).  Schwartz et al. compared the long term 

degradation behavior of decellularized bone compared to other bone scaffold materials 

including synthetic scaffolds fabricated from poly(lactic-glycolic) acid (27).  The synthetic 

scaffolds were able to be resorbed at a higher rate relative to decellularized bone, resulting in 

a large volume of trabecular bone growth into the scaffold (Schwartz).  Besides inherent 

differences imparted due to various processing schemes, variation in source tissues can have 

significant effects on the intrinsic properties of the scaffolds.  Schwartz et al. reported that a 

higher donor age correlated to a lower amount of BMPs and other osteoinductive factors 

residing within the matrix (27).  Though decellularized bone matrix provides a scaffold that 
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naturally mimics live bone tissue, its use has had mixed reviews and is dependent on purity 

of the source tissue and processing techniques.   

Synthetic materials include polymeric materials and are advantageous to use due to 

their reproducibility, mechanical properties, degradation rate, and range of morphologies and 

structures into which they can be formed.  Polymers used extensively in bone tissue 

engineering include: poly (lactic acid), poly (glycolic acid), poly (ε-caprolactone), poly 

(ethylene glycol) and poly (propylene fumarate) and the copolymer poly (lactic-glycolic 

acid) (5).  These polymers are formed by the synthesis of monomeric units typically through 

either step or ring-opening polymerization.  Of these polymer systems, poly (lactic acid) 

(PLA) has generated great interest as this material is a thermoplastic and biodegradable (33).  

PLA is a simple chiral molecule that exists as two enatiomers, L- and D-lactic acid (Figure 

2.2).   

 

Figure 2.2:  Chemical structure and stereochemistry of lactic acid monomer unit.  L-

lactic acid is able to form crystalline domains, while D-lactic acid is the amorphous 

form (33). 
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The polymer is produced through the polymerization of lactic acid monomer and is 

generally produced commercially by fermentation or petrochemical methods (33).  Specific 

advantages of PLA are that it is biocompatible, biodegradable and can be readily broken 

down.  The degradation of synthetic materials such as PLA is based on the molecular 

structure, crystallinity, crosslinks, and morphology of the material.  PLA is degraded by 

hydrolytic degradation that is controlled by the hydrolysis rate constant of the ester bond of 

PLA, diffusion coefficient of water in the polymer, diffusion coefficient of chain fragments, 

and solubility of the degradation products (34).  PLA is known to degrade via bulk 

degradation due to its low water diffusion coefficients (34).  Another important factor is the 

variety of formations and morphologies that synthetic materials such as PLA can be formed 

into.  One such technique is known as electrospinning and is discussed below.           

2.3.2 Electrospinning of Scaffolds 

Electrospinning utilizes the interplay between electrical forces and surface tension to 

create fibers with submicron diameters, collected in random mats of porosity >80% by 

applying a strong electric field between a charged drop of polymer solution and a collection 

plate (35, 36). These nanofibrous mats provide a compliant mesh that promotes in vivo cell 

phenotypes and overall tissue morphogenesis by mimicking the size-scale and morphology of 

extracellular matrix in vivo (37, 38).  One of the main advantages of electrospinning is that it 

is a relatively simple procedure that can take place from a laboratory to a commercial scale.  

Electrospinning was originally described in the literature by Formhals in 1934 whereby 

electrostatic forces were able to generate extremely fine polymeric fibers that are on the 
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nano-scale (35).  It is this miniscule size feature that makes nanofibers advantageous to use 

due to their mimicry of the natural extracellular matrix.  Electrospun nanofibrous scaffolds 

can be formulated from a variety of natural and synthetic materials, and stem from the 

dissolution of polymeric materials and the subsequent electrification of the polymer.  The 

polymer solution is dispensed at a controlled rate through a metallic capillary that is directly 

connected to a high voltage power supply.  The voltage supply is applied and at a critical 

voltage the induced charge on the polymer droplet overcomes the surface tension of the 

polymer solution forming what is known as a Taylor cone (38, 39).  The Taylor cone then 

undergoes a rapid whipping instability where a fibrous cloud is formed due to the bending 

instability of the polymer jet.   

For polymer solutions, especially during electrospinning, viscosity is an important 

parameter to recognize because it allows one to understand the necessary molecular 

interactions and processing parameters for fiber formation to occur.  Solution viscosity is a 

function of both polymer molecular weight and the polymer concentration in solution and 

both have a direct effect on solution viscosity.  When a polymer is in solution, its chains will 

be able to become arranged in multiple conformations resulting in a variety of cases going 

from a either a tightly bound random coil (multiple intra-chain interactions), or into a large 

expanded chain with no excluded volume interactions due to chain expansion within the 

solvent.  Generally it is assumed that the polymer and solvent have good interactions 

meaning that the polymer and solvent are able to mix freely and that interactions between 

polymer and solvent are preferred over interactions within the polymer molecule.  Based on 
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this assumption the polymer solution will behave as a homogenous solution.  The molecular 

weight of a polymer refers to the number of monomer units of the polymeric chain and is 

simply the monomer weight unit multiplied by the number of monomers present within the 

chain, also known as degree of polymerization (Mw = nw*DP).  When a polymer chain is in 

solution, the polymer occupies space within the solvent and is able to impede flow of the 

solvent by increasing the frictional forces between the molecules of the system (both solvent-

polymer and inter-chain interactions of different polymer molecules).  By increasing the 

molecular weight we are in fact increasing the size of the solute within the system, thereby 

increasing not only the volume taken up by the polymer, but also the volume of solutes that 

are interacting with the polymer chain, which in turn will increase the frictional forces and 

the resistance of the solution to deformation, inherently increasing the viscosity of the 

solution.  An alternative method to increase the viscosity of a solution is to increase the 

concentration of polymer within it.  By increasing the concentration of the polymer chains in 

solution, the level of interaction between molecular chains will be enhanced simply by 

increasing the number of physical entanglements of the chains resulting in increased 

frictional forces and an increase in solution viscosity.  By increasing the concentration of 

polymer, the volumes influenced by each chain begin to overlap and interaction between 

different molecular chains takes place, resulting in a resistance to solvent movement, and an 

increase in solution viscosity.  Solution viscosity strongly controls the morphology of 

electrospun structures.  As mentioned above, solution viscosity can be controlled by 

modifying either the molecular weight of the polymer or the concentration of the polymer in 

solution.  The morphology of the structures produced during electrospinning progress from 
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polymeric beads, beads on a string, to a fully-formed fiber.  The development of these 

structures has been empirically demonstrated by multiple labs as a function of both Mw and 

polymer concentration and the combinatorial effects of these parameters and the resulting 

morphology have been presented by Shenoy et al. (40).  Shenoy et al. describes the limiting 

factor for uniform fiber formation during electrospinning to be based on the number of chain 

entanglements within the polymer solution (40).  Entanglements are defined as the physical 

intertwining of polymer chains that form a connected network and can be considered to be 

the equivalent to chemical bonds except the molecular chains are able to slide past one 

another.  Aforementioned, by increasing molecular weight or the concentration (or volume 

fraction) of a polymer in solution, we increase the interaction between adjacent chain 

molecules and the number of entanglements.  Shenoy uses both of these variables as a 

method to determine the entanglement number in solution such that    where ne
 
= 

the number of chain entanglements, φp= the volume fraction (concentration), Mw = molecular 

weight, and Me = entanglement molecular weight (40).  During the electrospinning process, a 

droplet of polymer solution is delivered to an electrified metallic capillary so that the applied 

electrical forces overcome the surface tension of the polymer droplet.  If the viscosity of a 

polymer solution is low and the amount of polymer is dilute, the resulting chain 

entanglements are below an adequate entanglement value, and only beaded structures will be 

produced due to a breakup of the polymer jet due to the inherent surface tension of the 

solution minimizing the surface area.  This is mainly attributed to the Rayleigh instability.  

By increasing the viscosity of the polymer solution, the Rayleigh instability is able to be 
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suppressed resulting in fiber formation.  However, if chain entanglements present within the 

solution are below a critical value for uniform fiber formation, the Rayleigh instability will 

still be present resulting in beaded fibers.  During the production of beaded fibers, the 

number of chain entanglements does not allow uniform fiber formation due to the solvent 

molecules being congregated within the beaded regions of the beaded fibers (41).  This is 

primarily thought to be due to surface tension between the solvent molecules.  By increasing 

the viscosity of the polymer solution above the previously mentioned value, continuous fiber 

formation should be able to occur resulting in bead-free fibers due to greater interaction of 

the solvent molecules with the molecular chains of the fibers.  In accordance, the number of 

chain entanglements will be increased yielding fiber formation.   

2.4 Biophysical Stimuli for Bone Tissue Engineering 

In addition to the culture of osteoprogenitor cells on biocompatible scaffolding with 

soluble osteoinductive factors, extracellular stimuli are a strong regulator in the production of 

a mature extracellular matrix and include physical stimuli that are native to bone (5).  Bone 

tissue of load bearing long bones is arranged in a unit known as the osteon which resembles a 

porous tubular structure filled with microchannels that allows the movement of interstitial 

fluid when loaded (5, 22).  During ambulatory movement, interstitial fluid is driven through 

the lacunar canalicular network of bone creating two physical effects: 1) fluid shear stress on 

the surface of cells (primarily osteocytes) and the microchannels within bone, and 2) a 

distinct electric field by the generation of a streaming potential (movement of an ionic 

solution through a porous substrate).  Though bone is known to be a piezoelectric material, 
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the streaming potentials have been determined to be clearly due to the presence of an ionic 

medium as determined by previous studies using wet and dry bone (42).  Elegant studies 

have correlated the force of loading (by increasing volumetric flow rate of saline solution) in 

a mouse forelimb and found a linear relationship with streaming potential, establishing the 

fact these two stimuli are interrelated in vivo (43, 44).  Because the stationary bone is also 

charged, re-distribution of the ionic fluid results in a pattern of electrical potentials.  

Similarly, application of an electric field also results in a directed ion movement and 

formation of potential gradients (43).  Since the discovery of the electromechanical 

properties of bone in the late 1960's (42), many in vivo and clinical studies have attempted to 

utilize electric fields, potentials or current to stimulate bone repair and growth, including 

healing of bone fractures, reduction of osteoporosis, integration of implants into bone, and 

repair of non-unions.  Electrical stimulation is an FDA-approved treatment for bone non-

union.   

Low frequency AC electric fields are also an influential physical signal in stem cell 

behavior, particularly differentiation.  Previous investigators have shown that electrical 

stimulation modifies the behavior of multiple cell types including the differentiation of bone 

marrow derived mesenchymal stem cells (45, 46).  A variety of techniques for electrical 

stimulation have proven successful in clinical and research settings, including direct probe 

placement within bone tissue, capacitive coupling, and application of time varying magnetic 

fields (47). In all three approaches, alternating current (rather than direct current) is often 

utilized to prevent ionic buildup near electrodes, which can negate the applied field or 
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current. Electric field amplitudes on the order of 0.1-10 V/cm have been identified as 

sufficient to show an effect without heating and frequencies of 100 Hz or less are used. 

Though electric fields have provided clinically relevant data, replication of beneficial 

results is difficult and the mechanistic understanding of the interaction between the low 

frequency electric fields and cells is not well known.  Specific pathways that have been 

hypothesized are activation of signaling pathways, activation of plasma membrane bound 

receptors, and changes in lipid composition mediated by an external force (48).  When 

considering certain physical features of a cell, particularly the highly resistive nature of the 

cell membrane, we are able to limit our postulation to the membrane as our primary location 

of interest (49).  Though the electric field effects are dampened within the cell, the plasma 

membrane provides a rich and supple source for sites of signal integration.  For instance, 

extracellular receptors are able to offer direct connections between the external environment 

and the cell’s nucleus (50).  Such pathways allow the propagation of subtle exterior signals 

(including electric fields) to the cell interior. Some studies have arisen focusing on 

intracellular stores, extracellular sources, and ionic conduction, yet there are no studies that 

have focused on extracellular receptors as the potential transducer.  
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Chapter 3  

Electrospun composite poly(l-lactic acid)/tricalcium 

phosphate scaffolds induce proliferation and 

osteogenic differentiation of human adipose-derived 

stem cells 

 

In the prior chapter we introduced the topic of cell-based strategies for bone tissue 

engineering and its relation to the development of scaffolds that mimic natural tissues by its 

morphology and chemical composition.  In this chapter we present the fabrication and 

characterization of biocompatible electrospun nanofibrous scaffolds generated from poly (l-

lactic acid) and β-tricalcium phosphate particles.  The goal is to create materials that better 

replicate the natural composition of bone and assess their interaction in vitro with human 

adipose-derived stem cells with osteogenic differentiating medium. 
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3.1 Introduction 

Scaffold materials are a key component in the development of tissue engineered bone 

constructs for critical bone defects.  Ideally, a scaffold should have the following 

characteristics for successful implantation: 1) be biocompatible and bioresorbable; 2) possess 

sufficient mechanical properties; 3) be three-dimensional; and, 4) have suitable functionality 

(51).  In order to accommodate all of these qualities, electrospun composites are being 

extensively implemented due to their unique size-scale, large surface area to volume ratio, 

facile manipulation, and ability to provide an appropriate vehicle to direct stem cells into 

specific lineages (52, 53).  Of particular interest is the modification of electrospun materials 

for bone tissue engineering applications by tailoring the physical attributes of the scaffold.  

The biochemical environment provided by the scaffold can permit and promote extracellular 

matrix (ECM) production and ultimate ossification by providing the appropriate design (54).  

One critical factor governing ECM production and eventual mineralization is the availability 

of phosphate and calcium within this local environment.  Past research has revolved around 

composite scaffolds, where a mineral component is incorporated into the matrix material.  

Fabrication of such scaffolds can take place by adsorbing inorganic crystals on the surface of 

the scaffold or loading inorganic crystals within the electrospinning solution matrix material 

(53, 55-60).  Doping inorganic crystals and salts in the electrospinning solution is the 

preferred method, as adsorbing requires additional reactions which may require days to 

transpire, and limits the location of the mineral to the surface of the scaffold.  Loading within 

the matrix material allows a more uniform dispersal of the mineral (61-63).  Choices for 

inorganic materials include demineralized bone powder, hydroxyapatite, calcium carbonate, 
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and β-tricalcium phosphate (TCP), among others (17, 60, 62).   The important features of 

these particles are notably, their chemical composition, overall size features, and degradation 

time (64-66).  TCP is a soluble form of calcium phosphate that will degrade in vitro, 

releasing Ca
2+ 

and PO4
3-

 into the surrounding environment (64).  Past studies have shown 

beneficial effects with the addition of calcium phosphate materials in electrospun materials 

with minimal cytotoxicity, increases in cellular proliferation, and increased mineralization.  

Conversely, these studies have limited the amount of inorganic material that is loaded into 

the composite fibrous scaffolds to miniscule amounts, usually on the order of fractional to a 

few weight percent of the mass of the polymer in solution (53, 67).  When TCP scaffolds are 

placed within an in vitro environment a rapid breakdown occurs, increasing the ionic 

concentrations of Ca
2+ 

and PO4
3- 

(64-66).   Increasing the amount of TCP within the scaffold 

material can cause a variety of effects in cellular response, including proliferation, 

differentiation, and possibly apoptosis at toxic levels.  Therefore, one of the goals of this 

study was to test a range of TCP loading levels on hASC response and examine the effect of 

calcium released from the scaffold on hASC viability, proliferation, and osteogenic 

differentiation.  

To evaluate the effectiveness of scaffold materials for tissue engineering applications, 

it is necessary to investigate and analyze the behavior of progenitor or mature bone cells on 

the material of interest.  Mesenchymal stem cells are a popular choice for bone tissue 

engineering applications based on their multipotency, self-renewal in culture, easy 

cryopreservation, and availability from multiple source tissues (1).  Human adipose-derived 
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adult stem cells (hASCs) are known for their multilineage potential and relative ease of 

retrieval compared to other progenitor cell types, notably bone-marrow derived mesenchymal 

stem cells (4, 68, 69).  Previous investigators have shown that hASCs osteogenically 

differentiate and produce osteoid when cultured on HA-TCP cubes in vivo and that they 

possess similar characteristics to bone-marrow derived mesenchymal stem cells (70).  

Electrospun scaffolds containing calcium phosphate materials have proven to be an attractive 

route for osteoinduction of cells, as multiple groups have demonstrated high cell viability, 

enhanced mineralization and the presence of genetic bone markers including osteocalcin 

(63).  To date, there has been no published research on the effects of electrospun TCP 

composite scaffolds on hASC osteogenic differentiation.  Therefore, the objective of this 

research was to produce and characterize electrospun composites of poly(l-lactic acid) (PLA) 

and β-tricalcium phosphate (TCP) at varying ratios (0, 5, 10, 20 wt%), assess any changes in 

scaffold characteristics (material properties, TCP release from scaffold), and evaluate the 

effect of electrospun composite PLA-TCP scaffolds on viability, proliferation, and 

osteogenic differentiation of human adipose-derived adult stem cells (hASCs) up to 18 days 

in vitro. 
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Figure 3.1: SEM micrograph of the 

extra pure tricalcium phosphate 

particles.  Average particle size is 40 

nm.  Scale bar in image is 200 nm. 

3.2 Materials and methods 

3.2.1 Scaffold Fabrication 

Scaffolds were prepared by the electrospinning method.  PLA with a Mw of 70,000 

Da (a gift from Nonwovens Cooperative Research Center, NCSU) was solubilized in 

Chloroform and Dimethyl formamide (DMF) (both reagents from Sigma, St. Louis, MO) at a 

ratio of 3:1 to yield a 12 wt% solution.  Extra pure TCP (Ca3(PO4)2) (Sigma, St. Louis, MO) 

was added to the PLA solution to yield weight 

concentrations of 0, 5, 10, 20 wt% based on 

the mass of the polymer and suspended by 

continuous stirring for 12 hrs.  The TCP 

crystals were spherical and had an average 

particle size of ~40 nm (Figure 3.1).  The 

electrospinning parameters for scaffold 

fabrication were: flow rate of 20 μl/min, 

working distance of 15 cm, and applied 

voltage of 15 kV.  Scaffolds were electrospun directly onto 10 x 10 mm
2
 glass coverslips for 

approximately 1 hr.  Scaffold thickness was measured with a Mitutoyo absolute micrometer 

(Aurora, IL) which can precisely determine thickness’ up to 1 µm affording a low range of 

error. The resulting scaffolds were 10 x 10 x 0.15 mm
3
.  Scaffolds were kept in a laminar 

flow hood for 24 hrs after fabrication to ensure that all solvents had evaporated.  Before cell 
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culture experiments, scaffolds were sterilized with 70% ethanol, rinsed three times with 1X 

Phosphate Buffered Saline (PBS), and soaked in complete growth medium for 12 hrs. 

3.2.2 Scanning Electron Microscopy 

 Scaffolds were sputter-coated with 100Å Au/Pd and imaged using a JEOL JSM-6400 

FE-SEM operating at 5 kV.  Images were taken at 500X, 5000X, and 10000X and were 

analyzed using Revolution
TM

 software.  At least 3 different scaffolds for each treatment were 

imaged and fiber diameter averages were calculated from at least 60 measurements. 

3.2.3 Scaffold degradation 

 Endogenous calcium content in the scaffolds within was quantified by digesting 

control scaffolds with no cells in 0.5 N HCl overnight on days 1, 6, 12, and 18 and assaying 

the supernatant using the Calcium Liquicolor Assay (Stanbio, Boerne, TX). 

3.2.4 Material Property Characterization 

 The tensile properties of the composite scaffolds were determined using an Instron 

Model 5544 axial load frame with BlueHill
TM

 1.0 software.  Samples were prepared by 

adhering to a cardstock window yielding a sample length of 25.4 mm, sample width of 6.35 

mm, sample thickness of 0.15 mm, and tested in tension to failure at a crosshead speed of 1 

mm/min.   Ten samples per treatment group were tested. 



29 

 

3.2.5 Human adipose-derived adult stem cell isolation and expansion 

Human ASCs were derived from excess human adipose tissue from liposuction 

procedures using waste tissue obtained from a 48 year old Caucasian female in accordance 

with an approved IRB protocol (IRB-04-1622) at UNC-Chapel Hill.   Human ASCs were 

isolated from the tissue using a method modified from Zuk et al. (2) and reported previously 

by our laboratory (71-74).  Human ASCs isolated from approximately 50 g of adipose tissue 

were characterized via immunohistochemical analysis of positive surface markers CD105 

and CD166 and negative for CD34 and CD45.  The growth and differentiation potential of 

the hASCs was tested in complete growth, adipogenic differentiating, and osteogenic 

differentiating media.  Complete growth medium contained Eagle’s Minimum Essential 

Medium, alpha-modified supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 

100 units/mL penicillin, and 100 µg/mL streptomycin.  Osteogenic differentiating medium 

contained complete growth medium supplemented with 50 M ascorbic acid, 0.1 M 

dexamethasone, and 10 mM -glycerolphosphate.  Adipogenic differentiating medium 

contained complete growth medium plus 1 µM dexamethasone, 5 µg/ml insulin, 100 µM 

indomethacin and 500 µM isobutylmethylxanthine.  Cells were cultured in each of these 

media for two weeks to confirm the ability of the hASCs to differentiate down both 

osteogenic and adipogenic pathways.  Calcium accumulation was visualized using Alizarin 

Red S, and lipid accumulation was visualized using Oil Red O. 
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3.2.6 Cell seeding and analysis 

Human ASCs were pre-cultured to 80% confluency in 75 cm
2 

flasks, trypsinized, 

suspended in complete growth medium, and seeded on the electrospun scaffolds at an initial 

density of 2 x 10
4
 cells/cm

2
.  After hASCs attached for 24 hrs, culture medium was changed 

to osteogenic differentiating medium (all supplements from Sigma, St. Louis, MO)) and 

hASCs were cultured for up to 18 days.  Medium was changed every 3 days.  Cell viability 

was determined with a Live/Dead Assay Cytotoxicity Kit (Molecular Probes, Eugene, OR) 

for mammalian cells on days 6, 12, and 18.  Proliferation was determined by quantifying 

DNA using the DNA binding dye Hoechst 33258 in microplate format after an overnight 

digestion  at 60ºC in 2.5 units/ml papain from papaya latex in PBS with 5 mM EDTA and 5 

mM cysteine HCl (all reagents from Sigma, St. Louis) on days 6, 12, and 18.  Cell deposited 

calcium content was evaluated on days 6, 12, and 18 by digesting cell-seeded scaffolds in 0.5 

N HCl overnight and assaying the supernatant using the Calcium Liquicolor Assay (Stanbio, 

Boerne, TX).  Cell-seeded scaffolds were compared to control scaffolds with no cells.  

Endogenous alkaline phosphatase was measured on scaffolds at days 6, 12, 18 using the ELF 

97 Endogenous Phosphatase Detection Kit (Invitrogen, Carlsbad, CA).  Samples were fixed 

with 3.7% formaldehyde for 10 mins and rinsed twice with PBS.  Fixed samples were then 

permeabilized with 0.2% Triton X-100, 0.5% BSA (Sigma, St. Louis, MO) in 1X PBS for 10 

mins followed by rinsing with 1X PBS for 10 mins.  The detection kit substrates were 

applied to the samples in a 50 µl volume for 15 mins and the reaction then quenched with 25 

mM EDTA, 5 mM levamisol, pH 8.0 in PBS for 5 mins (all reagents from Sigma, St. Louis, 

MO).  Samples were viewed under fluorescence with DAPI excitation and FITC emission. 
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3.2.7 Statistical Analysis 

All experiments were performed twice with a sample size of at least n = 3 per trial.  

Data is presented as average ± standard error mean.  Statistical analysis was performed using 

SAS JMP 7.0 (SAS, Cary, NC) using student’s t-tests with p-values less than 0.05 considered 

statistically significant. 
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3.3 Results 

3.3.1 Scaffold characterization 

PLA was able to be electrospun producing scaffolds that exhibited a nonwoven architecture 

characteristic of electrospun materials.  All scaffolds displayed an interconnected porosity 

and uniform fiber diameters within each treatment group (Figure 3.2). 

 

Figure 3.2: SEM images of electrospun composites with increasing TCP content (a,e : 0 

wt% TCP, b,f 5 wt% TCP, c,g 10 wt% TCP, and d,h 20 wt% TCP.  Yellow circles 

indicate TCP crystals embedded within the fiber matrix. Scale bar in images a-d = 50 

µm and in e-h = 2 µm. 

Electrospun PLA with 0 wt% TCP had fiber diameters on the order of 503.39±20.31 nm.  

With the incorporation of TCP, the fiber diameter increased with each loading level (5, 10, 

20 wt%) to a maximum fiber diameter of 1267.36±59.03 for the 20 wt% TCP loading (Table 

3.1).  Further, PLA fibers loaded with TCP appeared to have a rougher surface compared to 

neat PLA fibers (Figure 3.2).    
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SEM analysis confirmed that with increasing TCP content, larger aggregates of TCP were 

present within the polymer matrix (Figure 3.2).  To determine the amount of TCP 

incorporated into the scaffold, scaffolds were digested and the amount of endogenous 

calcium present was quantified.  For each treatment the amount of calcium present increased 

significantly as a function of loading level as shown in Table 3.1.   

Table 3.1: Electrospun composite fiber diameter and endogenous calcium content in 

scaffolds during in vitro degradation without cells (n = 6/treatment/timepoint).  With 

the addition of TCP the fiber diameter significantly increased with each loading level.  

The inherent amount of TCP decreased as the scaffolds underwent in vitro degradation.  

Star = significance (p-value < 0.05). 

 

 

To assess the effects of an in vitro environment on the electrospun scaffolds, samples were 

kept under physiological conditions (37ºC 5% CO2) in osteogenic medium and the 

endogenous calcium content of the scaffolds was assayed again on days 6, 12, 18.  As the 

scaffolds underwent in vitro degradation, the TCP content decreased as a function of time.  

The electrospun scaffolds loaded with 10 and 20 wt% TCP demonstrated a large initial loss 

in calcium content from days 1 through 6, and continued to release calcium from the scaffold 

for the duration of the experiment (Table 3.1).  Electrospun scaffolds loaded with 0 and 5 

wt% TCP also showed an initial release of endogenous calcium from the scaffold.   
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When viewing the SEM micrographs of the electrospun composites it is apparent that at 

higher loading levels of TCP there appears to be an aggregation of the TCP particles leading 

to some clumping (most evident in Figure 3.2D).  This effect could account for the initial 

release in calcium from the scaffold loaded with 10 and 20 wt% TCP.  In addition, the large 

surface area of the electrospun scaffolds aided the initial rapid release of TCP from the 

scaffolds; however, Table 3.1 confirms that a significant amount of TCP was still present 

within the electrospun scaffolds up to 18 days in vitro.  Tensile properties of the electrospun 

composites were assessed by tensile testing to failure.  The addition of TCP caused a 

significant weakening in the tensile strength of the scaffold, but did not affect the tensile 

stiffness of the scaffolds (Table 3.2). 

Table 3.2: Electrospun composite scaffold tensile strength and Young’s Modulus as 

determined via tensile testing.  The addition of TCP significantly weakened the scaffold 

tensile strength for each treatment yet had no effect on the Young’s Modulus (n = 

10/treatment).  Star = significance (p-value < 0.05). 
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3.3.2 hASC interaction and differentiation 

Human ASC viability was determined after 6, 12, and 18 days of culture.  The hASCs 

maintained high viability on all scaffolds.  On day 6, the hASCs appeared to have slender 

cytosplasmic projections and were less dense on the 0 and 20 wt% TCP scaffolds as 

compared to the 5 and 10 wt% TCP scaffolds, where hASCs exhibited a rounder morphology 

with considerably less cytoplasmic projections (Figure 3.3).  On day 12, all scaffolds had a 

greater number of cells compared to day 6 (Figure 3.4), and hASCs displayed spindle-like 

projections for each treatment (Figure 3.3).  By day 18, hASCs were confluent on all 

scaffolds and appeared as a dense network throughout the scaffold (Figure 3.3).  Throughout 

the culture period, cellular viability was extremely high with minimal dead cells present on 

any scaffold. 
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Figure 3.3: Viability images of hASCs seeded on electrospun composites with increasing 

TCP content at days 6, 12, 18.  Green = viable cell where red = dead cell.  hASCs were 

highly viable with minimal dead cells present on any scaffold.   Scale bar = 200 µm. 

 

Cellular DNA was quantified on days 6, 12, and 18.  There was a significant increase in DNA for all 

scaffold combinations for all time points relative to their treatment group except between the 10 wt% 

TCP scaffold on day 12 and 18.  The hASCs proliferated on all scaffold materials post cell-seeding.  

On day 6, the 20 wt% scaffold had significantly fewer cells present than the 5 and 10 wt% TCP 

scaffolds.  On day 12, the 10 wt% TCP scaffold had significantly more cells than the other scaffolds.  

The 20 wt% TCP scaffold displayed the lowest average DNA for day 12, but was not statistically 

different compared to the 0 and 5 wt% TCP scaffolds.  By day 18, there was no significant difference 

between DNA levels among the treatment 
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groups.

 

Figure 3.4: hASC DNA content in electrospun composite scaffolds at days 6, 12, 18 (n = 

6/treatment/timepoint).  hASCs proliferated and increased scaffold DNA content over 

time.  At day 6 and 12, the 20 wt% scaffold exhibited the lowest amount of DNA, while 

the 10 wt% scaffold had a significant increase in DNA compared to other scaffolds on 

day 12.  By day 18, DNA content did not significantly vary between treatment groups.  

Star = significance (p-value < 0.05). 

To determine overall osteogenic differentiation of the hASCs on the various 

scaffolds, endogenous alkaline phosphatase and cell-mediated calcium mineralization were 

evaluated on days 6, 12, and 18.  During osteogenic differentiation both of these markers are 

expressed as the hASCs undergo osteodifferentiation and acquire an osteoblastic phenotype 

(75).  Figure 3.5 shows the sequential development of alkaline phosphatase in each scaffold 
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over 18 days in vitro.  On day 6, minimal ALP was present within any of the scaffolds, as 

seen in Figure 3.5 A, D, G, J.  By day 12, the 5 and 10 wt% TCP scaffolds displayed a larger 

accumulation of ALP compared to all day 6 scaffolds, and 0 and 20 wt% TCP on day 12 

scaffolds.  By day 18, endogenous ALP was present on all scaffolds, with a larger 

accumulation on scaffolds containing TCP.  The 5 and 10 wt% TCP scaffolds displayed the 

largest amount of ALP, as it appeared as small vesicles on the surface of the scaffold.  The 20 

wt% TCP scaffold also exhibited sizeable increase in ALP activity compared to the 0 wt% 

TCP scaffold, however the ALP crystals appeared to be to some extent smaller than those 

present on the 5 and 10 wt% TCP scaffolds (Figure 3.5). 

 

Figure 3.5: Endogenous alkaline phosphatase activity in electrospun composite 

scaffolds at days 6, 12, 18 (n = 6/treatment/timepoint).  Presence of endogenous ALP 

increased over time and with the presence of TCP in the scaffold.  On day 18, large 

individual vesicles of ALP are clearly seen on the 5 and 10 wt% scaffolds, while the 20 
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wt% scaffold displays an abundance of smaller tightly packed vesicles.   Scale bar = 200 

µm.  

Scaffold mineralization was determined by quantifying accreted calcium on each 

scaffold at days 6, 12, and 18.  To compensate for the TCP loaded within each treatment, 

control values determined in Table 3.1 were subtracted from the background.  Calcium 

accretion by the cells increased for each treatment in a dose and time-dependent manner 

(Figure 3.6).  At day 6, the addition of 5 wt% TCP did not induce significant difference in 

cell mineralization compared to the 0 wt% TCP control.   

 

Figure 3.6: Differential hASC mineralized calcium content in electrospun composite 

scaffolds at day 6, 12, 18 (n = 6/treatment/timepoint).  Cell-mediated mineralization was 

determined by subtracting the endogenous values of calcium from unseeded control 
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scaffolds that underwent in vitro degradation.  With the addition of TCP into the 

scaffolds at 10 and 20 wt%, drastic increases in deposited mineral when compared to 

the 0 wt% scaffold.  Over the course of the experiment, the amount of calcium within 

each scaffold significantly increased.  Star = significance (p-value < 0.05).   

Cells seeded on 5 and 10 wt% TCP produced similar amounts of calcium on day 6, 

while cells on the 20 wt% TCP expressed significantly more calcium.  The 20 wt% TCP 

scaffold demonstrated a dramatic increase in cell-mediated mineralization at all time points.  

At days 12 and 18 the 10 and 20 wt% TCP scaffolds exhibited significantly greater calcium 

than both the 0 wt% TCP scaffold control and the 5 wt% TCP scaffold.  Figure 3.7 shows the 

ratio of calcium production on a DNA basis (µg/ng) to normalize the data set.  The trend is 

still persistent and confirms the data from Figure 3.6. 
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Figure 3.7: hASC mineralized calcium content-DNA content ratio in electrospun 

composite scaffolds at day 6, 12, 18 (n = 6/treatment/timepoint).  The amount of cell 

mediated mineralization is normalized based on the amount of DNA present in each 

scaffold group.  Star = significance (p-value < 0.05).   
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3.4 Discussion 

The use of electrospun composites is rapidly becoming a status quo for bone tissue 

engineering applications as electrospun composites’ practicality and positive cellular results 

including adhesion, viability, and ultimate differentiation have been demonstrated in multiple 

works (53, 63, 76).  With any composite material the key component to maximizing 

performance is to determine the correct concentration of filler material within the matrix.  As 

we have now shown, increasing percentages of TCP to PLA have beneficial effects on 

osteogenesis of hASCs.  Past research with electrospun composites has typically varied the 

filler content at very low fractional levels (0.1-1 %).  Low filler content is intended to 

promote dispersal into the matrix without the consequence of filler aggregation due to 

inherent Van der Waals interactions in the filler component.  As seen in Figure 3.2, at 20 

wt% TCP, clumping did occur in some fibers of the scaffold but TCP was still dispersed 

throughout the entire scaffold.  This was similarly reported by Li where their inorganic 

component tended to be completely aligned and embedded within the fibers, yet large 

aggregations were present in some fibers (53, 77).  The addition of TCP to the PLA matrix 

resulted in a significant decrease in the tensile strength of the electrospun scaffold, yet did 

not adversely affect the Young’s Modulus (Table 3.2).  Venugopal et al. reported that with 

the addition of 1% hydroxyapatite, the tensile strength and Young’s modulus decreased 

significantly, most likely attributed to particle defects acting as stress concentrations within 

the polymer matrix (76).  Catledge et al. attempted to determine the mechanical properties of 

composite electrospun mats by a pressure consolidation method utilizing a nanoindentation 
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technique (55).  With the incorporation of nano-HA they were able to report substantial 

increases in modulus.   

In addition, with large supplementation of TCP into the matrix material, we saw that 

as the scaffolds underwent in vitro degradation, calcium was rapidly released from the 

scaffold from days 1 to 6 for the 10 and 20 wt% TCP.  This is characteristic of the prompt 

dissociation of TCP in solution and the highly porous nature of electrospun scaffolds 

providing ample surface area for interaction with the surrounding medium.  Though this may 

seem to limit the mechanical integrity of the scaffold over time, the activity of the soluble 

degradation products could have significant pharmacological benefits on the differentiation 

process, particularly matrix mineralization.  As seen in Figure 3.5, ALP activity was minimal 

for all scaffolds on day 6, but increased substantially for the TCP loaded scaffolds by day 18, 

signifying the importance of having calcium and phosphate readily available.   ALP exists in 

three main forms, placental, intestinal, and tissue nonspecific, with tissue nonspecific being 

the primary form in bone (75).  The role of ALP is to induce matrix mineralization by 

restricting matrix nucleation inhibitors.  ALP can either be membrane bound to specific cells 

or secreted into the ECM in small membrane-derived vesicles (75).  On day 18, ALP was 

present in large aggregates as seen in Figure 3.5F and 3.5I, showing the 5 and 10 wt% 

scaffolds, respectively.  When compared to the 20 wt% TCP loaded scaffold on day 18, ALP 

seems to be bound in much smaller vesicles integrated throughout the scaffold.  The ultimate 

benefit of TCP addition within the electrospun scaffold is quite evident when viewing the 

differential calcium production of the osteogenically differentiated hASCs.  When 
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calculating the differential Ca
2+

/DNA ratio (which factors out endogenous TCP loaded in the 

electrospun PLA fibers), the data indicated that at a critical level of TCP content (20%), 

hASC osteogenic differentiation was significantly increased as evidenced by a significant 

increase in hASC Ca
2+

 accretion (Figure 3.6). 

At a critical concentration of TCP (20 wt%) we have shown that hASCs respond 

accordingly by producing significantly more mineralized calcium compared to other 

treatments (0, 5, 10 wt%).  Though this research was limited to 20 wt% TCP due to TCPs 

low solubility and suspension properties in the electrospinning solution, TCP has a prevalent 

role in advancing the differentiation of hASCs on electrospun scaffolds.  When comparing to 

the pure electrospun PLA scaffold (0 wt% TCP) the mineralized calcium is virtually 

negligible, while all treatments that contained the TCP had mineralized calcium amounts on 

the order of 30-300 µg per scaffold depending on the initial TCP level.   Work by 

Wutticharoenmongkol et al. analyzed the differences between CaCO3 and HA and found that 

at low weight percentages of 0.5 and 1% there was no significant difference in the 

mechanical properties of the material or the cellular response as neither human osteoblasts or 

mouse fibroblasts exhibited cytotoxicity (63).  A study by Lin et al. evaluated the ability of 

rat ASCs seeded on a biphasic calcium phosphate nanocomposite to undergo both ectopic 

and in situ bone formation.  The study showed that when nanocomposites without rat ASCs 

were implanted that lacked the ability to express osteocalcin and osteonectin, both of which 

are specific genes for osteogenesis.  Histological examination revealed new bone formation 

on rat ASC seeded scaffolds, with minimal bone formation on unseeded scaffolds.  Their 



45 

 

results supported the hypothesis that addition of osteogenically induced ASCs would result in 

quicker bone restoration (78).  Such induction of mineralization was likely created by a local 

increase in environmental concentrations of both calcium and/or phosphate (75).   

The process of mineralization is regulated by a complex array of both stimulatory and 

inhibitory factors including osteogenic differentiating components in culture medium and the 

biochemical environment provided by the scaffold.  Conventionally, mineralization occurs in 

the last stage of osteogenic differentiation and requires long-term culture before any 

measurable matrix production occurs.  To assess progression of differentiation, it is necessary 

to analyze both early and late differentiation markers such as alkaline phosphatase and 

mineralized Ca
2+

, respectively.  Our findings did not indicate a direct correlation with 

endogenous alkaline phosphatase activity and amount of accreted calcium, as endogenous 

ALP was maximally expressed for the 5 and 10 wt% TCP sample on day 18 compared to 

both the 0 and 20 wt% (Figure 3.5), while mineralized Ca
2+ 

increased relative to each loading 

level of TCP in a temporal manner (Figure 3.6).  Despite what would appear to be a 

contradiction, research by other investigators support these findings (79-81).   

Extracellular calcium is known to be an important signal in bone metabolism and 

development as it has been shown that increasing extracellular Ca
2+ 

stimulates bone 

formation and inhibits bone resorption (82).  As we have shown in Table 3.1, the electrospun 

scaffolds emit large amounts of calcium due to the release and breakdown of the TCP 

particles from the PLA fibers, increasing extracellular Ca
2+ 

levels within the medium.  

Previous investigators have shown that high extracellular Ca
2+ 

levels inhibited ALP activity 
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on osteoblasts but increased the amount of mineralized nodules formed (81).  This loss in 

ALP activity was attributed to the buildup of calcium in matrix vesicles and it was 

hypothesized that the elevation in extracellular Ca
2+

 regulates a variety of cellular processes 

resulting in ALP inhibition and increased mineralized matrix deposition (81).  Takahashi et 

al. seeded murine MSCs on three dimensional gelatin/TCP sponges and also found that there 

was a critical concentration of TCP at which ALP activity and osteocalcin were down-

regulated (79).  Though the authors did not measure mineralized calcium, they demonstrated 

that TCP provided a biological influence on MSCs and that the addition of TCP in the 

scaffold material enhanced osteogenic differentiation.  A more recent study by Takagashi et 

al. tested a range of calcium concentrations in the culture medium from 2 mM to 25 mM on 

MG63 osteoblast-like cells and assessed bone-like tissue formation by quantifying accreted 

calcium (80).  They discovered that calcium present within the extracellular medium 

significantly affected mineralization by maximizing the amount of deposited calcium after 28 

days in vitro at a concentration of 8 mM compared to basal levels of 2 mM.   They also 

investigated the effects of osteogenic differentiating supplements (ascorbic acid, β-glycerol 

phosphate, dexamethasone) doped with 2 or 8 mM CaCl2 on the early bone marker alkaline 

phosphatase (ALP) and calcium mineralization.  When MG63 cells were cultured in the 

enriched Ca
2+

 environment
 
(8 mM), enhanced mineralization occurred while ALP activity 

was down-regulated when compared to treatment groups with basal calcium levels (2 mM) 

(80).  The authors attributed the down regulation of ALP activity as characteristic of the late 

differentiation stage of osteoblasts, serving as a signal for the initiation of mineralization.  

However in their study and in ours, no direct correlation between ALP activity and 
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mineralization was found.  Results of both of our studies suggest that the cells used in these 

studies (MG63 and hASCs) directly recognized extracellular Ca
2+

 and that, at high 

concentrations, extracellular Ca
2+

 caused significant enhancement of mineralization without 

upregulating other differentiation markers, such as ALP activity.  Though we are not able to 

directly determine the exact concentration of extracellular Ca
2+

 in the medium, we are able to 

recognize from our in vitro degradation tests (presented in Table 3.1), that we are increasing 

the amount of extracellular calcium present due to the breakdown of TCP particles and that 

this has a significant effect on the biological activity of hASCs. 

 In this study we greatly varied the amount of TCP and noted differences in scaffold 

morphology, TCP degradation profiles, and the behavior of hASCs in long-term three-

dimensional culture (up to 18 days).  Combination of hASCs under osteogenic culture 

conditions on three dimensional, electrospun composite scaffolds resulted in a dramatic 

increase in the rate of scaffold mineralization.  This effect occurred in a dose dependent 

manner; though the addition of 5 wt% TCP did not significantly accelerate the mineralization 

process compared to the 0 wt% TCP control scaffold at all time points as the treatment levels 

did.  The prevalent amount of TCP may provide specific extracellular cues to direct the 

differentiation disposition of hASCs and their ability to secrete and lay down their own 

mineralized matrix.   
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3.5 Conclusion 

This is the first study to evaluate increasing TCP content in electrospun PLA 

scaffolds on proliferation, osteogenic differentiation, and calcium production of hASCs. Our 

findings indicate that electrospun PLA w/10% TCP increases hASC proliferation, while 

electrospun PLA w/20% TCP accelerates osteogenic differentiation and increases calcium 

accretion by hASCs, compared to neat electrospun PLA scaffolds.  Our study is the first to 

evaluate the rate of TCP degradation in electrospun composite scaffolds and show that 

hASCs are able to respond by advancing the production of their own natural mineralized 

extracellular matrix.  This work displays how essential scaffold composition is to hASC 

behavior, and suggests that heterogeneous scaffold systems may provide a superior 

biomaterial for electrospun bone tissue-engineering scaffolds by directing stem cell lineage 

early during the differentiation process.  Future studies will focus on further characterization 

of the electrospun composite scaffolds, early markers of osteogenic differentiation, and use 

of the three-dimensional composite scaffolds during application of physical stimuli to cells to 

mimic the in vivo physical environment. 

 

 

 

 



49 

 

3.6 Summary 

In this study, we fabricated electrospun composite scaffolds consisting of β-tricalcium 

phosphate (TCP) crystals and poly(l-lactic acid) (PLA) at varying loading levels of TCP (0, 

5, 10, 20 wt%) and assessed the composite scaffolds material properties and ability to induce 

osteogenic differentiation of human adipose-derived stem cells (hASCs) when combined 

with osteogenic differentiating medium.  The electrospun scaffolds all exhibited a nonwoven 

structure with an interconnected porous network.  With the addition of TCP, the fiber 

diameter increased with each treatment ranging from 503.39±20.31 nm for 0 wt% TCP to 

1267.36±59.03 nm for 20 wt% TCP.  Tensile properties of the composite scaffolds were 

assessed and the overall tensile strength of the neat scaffold (0 wt% TCP) was 847±89.43 

kPA; the addition of TCP significantly decreased this value to an average of 350.83±38.57 

kPa.  As the electrospun composite scaffolds degraded in vitro, TCP was released into the 

medium with the largest release occurring within the first 6 days.  Human ASCs were able to 

adhere, proliferate, and osteogenically differentiate on all scaffold combinations.  DNA 

content increased in a temporal manner for each scaffold over 18 days in culture.  

Endogenous alkaline phosphatase activity was enhanced on the composite PLA/TCP 

scaffolds compared to the PLA control particularly by day 18.  It was noted that at the 

highest TCP loading levels of 10 and 20 wt%, there was a dramatic increase in the amount of 

cell-mediated mineralization compared to the 5 wt% TCP and the neat PLA scaffold.  This 

work suggests that local environment cues provided by the biochemical nature of the scaffold 

can accelerate the overall osteogenic differentiation of hASCs and encourage rapid 

ossification. 
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Chapter 4 

Elevated Ca2+ induces human adipose-derived stem 

cell mineralization  

 

The previous chapter examined the influence of β-tricalcium phosphate (β-TCP) particles in 

electrospun nanofibrous poly (l-lactic acid) scaffolds.  In that study it was determined that the 

addition of the β-TCP particles significantly reduced the tensile strength of the scaffold and 

released significant amounts of calcium from the scaffold.  The effect of this calcium release 

led to significant increase in hASC-mediated mineralization.  In this chapter, we examine the 

role of ionic calcium at varied concentrations on human adipose-derived stem cells seeded on 

electrospun nanofibrous scaffolds with and without osteogenic supplements. 
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4.1 Introduction 

Current methods for bone tissue engineering are focused on the in vitro expansion 

and osteogenic differentiation of stem and progenitor cells on and within three dimensional 

scaffolds.  These techniques have shown great promise in the potential application and 

treatment of critical size bony defects (83-85.  Electrospun nanofibrous scaffolds derived 

from biocompatible polymers such as poly(l-lactic acid) (PLA) support osteogenesis of stem 

and progenitor cells and provide a platform for osteogenic differentiation by mimicking the 

topography and size-scale of the natural extracellular matrix (83, 86).  In addition to the 

topographical cues provided by nanofibrous scaffolds, soluble chemical factors also play a 

key role in differentiation (5).  Soluble factors that promote osteogenic differentiation of stem 

and progenitor cells in culture include ascorbate or ascorbic acid, dexamethosone, β-glycerol 

phosphate, and bone morphogenetic proteins (BMP) such as BMP-2 and BMP-7 (5).  These 

soluble factors increase type I collagen synthesis and alkaline phosphatase activity, leading to 

bone mineral and matrix deposition in the culture (12).  To enhance the extracellular 

environment for osteogenic differentiation, calcium phosphate materials have also been 

added within, or on the surface of, nanofiber assemblies (53, 67, 76, 87).  The addition of 

calcium phosphate has been shown to enhance matrix maturation and mineralization by 

increasing local levels of ionic calcium and phosphate via the breakdown and dissolution of 

the inorganic dopant (64, 75).  However, the addition of inorganic particles to nanofibrous 

scaffold materials is limited because these materials can severely weaken the electrospun 

matrix.  Also, the release of ions into the medium can vary significantly during in vitro 

expansion depending on the type of dopant (i.e. hydroxyapatite, β-tricalcium phosphate, 
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calcium chloride) and the degradation rate of the scaffold material that the dopant is retained 

within (88).   

An alternative method to promote osteogenic differentiation and mineral formation in 

vitro is by elevating local ionic concentrations of calcium (Ca
2+

).  Extracellular Ca
2+

 is a 

potent regulator of stem cell behavior, biomineralization, and an important signaling 

molecule within bone (81, 82, 89).  In vivo, Ca
2+

 concentrations range from 8-40 mM during 

osteoclastic resorption of bone, and it is well known that this enriched ionic environment 

stimulates proliferation, matrix maturation, and eventual mineralization of osteoblasts and 

osteoblast progenitors, including mesenchymal stem cells (90).  Previous research has 

indicated a correlation between elevated Ca
2+

 levels and not only mineral formation but also 

upregulation of genes and proteins associated with osteogenesis, including cyclooxygenase-2 

(89, 91), bone morphogenetic protein-2 (16, 92), and osteocalcin (14) for a variety of cell 

types.  It has been previously shown that when osteoblastic cells are cultured in elevated 

calcium conditions, the cells produce a highly mineralized matrix and mRNA expression of 

osteocalcin is significantly increased with addition of 6-20 mM Ca
2+

 (14).   

The potential use of human adipose-derived stem cells for bone tissue engineering 

continues to expand (78, 93, 94).  Human ASCs share remarkable similarities with stem cells 

derived from other sources such as bone marrow, and have been studied extensively for bone 

tissue engineering due to their relative ease of harvest, capacity for self-replication, and 

multilineage potential (2, 4, 68, 69).  In vivo use of hASCs on various scaffold materials has 

been seen to induce mineralization and integration with the skeletal system (78, 95).  It is 
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well established that osteoblasts, MG63 osteosarcoma cells and bone-marrow derived stem 

cells all show increased bone formation with elevated Ca
2+

 (80),however, the effect of Ca
2+ 

concentration on hASC behavior in vitro has not been characterized.  No research to date has 

examined the effects on bone stem or progenitor cells, including hASCs, of varying Ca
2+ 

levels in both growth medium and medium with other bone-promoting factors. 

In this study we examined the effect of normal (1.8 mM) and elevated (8 or 16 mM) 

Ca
2+

 levels on the viability, proliferation, and bone mineral and protein matrix deposition of 

hASCs seeded within three-dimensional electrospun nanofibrous PLA scaffolds and 

maintained in either growth or osteogenic medium.  We hypothesized that elevated Ca
2+ 

levels (8 or 16 mM) in either growth or osteogenic medium would significantly increase the 

amount of hASC-deposited mineral compared to hASCs maintained under normal Ca
2+

 

levels (1.8 mM).  We evaluated the effects of elevated Ca
2+

 on hASC viability and 

proliferation, and characterized the deposited mineral by histological staining, calcium 

quantification, Fourier transform infrared spectroscopy (FTIR), and wide angle x-ray 

diffraction (XRD).  We note that at 8 mM Ca
2+

, hASCs undergo rapid mineralization even in 

the absence of other osteogenic supplements, and increased  Ca
2+ 

acts in synergy with other 

osteogenic factors,  maximizing the amount of mineral laid down by hASCs.   
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4.2 Materials and Methods 

4.2.1 Scaffold Fabrication 

Electrospun scaffolds were fabricated by dissolving poly(l-lactic acid) (PLA) ( Mw 

70,000 Da; gift from Nonwovens Cooperative Research Center, NCSU) in chloroform and 

dimethyl formamide (DMF) (both from Sigma, St. Louis, MO) at a ratio of 4:1 to yield a 12 

wt% solution as previously described (96).  In brief, solubilized PLA was electrospun using a 

flow rate of 50 μl/min and electric field of 1 kV/cm and collected onto a 23 cm diameter 

grounded collector plate covered in aluminum foil.  After electrospinning, scaffolds were 

punched into 1.27 cm discs and weighed and measured for thickness.  The average mass for 

the electrospun nanofibrous scaffolds was 3±0.5 mg and all scaffolds were ~150 µm thick.  

Scaffolds were sterilized by soaking in 70% ethanol for 20 min, then rinsed three times in 

sterile 1X PBS and soaked in complete growth medium for 12 hrs.  Scaffolds were examined 

by scanning electron microscopy using an Hitachi S3200 SEM equipped with an Oxford Isis 

EDS system (for elemental analysis) operating at 5 kV.  Images were analyzed using 

Revolution
TM

 software.   

4.2.2 Cell Culture 

Human adipose-derived stem cells were isolated as previously described and used at 

passage 3 (2, 71, 72).  In brief, human ASCs were isolated from adipose tissue from two 

female donors (Caucasian 49 ± 3 y.o.) by enzymatic digestion with 0.0075% Type I 

collagenase (Worthington Biochemical Corp.; Lakewood, NJ) supplemented with 100 I.U. 

penicillin/100 μg/ml streptomycin (Mediatech, Inc., Herndon, VA) in Eagle’s Minimum 
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Essential Medium, alpha-modified (Invitrogen, Carlsbad, CA).  After digestion, the tissue 

was centrifuged for 10 minutes at 10,000g and the supernatant was discarded.  The remaining 

cell pellet was resuspended in complete growth medium (Eagle’s Minimum Essential 

Medium, alpha-modified supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 

100 units/mL penicillin, and 100 µg/mL streptomycin), seeded in 75 cm
2
 flasks, and cultured 

within a humidified incubator at 37ºC at 5% CO2.  Cultures were grown to 80% confluency 

and passaged.  Human ASCs were characterized for multilineage potential by culturing in 

complete growth, adipogenic, and osteogenic media.  Adipogenic differentiation media 

contained complete growth medium supplemented with 1 μM dexamethasone, 5 μg/ml 

insulin, 100 μM indomethacin, and 500 μM isobutylmethylxanthine.  Osteogenic 

differentiation medium contained complete growth medium supplemented with 50 M 

ascorbic acid, 0.1 M dexamethasone, and 10 mM -glycerolphosphate.  Cells were cultured 

in each of these media for two weeks to confirm the ability of the hASCs to differentiate down both 

osteogenic and adipogenic pathways.  Calcium accumulation was visualized using Alizarin Red S, 

and lipid accumulation was visualized using Oil Red O.   

Second passage hASCs were grown to 80% confluency in 75 cm
2 

flasks, trypsinized, 

suspended in complete growth medium and seeded on the electrospun scaffolds at an initial 

density of 2 x 10
4
 cells/cm

2
.  After hASCs attached for 48 hrs, culture medium was changed 

to experimental medium treatments as follows: 1) CGM with 1.8 mM Ca
2+

, 2) CGM with 8 

mM Ca
2+

, 3) CGM with 16 mM Ca
2+

, 4) ODM with 1.8 mM Ca
2+

, 5) ODM with 8 mM Ca
2+

, 

6) ODM with 16 mM Ca
2+

 (all supplements from Sigma, St. Louis, MO)).  Calcium 

supplementation was provided by CaCl2·2H2O (Sigma, St. Louis, MO).  Human ASCs were 
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cultured in each treatment group for up to 14 days to allow adequate time for in vitro 

mineralization to occur (12).  Medium was changed in each group every 3 days.   

4.2.3 Cellular Viability and Proliferation 

Cell viability was determined on days 7 and 14 using fluorescent methods (Live/Dead 

Assay Cytotoxicity Kit for mammalian Cells, Molecular Probes, Eugene, OR).  Specifically, 

hASC-seeded scaffolds were rinsed twice in 1X PBS and incubated for 20 minutes protected 

from light in 4 μM calcein AM and 4 μM ethidium homodimer-1 fluorescing the cytoplasm 

of live cells green and the nuclei of dead cells red.   Proliferation was determined by 

quantifying DNA on days 1, 7, and 14 using the DNA binding dye Hoechst 33258 in 

microplate format after overnight digestion at 60ºC in 2.5 units/ml papain from papaya latex 

in PBS with 5 mM EDTA and 5 mM cysteine HCl.  Samples were compared to DNA 

standards from calf thymus (all reagents from Sigma, St. Louis).   

4.2.4 Cellular Mineralization 

Total calcium content was quantified on days 7 and 14 by rinsing hASC-seeded 

scaffolds twice with 1X PBS, digesting in 0.5 N HCl overnight, and assaying the supernatant 

using the Calcium Liquicolor Assay (Stanbio, Boerne, TX).  Total calcium content was also 

quantified for hASC monolayers on days 7 and 14, using the same method as above.  To 

account for calcium that may have precipitated non-specifically from the medium, calcium 

extracted from cell-seeded scaffolds was compared to scaffolds not seeded with hASCs but 

incubated under identical medium conditions for the same experimental duration as hASC-

seeded scaffolds.  Data were compared to CaCl2 standards included in the kit.  Calcium 



57 

 

deposits were visualized using Alizarin Red S staining of hASCs grown in monolayer 

culture.  Alizarin Red staining of scaffolds was not practical due to high background 

retention of the stain and lack of transparency of the scaffold.  Human ASCs were seeded at a 

density of 1.5 x 10
4
 cells/cm

2
 in 24 well plate tissue plastic plates, and on days 7 and 14, 

hASCs were rinsed twice with 1X PBS, fixed with 4% formalin for 20 minutes, and stained 

with 40 mM Alizarin Red S, pH 4.2, for 3 mins, and rinsed with deionized water five times to 

remove any unbound stain.  Images were captured with a Leica EZ 4D Digital Dissecting 

Scope. 

4.2.5 Fourier Transform Infrared Spectrometry (FTIR) 

FTIR spectra of control (un-seeded) and hASC-seeded scaffolds were recorded after 

14 days in vitro by a total of 64 scans in reflectance mode and were aggregated with each 

spectrum at 2 cm
-1

 resolution in the range of 600-2000 cm
-1 

(Thermo Nicolet Nexus 470) 

fitted with a Continuum microscope and a
 
Mercury Cadmium Telluride (MCT) detector.  The 

spectra were zero-corrected for the baseline and spectral regions were analyzed for amide I 

for total protein content (1500-1720 cm
-1

) and phosphate (900-1200 cm
-1

) using OMNIC 

version 7.2 software.  Phosphate to protein ratios were calculated as the area ratio of the 

phosphate to the amide I bands at 3 random sites on three different scaffolds per media 

treatment.
 

4.2.6 X-Ray Diffraction (XRD) 

 X-ray diffraction (XRD) of control and hASC-seeded electrospun samples was 

performed after 14 days in vitro using an Omni ATPS, XRD 1000 (Model # PH268L-25) X-
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ray apparatus with a proportional counter used for the wide angle X-ray diffraction studies.  

XRD measurements were performed with a Ni filtered Cu Kα1 radiation at a wavelength of 

1.54 Å at a scanning angle ranging from 10-40˚ at a 0.1 step size. 

4.2.7 Statistical Analysis 

Experiments were performed with hASCs from two different donors (average age 49 

years old, female) and were performed in two independent trials with comparative results.  

Data is presented as mean ± standard error mean and statistical significance was determined 

by ANOVA and Tukey HSD tests with significance a p < 0.05. 
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4.3 Results 

4.3.1 Non cell-mediated mineral deposition on electrospun scaffolds 

 Electrospun nanofibrous scaffolds had an average fiber diameter of 624 ± 20 nm 

(Figure 4.1).  Dystrophic mineralization of the electrospun scaffolds occurred with elevated 

calcium in a temporal manner (Figure 4.2).  The largest amount of dystrophic calcium was 

occurred with the 16 mM Ca
2+

 osteogenic medium group after 14 days in vitro (39 ± 11 μg 

Ca
2+

).  However, normal Ca
2+

 levels of 1.8 mM in both growth and osteogenic medium 

conditions also led to slight dystrophic mineralization (9 ± 2 μg Ca
2+

 and 22 ± 3 μg Ca
2+

, 

respectively).  Scaffolds were further examined by scanning electron microscopy.  After 14 

days in vitro, electrospun nanofibers had a roughened appearance attributed to the formation 

of mineral on the surface of the nanofibers (Figure 4.1b,c). Scaffolds maintained in CGM 

exhibited a large number of salt crystals on the fibers, associated with CaCl2 (Figure 4.1b), 

while scaffolds incubated in the β-glycerol phosphate containing osteogenic differentiating 

medium had phosphorus present, attributed to its presence in the medium (Figure 4.1c). 

 

 



60 

 

 

Figure 4.1: Scanning electron microscopy image of electrospun PLA nanofibrous 

scaffolds after electrospinning (a), and representative images and accompanying EDS 

spectra after in vitro incubation in enriched calcium conditions in either complete 

growth medium (b) or osteogenic differentiating medium (c).  Calcium was present on 

both scaffolds stored in medium for 14 days while phosphorus was only present on 

electrospun scaffolds kept under osteogenic medium conditions.   
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Figure 4.2: Mineralization of control scaffold not seeded with hASCs on days 7 and 14.  

On day 7 and 14, calcium increased in a dose dependent manner for both CGM and 

ODM.  On day 14, significant increases in mineralized Ca
2+

 were noted for the ODM 

treatment groups.  The amount of mineral deposited was greatest for the 16 mM ODM 

treatment.  Groups not connected by same letter indicate significant difference (p-value 

< 0.05).  

4.3.2 hASC Viability 

Human ASC viability was assessed on days 7 and 14 (Figure 4.3).  By day 7, hASCs 

had adhered and were spread on the electrospun scaffolds (Figure 4.3a).  By day 14 hASCs 

appeared to have created a highly dense arrangement of cells (Figure 4.3g-l), except for the 

16 mM CGM treatment (Figure 4.3i), possibly due to cytotoxic effects of the elevated Ca
2+ 

in 

the medium.  There was very little indication of dead cells present within any medium 

treatment. 
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Figure 4.3: Human ASC viability on electrospun nanofibrous PLA scaffolds under 

different medium conditions in vitro for 7 and 14 days.  Cell density appeared to be 

slightly lower on the 16 mM CGM treatment compared to all other treatments at day 

14.  Live cells = green and red cells = dead.  Scale bar = 200 μm. 

4.3.3 hASC Proliferation 

Human ASC proliferation was assessed by quantifying cellular DNA.  Within the 

CGM treatment groups DNA increased in a temporal manner for the 1.8 and 8 mM 
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treatments while it remained virtually constant for the 16 mM CGM treatment and was 

significantly lower than the other two treatments on day 14 (Figure 4.4a).  Human ASCs 

cultured in ODM proliferated throughout the experiment, with no significant difference 

between the Ca
2+

 treatment groups (Figure 4.4b).  
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Figure 4.4: Human ASC proliferation in CGM (a) and ODM (b) under varying Ca
2+

 

levels.  DNA was significantly lower for the 16 mM CGM treatment compared to both 

1.8 and 8 mM Ca
2+

.  In ODM, DNA levels increased throughout the duration of the 

experiment but were not significantly different for different Ca
2+

 treatments at any 

timepoint. Groups not connected by same letter indicate significant difference (p-value 

< 0.05). 

 

4.3.4 hASC Mineralization 

To qualitatively assess cell mediated calcium deposition, hASCs were grown in 

monolayer and calcium deposition visualized using Alizarin Red S to stain calcium on days 7 

and 14 (Figure 4.5).  After 7 days of culture, mineralization occurred for the elevated Ca
2+

 

treatments (8 and 16 mM) and the 1.8 mM Ca
2+

 ODM treatment (Figure 4.5b-f).  On day 14, 
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significant increases in mineralization were noted for cultures grown in both CGM and ODM 

(Figure 4.5h-l).  Human ASCs cultured in 8 mM CGM exhibited large crystal morphology, 

while all other positively stained treatments displayed a highly oriented mineral pattern, 

associated with the cell orientation in the monolayer (Figure 4.5h vs. Figure 4.5j).  Human 

ASC mineral formation was quantified on days 7 and 14 for total calcium content in both 

monolayer and on scaffolds (Figure 4.6a-b).  Human ASCs in both monolayer and on 

scaffolds displayed similar trends in amount of calcium present.  After 7 days in vitro, the 

amount of calcium increased in a temporal manner relative to the amount of Ca
2+

.  Mineral 

deposition for hASCs in both growth and osteogenic medium at 1.8 mM Ca
2+

 (control) were 

similar and significantly lower than both 8 and 16 mM treatments.  By day 14 significant 

increases were seen for all treatment groups except the 1.8 mM Ca
2+ 

CGM treatment 

(control).  Within both medium groups, the maximum mineralization occurred for the 8 mM 

Ca
2+

 with values of 206 ± 26 μg Ca
2+

/scaffold and 363 ± 19 μg Ca
2+

/scaffold for the CGM 

and ODM groups, respectively (Figure 4.6b).  When comparing to control (1.8 mM Ca
2+

) 

ODM treatment, the addition of 8 mM Ca
2+ 

resulted in approximately 4-fold and 7-fold 

increases in the amount of mineral deposited.  
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Figure 4.5: Mineralization of hASCs stained with Alizarin Red S on days 7 and 14.  On 

day 7 mineral deposits were present under all elevated Ca
2+

 conditions and normal 1.8 

mM ODM on day 7 (b-f).  By day 14, hASCs cultured under ODM conditions or 16 mM 

Ca
2+

 CGM displayed a diffuse pattern associated with single cells (i-l).  For the 8 mM 

Ca
2+

 CGM, large crystals were present throughout the culture (j). 
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Figure 4.6: Mineralization of hASCs on days 7 and 14 in 2D monolayer (a) and 3D 

electrospun scaffolds (b).  Similar trends were noted between both 2D and 3D culture.  

On day 7, mineral increased in a dose dependent manner for both CGM and ODM on 

the electrospun scaffolds (b).  On day 14, significant increases in mineralized Ca
2+

 were 

noted for CGM and ODM 8 mM Ca
2+ 

treatments relative to all other treatment groups 

for both 2D and 3D culture.  The amount of mineral deposited was greatest for the 8 

mM ODM treatment in both 2D and 3D culture.  Groups not connected by same letter 

indicate significant difference (p-value < 0.05). 

 

FTIR spectroscopy indicated that there was an increase in the relative amount of 

phosphate at 1090 cm
-1

 (Figure 4.7).  Overlay of the resulting spectra revealed that a 

discernible difference was present for both the 8 mM Ca
2+ 

in CGM and ODM compared to 

all other treatments (Figure 4.7).  The phosphate to protein ratio was calculated and it was 

determined that 8 mM Ca
2+

 in both medium groups significantly increased this ratio 

compared to conventional media formulation of 1.8 mM (Table 4.1).  Control scaffolds did 

not display any significant differences and a representative spectrum is shown.   
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Figure 4.7: Fourier transform infrared spectroscopy of electrospun nanofibrous PLA 

scaffolds cultured with hASCs in different medium compositions for 14 days in vitro.  

Spectra are representative from 3 individual scaffolds examined at 3 random locations.        
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Table 4.1: FTIR spectra ratios for protein (1500-1720 cm-1) and phosphate (900-1200 

cm-1) of hASCs cultured on electrospun PLA scaffolds. The phosphate to protein ratio 

of individual cultures was calculated and it was determined there was a significant 

increase for the 8 mM treatment groups in both complete growth and osteogenic 

differentiating medium.  Values represent mean ± standard error mean from 3 

individual scaffolds examined at 3 random locations.   

 

 

To confirm the presence of a crystalline structure for the hASC-mediated mineral, wide 

angle X-ray diffraction (XRD) was performed (Figure 4.8a,b).  At day 14 hASCs cultured 

under growth medium conditions exhibited a crystal peak at ~32˚ correlating to a 211 crystal 

formation (Figure 8a) (87, 97).  This peak was present for both 8 and 16 mM Ca
2+ 

 CGM 

treatment groups but was absent for the 1.8 mM Ca
2+ 

CGM treatment group.  X-ray 

diffraction of the hASCs exposed to these Ca
2+

 levels in ODM all displayed the 211 peak at 

32˚ but the peak was significantly more defined for the elevated Ca
2+

 conditions, especially 

for the 8 mM ODM treatment (Figure 4.7b).  XRD spectra of control scaffolds did not exhibit 

any crystal formation. 



71 

 

 

 

Figure 4.8: X-ray diffraction of the hASCs under growth (a), and osteogenic stimulation 

(b) for 14 days in vitro.  A crystalline peak was present at 32˚ corresponding to a 211 
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crystal structure.  Spectra are representative from 3 individual scaffolds examined at 3 

random locations. 

4.4 Discussion 

 Bone tissue engineering strategies usually include at least three major components: 1) 

stem and/or progenitor cell source, 2) biocompatible scaffold, and 3) adequate culture 

conditions for the maturation of the cell-seeded scaffold.  Human ASCs provide a cell source 

with specific advantages over bone marrow derived mesenchymal stem cells.  These include 

relative ease of harvest, larger proportion of progenitor cells present in source tissues, and 

increased proliferation rate (94).  The use of hASCs for bone regeneration has been 

investigated both in vitro and in vivo, with positive results demonstrating their ability to 

osteogenically differentiate and to heal some critical size bony defects (93, 95).  To induce 

osteogenic differentiation, stem and progenitor cells can be directly influenced by scaffold 

architecture and culture conditions to better emulate in vivo conditions for the optimization of 

tissue-engineered bone.  Electrospun nanofibrous PLA scaffolds have been shown to 

significantly enhance osteogenic differentiation of osteoblasts, stem, and other progenitor 

cells when compared to scaffolds without this nanofibrous feature (83).  The architecture of 

nanofibrous scaffolds is known to mimic the topography and size-scale of native collagen 

fibrils and osteoprogenitor cells are able to recognize this by distinct cell surface receptors 

including α1β2 integrins (83).  Osteogenic differentiation of stem and progenitor cells is 

influenced not only by scaffold topography and the cells’ resultant recognition, but also by 

the use of soluble inductive factors.  Traditionally, osteoprogenitors are cultured in media 

that include soluble factors (dexamethasone, β-glycerolphosphate, and ascorbic acid or 
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ascorbate) to induce osteogenic differentiation with a final result of a mineralized bone 

matrix.  By seeding hASCs on electrospun nanofibrous scaffolds and culturing in either 

CGM or ODM with elevated calcium levels, we have shown a marked, significant influence 

of ionic calcium conditions on hASC osteogenic differentiation and mineralization.  

Specifically, elevated calcium levels of 8 mM appear to significantly increase the amount of 

hASC-mediated mineral formed, whether hASCs are cultured in complete growth or 

osteogenic differentiation medium by approximately 4 and 7-fold, respectively, when 

compared to normal (1.8 mM Ca
2+

) ODM.  Dystrophic mineralization is known to take place 

on both biological and synthetic scaffolds when kept under both normal and enriched 

calcium environments (56).  To account for dystrophic mineralization and to distinguish 

between cell-mediated mineralizaton, control electrospun scaffolds were kept under identical 

medium conditions but were not seeded with hASCs.  When compared to hASC-mediated 

mineralization, values were 5-10 fold lower on control scaffolds without cells. 

We performed four analytical techniques (histological staining, calcium 

quantification, FTIR, XRD) to evaluate the mineral deposited with respect to calcium, 

phosphate and crystal structure.  All four techniques indicated that elevated Ca
2+ 

levels of 8 

mM significantly enhanced hASC mineralization and that this effect was most prominent in 

ODM, although Ca
2+

 also had a significant effect in CGM.  Though slight dystrophic 

calcification occurred on all scaffolds, the significant increase in mineralization could not be 

attributed to this mechanism when compared to control scaffolds without hASCs.   Human 

ASC viability was determined at days 7 and 14 and it was noted that hASCs adhered and 

spread under all Ca
2+

 treatment media conditions and the 8 mM Ca
2+

 treatment did not 
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negatively affect hASC viability or proliferation, but 16 mM Ca
2+

 significantly impeded the 

growth of hASCs cultured in complete growth medium.  Histological staining revealed that 

hASCs were able to deposit mineral under elevated (8 mM or 16 mM) Ca
2+

 without the use 

of traditional osteogenic supplements (dexamethasone, β-glycerolphosphate, and ascorbic 

acid) and that this mineralization was significantly higher than that of hASCs in ODM at 1.8 

mM Ca
2+

.  Histological examination revealed that hASCs cultured in 8 mM CGM displayed 

an irregular crystal structure; however, x-ray diffraction determined that the crystals were 

nanometer-sized particles and had similar spectra to those of hASCs that were cultured in 

ODM at 1.8 mM Ca
2+

 (18).  

FTIR spectroscopy offers a facile technique for evaluating tissue-engineered bone and 

provides insight for bone parameters including crystallinity, mineral to matrix ratio, and 

carbonate to phosphate ratio (20).  FTIR spectroscopy revealed that there was a significant 

increase in the area from 900-1200 cm
-1

 indicative of an increase in PO4 and in the 

crystallinity of the culture (20).  The most prevalent change exhibited in the FTIR 

spectrographs was the large increase in area for the 8 mM and 16 mM ODM treatment 

groups for the absorbance relative to the phosphate peak of 1080 cm
-1

.  A carbonate peak was 

not able to be clearly detected for any culture condition due to the background from the 

electrospun PLA scaffold.  To clarify the presence of mineral and to determine crystallinity 

of the mineral deposited, XRD was performed (Figures 4.7a-b).  XRD revealed that the 

mineral formed for the elevated calcium treatments in CGM displayed a peak around 32˚, 

representative of a 211 crystal, which is present within natural bone (18, 87, 98). 
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  This study demonstrated that there appears to be a limit where increasing ionic 

calcium does not lead to continued increase in mineralization.  Maeno et al. reported similar 

effects where ionic calcium levels of 6-10 mM significantly influenced the mineralization of 

osteoblasts, while further increases beyond this range led to a decrease in the amount of 

mineral deposited (14).  This marked decrease is most likely limited to cytotoxic effects 

outweighing any benefit in mineral production (14).  As indicated by our results, 16 mM did 

not significantly increase the amount of mineral to the same degree as 8 mM, though mineral 

deposition was significantly higher than that with normal calcium levels of 1.8 mM in the 

culture medium.  Previously, Takagishi et al. examined the influence of osteogenic medium 

supplements under normal and increased Ca
2+ 

levels of 1.8 and 8 mM using MG63 

osteoblastic cells embedded in gelatin hydrogels (80).  They reported significant increases in 

mineral production for the MG63 osteoblastic cells and the XRD patterns showed that, after 

21 days in vitro, the calcified gelatin hydrogels had similar XRD patterns of mouse tibia (80).  

We had similar findings for all elevated calcium levels; however we witnessed a narrowing 

of the peaks characteristic of hydroxyapatite, specifically 211, that was significantly 

pronounced for osteogenic medium treatments (Figure 8).  Takagishi et al. also evaluated the 

effects of osteogenic supplements (dexamethasone and ascorbic acid), but did not observe 

any significant increases in mineral deposition (80).    This is in contrast to our findings, as 

our results indicate that for hASCs, the addition of dexamethasone, β-glycerolphosphate and 

ascorbic acid to the culture medium had a synergistic effect with elevated Ca
2+

 levels. 

Other ionic species besides Ca
2+ 

are known to have significant effects on the 

osteogenic differentiation of stem, progenitor, and bone-like cells.  Tsigkou et al. examined 
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how the ionic dissolution by-products of 45S5 Bioglass affected osteogenic differentiation of 

fetal osteoblasts in the absence of other soluble inductive factors (ascorbic acid, β-

glycerolphosphate, dexamethasone) as determined by mRNA expression of bone specific 

proteins and matrix mineralization (15).  The main ionic species increased in their medium 

formulation were Si and Ca, with minor contributions by P and Na.  The culture of fetal 

osteoblasts with these ionic by products of 45S5 Bioglass led to significant increases in 

mRNA expression of osteonectin, bone sialoprotein, and osteocalcin (15).  Additionally, 

matrix mineralization was significantly enhanced, with large bone nodules present within the 

culture grown in the dissolution products of 45S5 Bioglass.  Though our study evaluated the 

effect of ionic Ca
2+

 alone, we investigated its combination with both growth and osteogenic 

media.  We have shown that with the simple addition of calcium to the culture medium, we 

are able to significantly increase mineral deposition for hASCs; however there appears to be 

a limit in the gains observed with mineralization maximized at 8 mM Ca
2+ 

for the ionic levels 

tested here.   
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4.5 Conclusions 

 This is the first study to evaluate the effects of elevated Ca
2+ 

levels on hASCs under 

both growth and osteogenic differentiating conditions.  The addition of ionic Ca
2+

 led to 

significant increases in the amount of hASC-mediated mineral deposited and was confirmed 

by both Alizarin Red S staining and quantification of cell-mediated calcium deposition.  

FTIR spectroscopy indicated a significant increase in the amount of phosphate present for the 

8 mM Ca
2+

 culture in ODM as well as a significant increase in the mineral to matrix ratio.  

XRD data indicated that the hASC mineral deposited had a characteristic pattern 

representative of hydroxyapatite.  The in vitro expansion of bone tissue engineered constructs 

under elevated Ca
2+

 can significantly increase the amount of mineral produced and could be a 

potential treatment to induce rapid ossification of 3D hASC-seeded scaffolds prior to 

implantation of autologous bone tissue-engineered constructs. 
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4.6 Summary 

In this study, we examined the effects of ionic calcium levels of 1.8 (normal concentration in 

cell culture medium), 8, and 16 mM on hASCs under both complete growth (CGM) and 

osteogenic differentiation medium (ODM) conditions.  The impact of calcium 

supplementation on hASC viability, proliferation, and mineral deposition were determined.  

Human ASCs remained viable for all experimental treatments.  Human ASC proliferation 

increased with the addition of 8 mM Ca
2+ 

CGM, but decreased for the 16 mM Ca
2+ 

CGM 

treatment.  Materials deposited by hASCs were analyzed using four techniques: 1) 

histological staining with Alizarin Red S, 2) calcium quantification, 3) Fourier transform 

infrared spectroscopy (FTIR), and 4) wide angle x-ray diffraction (XRD).  Mineral 

deposition was significantly enhanced under both growth and osteogenic medium conditions 

by increasing extracellular Ca
2+

.  The greatest mineral deposition occurred in the osteogenic 

differentiating medium 8 mM Ca
2+

 treatment group.  FTIR analysis indicated that elevated 

calcium concentrations of 8 mM Ca
2+

 significantly increased both PO4
 
amount and PO4 to 

protein ratio for both CGM and ODM.  X-ray diffraction indicated that mineral produced 

with elevated Ca
2+

 in both complete growth and osteogenic differentiating medium had a 

crystalline structure characteristic of hydroxyapatite.  Ionic calcium should be considered a 

potent regulator in hASC mineralization and could serve as a potential treatment for inducing 

prompt ossification of hASC-seeded scaffolds for bone tissue engineering prior to 

implantation.   
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Chapter 5 

Laser ablation imparts controlled micro-scale pores 

in nanofibrous electrospun PLA scaffolds for 

patterned cell adhesion  

 

In the previous chapters we examined how the role of scaffold chemistry and its dissolution 

products can affect hASC-mediated mineralization.  In addition to chemical cues provided 

from the culture medium and scaffold itself, engineered morphology features could impart 

additional benefits within electrospun nanofibrous scaffolds.  We approach this by 

characterizing a novel method to create micron-scale features in electrospun nanofibrous 

scaffolds. 
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5.1 Introduction 

Tissue engineering aims to provide an artificial replacement for damaged tissues 

through the combination of progenitor cells and an appropriate scaffold system (23).  

Electrospinning is a simple and versatile technique to create scaffolds with structural features 

that resemble the natural extracellular matrix by creating a highly porous fibrous construct 

with fibers on the nanoscale (39).  Nanofibrous scaffolds exhibit a very high surface area to 

volume ratio providing ample sites for cell adherence and attachment (39).  Though 

nanofibrous electrospun scaffolds have been used extensively in tissue engineering, 

limitations still exist in their overall performance.  Specific limitations include small pore 

size hindering cell infiltration, constrained three dimensionality, and inability to invoke 

coordinated vasculature growth upon implantation.      Pham et al. investigated the effect of 

fiber sizes from the nano to micro scale and determined that nano-scale fibrous scaffolds 

promote cell adhesion and spreading, while micro-scale fibrous scaffolds allow cell 

infiltration into the scaffold (99).  To promote cellular viability and extracellular matrix 

production, nanoscale fibrous scaffolds with enhanced porosity or micro-scale pores could 

provide the most benefit.  A variety of techniques have been implemented to overcome the 

limitations associated with electrospun nanofibrous scaffolds including modification of the 

fiber diameter to allow larger pores, sacrificial removal of fibers to increase pore size and 

porosity, UV light irradiation to create patterned pores within the electrospun scaffold, and 

laser ablation (99-103).   
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Laser ablation is a technique that removes selective regions of the scaffold and 

introduces micro-structured features including pores of a uniform size, specific global 

porosity, and preferential routes for cell and vascular tissue infiltration.  Laser ablation has 

been used in the medical field for several decades, most prominently in surgeries that require 

high precision such as laser eye surgery (104).  In laser ablation, pulses of light at a specific 

wavelength are used to remove material in a highly controlled fashion.  Absorption of 

photons by the target material excites electrons in the polymer, resulting in removal of the 

material in the form of a dust-like plume (105, 106).  One of the benefits of laser ablation is 

that material is removed with minimal thermal damage (107).  Ablation by excimer lasers is a 

fairly complicated process.  After passing through an objective, the laser beam has an 

hourglass shape with its narrowest point at the focal plane.  While the energy of the laser 

remains the same, the laser energy density or fluence (mJ/cm
2
) changes depending on the 

size of the beam.  Thus, the fluence is highest at the focal point and decreases as the beam 

travels farther from the focal point.  The ablated area does not follow the hourglass shape of 

the beam and is generally in the shape of a crater at the point of laser impact (104, 107, 108).   

Machining of electrospun tissue engineering scaffolds by laser ablation has 

previously been reported (102, 103, 109).  Previous investigators have created channel-like 

features within an electrospun matrix (102, 109).  However, controlling the pore size of 

electrospun tissue engineering scaffolds by laser ablation has not been investigated.  This is 

of crucial importance for tissue engineering scaffolds as the addition of controlled pores in 

the scaffold can provide many additional benefits including enhanced diffusion properties for 
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mass transport during in vitro expansion, cell patterning, and controlled cell alignment 

among structural features.  In this study we characterize the ablation process for creating 

pores of different sizes through electrospun PLA scaffolds by varying aperture of the 

objective and the focus range of the laser.  We then fabricate electrospun scaffolds with pore 

sizes of 150, 300, or 600 µm and evaluate human adipose-derived stem cell (hASC) 

adhesion, viability, and proliferation up to 14 days in vitro. 
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5.2 Materials and Methods 

5.2.1 Scaffold Fabrication 

Electrospun scaffolds were fabricated by dissolving poly(l-lactic acid) (PLA) with a 

Mw of 70,000 Da (a gift from Nonwovens Cooperative Research Center, NCSU) in 

Chloroform and Dimethyl formamide (DMF) (both reagents from Sigma, St. Louis, MO) at a 

ratio of 3:1 to yield a 12 wt% solution.  Solubilized PLA was electrospun using a flow rate of 

20 μl/min and electric field of 1 kV/cm and collected onto a grounded collector plate covered 

in aluminum foil.  Solvent retention within the electrospun scaffolds was minimal, and 

removed by rinsing in 1X phosphate buffered saline (PBS) and verified using fourier 

transform infrared (FTIR) spectroscopy as reported previously (96). 

5.2.2 Laser Micro-machining System 

Micro-machining of the electrospun scaffolds was performed by ablation from a 

pulsed excimer laser (Figure 4.1). The source light was a Lambda Physik COMPexPro 201 

ArF pulsed excimer laser (Coherent Inc, Santa Clara, CA) operating at 193 nm, 25 ns pulse 

duration, and 90 mJ at the source.  The laser beam was concentrated by telescoping of two 

fused silica bioconvex lenses, L1 and L2 in the schematic, to create the primary laser spot 

size.  Dielectric mirrors with UV reflective coatings, M1 and M2 in the schematic, reflected 

the laser light at 45
o
 incident angles to guide the laser to the fabrication stage.   
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Figure 5.1: Schematic diagram of the ArF excimer laser micro-machining system.  The 

laser light was supplied from the light source and concentrated through two telescoping 

lenses (L1 and L2), reflected by two mirrors (M1 and M2), where the beam was then 

reduced by an aperture (A), and focused onto the top plane of the scaffold material with 

a 10x objective. 

 

An aperture (A in the schematic) was located past the second mirror to further reduce 

the laser spot size (Figure 4.1).  After passing through the aperture, the laser was focused by 

a 10x microscope objective to further reduce the spot size at the focal plane.  Focusing the 

laser with an objective lens maintains the same laser energy, but increases the fluence (laser 

energy density) by decreasing the spot size.  Positioning of the laser was controlled by an 

Aerotech x-y-z translation stage (Aerotech, Pittsburgh, PA) that was controlled by NView 

MMI software (Aerotech, Pittsburgh, PA).  A CCD camera (Hitachi, Tokyo, Japan) was 
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positioned behind the second mirror with viewing occurring through the objective to monitor 

the laser micro-machining process. 

 

Table 5.1:  Processing parameters for the laser excimer system for creating pores in 

electrospun scaffolds. 

 

5.2.3 Electrospun Scaffold Ablation Characterization 

The ablation characteristics of the scaffold material were determined by two 

experiments.  First, aperture size was varied and the distance traveled in the z-direction was 

constant.  In the second test, the aperture was kept constant and the distance traveled in the z-

direction during machining of each pore was varied.  In both experiments the corresponding 

change in ablated pore size was monitored.  Aperture size was changed from 1 to 8 and z-

stage height was varied from stationary, with the focal point at the scaffold-substrate 

interface, to a maximum travel distance of 1.4 mm with the scaffold-substrate interface, at 

the midpoint distance (-0.7 to +0.7 mm).  A minimum of four holes were machined for each 

treatment.  The minimum ablation resolution achievable with the PLA scaffold was also 

determined by minimizing all of the laser system parameters to their lowest possible settings 

(30 mJ energy, 1 aperture size, 50 µm z-distance). 
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5.2.4 Electrospun Scaffold Micro-machining 

Micro-scale pores were machined in the PLA scaffolds on glass substrates by excimer 

laser ablation.  Electrospun PLA scaffolds were laser micro-machined to have varying pore 

sizes but a total constant porosity.  In order to accomplish this, the laser was first used to cut 

a large electrospun PLA mat into 10x10 mm squares that were approximately 0.1 mm thick.  

The pore pattern was then ablated into these square cut scaffolds.  Different size arrays of 

pores were fabricated to maintain the same porosity of the machined area, 3x3 (9 pores), 6x6 

(36 pores), and 12x12 (144 pores) arrays for the 600, 300, and 150 µm diameter pores, 

respectively.  The total porosity of each scaffold was 2.5 % and the porosity in the machined 

area (4 mm x 4mm center region) was 15.9 %.    The micro-machining/laser settings for the 

three different scaffolds are provided in Table 4.1.  Due to the rectangular profile of the laser 

beam, rastering was performed to create a more circular pore.  The rectangular shape was 

more pronounced for smaller aperture sizes.  The mass of the scaffolds was measured 

immediately before and after laser ablation to note changes in mass and calculate scaffold 

porosity. Changes in scaffold porosity were determined based on the apparent density 

(g/cm
3
) of the scaffold =   and scaffold porosity =

 

 where the bulk density of PLA is 1.24 g/cm
3 

 and are 

reported in Table 4.2 (33, 110)
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5.2.5 Scanning electron microscopy 

Control and laser micro-machined scaffolds were sputter coated with Au-Pd at 10 mA 

for 120 seconds and imaged by scanning electron microscopy with a Hitachi S3200 (Hitachi, 

Tokyo, Japan) to examine the pore and fiber morphology.  Microscopy images were analyzed 

using Revolution
TM 

image software. 

5.2.6 Cell Culture and Analysis 

Human ASCs were obtained from excess human adipose tissue from liposuction 

procedures using waste tissue obtained from a 48 year old Caucasian female in accordance 

with an approved IRB (IRB-04-1622) at UNC-Chapel Hill.  Human ASCs were isolated from 

tissue based on the original method described by Zuk et al. and described previously by our 

laboratory (2, 71, 72).  In brief, human ASCs (passage 2) were cultured in complete growth 

medium (Eagle’s Minimum Essential Medium, alpha-modified supplemented with 10% fetal 

bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin) in 

a humidified incubator at 37ºC at 5% CO2.  Before cell culture experiments, scaffolds were 

sterilized with 70% ethanol, rinsed three times with 1X Phosphate Buffered Saline (PBS), 

and soaked in complete growth medium for 12 hrs.  When hASCs reached 80% confluence, 

cells were trypsinized and seeded on the electrospun scaffolds at a density of 20,000 

cells/cm
2
 and cultured for 14 days changing medium every 3 days.  On days 3 and 7 hASC-

seeded scaffolds were analyzed for cellular viability using the Live/Dead Assay Cytotoxicity 

Kit (Molecular Probes, Eugene, OR) for mammalian cells.  Human ASCs were quantified on 

scaffolds by measuring DNA content using the DNA binding dye Hoechst 33258 in 
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microplate format after an overnight digestion at 60ºC in 2.5 units/ml papain in PBS with 5 

mM EDTA and 5 mM cysteine HCl (All reagents from Sigma, St. Louis) on days 3, 7, and 

14.  Scanning electron microscopy was performed on hASC-seeded scaffolds on day 14 to 

examine interaction of the hASCs and scaffolds. 

5.2.7 Statistical Analysis 

Data are presented as average ± standard error mean with a sample size of n = 4 per 

treatment for each study.  Statistical analysis was performed using SAS JMP 7.0 (SAS, Cary, 

NC) using Student’s t-test with P-values less than 0.05 considered statistically significant. 
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5.3 Results 

5.3.1 Micro-Machined Scaffold Characterization 

To characterize the ablation properties of electrospun PLA, two experiments were 

performed, specifically, the effects of aperture setting and z-height during ablation were 

examined.  The aperture settings were approximately proportional to the average pore 

diameter in the regime examined possessing an R
2
-value of 0.98 (Figure 5.2a).   
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Figure 5.2: The ablation process for the electrospun PLA was characterized by varying 

the aperture setting and the z-travel distance of the translational stage and the average 

pore diameter is shown as it correlates to aperture setting (a) and z-travel distance (b).  

Both factors had linear relationships to average pore diameter with R
2 

values of 0.98 

and 0.87 for the aperture setting and z-travel distance, respectively. 

 

The total z-distance traveled during ablation was also found to be linearly 

proportional to the average pore diameter for the distances examined possessing an R
2
-value 

R2 = 0.9728
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of 0.84 (Figure 5.2b).  The excimer laser system was able to ablate the electrospun PLA with 

better than 40 µm resolution (Figure 5.3).   

 

Figure 5.3: Optical microscopy image of minimum resolution of electrospun PLA 

ablation.  The width of the ablated area is 38 µm when the ablation parameters are set 

to 30 mJ energy, 1 aperture size, and 50 µm z-distance.  Scale bar = 100 μm. 

 

In general when ablation occurs, a plume of the ablated material is created.  After 

ablation, this material can then redeposit on the surface of the ablated area.  Redeposition of 

the material onto the substrate can result in the substrate having a melted morphology (111, 

112).  An example of a scaffold with redeposition post laser ablation is shown in Figure 5.4 
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and Figure 5.6c.  Laser machining of the electrospun PLA resulted in production of scaffolds 

with highly ordered pore sizes and locations (Figure 5.5).  Smaller diameter pores were 

elliptical and larger diameter pores were circular.  The actual pore sizes are shown in Table 2 

and had a low range of error for all treatments.   

Table 5.2:  Properties of electrospun scaffolds before and after laser processing.  After 

laser ablation, slight changes in the global porosity were noted for all micro-machined 

scaffolds, and were highest for the 600 μm pore scaffolds. 
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Figure 5.4: Image of rippling effect if ratio of z-velocity to laser pulse rate is too high.  

Melted morphology at the edge of the ablated area is due to high redeposition rates. 

 

When comparing fiber morphology in ablated areas to unablated areas, some 

redeposition was observed and was most evident for the 600 µm pores as this had the largest 
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aperture setting, thus emitting the highest amount of energy onto the electrospun PLA 

scaffold (Figure 5.6c).  Redeposition of PLA created a molten morphology around the 600 

µm pores and resulted in loss of the nanofiber architecure characteristic of electrospun 

scaffolds.   

 

Figure 5.5: Scanning electron microscopy images of laser micro-machined PLA 

scaffolds with 150 μm (a), 300 μm (b), and 600 μm (c) pore sizes with 15.9 % porosity in 

the machined area (4 mm x 4 mm). 

 

After micro-machining, slight differences in scaffold mass were noted for all micro-

machined samples, and were due to removal of the ablated regions of nanofibers.  This loss 

in mass attributed to a minor increase in the porosity of the micro-machined scaffolds 

compared to control scaffolds.  Slight differences in mass loss between treatment groups 

were likely due to redeposition during processing (as evident in Figure 5.6c) and some minor 

loss of nanofibers during sample handling. 
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Figure 5.6: Scanning electron microscopy images of ablated area near pores for the 150 

μm (a), 300 μm (b), and 600 μm (c), and area unexposed to laser ablation (d).  Fiber 

morphology after ablation was maintained for the 150 and 300 μm pores while 

redeposition occurred for the 600 μm pores.  Dark fiber coloration in the 150 μm (a) 

and 300 μm (b) images is an artifact of sputter coating and scanning electron 

microscopy and is not due to laser ablation. 
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5.3.2 Cellular Interaction 

 Human ASC attachment and viability was determined on days 3 and 7 after initial 

seeding (Figure 5.7).  On day 3, cell attachment appeared to be highest for the control and 

150 µm scaffolds with few cells present on the 300 and 600 µm scaffolds (Figure 5.7a, c, e, 

g).  The hASCs were able to adhere on all scaffold surfaces with minimal negative 

interaction due to the addition of the micro-machined pores.  It was noted that partial 

obstruction occurred with the 150 and 300 µm pore scaffolds on day 3 (Figure 5.7c, e).  

However, by day 7, hASCs were present on all scaffolds and appeared well spread (Figure 

5.7b, d, f, h).  On the ablated scaffolds, cells were able to adhere around the micro-machined 

pores, as was most evident for the 150 and 300 µm scaffolds (Figure 5.7d, f). 
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Figure 5.7: Viability images of human adipose-derived stem cells (hASCs) on control 

and micro-machined scaffolds at day 3 and 7.  Green = viable cell, red = dead cell.  On 

day 3, hASCs appeared to be aggregated on micro-machined scaffolds, obstructing 
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some pores.  By day 7 hASCs were adhered around micro-machined features.  Scale bar 

in all images = 200 µm. 

 

DNA was quantified for each scaffold to determine the number of cells present on 

each scaffold during the course of the experiment.  On day 3 all scaffolds had similar 

amounts of hASCs present.  On day 7 it was noted that there was a significant increase in the 

amount of DNA on all ablated scaffolds compared to the non-ablated control.  By day 14, 

DNA content was not significantly different from the non-ablated control. (Figure 5.8).  

Scanning electron microscopy was performed on day 14 to examine interaction between the 

hASCs and different scaffolds (Figure 5.9).  It was noted that all scaffolds were completely 

confluent with cells, and that the micromachined pores were beginning to become occluded 

with cells growing across them (Figure 5.9). 
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Figure 5.8:  hASC DNA content on control and micro-machined scaffolds at days 3, 7, 

and 14 (n=3/treatment).  On day 7 it was noted that there was a larger number of 

hASCs present on the micromachined scaffolds while the non-ablated scaffold had the 

lowest amount of DNA.  Star = significance (p-value < 0.05). 
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Figure 5.9:  Scanning electron microscopy images of hASC on non-ablated (a), 150 μm 

(b), 300 μm (c), and 600 μm (d) scaffolds.  After 14 days in vitro, hASCs were present 

over the entire scaffold surface and began to occlude all of the pores for the 150 and 300 

μm scaffolds.  
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5.4 Discussion 

Excimer laser ablation is a promising technique to create tissue engineering scaffolds 

with complex structures.  The capability to remove material in micro-sized amounts and 

precisely choose the locations of ablation allows this technique to be used to create scaffolds 

with highly controlled pore sizes and pore locations.  The ability to create features with this 

level of precision in scaffolds allows micro-scale tissue features, e.g. Haversian canals, 

vascular channels, etc., to potentially be incorporated.  Though laser ablation has minimal 

thermal effects, redeposition was apparent for the 600 µm pores.  From our viability data, it 

did not appear that redeposition had a negative impact on hASC adhesion, but the nanofiber 

architecture was lost in areas immediately adjacent to the micro-machined features.  To 

eliminate redeposition of the PLA, parameter settings for this pore size could be further 

reduced to minimize the laser interaction with temperature sensitive and delicate materials, 

such as electrospun PLA nanofibers, however this would substantially increase processing 

time. 

Several factors must be taken into account when designing the parameters for laser 

micro-machining.  If the ratio between stage z-velocity and laser pulse rate is sufficiently 

low, the shape of the ablated area will be smooth.  However if the ratio is too high, a ripple 

shape will become apparent as ablation focal points are spaced farther apart (Figure 5.3).  

Due to the hourglass shape of the laser beam zone where ablation is possible, the size of the 

ablated area can vary.  If the laser focal point is at the surface of the substrate, the ablated 

area will have its smallest size and this ablation area will increase in size as the distance 
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between the focal point on the substrate increases.  This relationship was demonstrated by 

varying the z-distance traveled during ablation. The distance between the focal point and the 

substrate surface was linearly related to the size of the ablated area (Figure 5.2b).  Increasing 

the aperture size increases the size of the beam, resulting in a larger ablated area (Figure 

5.2a).  While changing the focal height and aperture can both change the size of the ablated 

area, there are differences between the two techniques.  When changing the focal height, the 

total laser energy is maintained, but the fluence changes.  Changing the aperture size changes 

the number of photons entering the objective which results in a change in laser energy.  

Reducing the laser output energy reduces the size of the ablation zone, which also reduces 

the spot size.  By minimizing laser energy, z-distance, and aperture, micro-machining with 

high precision (<40 µm) is achievable.  As seen in Figure 5.6c, redeposition occurred for 600 

µm pores and was likely due to the high amount of energy from the laser.   

The creation of micron-scale features in nanofibrous electrospun scaffolds has been 

achieved previously by the use of porogens such as soluble phosphate glass fibers, salt 

crystals, or the selective removal of scaffold regions by UV degradation or laser ablation 

(101-103).  Previous investigators incorporated 30-40 µm phosphate glass fibers within a 

dense collagen matrix that had been plastically compressed.  Microscopy images showed 

highly aligned phosphate rods, and that degradation of the rods created longitudinal channels 

along the long axis of the collagen scaffold (113).    An alternative porogen that has been 

used are salt crystals that can be directly blended within an electrospinning solution, or 

sprayed simultaneously during electrospinning of polymer solutions (103).  Nam et al. 
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created an extremely thick electrospun construct and sprayed salt crystals with a particle size 

ranging from 90 to 106 µm within the electrospun matrix.  Subsequent washing of the 

scaffold generated large pores within the construct that were spanned by vertically aligned 

nanofibers, holding the construct together.  Delamination of the electrospun scaffold 

demonstrated cellular infiltration into multiple levels of the scaffold.  A limitation with 

porogenic materials is the requirement that they be incorporated during scaffold fabrication.  

Selective removal processes such as laser ablation allow the scaffold to maintain high purity.  

Dong et al. created patterned holes with UV treatment and demonstrated that smooth muscle 

cells were able to migrate into the holes (101).  The scaffolds for that study were exceedingly 

thin with a reported thickness of ~17 ± 3 µm compared to the scaffolds fabricated in our 

study (150 µm) (101).  In the study described here, hASCs appeared to align 

circumferentially around the micro-machined pores and could potentially act as structural 

cues for vascular infiltration, although this would need to be further investigated.   

One of the main limitations with scaffolds comprised of fibers on the nanoscale is cell 

infiltration into the center region of the construct (100).  To accommodate cell migration, 

other groups have sacrificed nanofiber dimensions by producing fibers on the micro-scale to 

ease cell migration into the scaffold.  Though this has been shown to alleviate the initial 

problem of poor cell infiltration, the scaffolds lose their nano-scale size features, which are 

preferential for cell adhesion.   

We have now shown that laser ablation can be used to accurately create micro-scale 

features at specific locations with high precision and accuracy.  By maintaining the use of an 
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electrospun scaffold with nanofibrous morphology, we have created a scaffold that possesses 

nanoscale fiber diameters advantageous for cell adhesion, and micro-scale structure pores 

that may allow cell migration throughout the scaffold.  We have been able to characterize the 

ablation process based on aperture settings and z-focus range of the laser.  At the largest 

aperture setting for the system, we were able to create large structural features (600 μm 

diameter pores) within the electrospun scaffold, but as a result of the increase in energy, 

redeposition occurred.  However, this redeposition did not appear to negatively affect cell 

viability or adhesion (Figures 5.7 and 5.8, respectively).  Through laser ablation, we are able 

to introduce micro-scaled features to assist not only in cell patterning on electrospun 

scaffolds, but potentially impart long range order within the scaffold.  
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5.5 Conclusion 

In this study we demonstrated that micro-machining by excimer laser ablation can be 

used to fabricate tissue engineering scaffolds with micro-scale features.  Electrospun PLA 

scaffolds were laser micro-machined with varying pore sizes of 150, 300, and 600 μm.  

Excimer laser micro-machining resulted in the creation of precisely sized and spaced pores 

within electrospun PLA nanofibrous scaffolds.  Human ASCs adhered and grew on all micro-

machined scaffolds.  After 7 days in vitro, hASC DNA values were highest on the 600 µm 

pore scaffolds compared to both the 300 and 150 µm pore scaffolds.  Excimer laser micro-

machining shows promise for advancing medical applications that require temperature 

sensitive materials and micro-scale features such as those needed for many tissue engineering 

applications.  We conclude that laser micro-machining of electrospun scaffolds allows for 

creation of large, ordered, micro-sized feature arrays within scaffolds that enable patterned 

placement of cells, while providing enhanced porosity and maintaining a nanofiber 

architecture.   
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5.6 Summary 

In this study, we laser ablated electrospun poly (l-lactic acid) scaffolds and assessed the 

ablation process and cellular interaction by examining human adipose-derived stem cell 

(hASC) viability and adhesion to the laser micro-machined scaffolds up to 14 days in vitro.  

Cylindrical pores of 150, 300, and 600 µm diameter were micro-machined through 

electrospun poly (l-lactic acid) (PLA) scaffolds.  Laser ablation parameters were varied and it 

was determined that the aperture and z-travel direction of the laser linearly correlated with 

the ablated pore diameter.  To assess cytocompatibility of the micro-machined scaffolds, 

hASCs were seeded on each scaffold and cell viability images were captured on days 3 and 

7.  Human ASCs were able to adhere in a circumferential pattern around the micro-machined 

features, with this adhesion pattern most prominent for the 150 µm pore scaffolds.  DNA 

content was quantified on all scaffolds and it was determined that hASCs were able to 

proliferate on all scaffolds.  At day 7 and it was determined that the control scaffold (no 

pores) had significantly lower amount of DNA present within the scaffold compared to the 

micro-machined scaffolds.  SEM analysis revealed that after 14 days in culture hASCs were 

able to grow into a nearly confluent layer on top of and within the ablated scaffolds.   The 

process of laser ablation could impart many beneficial features to electrospun scaffolds by 

increasing mass transport and mimicking micro-scale features and assisting in patterning of 

cells around micro-machined features. 
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Chapter 6 

In situ collagen polymerization for integrating cell-

seeded electrospun scaffolds for bone tissue 

engineering 

 

The previous chapter examined and characterized how to create structural features in 

electrospun nanofibrous scaffolds via a laser ablation technique.  This method is able to 

create highly accurate pore arrays in delicate materials such as electrospun nanofibrous 

scaffolds.  This chapter examines the ability of these features to assist with scaffold 

integration by the subsequent stacking of multiple scaffolds and binding with a 

biocompatible gel.   
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6.1 Introduction 

Tissue engineering provides a promising approach for the replacement of diseased 

and defective tissue by restoring tissue function and/or providing a tissue replacement 

through the combination of progenitor cells seeded on a biocompatible scaffold (23).  

Electrospun nanofibrous scaffolds have been investigated extensively for bone tissue 

engineering due to their three dimensional morphology, large surface area to volume ratio, 

and similar size-scale to the natural extracellular matrix (ECM) (52, 114).  By mimicking the 

size-scale of natural ECM components such as type I collagen, nanofibrous scaffolds provide 

an advantageous microenvironment that promotes the osteogenic differentiation of stem cells 

and osteoblastic cells (85, 86, 115).  Though electrospun scaffolds provide such advantages, 

they are inherently limited by their constrained thickness (typically a few hundred 

micrometers) and resulting small pore size (typical pore sizes ~3 μm) (116).  The production 

of electrospun scaffolds of greater thickness can require hours to days to generate scaffolds to 

obtain thicknesses approaching the required size needed for implantation into critical-size 

bone defects (115-117).  To overcome these limitations with electrospun nanofibrous 

scaffolds, multiple approaches have been attempted to increase either the porosity and/or the 

thickness of these materials.  Fiber removal techniques (101), layer by layer approaches of 

depositing fibers and consequently seeding with cells (118), modified methods of 

electrospinning such as hydro-electrospinning (116), salt leaching (103), and combinations of 

micro and nanofiber assemblies to provide enhanced pore sizes while maintaining nanofiber 

dimensions for cellular attachment (99) have all been studied.  An alternative and potentially 

preferable technique is the layering and subsequent binding of multiple nanofibrous scaffolds 
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together with a biocompatible gel component (119-121).  Binding of individual scaffolds 

allows separate cell seeding on each individual scaffold prior to layering and subsequent 

binding.  This bonding technique has been attempted with hydrogel-type materials including 

fibrin glue, alginate, and type I collagen, and is essential to the bonding of multiple layers 

together through the creation of a gel interface (119-121).  Type I collagen is an ideal gel 

system due to its in situ assembly following neutralization and incubation at physiological 

temperature; and the ability of collagen to undergo rapid contraction, thereby integrating 

multiple scaffold layers together (119).  Previous studies have examined the combinations of 

collagen gel within electrospun structures and demonstrated that this composite material 

supports cellular viability, proliferation, and enhances cellular infiltration (122).  The 

combination of electrospun scaffolds with gel systems have shown enhanced cellular 

viability and proliferation when compared to single component electrospun scaffolds.  

However, no study to date has reported the creation of a multi-layered scaffold assembly via 

gel permeation and ensuing gel contraction.  Though this approach can greatly increase the 

thickness of the scaffold, a potential limitation is the possibility of separation (i.e., 

delamination) of the individual electrospun scaffold layers from the collagen gel due to 

confinement of the gel on the scaffold surface.  The small pore size of the electrospun 

scaffolds could potentially restrict the permeation of the gel throughout the multiple 

nanofibrous scaffold layers.  Thus, integration of multi-layered, stacked, nanofibrous 

scaffolds could be greatly improved by providing a means to assist with gel permeation 

throughout a stacked construct.  To achieve enhanced collagen gel permeation, large 
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structural features (micron-sized) could provide a method to facilitate gel permeation through 

each individual scaffold.   

To create large structural features within electrospun scaffolds, investigators have 

recently used a method known as laser ablation (109).  Laser ablation is a technique that 

removes selective regions of a material and introduces micron-structured features, including 

pores of a uniform size, specific global porosity, and preferential routes for gel permeation.  

In laser ablation, pulses of light at a specific wavelength (ranging from below UV to above 

the visible light spectrum) are used to remove material in a highly controlled fashion through 

the absorption of photons by the target material, exciting electrons in the polymer, and 

resulting in removal of the material in the form of a dust-like plume (123).  One of the 

benefits of laser ablation is that material is removed with minimal thermal damage.   

Machining of electrospun tissue engineering scaffolds by laser ablation has previously been 

reported and investigators have created channel-like features within an electrospun matrix 

(109).  However, the successful assembly of multiple laser-ablated electrospun scaffolds via 

gel permeation has not been investigated.  A multi-layered construct would be of great 

benefit for tissue engineering by incorporating the nano-scale architecture of electrospun 

scaffolds with a facile bonding technique of collagen polymerization for the creation of 

composite scaffolds for bone defects. 

An emerging source of cells for bone tissue engineering applications is adipose-

derived stem cells.  In recent years, the use of human adipose-derived stem cells (hASCs) for 

bone tissue engineering has greatly increased due to hASCs’ multipotent nature, source tissue 
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availability, and similar performance characteristics to bone-marrow derived stem cells (4, 

11, 68).  However, no investigators to date have evaluated the use of hASCs on multi-layered 

electrospun scaffolds.  We hypothesized that laser-ablated scaffolds would not only support 

collagen integration but also enhance the proliferation and osteogenic differentiation of 

hASCs compared to non-ablated assembled scaffolds.  Therefore, the objectives of this study 

were to: 1) investigate whether laser ablated pores in assembled electrospun nanofibrous 

scaffolds would improve the creation of multi-layered structures by inducing greater collagen 

gel integration; and, 2) if such structures would promote greater viability, proliferation, and 

osteogenic differentiation of hASCs.  We fabricated assembled collagen gel/electrospun 

scaffolds by bonding three individual electrospun scaffolds with type I collagen and assessed 

the impact of the assembled scaffolds with, and without, laser ablated pores on hASC 

response.  
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6.2 Methods 

6.2.1 Human adipose-derived stem cell isolation and seeding 

Human ASCs were obtained from excess human adipose tissue from liposuction 

procedures using waste tissue obtained from 2 Caucasian females (average age 49) in 

accordance with an approved IRB protocol (IRB-04-1622) at UNC-Chapel Hill.  Human 

ASCs were isolated from tissue based on the original method described by Zuk et al. and 

described previously by our laboratory (2, 71, 72).  In brief, human ASCs (passage 2) were 

cultured in complete growth medium (Eagle’s Minimum Essential Medium, alpha-modified 

supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 

100 µg/mL streptomycin) in a humidified incubator at 37ºC at 5% CO2.   

6.2.2 Electrospun scaffold fabrication 

Human ASC seeded assembled constructs were created (Figure 6.1) via four main 

processing steps: 1) electrospinning of scaffolds; 2) laser ablation of scaffolds; 3) seeding of 

hASCs on scaffolds; and, 4) bonding of hASC-seeded scaffolds with type I collagen. 
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Figure 6.1: Schematic diagram for the creation of ablated and non-ablated electrospun 

scaffolds bonded with Type I collagen. 

 

Scaffolds were fabricated by dissolving poly (l-lactic acid) (a gift from Dr. Benham 

Pourdeyhimi, Nonwovens Cooperative Research Center, North Carolina State University) 

with a molecular weight of 70,000 Da in chloroform and dimethylformamide at a ratio of 4:1 

to yield a 12 wt% solution (both reagents from Sigma, St. Louis, MO).  Scaffolds were 

electrospun by volumetrically dispensing the dissolved polymer solution through a 20 gauge 

blunt-tip needle at a flow rate of 50 μl/min (New Era Syringe Pump, Wantagh, NY) and 
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electrifying the needle with a positive voltage of 15 kV (Gamma High Voltage Power 

Supply, Ormond Beach, FL), separated from a 23 cm grounded collector plate by 15 cm, and 

depositing for approximately 1.5 hours (Figure 6.1a).  Randomly aligned nanofibers were 

collected onto aluminum foil and maintained in a laminar flow hood for 24 hours to ensure 

solvent evaporation. 

6.2.3 Laser ablation parameters 

Micro-machining of the pores in the electrospun scaffolds was performed by ablation 

from a pulsed excimer laser (Figure 1b).  The source light was a Lambda Physik 

COMPexPro 201 ArF pulsed excimer laser (Coherent Inc, Santa Clara, CA) operating at 193 

nm, 25 ns pulse duration, and 90 mJ at the source.  The laser was positioned by an Aerotech 

x-y-z translation stage (Aerotech, Pittsburgh, PA) controlled by NView MMI software 

(Aerotech, Pittsburgh, PA).  A 6x6 array (36 pores) was ablated through the PLA scaffold 

with a target pore diameter of 300 µm (Figure 1c).  The laser was then used to cut samples 

with and without the ablated pore pattern into 10x10 mm squares.    The porosity of the 

machined area for the ablated scaffolds (4 x 4mm center region of the 10 x 10 mm scaffold) 

was 15.9%.  Due to the rectangular profile of the laser beam, rastering was performed to 

create a more circular pore.  Scaffold thickness was measured to be approximately 0.15± 

0.01 mm with a Mitutoyo absolute micrometer (Aurora, IL) which can precisely determine 

thicknesses up to 1 µm.  Scaffold mass was measured to be 3±1 mg using a Mettler Toledo 

AB104 scale (Columbus,OH) with an accuracy of 0.1 mg.  Scaffolds were sputter-coated 

with 200Å Au/Pd and imaged using a JEOL JSM-6400 FE-SEM operating at 5 kV.  Images 
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were analyzed using Revolution
TM

 software.  At least 3 different samples for each of the 

ablated and non-ablated scaffolds were imaged and fiber diameter and ablated pore diameter 

averages were calculated from at least 30 measurements (minimum 10 measurements per 

sample). 

6.2.4 Construct Assembly 

Following scaffold fabrication, scaffolds were sterilized by soaking in 70% ethanol 

for 30 minutes followed by rinsing three times with 1X PBS.  Scaffolds were then placed in 

non-pyrogenic 24 well plates (Sarstedt, Newton, NC) and soaked in complete growth 

medium for 12 hours prior to hASC seeding.  Human ASCs (passage 3) were seeded onto the 

electrospun scaffolds at a density of 20,000 cells/cm
2 

in a volume of 100 μl complete growth 

medium and allowed to attach for 30 minutes (Figure 1c).  After this initial incubation, the 

wells were flooded with 1 ml of complete growth medium.  Human ASCs were allowed to 

grow for 24 hours following seeding and viability images were captured prior to scaffold 

stacking using the Live/Dead Assay Cytotoxicity Kit (Molecular Probes, Eugene, OR) for 

mammalian cells.  Human ASC-seeded electrospun scaffolds were fit into a custom 

10x10x50 mm polycarbonate mold and stacked three scaffold layers high (Figure 1d).  Type 

I collagen gel at a concentration of 3 mg/ml (Vitrogen, Angiotech BioMaterials Corporation, 

Palo Alto, Ca) was neutralized to pH 7.0 with 1 N NaOH and 200 μl was pipetted between 

layers for a total of 400 μl collagen per construct (Figure 1d).  The assembled scaffolds were 

then incubated at 37˚C at 5% CO2 for 2 hours to allow the collagen gel to polymerize.  

Following polymerization, assembled constructs were transferred to new non-pyrogenic 24 
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well plates and the wells were flooded with 1 ml complete growth medium.  Following 

another 24 hours, medium was changed to either complete growth medium or osteogenic 

differentiating medium (complete growth medium supplemented with 50 μM ascorbic acid, 

0.1 μM dexamethasone, and 10 mM β-glycerol phosphate) and subsequently changed every 3 

days for up to 21 days.    

6.2.5 Construct Analysis 

6.2.6 Physical Properties 

Assembled scaffolds were weighed on days 7, 14, and 21 to quantify any changes in 

mass due to collagen gel contraction and resulting water loss. 

6.2.7 Cellular Analysis 

Human ASCs were quantified on assembled scaffolds on days 7, 14, and 21 by 

carefully separating the assembled scaffolds with forceps into their three separate electrospun 

PLA layers.  DNA content was measured in each electrospun layer using the DNA binding 

dye Hoechst 33258 in microplate format after an overnight digestion at 60ºC in 2.5 units/ml 

papain in PBS with 5 mM EDTA and 5 mM cysteine HCl (all reagents from Sigma, St. 

Louis).  Osteogenic differentiation was assessed by quantifying the amount of mineralized 

matrix produced by the hASCs by digesting the individual electrospun layers of the 

assembled constructs in 0.5 N HCl overnight and assaying the supernatant using the Calcium 

Liquicolor Assay (Stanbio, Boerne, TX).   
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6.2.8 Histological and scanning electron microscopy analysis 

On day 21, samples were fixed with 3.7% formaldehyde for 30 minutes and rinsed 

twice in 1X PBS.  Assembled scaffolds were dehydrated with increasing ethanol series of 50, 

70, 95, 100, 100% for 15 mins in each bath.  Histological samples were embedded in paraffin 

and mounted.  Assembled scaffold constructs were cut into 5 μm thick serial sections using a 

rotary microtome and stained with hematoxylin and eosin (H&E) (Fisher Chemical, 

Waltham, MA) to stain cells and the extracellular matrix using standard histochemical 

techniques.  Images were captured with a Leica EZ 4D Digital Dissecting Scope.  For 

scanning electron microscopy analysis, assembled constructs were cut in half, dehydrated 

(using the same ethanol series procedure as above) and then critical point dried with CO2.  

Following critical point drying, samples were sputter-coated with 200 Å Au-Pd prior to 

imaging with a JEOL JSM-6360 scanning electron microscope at 5 kV in secondary electron 

imaging mode.  Images were captured for both cross-sectional and top-views of the 

assembled scaffolds.   

6.2.9 Statistical Analysis 

All experimental sample groups had a sample size of at least n = 3 and experiments 

were performed in two independent trials using hASCs from two Caucasian female donors 

(average age 49 ± 3 years old).  Data is presented as average ± standard error mean.  

Statistical analysis was performed using JMP 7.0 Software (SAS, Cary, NC) by performing 

ANOVA and Tukey HSD tests with a significance accepted at a p-value < 0.05. 
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6.3 Results 

6.3.1 Scaffold fabrication and construct assembly 

Electrospun PLA scaffolds displayed a random fiber arrangement characteristic of 

electrospun mats (Figure 6.2a).  Scaffolds possessed an average fiber diameter of 819 ± 90 

nm.  Laser ablation was used to create pores with an average diameter of 316 ± 8 μm (Figure 

6.2b).  Highly ordered 6 x 6 pore arrays were ablated into the electrospun PLA scaffolds 

(Figure 6.2c) and were positioned within the central 4x4 mm region of the 10 x 10 mm 

scaffold area.  Redeposition of the ablated PLA was minimal around the pore edge (Figure 

6.2b) and nanofibers on ablated scaffolds displayed similar morphology to non-ablated 

electrospun scaffold regions (Figure 6.2b).  Electrospun scaffolds were able to be bonded 

together using type I collagen as the binding system (Figure 6.2d).  Following polymerization 

of the collagen, constructs were able to maintain an intact structure approximately 3 mm in 

thickness, compared to a conventional thickness of 150 μm for a single electrospun scaffold 

(Figure 6.2d). 
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Figure 6.2:  Scanning electron microscopy images of electrospun PLA fibers (a), laser 

ablated pore (b), 6 x 6 laser ablated pore array (c), and final assembled construct (d).  

Laser ablation did not destroy the architecture of the electrospun scaffold (b), and 

highly ordered arrays of pores could be created (c).  The assembled scaffold was able to 

maintain its shape and adhesion of multiple electrospun scaffold layers following 

collagen gel polymerization (d). 
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6.3.2 Cellular Analyses 

Human ASCs were able to adhere on both non-ablated (Figure 6.3a) and ablated 

(Figure 6.3b) electrospun scaffolds.  Cells displayed a normal morphology and adhered 

around the micro-machined pores (Figure 6.3b).  After layered construct assembly with type 

I collagen, viability images indicated that hASCs were spreading throughout the collagen 

layer within 24 hrs of hASC seeded electrospun scaffold/collagen gel construct assembly 

(Figure 6.3c).   
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Figure 6.3: Human ASC viability images on electrospun PLA scaffolds without (a) and 

with (b) ablated pore features prior to electrospun scaffold/collagen gel construct 

assembly.  Following construct assembly, hASCs were present throughout the 

collagen/electrospun PLA assembled scaffold (c).  Live cells = green; dead cells = red.  

Scale bar = 200 μm. 
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On days 7, 14, and 21 the ablated and non-ablated assembled scaffolds cultured in 

both complete growth and osteogenic medium were weighed.  The assembled scaffolds 

continued to lose mass throughout the three week experiment (Figure 6.4), due to contraction 

of the collagen I gel and subsequent extraction of fluid.  At days 7 and 14 the non-ablated 

scaffolds weighed more than the ablated scaffolds.  However, by day 21 there was no 

significant difference between any experimental groups.   

 

Figure 6.4:  Throughout the experiment the mass of the assembled scaffolds continued 

to decrease due to collagen gel contraction and subsequent water extraction. 
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There was no significant difference in hASC proliferation in non-ablated and ablated 

constructs at days 7 and 14 (Figure 6.5).  By day 21 however, the ablated scaffolds exhibited 

the highest amount of DNA while the non-ablated constructs cultured in osteogenic 

differentiating medium displayed the lowest amount of DNA.  To examine the effects of 

culture medium and to confirm osteogenic differentiation, mineralized calcium was 

quantified on days 7, 14, and 21 (Figure 6.6).   

 

Figure 6.5: Human ASC proliferation throughout the duration of the experiment.  

Human ASCs were able to proliferate on all assembled constructs throughout the 

duration of the experiment.   By day 21 both of the ablated scaffold groups (CGM and 

ODM) displayed a significantly higher amount of DNA compared to non-ablated 

scaffolds.  * = significant difference (p-value < 0.05). 
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Mineralized calcium content increased in a temporal manner with culture in 

osteogenic differentiation medium.  By day 21 it was determined that the hASCs on the 

ablated constructs produced significantly more mineral compared to those on non-ablated 

scaffolds, 233 ± 8 versus 188 ± 6 μg Ca
2+

/construct for the ablated and non-ablated scaffolds, 

respectively (Figure 6.6).  As expected, mineralized calcium remained very low at all time 

points in both scaffold types for hASCs maintained in complete growth 

medium.

 

Figure 6.6:  Human ASC mineralization increased for both ablated and non-ablated 

scaffold constructs cultured in osteogenic differentiating medium.  At day 21, there was 
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a significantly higher amount of calcium for the ablated constructs compared to the 

non-ablated constructs.  * = significant difference (p-value < 0.05). 

 

To examine cellular interaction between the three different electrospun layers of the 

assembled electrospun scaffolds/collagen gel constructs, histological and scanning electron 

microscopy were performed at day 21.  H&E staining indicated that hASCs were present 

within the collagen gel (stained pale pink) and electrospun scaffold matrix (unstained) 

(Figure 6.7).  Upon examination, it was seen that extensive delamination occurred between 

the non-ablated scaffold and collagen gel layers (Figure 6.7a-b, arrows).  Collagen was 

present along the interface of the non-ablated scaffold maintained in complete growth 

medium (Figure 6.7a), but very little was present within the non-ablated scaffold maintained 

in osteogenic differentiation medium (Figure 6.7b).  In addition, there were few cells present 

within the center layer of the construct for the non ablated construct maintained in osteogenic 

differentiating medium, indicating low viability with the majority of the cells located on both 

the top and bottom edges of the construct.  Partial alignment of the pores for the laser-ablated 

constructs was achieved for both medium groups (Figure 6.7c,d,).  For the ablated constructs, 

hASCs were present along the boundary of the electrospun scaffold and also evident along 

the edges of the pores noted by the blue staining of cell nuclei (Figure 6.8d).  Collagen was 

visible throughout the cross-section of the ablated scaffolds and permeated through the 

individual scaffold layers of the assembled construct (collagen gel stained pale pink in 

contrast to unstained electrospun scaffolds, Figure 6.7c,d). 
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Figure 6.7: Histological (a-d) and scanning electron microscopy (e-h) images of 

assembled constructs after 21 days in vitro.  Non-ablated scaffolds (a,b,e,f) display 

delamination between separate scaffold layers (indicated by arrows).  Ablated scaffolds 

(c,d,g,h) possessed an intact morphology and partial alignment of ablated pores is 

evident.  Collagen (pale pink) can be seen between the unstained scaffold layers for the 

ablated constructs (c,d). 
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Scanning electron microscopy images of the assembled electrospun/collagen gel 

constructs indicated that the individual electrospun scaffold layers of the non-ablated 

scaffold/gel constructs were still largely separate as open areas were present within the 

construct (Figure 6.7e-f).  Clear separation was evident within the non-ablated constructs and 

indicated by white arrows (Figure 6.7e-f).   

 

Figure 6.8: Scanning electron microscopy images of ablated scaffold/collagen gel 

assembled constructs after 21 days in vitro.  Human ASCs were present on the top 

surface of the constructs and were able to adhere around and in the ablated pores.  

Pore array is indicated by white arrows in (a) and hASCs are indicated by white arrows 

in (b-d). 
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SEM indicated that the ablated scaffold/gel constructs on the other hand, retained a 

tight intact structure (Figure 6.7g,h).  Again, partial alignment of the pores was achieved and 

noted by the indentations of the scaffold.  An aerial view of the assembled 

electrospun/collagen gel construct with ablated scaffolds indicated that hASCs were able to 

adhere and display a well spread morphology around and within the ablated features (pore 

array indicated by white arrows in Figure 6.8a).  Human ASCs were present over the top 

surface of the construct and were able to adhere and spread around and within the ablated 

features (hASCs indicated by white arrows in Figure 6.8b-d). 

 

 

 

 

 

 

 

 

 

 

 



129 

 

6.4 Discussion 

 This study demonstrates that with the addition of engineered pore arrays in 

electrospun nanofibrous substrates, and subsequent polymerization with type I collagen gel, 

thick, cell seeded, electrospun scaffolds/collagen gel constructs can be fabricated.  These 

layered scaffolds maintain hASC viability and support hASC osteogenic differentiation with 

minimal delamination between the multiple electrospun scaffold layers due to collagen I 

permeation through the laser ablated pores.  Our findings support previous reports that the 

combination of gel systems with porous scaffolds leads to enhanced cell distribution, 

infiltration, and proliferation (124).  For this study, collagen I was used as the binding system 

and was able to promote rapid contraction and binding of laser-ablated electrospun scaffolds.  

Collagen I is potentially an ideal binding material to use for bone tissue engineering, given it 

is the most predominant protein in bone and it promotes cell migration and proliferation due 

to the presence of arginine-glycine-aspartic acid sequences (RGD) on collagen (23).  

Weinand et al. assessed the ability of several hydrogels to facilitate osteogenesis of porcine 

bone-marrow derived stem cells in porous β-tricalcium phosphate scaffolds, and determined 

that type I collagen led to enhanced radiological density and relative stiffness of cell-seeded 

constructs compared to both alginate and fibrin glue (125).   

As cells grow and spread within the collagen matrix, the matrix is able to undergo 

cellular remodeling via contraction, resulting in the formation of a dense collagen network.  

As we have demonstrated previously, when mesenchymal stem cells are seeded within type I 

collagen gels, rapid contraction occurs and with such contraction detectable after only 1 day 
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of culture (126).  Though we have previously viewed this contraction as a potential limitation 

in collagen gel systems for some applications (126), it can be considered beneficial when 

acting as an integrator between electrospun scaffold layers, as in this work and others (119).  

It is well known that cellular remodeling of collagen matrices is a direct effect of the 

interaction with the α2β1 integrin receptor present on the cell membrane, and this interaction 

between the α2β1 integrin and collagen has been demonstrated to play a crucial role in 

osteoblastic differentiation (127, 128).  The benefit of combining collagen gel and 

electrospun scaffolds is that the remodeling and degradation time frame is much slower for 

the synthetic electrospun scaffold compared to type I collagen.  Therefore, collagen gel 

contraction promotes the integration of the separate electrospun scaffolds, while the 

electrospun scaffolds provide a platform to support the morphology, continued growth, and 

osteogenic differentiation of hASCs and other stem and progenitor cells.  The use of 

nanofibrous scaffolds has been shown to promote osteogenic differentiation and 

biomineralzation of osteoblasts compared to solid-walled scaffolds (83).  More recently, 

Woo et al. evaluated the use of nanofibrous PLA scaffolding in vivo with a critical-size 

calvarial defect (84).  When compared to solid scaffolds, nanofibrous scaffolds supported 

substantial increases in bone tissue formation, collagen deposition, and positive staining for 

both Runx2 and bone sialoprotein (84).  By mimicking the size-scale of the natural ECM, 

nanofibrous PLA scaffolds are able to provide a superior scaffold for bone regeneration (84)  

The addition of large pore arrays in electrospun scaffolds leads not only to cell 

attachment around these features (Figure 6.3) but also provides a means for collagen to 
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permeate through the individual electrospun scaffold layers.  The presence of the laser 

ablated features also appeared to promote continued proliferation of hASCs in both growth 

and osteogenic differentiation medium.  Non-ablated scaffolds exhibited poor hASC viability 

on the scaffold in the middle of the assembled construct and overall proliferation was 

diminished relative to ablated scaffolds.  Reduced hASC viability could have been a result of 

reduced mass transport of nutrients throughout the non-ablated scaffold although that was not 

investigated in this study. The ablated pores also assisted in maintaining a bound scaffold, as 

determined by both histology and electron microscopy (Figure 6.8).  

The addition of channel-like features has previously been evaluated in different 

scaffold systems (113).  Nazhat et al. created longitudinal channel-like features through the 

incorporation and subsequent washing of soluble phosphate glass fibers within a dense 

collagen scaffold (113).  As demonstrated with their technique the number and size of the 

pores was based on the periodicity and size of the phosphate glass fibers embedded within a 

collagen matrix.  In our technique, the size and location of the ablated pores can be altered by 

modifying laser parameters including laser fluence and stage movement.  Though the ablated 

features were formed on individual scaffolds, alignment of the pores was possible due to the 

high precision of the laser ablation technique (Figure 6.8).  A facile technique for the 

introduction of micron-scale pores has also been shown by press-fitting a mold into a 

composite gel composed of type I collagen and β-tricalcium phosphate particles (129).  The 

addition of pores increased cellular infiltration while the control scaffold with no pores had 

limited cellularity within the center of the construct (129).  In our study, the addition of 
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micron-scale features in nanofibrous scaffolds allowed for the maintenance of nanofiber 

morphology to preserve the nano-scale architecture of the natural ECM, while providing 

prominent micron-sized features for collagen gel permeation.   
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6.5 Conclusions 

In this study we have demonstrated that delicate electrospun nanofibrous scaffolds 

can be laser ablated and imparted with micron-scale features.  By utilizing nanofibrous 

scaffolds, we were able to maintain the unique nanofibrous architecture of electrospun 

scaffolds that supports cell adhesion and promotes osteogenic differentiation, and engineer 

micron-scale features within the scaffold that assisted with collagen gel permeation.  The 

fabrication and assembly of these ablated scaffolds/collagen gel constructs resulted in thick 

electrospun scaffold/collagen gel constructs that were significantly thicker than traditional 

electrospun scaffolds but still support the osteogenic differentiation of hASCs. 

 This is the first study to create and assess the effects of laser ablated pores on the 

layered assembly of electrospun scaffolds via type I collagen gel.  We have shown that 

hASCs were able to proliferate and osteogenically differentiate on ablated scaffolds, while 

maintaining a normal morphology.  We were further able to demonstrate that laser-

ablated/collagen gel constructs could be created with multiple electrospun scaffold layers 

without delamination of the layers, creating thick constructs for potential use in bony critical 

defects for bone tissue engineering applications.  These findings indicate that the addition of 

laser structured features in electrospun scaffolds assists in collagen gel permeation and helps 

to reduce delamination as determined via histological and electron microscopy images.  

Scanning electron microscopy revealed that hASCs were well spread and attached around 

and within laser-ablated features of the electrospun scaffold.  In addition, mineralization data 

indicated a significant increase in mineral content for the ablated electrospun 
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scaffolds/collagen gel construct by day 21.  This is the first study to demonstrate the use of 

ablated assembled electrospun scaffolds with binding by type I collagen gel, and that the 

addition of structured pore arrays in stacked electrospun scaffolds facilitates collagen gel 

permeation, preserves layer integration, and promotes the mineralization of hASCs under 

osteogenic stimulation. 
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6.6 Summary 

This study evaluated the integration of multiple nanofibrous scaffolds via in situ collagen 

assembly of electrospun scaffolds both with and without laser ablated micron-sized pores 

engineered through the structures.  Pores were created by a laser ablation technique.  We 

hypothesized that the addition of micron-sized pores within the electrospun scaffolds would 

encourage collagen integration between scaffold layers and promote osteogenic 

differentiation of human adipose-derived stem cells (hASCs).  To evaluate the benefit of 

assembled scaffolds with and without engineered pores, hASCs were seeded on individual 

electrospun scaffolds,  hASC-seeded scaffolds were bonded with type I collagen, and the 

entire constructs cultured for three weeks to examine their potential as bone tissue 

engineering scaffolds.  Assembled electrospun scaffolds/collagen gel constructs using 

electrospun scaffolds with pores resulted in enhanced hASC viability, proliferation, and 

mineralization of the scaffolds after three weeks in vitro compared to constructs using 

electrsopun scaffolds without pores.  Scanning electron microscopy and histological 

examination revealed that the assembled constructs that included laser ablated electrospun 

scaffolds were able to maintain a contracted structure and not delaminate, unlike assembled 

constructs containing non-ablated electrospun scaffolds.  This is the first study to show that 

the introduction of engineered pores in electrospun scaffolds assists with multi-layered 

scaffold integration resulting in thick constructs potentially suitable for use as a scaffold for 

bone tissue engineering.  
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Chapter 7 

Application of low frequency electric fields via 

interdigitated electrodes for functional tissue 

engineering: effect on cellular viability, intracellular 

calcium signaling, and osteogenic differentiation of 

human adipose-derived stem cells 

 

In addition to scaffold chemistry and inductive soluble factors, physical stimuli are also 

known to regulate and promote stem and/or progenitor cell differentiation.  Electric 

stimulation is known to initiate signaling pathways and provides a technique to enhance 

osteogenic differentiation of stem and/or progenitor cells.  There are a variety of in vitro 

stimulation devices to apply electric fields to such cells.  Herein, we describe and highlight 

the use of interdigitated electrodes (IDEs) to characterize signaling pathways and the effect 

of electric fields (1-1000 V/cm at 1 Hz) on the viability and osteogenic differentiation of 

human adipose-derived stem cells (hASCs).   
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7.1 Introduction 

The application of electric stimulation in tissue engineering provides an exciting route 

for cell manipulation and considerable progress in this area has occurred as the interaction of 

electric fields, currents, and potentials with has cell becomes better understood (45, 130, 

131).  Within cells and tissues, ionic currents and electric potentials exist naturally and 

influence cell and tissue function and development (130, 132).  Disruption or alteration of ion 

gradients or cell surface charges by an applied electric field can lead to changes in cell 

signaling pathways and gene expression, resulting in differences in differentiation, 

proliferation, and mobility (45, 132, 133). 

Since the discovery of the natural electrical properties of bone, the idea of coupling 

endogenous and exogenous electrical activity has been introduced as a possible tool to 

promote bone fracture healing and differentiation of osteoprogenitor cells (134-138).  

Mechanical and electrical stimuli have been known for some time to affect the properties and 

regenerative capacity of skeletal tissues.  Of particular importance is the effect that extremely 

low frequency electric fields have on stem cell populations, especially the ability of these 

fields to enhance cell signaling pathways and differentiation.  Previous investigators have 

shown that electrical stimulation modifies the properties of multiple cell types, including the 

differentiation of neuronal and mesenchymal stem cells, by modulating intracellular calcium 

(Ca
2+

) signaling and augmenting tissue-specific markers (45, 139).   

Mesenchymal stem cells (MSCs) are an important therapeutic tool in the field of 

regenerative medicine (1).   MSCs can be derived from a range of mesodermal tissues, 



138 

 

including bone marrow and adipose tissue.  Human adipose-derived adult stem cells (hASCs) 

have gained increasing interest in the field of regenerative medicine because of their 

multilineage potential and relative ease of acquisition and harvest compared to other stem 

cell types (2-4).  Though hASCs have been used successfully in tissue engineering, to our 

knowledge, no one has investigated the interaction of hASCs with electric fields or 

determined the influence of electric fields on hASC response and differentiation.   

With the relative ease of harvest and availability of stem cells such as hASCs, 

researchers have been striving to develop rigorous methodologies that allow for the 

controlled application of physical forces on stem cells in order to evaluate both short and 

long term effects of these stimuli.  Traditional methods of exposing cells to electric fields 

involve capacitative coupling, semi-capacitative coupling, and/or ionic salt bridges to 

generate the desired field and frequency pattern (140-143).  These approaches have 

limitations with heterogeneity in trial design, dosage, and delivery method.  An alternative 

method is the use of interdigitated electrode (IDE) arrays.  IDEs have long been used for 

dielectrophoresis of biological materials and cell patterning, yet the use of this configuration 

has not been examined for application of low frequency electric fields during culture of stem 

cells (144).  IDEs create an electric field both parallel to and above the surface of the 

electrode.  Using planar interdigitated electrodes for cellular electrical stimulation has the 

following advantages:  1) because the electrodes are rigidly-fixed on the substrate, it enables 

highly reproducible, facile application of controlled, well-quantified electrical stimulation, 2) 

small electrode spacing (down to 10 µm), similar to physiological feature sizes, can be easily 
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fabricated; at small electrode spacing, only a low voltage is needed to create physiological 

electric field strengths, and 3) due to the open nature of the IDEs, cells can easily be 

observed during stimulation so short-term response (i.e. calcium release) can be directly 

correlated with longer-term effects when the cells are cultured under the same electrical 

stimulation. 

 The objectives of this study were to investigate the interaction of electrical 

stimulation with hASCs cultured on interdigitated electrodes by 1) characterizing acute 

hASC responsiveness in terms of intracellular calcium signaling and viability as a function of 

electric field strength and 2) assessing electric field effects on the osteogenic differentiation 

of hASCs.  The electric field frequency was 1 Hz.  We hypothesized that hASCs would be 

more responsive to electrical stimulation at increasing field strength up to a limit when 

cellular viability would decrease (100 V/cm or higher), and that when exposed to a 

physiologically appropriate, defined AC electric field, hASCs would respond by enhanced 

expression of osteogenic markers compared to unstimulated controls. 
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7.2 Materials and Methods 

7.2.1 Interdigitated Electrode Fabrication 

Interdigitated electrodes (IDEs) were fabricated utilizing conventional UV 

lithography techniques. They consisted of two gold contact pads, where each pad was 

connected to 25 "fingers" or "digits" (Figure 7.1b). The spacing between digits and the digit 

width were both 100 m. The diminutive spacing between the electrode fingers allowed 

physiologically relevant fields to be obtained with the application of low voltages.  To 

produce the IDEs, glass slides with a No. 2 thickness were cleaned in UV-ozone cleaner for 

30 min, spin-coated at 4500 rpm with Shipley’s Microposit S1813 photoresist (Microchem; 

Newton, MA) and baked for 45 min in a convection oven at 100ºC.  After baking, coated 

glass slides were exposed to UV light at 120 mW with a Cr mask with the desired IDE 

pattern and developed with Microposit MF (Microchem; Newton, MA) 351 for 1 minute.  

After residual S1813 was removed, glass slides were deposited with 100 Å Cr and 1000 Å 

Au.  Excess metal was removed and the individual electrodes were connected in parallel with 

biocompatible H20E EPO-TEK silver conductive epoxy (Ted Pella; Redding, CA), cured at 

150ºC for 5 minutes.  Platinum wires (Cal. Fine Wire, gauge 36) were attached to the end 

electrodes and to connectors.  Matching connectors were bonded to platinum wires that were 

soldered to split BNC connectors.  Assembled electrode-tissue culture flasks (Figure 7.1a) 

(Nunc, Denmark) were cleaned with N2 gas and 70% ethanol before being sterilized with 

ethylene oxide (Andersen Sterilizers, Haw River, NC) (Figure 7.1a).  An Agilent 33220A 20 

MHz Function/Arbitrary Signal generator was used at 0.01-10 V peak-to-peak stimulus 
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intensity to generate calculated fields ranging from 1-1000 V/cm at a frequency of 1 Hz.  The 

waveform and intensity were confirmed with an oscilloscope. 

 

 

Figure 7.1: Image of interdigitated electrode assembled in flask (a) and close-up image 

of interdigitated electrode showing contact pads and electrode array (b). 
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7.2.2 Electric field modeling 

The electric field was modeled by approximating the potential applied based on the 

equation originally derived by den Otter (145), using MAPLE 12 (Maplesoft, Waterloo, 

Ontario).  This approximate method assumes that the finger length (in our case = 1 cm) is 

large compared to both the finger spacing and width (both 100 m), and that the thickness of 

the interdigitated device (0.1 m) is negligible compared to other dimensions in the system.  

As z increases, moving away from the electrode plane, the voltage decays in a non-linear 

manner so that ~150 m above the electrode, the electric field is negligible. Huma ASCs are 

seeded directly on the electrode, where the electric field is essentially constant.   

Eq 7.1:  

7.2.3 Cell Isolation and Culture 

 Excess human adipose tissue was obtained at UNC-Chapel Hill by voluntary 

liposuction procedure in accordance with an approved IRB protocol (IRB 04-1622).   Human 

ASCs were isolated from approximately 50 g of the adipose tissue from each donor using a 

method modified from Zuk et al. and were characterized via immunohistochemical analysis 

as positive for surface markers CD105 and CD166 and negative for CD34 and CD45 (2).  In 

addition, the differentiation potential was tested during two weeks of culture in complete 

growth, adipogenic differentiating, and osteogenic differentiating media.  Complete growth 

medium contained Eagle’s Minimum Essential Medium, alpha-modified supplemented with 

10% fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 µg/mL 
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streptomycin.  Osteogenic differentiating medium contained complete growth medium 

supplemented with 50 M ascorbic acid, 0.1 M dexamethasone, and 10 mM -

glycerolphosphate.  Adipogenic differentiating medium contained complete growth medium 

plus 1 µM dexamethasone, 5 µg/ml insulin, 100 µM indomethacin, and 500 µM 

isobutylmethylxanthine.  Cells were cultured initially in each of these media for two weeks to 

confirm the ability of the hASCs to differentiate down both osteogenic and adipogenic 

pathways.  Accumulation of deposited calcium was visualized using Alizarin Red S, and 

lipid accumulation was visualized using Oil Red O. 

7.2.4 Acute Electric field stimulation 

Human ASCs from two Caucasian female donors (ages 44 and 49) were seeded at a 

density of 20,000 cells/cm
2
.  After 24 hours in culture, hASCs were exposed to various acute 

electric field treatments (1, 10, 100, 1000 V/cm; f = 1 Hz) to determine hASC viability 

determined with a Live/Dead Assay Cytotoxicity Kit (Molecular Probes, Eugene, OR) for 

mammalian cells.  At days 2 through 7 of culture in complete growth medium, hASCs were 

imaged to examine changes in cellular cytoplasmic Ca
2+ 

elicited by acute electric field 

stimulation at 1, 10, 100, and 1000 V/cm at 1 Hz.  The cell-seeded electrodes were incubated 

1 hour at 37ºC in 1 ml Hanks Balanced Salt Solution (HBSS; Sigma Chemical) containing 

0.25 µl of the vital dye Cell Tracker Red CMTPX (Invitogen, prepared by resuspending 50 

µg of dye in 50 µl DMSO plus 5 µl Pluronic F-127, 20% in DMSO) and 4 µl of the Ca
2+

-

sensitive dye Fluo-4 AM (Invitrogen, prepared as for the vital dye).  They were then rinsed 

with 1 ml HBSS and incubated 30 min with 1 ml dye-free HBSS to allow Fluo-4 de-
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esterification for retention in the cells.  The chamber was mounted on the stage of an upright 

Leica DMR microscope configured with fluorescence optics.  A 20x HCX APO 0.50 NA 

water immersion objective and a mercury bulb filtered for excitation at 488 nm and emission 

at 530 nm (for green light from Fluo-4) or excitation at 577 nm and emission at 602 nm (for 

red light from the vital dye) were used to image a representative region of the hASC-seeded 

electrode.  HBSS was pumped continuously through the chamber at a rate of 3 ml/min, 

initially for a control period of 5 min (―control‖) and subsequently for several 5 minute 

periods of electrical stimulation with 3-10 min unstimulated intervals between.  Images were 

captured continuously at a rate of approximately 1 per sec by a digital CCD camera 

(IEEE1394, Hamamatsu Photonic Systems, Bridgewater, N.J., U.S.A.) and viewed in real 

time with Open lab software (Improvision, Waltham, MA, U.S.A.). 

7.2.5 Chronic Electric field stimulation 

Human ASCs also were exposed to repeated electrical stimulation to determine any 

long-term effects on osteogenic differentiation of hASCs cultured in osteogenic 

differentiating medium.  Electric field treatments of 0 (control), 1, 3, and 5 V/cm at 1 Hz 

were applied to hASCs for 4 hours/day for 14 days.  Human ASCs were analyzed for cellular 

viability, DNA content for proliferation, and mineralized calcium content on days 7 and 14.  

Cell viability was determined with a Live/Dead Assay Cytotoxicity Kit (Molecular Probes, 

Eugene, OR) for mammalian cells.  On days 7 and 14, hASC-seeded IDEs were rinsed twice 

in 1X PBS and incubated for 20 mins in 4 μM calcein AM and 4 μM ethidium homodimer-1 

protected from light.  Live cells fluoresced green and dead cells fluoresced red.  Proliferation 
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was determined by quantifying DNA using the DNA binding dye Hoechst 33258 in 

microplate format after an overnight digestion  at 60ºC in 2.5 units/ml papain from papaya 

latex in PBS with 5 mM EDTA and 5 mM cysteine HCl (all reagents from Sigma Chemical, 

St. Louis).  Cell-deposited calcium content was determined by digesting cell-seeded 

electrodes in 0.5 N HCl overnight and assaying the supernatant using the Calcium Liquicolor 

Assay (Stanbio, Boerne, TX).    

7.2.6 Data Analysis 

Experiments were performed with at least three independent trials using hASCs from 

two different donors.  Chemical assays were done in triplicate.  Image Pro Plus 6.2 software 

(Media Cybernetics, Bethesda, MD) was used to generate line graphs of the time course of 

changes in cytoplasmic Ca
2+

 of all individual cells in the field of view, selected manually, 

before and during electric field stimulation.  The data were transferred into a Microsoft Excel 

file for quantification of the changes in cellular fluorescence in comparison with the initial 

control period preceding electrical stimulation.  Quantitative data are presented as mean ± 

standard error of the mean.  Significant differences were determined by performing Student’s 

t tests.  A p-value < 0.05 was considered significant. 
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7.3  Results 

7.3.1 hASCs were Viable and Morphologically Normal With Weak to Moderate Electric 

Field Stimulation 

IDEs produce an electric field between the electrode fingers that also penetrates 

above and below the electrode.  The height of the electric field penetration into solution can 

be modified by altering the electrode lithography.  Figure 7.2 depicts the calculated electric 

potential at increasing height above the electrode for varying applied potentials.  By 

increasing the applied potential between the electrode fingers, the electric field magnitude 

increases, correspondingly.  As can be seen, the shape of the curve is independent of the field 

amplitude.  With increasing height above the plane of the electrode, the electric field is 

relatively constant until it begins to decay significantly ~100 µm (one electrode spacing) 

above the plane of the electrode.  This demonstrates that the pattern is controlled by the 

electrode feature size, rather than the applied voltage, as is well known (146). 
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Figure 7.2: Graphical depiction of electric field at different magnitudes above the 

interdigitated electrode plane demonstrating its exponential decay. 

 

Human ASCs were able to adhere and spread on the IDE surface (Figure 7.3a).  

Though the electrode height of the IDE was minimized (~100 nm) to prevent preferential 

alignment of hASCs along the electrode fingers, some alignment was observed (Figure 7.3).  

In general, however, the hASCs appeared to be uniformly distributed and randomly aligned 

on the IDE surface. Human ASC morphology was consistent with that on tissue culture 
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plastic, displaying a spindly fibroblastic shape.  After initial seeding, hASCs were exposed to 

varying electric field magnitudes for 30 minutes to determine any detrimental effects on cell 

viability (Figure 7.3). With 1 and 10 V/cm stimulation at 1 Hz, which are physiological 

values, hASCs remained viable.   

7.3.2 hASCs were Disturbed by Strong, Protracted Electric Field Stimulation 

As the electric field increased in magnitude (stimulation for 30 minutes at 1 Hz), it 

was evident that the hASC monolayer was distorted, as hASCs were removed and a 

perforated interface was created.  This was most apparent at 100 V/cm, where the monolayer 

was deformed as spherical perforations were formed (Figure 7.3d).  With 1000 V/cm 

stimulation for 30 minutes, there were virtually no viable cells present anywhere on the 

device (Figure 7.3e).  Immediately after stimulation at 1000 V/cm, the cells began to 

delaminate from the surface and undergo membrane breakdown via electroporation.  Figure 

7.3e displays the presence of nucleic acids (stained red) left on the IDE device under these 

conditions.  These results, at non-physiological fields, confirm that electric fields are present 

due to the interdigitated electrode configuration, and demonstrate the types of damage 

possible from inappropriate field strengths. 
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Figure 7.3: Viability images of hASC-seeded electrodes after 30 mins exposure to 

sinusoidal electric fields of 0 (control, a), 1 (b), 10 (c), 100 (d), or 1000 (e) V/cm at 1 Hz.  

Human ASCs were viable up to electric field magnitudes of 10 V/cm.  At electric fields 

of 100 V/cm or higher, cell detachment was seen with large regions of cells removed 

from the electrode.  After exposure to 1000 V/cm at 1 Hz for 30 mins, hASC viability 

was completely compromised.  Live cells = green; dead cells = red.  Scale bar = 200 μm. 

 

7.3.3 Acute Electric Field Stimulation Increased Cytoplasmic Ca2+ in hASCs and did not 

Compromise their Viability 

Human ASCs exhibited variable levels of cellular fluorescence (due to spontaneous 

Ca
2+

 release) during the initial control period (Figure 7.4) with no electric field applied.  The 

fluorescence level varied with time depending on the cell.  There was no obvious correlation 

between spontaneous activity and stimulus-evoked activity.   
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Significant increases in cellular fluorescence intensity were noted with stimulation for 

1-10 minutes at 1, 10, and 100 V/cm, at 1 Hz, in 7 of 10 experiments.  This indicates that 

electrical stimulation leads to release of calcium within the cells.  The results were 

comparable for the two hASC cell lines.  The effect was greater at the greater field strengths 

(Figures 7.4 and 7.5a).  In some experiments, there was a small increase in the number of 

responsive cells and in their fluorescence output with stimulation at 1 V/cm (examples are 

shown in Figure 7.4); however most cells remained within the control range.  At 10 V/cm, 

the cellular fluorescence was approximately 40% greater than the control baseline 

fluorescence, and at 100 V/cm it was about 75% greater (Figure 7.4).  The cells exhibited 

obvious increases in cytoplasmic calcium within about 30 sec of initiating stimulation at 

these intensities and the effects continued for the duration of the stimulation period and 

beyond.  The rate and extent of increase differed between different cells and the cellular 

response tended to be more reproducible and predicable for samples with cells plated at 

higher density.  The majority of plated cells remained viable during these treatments.  After 5 

minutes of stimulation at 100 V/cm at 1 Hz, hASCs largely remained viable in response to 

electrical stimulation.  In addition, when the sequence of stimulation treatments was 

reversed, i.e. from high to low intensity (Figure 7.5a, the cells continued to respond after a 

100 V/cm treatment.  The size of the fluorescence increase differed in this case (Figure 7.5a); 

however again, the magnitude of the intracellular calcium activity increased with increasing 

field strength.  
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Figure 7.4: Graphical representation of cellular intensities from image pro analysis.  

Electrical stimulation increases cytoplasmic Ca
2+

, and Ca
2+

 oscillations increased when 

1 V/cm
 
stimulation was applied as compared to the preceding unstimulated control.  

Stimulation at 100 V/cm resulted in a large Ca increase associated with cell death.
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C: Ca, + ATP A: Vital Dye 
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Figure 7.5: Graphical representation of cellular intensities when stimulated in 

decreasing order from image pro analysis (a) and bar chart of responding cells at 

different electric field magnitudes (b). 

  

 

Figure 7.6 displays representative analyzed images an hASC seeded IDE showing the hASC 

monolayer stained with a vital dye (Red Cell Tracker, a), and varying calcium intensities 

based on Fluo-4 intensity (b-e). 

 

Figure 7.6: Vital dye image of hASCs (a), and pseudo-color images of intracellular Ca
2+ 

levels (b-e) immediately after electric field exposure of either 0, 1, 10, 100 V/cm at 1 Hz.  

Calcium intensities vary from blue to red (low to high respectively) indicating an 

increase in the amount of calcium present within the cells.  Scale bar = 200 μm. 

 

7.3.4 Chronic Electric Field Stimulation in Osteogenic Medium Enhanced Ca2+ 

Deposition in hASCs  

To determine the long-term effects of electric field stimulation on osteogenesis, 

hASCs were cultured on IDEs for two weeks in osteogenic differentiating medium and 

stimulated at varying electric fields of either 0, 1, 3, 5 V/cm at 1 Hz for 4 hrs/day.  Human 

ASC viability remained high for all treatment groups, with few dead cells present on day 7 or 

14 (Figure 7.7).   
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Figure 7.7: Human ASC viability after 7 and 14 days in vitro at varying electric field 

treatments.  Cells were able to remain viable throughout the experiment and were able 

to grow into a confluent monolayer on top of the interdigitated electrode.  Live cells = 

green; dead cell = red; scale bar = 200 μm.    

 

Human ASC proliferation was assessed by measuring DNA content.  On day 7, 

hASCs exposed to 5 V/cm had a significantly higher amount of DNA compared to all other 

treatments (Figure 7.8).  By day 14, cellular proliferation was not statistically different 

between treatment groups.   
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Figure 7.8: Human ASC proliferation was quantified after 7 and 14 days in vitro with 

electric field stimulation of either 0 (control), 1, 3, 5 V/cm at 1 Hz for 4 hrs/day.  At day 

7 it was determined that application of the 5 V/cm treatment stimulated proliferation to 

a significantly greater extent than 1, 3, or unstimulated controls.  By day 14 it was 

determined that hASC proliferation was not affected by the application of electric field 

treatments of 1, 3, or 5 V/cm at 1 Hz. Groups not connected by same letter indicates 

significant difference (p< 0.05).  

 

To assess osteogenic differentiation of the hASCs, mineralized calcium was 

quantified.  There was a significant decrease in hASC mineralization for the 5 V/cm AC 

electric field after 7 days stimulation (Figure 7.9).  By day 14, there was a significant 

increase in mineralized calcium for hASCs exposed to the 1 V/cm field compared to hASCs 
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in all other treatments groups (Figure 7.9).  Exposure to a 3 V/cm stimulation also increased 

the amount of mineralized calcium compared to the unstimulated control.   

 

Figure 7.9: Human ASC mineralization was assessed after 7 and 14 days in vitro for 

hASCs exoposed to osteogenic supplements (dexamethasone, β-glycerol phosphate, 

ascorbic acid) and electric field stimulation of either 0 (control), 1, 3, 5 V/cm at 1 Hz for 

4 hrs/day.  Groups not connected by same letter indicate significant difference (p-value 

< 0.05).   
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7.4 Discussion 

A variety of techniques for electrical stimulation have proven successful in clinical 

and research settings, including direct probe placement within bone tissue, capacitative 

coupling with metal plates placed outside the culture, and application of changing magnetic 

fields, which induce an alternating, electric field within the tissue (147).  In these approaches, 

alternating current (rather than direct current) is often utilized to prevent ion buildup near 

electrodes, which can negate the applied field or current.  When an electric signal is applied, 

charges are carried by ions in the medium and by electrons in the electrodes.  At the 

electrode-medium interface, transduction of charge carriers from electrons to ions occurs.  

Within cell culture medium (electrolyte in this case) charge transfer occurs by 3 mechanisms: 

1) non-faradaic charging/discharging of electrochemical double layer, 2) reversible Faradaic 

reactions, and 3) non-reversible faradaic reactions (148).  In previous work on electrical 

stimulation, electric field amplitudes on the order of 0.1-10 V/cm have been identified as 

sufficient to produce an effect without damage, and frequencies of <15 Hz are commonly 

used, as aggregates of cell may act as a low-pass filter to the electrical signal.  By culturing 

hASCs directly on an IDE surface, we are able to expose the cells to a controlled, but 

intricate pattern of potentials (on the micron scale).  Stimulation in vitro by capacitive 

coupling differs from this approach since each element placed between the metal plates fixed 

to the dish will experience a voltage drop, with the sum of all drops equaling the applied 

voltage (147).  This is also true for in-solution electrodes spaced macroscopic distances or for 

inductive coupling.  Thus forming a controlled electric field pattern at the location of the 

cells is difficult to achieve with long distances between the electrodes.   
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In-solution electrodes, such as salt-based electrodes or metal electrodes, have also 

been used for exposing cells to electric field treatments.  One concern with in-solution 

electrodes is that, at certain voltages, electrochemical effects due to the reduction or 

oxidation of salts or other charged additives at reactive metal electrodes can result in 

electrode fouling.  Such electrochemistry is voltage dependent, and thus can be minimized by 

shrinking feature sizes, which enables use of lower voltages.  In our case, the use of 

interdigitated electrodes with a small feature size (100 m) enables production of a 

clinically-significant electric field with a significantly smaller voltage than in traditional 

techniques (45).  We point out that feature sizes down to 10 m are easily achievable 

utilizing this technique.  In addition, the pattern could be altered (in particular, made more 

complex), by changing the design of the photolithography mask.  

The use of IDEs not only localizes the field to a well-defined region (here, a 1 cm x 1 

cm x 100 m) but that region is also visually accessible for fluorescence-based assays, due to 

the open nature of the electrode design.  In addition, the electrodes are rigidly placed on a 

supporting surface, thus the electrode spacing is precisely and permanently defined, 

increasing reproducibility.  To our knowledge, this IDE configuration has not been widely 

utilized for electrical stimulation but our calculations and preliminary data indicate it should 

be as effective as more traditional means, with the additional advantages of increased 

reproducibility, decreased applied voltage, and the ability to easily image the cells under 

electrical stimulation.  
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It has been well-documented that cells are able to respond to electric stimulation by 

activation of calcium channels present within the cell membrane and release of calcium from 

intracellular calcium stores (149).  As we have now shown, hASCs are also able to respond 

to electric field stimulation by a calcium signaling pathway, and at increasing electric field 

strengths, the calcium response is directly affected.  Previous work by Dr. Michael Cho’s 

research group has characterized a myriad of calcium signaling responses to different electric 

fields for both responsive and unresponsive cell types (45, 131, 133, 149).  Their research has 

indicated that differing electric field magnitudes and frequencies results in different 

mechanisms for increased cytosolic Ca
2+

 (i.e., release from intracellular stores or opening of 

ion channels) (131). Similarly, Li et al. have found that ultrasound and pulsed 

electromagnetic field stimulation are equally effective at increasing osteoblast proliferation, 

and identified alternative transduction pathways in the two cases, both resulting in an 

increase in cytosolic Ca
2+

(150).  Our results indicate that hASCs also respond to electrical 

stimulation by increasing intracellular calcium. 

 Long-term regimented exposure to low frequency electric fields has been viewed as a 

possible treatment method and therapy to drive osteogenic differentiation.  By culturing 

hASCs in osteogenic differentiating medium containing dexamethasone, β-glycerol 

phosphate, and ascoribic acid and exposing them to a 1 Hz electric field of 1 V/cm, we have 

shown a significant increase in the amount of mineralized calcium produced.  Mineralized 

calcium is a late marker of bone differentiation and is often used as a final assessment for 

bone tissue engineering.  Comparative results have been reported by Martino et al. where 
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SaOS-2 cells were cultured in an AC electric field of 9 mV/cm at 15 Hz (151).  They 

reported no effect on proliferation or increases in alkaline phosphatase activity.  However, 

visual inspection of the cultures demonstrated a large presence of bone-like nodules and the 

cells produced 2.5X more calcium than unstimulated controls.  Sun et al. determined that 

there was no effect on the overall growth rate or morphology of hMSCs in response to 

electrical stimulation but that calcium signaling dynamics were altered and osteogenic 

differentiation enhanced as indicated  by increasing collagen I and alkaline phosphatase gene 

expression (45).  They also found that the amount of mineralized calcium was significantly 

increased as determined by histological staining.  Similar to these previous findings with 

other stem and progenitor cells, our findings indicate that application of a 1 Hz, 1 V/cm 

electric field, results in greater than 2X the amount of mineral produced by stimulated hASCs 

compared to unstimulated controls. 

 The use of interdigitated electrodes in combination with human adipose-derived stem 

cells provides a facile technique to culture cells to regimented, quantified electric field 

treatments.  The use of the IDEs allows direct visualization of cell signaling pathways using 

fluorescent microscopy techniques and offers a 1 cm
2
 footprint to evaluate and characterize 

cellular deposited materials, including calcium.  
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7.5 Conclusions 

In this work, the response of hASCs to an applied electric field was studied utilizing a 

custom planar interdigitated electrode configuration along with real-time fluorescence 

tracking of cytoplasmic Ca
2+

 changes and hASC-mediated mineral depostion.  Human ASCs 

were responsive to all electric field treatments and were able to maintain viability up to 100 

V/cm.  Future experiments will focus on further quantifying the characteristics of induced 

Ca
2+

 responses, delineating the mechanism(s) by which cytoplasmic Ca
2+

 is increased in 

hASCs by electrical stimulation, and identifying the underlying mechanism(s) that link 

changes in intracellular Ca
2+

 with the increased osteodifferentiation potential of hASCs when 

subjected to electric field stimulation.  Our studies have demonstrated that electrical 

stimulation of hASCs with IDEs is an effective approach, in addition to having several 

special technical advantages that make this a valuable system for further study. 
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7.6 Summary 

The advantage of the IDE configuration is that cells can be easily imaged during short term 

(acute) stimulation, and this identical configuration can be utilized for long-term (chronic 

studies).  Acute exposure of hASCs to sinusoidal electric fields of 1 Hz induced hASC 

calcium signaling that increased in response to electric field magnitude, as observed by 

fluorescence microscopy.  Human ASCs that were chronically exposed to AC electric field 

treatment of 1 V/cm (4 hours per day for 14 days, cultured in osteogenic differentiation 

medium containing dexamethasone, ascorbic acid, and β-glycerol phosphate) displayed a 

significant increase in mineral deposition.  This is the first study to evaluate the effects of 

sinusoidal electric fields on hASCs and to demonstrate that acute and chronic electric field 

exposure can significantly increase intracellular calcium signaling and the deposition of 

mineralized calcium under osteogenic stimulation, respectively. 
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Chapter 8 Conclusions 

8.1 Conclusions 

 As demonstrated in this body of work, tissue engineering strategies can utilize a vast 

array of resources and success is linked to the correct combination of stem and/or progenitor 

stem cells, biocompatible scaffolding, and extracellular factors including soluble inductive 

factors and/or physical stimuli.   

For this work we first examined the influence of scaffold chemistry on the induction 

of osteogenesis of human adipose-derived stem cells.  Electrospun PLA nanofibrous 

scaffolds with varying amounts of β-tricalcium phosphate (β-TCP) of 0, 5, 10, and 20 wt% 

were assessed by their physical properties and hASC response in viability, proliferation, and 

osteogenic differentiation.  The most prevalent changes in the scaffolds were the increase in 

overall fiber diameter, release characteristics of the β-TCP, and the reduction in tensile 

strength.  Though the incorporation of the β-TCP significantly reduced the tensile strength of 

the scaffolds, its chemical influence via the release of the β-TCP particles was noted by a 

significant increase in hASC-mediated mineralization over the duration of the experiment.  

The amount of cellular deposited calcium significantly increased with increasing weight 

percent of β-TCP.  This work introduced the notion of how important composite scaffolds 

materials are and how the ionic environment from dissolution products can have significant 

effects on the cultivation and differentiation of stem and/or progenitor cells; however the 

inclusion of a particle in a polymer matrix also demonstrated significant reduction in the 
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overall tensile strength of the material.  To address this issue the influence of ionic calcium 

as a direct additive to the hASC culture medium was then investigated.  

 In those experiments, the effect of ionic calcium was examined for its overall effect 

on the viability, proliferation, and mineralization of hASCs in vitro.  This study examined 

ionic calcium levels of 1.8, 8, and 16 mM with and without the use of soluble inductive 

factors (β-glycerol phosphate, ascorbic acid, dexamethasone).  As hypothesized, the addition 

of ionic Ca
2+

 significantly enhanced the ability of hASCs to undergo mineralization in both 

complete growth and osteogenic differentiating medium.  However this effect was not dose-

dependent, as the addition of 8 mM significantly outweighed any addition by 16 mM.  We 

further characterized the mineral via histological staining with Alizarin Red S, quantification, 

Fourier transform infrared spectroscopy, and wide angle x-ray diffraction.  After 7 days in 

vitro, hASCs stained positive for calcium deposits for all elevated calcium conditions in both 

complete growth and osteogenic differentiating medium.  By 14 days in vitro, significant 

increases were noted compared to day 7.  FTIR spectroscopy indicated that there was a 

significant increase in the relative amount of phosphate and the mineral to matrix ratio for 

both (complete growth and osteogenic differentiating medium) 8 mM groups.  The mineral 

was further characterized by wide angle x-ray diffraction to determine the presence of 

crystalline structure.  Human ASCs cultured in complete growth medium with 8 and 16 mM 

Ca
2+

 and all osteogenic medium treatments of 1.8, 8, and 16 mM indicated a crystalline peak 

at 32˚ 2θ.  The control group of complete growth medium of 1.8 mM Ca
2+

 did not exhibit this 

peak.  The addition of 8 mM Ca
2+ 

to the osteogenic medium led to a narrowing of this peak.  
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Through this study we showed that culturing of hASCs in 8 mM Ca
2+

 significantly increased 

the mineralization rate and magnitude, without negatively impacting viability or proliferation 

of the hASCs. 

 In addition to the influences of culture conditions focusing on scaffold chemistry and 

the local ionic environment, the topography of electrospun scaffolds was also examined 

within this body of work.  Electrospun scaffolds were modified by using a micromachining 

process via laser ablation.  The laser ablation process was characterized and we examined the 

effect of objective aperture and stage height on the creation of pore features.  The aperture 

settings were determined to linear change in pore size.  Pores of 150, 300, and 600 μm were 

ablated into scaffolds in accompanying arrays of 12 x 12, 6 x 6, or 3 x 3 in the central 4 mm
2
 

area of 10 mm
2
 scaffolds.  Scanning electron microscopy revealed that redeposition of 

poly(lactic acid) occurred for scaffolds with 600 μm pores.  Both of the 150 and 300 μm 

pores did not exhibit any redeposition and were able to maintain a nanofibrous architecture, 

characteristic of non-ablated electrospun scaffold.   Human ASCs were able to remain viable 

and proliferate on the micromachined scaffolds over 14 days in vitro.  Viability images of 

hASCs indicated that cells were able to adhere around micron-machined features.  SEM and 

histological examination revealed that seeded hASCs were able to adhere and migrate into 

and around laser-machined features.  Human ASC proliferation was assessed on days 3, 7, 

and 14.  It was noted that hASCs on ablated scaffolds significantly proliferated on day 7 

compared to non-ablated control scaffolds, however by day 14, hASC DNA content was not 

significantly different between any scaffold treatment.  The addition of the pores allowed the 
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scaffolds to possess periodicity and the micron-sized pores did not negatively affect hASC 

adhesion or proliferation.  

 However, another limitation with the use of electrospun scaffolds is their limited 

thickness, requiring extensive periods of time to fabricate scaffolds with thicknesses 

approaching those needed for use in critical size bony defects.  With the successful addition 

of laser-machined pores to the scaffold, the possible benefit of their introduction was to 

facilitate their use in critical size bony defects.  To accomplish this, electrospun scaffolds 

were assembled together and bonded by a type I collagen gel.  Electrospun scaffolds with and 

without pores of 300 μm, were assessed for their ability to retain a contracted structure and to 

support the proliferation and osteogenic differentiation of hASCs.  After scaffold assembly, 

constructs were approximately 3 mm in thickness compared to a typical electrospun scaffold 

thickness of 150 μm.  Human ASCs were able to proliferate within the assembled constructs 

over the course of three weeks and it was determined that there were significantly more 

hASCs present within the ablated constructs.  Mineralized calcium was measured on days 7, 

14, and 21 and at day 21 there was a significant increase in the amount of mineral deposited 

in the ablated scaffolds.  Scanning electron microscopy and histological examination 

revealed that the ablated constructs were able to maintain a tight contracted matrix compared 

to a delaminated matrix seen with non-ablated constructs.  This study demonstrated the 

benefit of pore arrays in assisting with collagen gel permeation and maintenance of an intact 

scaffold. 
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The final set of experiments examined the influence of physiological low frequency 

electric stimuli with both acute and chronic exposure.  Acute exposure examined the hASC 

Ca
2+ 

signaling response and cellular viability in relation to various AC electric field 

magnitudes at a frequency of 1 Hz.  Human ASCs were cultured directly on interdigitated 

electrodes and it was determined that increasing electric field magnitudes correspondingly 

increased the hASC intracellular Ca
2+ 

response.  At electric fields of 100 V/cm or 1000 

V/cm, cellular viability was compromised.  Chronic exposure to electric fields of 1, 3, 5 

V/cm at 1 Hz led to varying effects on the proliferation and mineralization of hASCs cultured 

in osteogenic differentiating medium.  After 7 days of stimulation, hASCs proliferated 

greater in response to a 5 V/cm stimulus compared to all other treatments relative to 

unstimulated controls and while other treatments did not warrant any effect.  However, 

mineralization data indicated that hASCs exposed to a 5 V/cm AC electric field had 

significantly lower calcium content compared to unstimulated culture.  Additionally, 

significant increases in calcium were noted for the 1 and 3 V/cm AC electric field treatment 

groups, signifying how physiological relevant stimuli can significantly affect the osteogenic 

differentiation of hASCs.      

8.2 Recommendations for Future Research 

 This research specifically focused on the use of human adipose-derived stem cells and 

their implementation in bone tissue engineering.  The initial investigation in Chapter 3 

focused on the addition of β-TCP to electrospun PLA nanofibers and their resulting effect on 

the osteogenic differentiation of hASCs under inductive soluble factors.  Future research 



168 
 

should investigate the use of engineered particle placement through the use of core-sheath 

fiber morphologies.  The benefit of core-sheath fiber morphologies could provide a 

controlled release of the dopant particle, in this case β-TCP.  In addition, it could also 

provide a means to incorporate multiple phases within the electrospun fibers, such as a 

protein or more soluble calcium salt such as CaCl2.  The release of ionic species such as 

calcium and phosphate significantly affect the biology of cells, including hASCs.  For this 

research it was most apparent for the ability of hASCs to form a mineralized matrix.  Chapter 

4 assessed the influence of ionic calcium levels of 1.8, 8, and 16 mM with and without 

osteogenic inductive factors.  While 16 mM was seen to limit the amount of mineralization 

compared to 8 mM Ca
2+

, a wider range of concentrations should be investigated.  To expand 

on this, the influence of other mineralizing ions should be investigated including 

phosphorous, phosphate, and silicon and their concomitant influence with each other.  This 

could provide insight into the correct combinations of ionic ratios to enhance mineralization. 

 Micron-machined features were fabricated through electrospun scaffolds and 

investigated in Chapter 5.  Different shaped features should also be investigated, as well as 

different porosities of electrospun materials.  In addition, the assembly of electrospun PLA 

scaffolds should further be investigated with the use of electrospun scaffolds with different 

chemistries such as those fabricated and used in Chapter 3.  The use of scaffolds with 

gradient like features in chemistry could potentially be used as an interface for tissue 

engineering for osteochondral defects. 
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 Electric fields were applied to hASCs and described in Chapter 7 by culturing them 

directly on interdigitated electrodes.  Other stem and/or progenitor stem cells should also be 

investigated using this approach.  Cells to be used should include osteoblastic cells and bone-

marrow derived mesenchymal stem cells.  In addition, IDEs provide a two-dimensional 

format and the work should be expanded to include a three-dimensional format.  Future 

research should also focus on the upregulation of mRNA and resulting protein expression of 

hASCs associated with osteogenesis.  In addition to protein analyses, knock-down models of 

known electro-receptors should be investigated to examine their influence in transduction 

pathways specific to osteogenesis.   

 

               

 

 

 

 

 

 

 

 



170 
 

References  

1. Pittenger MF, Mackay AM, Beck SC. Multilineage potential of adult human mesenchymal 

stem cells. Science. 1999;284:143-7.  

2. Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, et al. Multilineage cells from 

human adipose tissue: Implications for cell-based therapies. Tissue Engineering. 

2001;7(2):211-28.  

3. De Ugarte DA, Morizono K, Elbarbary A, Alfonso Z, Zuk PA, Zhu M, et al. Comparison 

of multi-lineage cells from human adipose tissue and bone marrow. Cells Tissues Organs 

(Print). 2003;174(3):101-9.  

4. Gimble JM, Katz AJ, Bunnell BA. Adipose-derived stem cells for regenerative medicine. 

Circulation Research. 2007;100(9):1249-60.  

5. Hollinger JO, Einhorn TA, Doll BA, Sfeir C, editors. Bone tissue engineering. CRC Press; 

2005.  

6. Laurencin CT. Bone graft substitutes. Laurencin CT, editor. W. Conshohocken, PA: 

ASTM International; 2003.  

7. Vaccaro AR. The role of the osteoconductive scaffold in synthetic bone graft. Orthopedics. 

2002;25:S571.  

8. Bucholz RW. Nonallograft osteoconductive bone graft substitutes. Clin Orhop Relat Res. 

2002;44.  

9. Caplan AI, Bruder SP. Mesenchymal stem cells: Building blocks for molecular medicine 

in the 21st century. Trends Mol Med. 2001 Jun;7(6):259-64.  

10. Caplan AI. Mesenchymal stem cells. Journal of Orthopaedic Research. 1991;9:641-59.  

11. Rada T, Reis RL, Gomes ME. Adipose tissue-derived stem cells and their application in 

bone and cartilage tissue engineering. Tissue Engineering: Part B. 2009;15(2):113-25.  

12. Lian JB, Stein GS, Stein JL, van Wijnen AJ. Transcriptional control of osteoblast 

differentiation. Biochemical Society Transactions. 1998;26:14-21.  



171 
 

13. Song I, Caplan AI, Dennis JE. In vitro dexamethasone pretreatmen enhances bone 

formation of human mesenchymal stem cells in vivo. Journal of Orthopaedic Research. 

2009;27:916-21.  

14. Maeno S, Niki Y, Matsumoto H, Morioka H, Yatabe T, Funayama A, et al. The effect of 

calcium ion concentration on osteoblast viability, proliferation andd ifferentiation in 

monolayer and 3D culture. Biomaterials. 2005;26:4847-55.  

15. Tsigkou O, Jones JR, Polak JM, Stevens MM. Differentiation of fetal osteoblasts and 

formation of mineralized nodules by 45S5 bioglass conditioned medium in the absence of 

osteogenic supplements. Biomaterials. 2009;30:3542-50.  

16. Nakade O, Takahashi K, Takuma T, Aoki T, Kaku T. Effect of extracellular calcium on 

the gene expression of bone morphogenetic protein-2 and -4 of normal human bone cells. 

Journal of Bone and Mineral Metabolism. 2001;19:13-9.  

17. Yuan H, Yang Z, Li Y, Zhang X. Osteoinduction by calcium phosphate biomaterials. 

Journal of Materials Science: Materials in Medicine. 1998;9:723-6.  

18. Boyan BD, Bonewald LF, Paschalis EP, Lohmann CH, Rosser J, Cochran DL, et al. 

Osteoblast-mediated mineral deposition in culture is dependent on surface microtopography. 

Calcified Tissue International. 2002;71:519-29.  

19. Halvorsen YD, Franklin D, Bond AL, Hitt DC, Auchter C, Boskey AL, et al. 

Extracellular matrix mineralization and osteoblast gene expression by human adipose tissue-

derived stromal cells. Tissue Eng. 2001 Dec;7(6):729-41.  

20. Boskey A, Camacho NP. FT-IR imaging of native and tissue-engineered bone and 

cartilage. Biomaterials. 2007;28:2465-78.  

21. Sikavitsas VI, Temenoff JS, Mikos AG. Biomaterials and bone mechanotransduction. 

Biomaterials. 2001;22:2581-93.  

22. Tate MLK. "Whither flows the fluid in bone?" an osteocyte's perspective. Journal of 

Biomechanics. 2003;36:1409-24.  

23. Atala A, Lanza R, Thomson J, Nerem R, editors. Principles of regenerative medicine. 

First ed. Boston: Elsevier; 2008.  

24. Furth M, Atala A, Van Dyke ME. Smart biomaterials design for tissue engineering and 

regenerative medicine. Biomaterials. 2007;In Press.  



172 
 

25. Malafaya PB, Silva GA, Reis RL. Natural-origin polymers as carriers and scaffolds for 

biomolecules and cell delivery in tissue engineering applications. Advanced Drug Delivery 

Reviews. 2007;59:207-33.  

26. Urist MR, Silverman BF, Buring K, Dubuc FL, Rosenberg JM. The bone induction 

principle. Clinical Orthopaedics. 1967;53(243):283.  

27. Schwartz Z, Doukarsky-Marx T, Nasatzky E, Goultschin J, Ranly DM, Greenspan DC, et 

al. Differential effects of bone graft substitutes on regeneration of bone marrow. Clinical 

Oral Implant Research. 2008;19:1233-45.  

28. Grayson WL, Bhumiratana S, Cannizzaro C, GRACE CHAO P-, Lennon DP, CAPLAN 

AI, et al. Effects of initial seeding density and fluid perfusion rate on formation of tissue-

engineered bone. Tissue Engineering: Part A. 2008;14(11):1809-20.  

29. Kostiak PE. The evolution of quality systems in human bone banking: The U.S. 

experience. Cell Tissue Bank. 2000;1:155-60.  

30. Mauney JR, Blumberg J, Pirun M, Volloch V, Vunjak-Novakovic G, Kaplan DL. 

Osteogenic differentiation of human bone marrow stromal cells on partially demineralized 

bone scaffolds in vitro. Tissue Engineering. 2004;10(1-2):81-92.  

31. Mauney JR, Jaquiery J, Vollocha V, Heberer M, Martin M, Kaplan DL. In vitro and in 

vivo evaluation of differentially demineralized cancellous bone scaffolds combined with 

human bone marrow stromal cells for tissue engineering. Biomaterials. 2005;26:3173-85.  

32. Boyan B, Nasatzky E, Keller T, Schwartz Z. Bone graft substitutes. Current Opinion in 

Orthopedics. 1997;10:86-92.  

33. Gupta B, Revagade N, Hilborn H. Poly(lactic acid) fiber: An overview. Progress in 

Polymer Science. 2007;32:455-82.  

34. Eglin D, Mortisen D, Alini M. Degradation of synthetic polymeric scaffolds for bone and 

cartilage tissue repairs. Soft Matter. 2009;5:938-47.  

35. Formhals A, inventor; Process and apparatus for preparing artificial threads. patent US 

Patent 1,975,504. 1934 .  

36. Reneker DH, Chun I. Nanometre diameter fibres of polymer, produced by 

electrospinning. Nanotechnology. 1996;7:216-23.  

37. Li WJ, Laurencin CT, Caterson EJ, Tuan RS, Ko FK. Electrospun nanofibrous structure: 

A novel scaffold for tissue engineering. J Biomed Mater Res. 2002 Jun 15;60(4):613-21.  



173 
 

38. Schauer C, Schiffman J. A review: Electrospinning of biopolymer nanofibers and their 

applications. Polymer Reviews. 2008;48(2):317.  

39. Sill TJ, von Recum HA. Electrospinning: Applications in drug delivery and tissue 

engineering. Biomaterials. 2008;29:1989-2006.  

40. Shenoy SL, Bates WD, Frisch HL, Wnek GE.  

Role of chain entanglements on fiber formation during electrospinning of polymer solutions: 

Good solvent, non-specific polymer–polymer interaction limit. Polymer. 2005;46(10):3372-

84.  

41. Teo WE, Ramakrishna S. A review on electrospinning design and nanofibre assemblies. 

Nanotechnology. 2006;17:R89-R106.  

42. Bassett CAL. Biologic significance of piezoelectricity. Calcif Tissue Res. 1968;1(4):252.  

43. Beck BR, Qin YX, McLeod KJ, Otter MW. On the relationship between streaming 

potential and strain in an in vivo bone preparation. Calcif Tissue Int. 2002 OCT;71(4):335-

43.  

44. Yokota H, Tanaka SM. Osteogenic potentials with joint-loading modality. Journal of 

Bone and Mineral Metabolism. 2005;23(4):302-8.  

45. Sun S, Liu Y, Lipsky S, Cho M. Physical manipulation of calcium oscillations facilitates 

osteodifferentiation of human mesenchymal stem cells. FASEB Journal. 2007;21:1472-80.  

46. Piacentini R, Ripoli C, Mezzogori D, Azzena GB, Grassi C. Extremely low-frequency 

electromagnetic fields promote in vitro neurogenesis via upregulation of ca(v)1-channel 

activity. JOURNAL OF CELLULAR PHYSIOLOGY. 2008;215(1):129-39.  

47. Pilla AA. Low-intensity electromagnetic and mechanical modulation of bone growth and 

repair: Are they equivalent? Journal of Orthopaedic Science. 2002;7:420-8.  

48. Pilla AA, Muehsam DJ, Markov MS, Sisken BF. EMF signals and ion/ligand binding 

kinetics: Prediction of bioeffective waveform parameters. Bioelectrochemistry and 

Bioenergetics. 1999;48:27-34.  

49. Meny I, Burais N, Buret F, Nicolas L. Finite-element modeling of cell exposed to 

harmonic and transient electric fields. IEEE Transactions on Magnetics. 2007;43(4):1773-6.  

50. Chen C.S. Mechanotransduction - a field pulling together? Journal of Cell Science. 

2008;121:3285-92.  



174 
 

51. Dawson JI, Oreffo ROC. Bridging the regeneration gap: Stem cells, biomaterials and 

clinical translation in bone tissue engineering. Archives of Biochemistry and Biophysics. 

2008;473:124-31.  

52. Li WJ, Tuli R, Huang X, Laquerriere P, Tuan RS. Multilineage differentiation of human 

mesenchymal stem cells in a three-dimensional nanofibrous scaffold. Biomaterials. 

2005;26(25):5158-66.  

53. Li C, Vepari C, Jin H-, Kimand HJ, Kaplan D. Electrospun silk-BMP-2 scaffolds for 

bone tissue engineering. Biomaterials. 2006;27(16):3115-24.  

54. Allori AC, Sailon AM, Warren SM. Biological basis of bone formation, remodeling, and 

repair-part II: Extracellular matrix. Tissue Engineering: Part B. 2008;14(3):275-83.  

55. Catledge SA, Clem WC, Shrikishen N, Chowdhury S, Stanishevsky AV, Koopman M, et 

al. An electrospun triphasic nanofibrous scaffold for bone tissue engineering. Biomedical 

Materials. 2007;2:142-50.  

56. Chen J, Chu B, Hsiao BS. Mineralization of hydroxyapatite in electrospun nanofibrous 

poly(L-lactic acid) scaffolds. Journal of Biomedical Materials Research A. 2006;79(2):307-

17.  

57. Cui W, Li X, Zhou S, Weng J. In situ growth of hydroxyapatite within electrospun 

poly(DL-lactide) fibers. Journal of Biomedical Materials Research Part A. 2007;82A(4):831-

41.  

58. Kim HY, Kim UJ, Kim HS, Li C, Wada M, Leisk GG, et al. Bone tissue engineering with 

premineralized silk scaffolds. Bone. 2008;42:1226-34.  

59. Schneider OD, Loher S, Brunner TJ, Uebersax L, Simonet M, Grass RN, et al. Cotton 

wool-like nanocomposte biomaterials prepared by electrospinning: In vitro bioactivity and 

osteogenic differentiation of human mesenchymal stem cells. Journal of Biomedical 

Materials Research-Part B: Applied Biomaterials. 2007;84B(2):350-62.  

60. Ko EK, Jeong SI, Rim NG, Lee YM, Shin H, Lee BK. In vitro osteogenic differentiation 

of human mesenchymal stem cells and in vivo bone formation in composite nanofiber 

meshes. Tissue Engineering: Part A. 2008;14(12):2105-19.  

61. Venugopal JR, Low S, Choon AT, Bharath Kumar A, Ramakrishna S. 

Nanobioengineered electrospun composite nanofibers and osteoblasts for bone regeneration. 

Artificial Organs. 2008;32(5):388-97.  



175 
 

62. Wutticharoenmongkol P, Sanchavanakit N, Pavasant P, Supaphol P. Preparation and 

characterization of novel bone scaffolds based on electrospun polycaprolactone fibers filled 

with nanoparticles. Macromolecular Bioscience. 2006;6:70-7.  

63. Wutticharoenmongkol P, Pavasant P, Supaphol P. Osteoblastic phenotype expression of 

MC3T3-E1 cultured on electrospun polycaprolactone fiber mats filled with hydroxyapatite 

nanoparticles. Biomacromolecules. 2007;8(8):2602-10.  

64. den Hollander W, Patka P, Klein CPAT, Heidendal GAK. Macroporous calcium 

phosphate ceramics for bone substitution: A tracer study on biodegradation with 
45

Ca tracer. 

Biomaterials. 1991;12:569-73.  

65. Frayssinet P, Trouillet JL, Rouquet N, Azimus E, Autefage A. Osseointegration of 

macroporous calcium phosphate ceramics having a different chemical composition. 

Biomaterials. 1993;14(6):423-9.  

66. Habibovic P, Sees, T.M. van den Doel, M.A., van Blitterswijk CA, de Groot K. 

Osteoinduction by biomaterials—Physicochemical and structural influences. Journal of 

Biomedical Materials Research. 2006;77A:747-62.  

67. Thomas V, Jagani S, Johnson K, Jose MV, Dean DR, Vohra YK, et al. Electrospun 

bioactive nanocomposite scaffolds of polycaprolactone and nanohydroxyapatite for bone 

tissue engineering. Journal of Nanoscience and Nanotechnology. 2006;6(2):487-93.  

68. Liu TM, Martina M, Hutmacher DW, Hoi Po Hui J, Lee EH, Lim B. Identification of 

common pathways mediating differentiation of bone marrow- and adipose tissue-derived 

human mesenchymal stem cells into three mesenchymal lineages. Stem Cells. 2007;25:750-

60.  

69. Schaffler A, Buchler C. Concise review: Adipose tissue-derived stromal cells-basic and 

clinical implications for novel cell-based therapies. Stem Cells. 2007;25:818-27.  

70. Hicok KC, Du Laney TV, Zhou YS, Halvorsen YDC, Hitt DC, Cooper LF, et al. Human 

adipose-derived adult stem cells produce osteoid in vivo. Tissue Engineering. 2004;10(3-

4):371-80.  

71. Wall ME, Rachlin A, Otey CA, Loboa EG. Human adipose-derived adult stem cells 

upregulate palladin during osteogenesis and in response to cyclic tensile strain. American 

Journal of Cell Physiology. 2007;293:C1532-8.  

72. Wall ME, Bernacki SH, Loboa EG. Effects of serial passaging on the adipogenic and 

osteogenic differentiation potential of adipose-derived human mesenchymal stem cells. 

Tissue Eng. 2007 Jun;13(6):1291-8.  



176 
 

73. Hanson, A.D., Loboa,E.G. In: The effects of oxygen plasma treatment on human 

mesenchymal stem cell adherence to poly-l-lactic acid scaffolds. 2006 summer 

bioengineering conference; Amelia Island Plantation, Amelia Island, FL: ; 2006.  

74. McCullen SD, Stevens DR, Roberts WA, Clarke LI, Bernacki SH, Gorga RE, et al. 

Characterization of electrospun nanocomposite scaffolds and biocompatibility with adipose-

derived human mesenchymal stem cells. International Journal of Nanomedicine. 

2007;2(2):253-63.  

75. Allori AC, Sailon AM, Warren SM. Biological basis of bone formation, remodeling, and 

repair-part I: Biochemical signaling molecules. Tissue Engineering: Part B. 2008;14(3):259-

73.  

76. Venugopal J, Low S, Choon AT, Kumar TSS, Ramakrishna R. Mineralization of 

osteoblasts with electrospun collagen/hydroxyapatite nanofibers. Journal of Materials 

Science: Materials in Medicine. 2008;19:2039-46.  

77. Kim HW, Lee HH, Knowles JC. Electrospinning biomedical nanocomposite fibers of 

hydroxyapaite/poly(lactic acid) for bone regeneration. Journal of Biomedical Materials 

Research Part A. 2006;79A(3):643-9.  

78. Lin Y, Wang T, Wu L, Jing W, Chen X, Li Z, et al. Ectopic and in situ bone formation of 

adipose tissue-derived stromal cells in biphasic calcium phosphate nanocomposite. Journal of 

Biomedical Materials Research Part A. 2007;81A:900-10.  

79. Takahashi Y, Yamamoto M, Tabata Y. Osteogenic differentiation of mesenchymal stem 

cells in biodegradable sponges composed of gelatin and β-tricalcium phosphate. 

Biomaterials. 2005;26:3587-96.  

80. Takagishi YK, T., Hara Y, Shinkai M, Takezawa T, Nagamune T. Bone-like tissue 

formation by three-dimensional culture of MG63 osteosarcoma cells in gelatin hydrogels 

using calcium-enriched medium. Tissue Engineering. 2006;12(4):927-37.  

81. Dvorak MM, Siddiqua A, Ward DT, Carter DH, Dallas SL, Nemeth EF, et al. 

Physiological changes in extracellular calcium concentration directly control osteoblast 

function in the absences of calciotropic hormones. PNAS. 2004;101(14):5140-5.  

82. Dvorak MM, Riccardi D. Ca
2+

 as an extracellular signal in bone. Cell Calcium. 

2004;35:249-55.  

83. Woo KM, Jun J, Chen VJ, Seo J, Baek J, Ryoo H, et al. Nano-fibrous scaffolding 

promotes osteoblast differentiation and biomineralization. Biomaterials. 2007;28:335-43.  



177 
 

84. Woo KM, Chen VJ, Jung H, Kim T, Shin H, Baek J, et al. Comparative evaluation of 

nanofibrous scaffolding for bone regeneration in critical-size calvarial defects. Tissue 

Engineering: Part A. 2009;15(8):2155-62.  

85. Smith LA, Liu X, Hu J, Wang P, Ma PX. Enhancing osteogenic differentiation of mouse 

embryonic stem cells by nanofibers. Tissue Engineering Part A. 2009;15(7):1855-64.  

86. Smith LA, Liu X, Hu J, Ma PX. The influence of three-dimensional nanofibrous 

scaffolds on the osteogenic differentiation of embryonic stem cells. Biomaterials. 

2009;30:2516-22.  

87. Ngiam M, Liao S, Patil AJ, Cheng Z, Chan CK, Ramakrishna S. The fabrication of nano-

hydroxyapatite on PLGA and PLGA/collagen nanofibrous composite scaffolds and their 

effects in osteoblastic behavior for bone tissue engineering. Bone. 2009;45:4-16.  

88. Barrere F, van Blitterswijk CA, de Groot K. Bone regeneration:Molecular and cellular 

interactions with calcium phosphate ceramics. International Journal of Nanomedicine. 

2006;1(3):317-32.  

89. Choudhary S, Kumar A, Kale RK, Raisz LG, Pilbeam CC. Extracellular calcium induces 

COX-2 in osteoblasts via a PKA pathway. Biochemical and Biophysical Research 

Communications. 2004;322:395-402.  

90. Silver IA, Murrills RJ, Etherington DJ. Microelectrode studies on the acid 

microenvironment beneath adherent macrophages and osteoclasts. Experimental Cell 

Research. 1988;175:266-76.  

91. Choudhary S, Wadhwa S, Raisz LG, Alander C, Pilbeam CC. Extracellular calcium is a 

potent inducer of cyclo-oxygenase-2 in murine osteoblasts through an ERK signaling 

pathway. Journal of Bone and Mineral Research. 2003;18(10):1813-24.  

92. Honda Y, Anada T, Kamakura S, Nakamura M, Sugawara S, Suzuki O. Elevated 

extracellular calcium stimulates secretion of bone morphogenetic protein 2 by a macrophage 

cell line. Biochemical and Biophysical Research Communications. 2006;345:1155-60.  

93. Zhao Y, Lin H, Zhang J, Chen B, Sun W, Wang X, et al. Cross-linked three-dimensional 

demineralized bone matrix for the adipose-derived stromal cell proliferation and 

differentiation. Tissue Engineering: Part A. 2009;15(1):13-22.  

94. Liu Q, Cen L, Yin S, Chen L, Liu G, Chang J, et al. A comparative study of proliferation 

and osteogenic differentiation of adipose-derived cells on akermanite and beta-tcp ceramics. 

Biomaterials. 2008;29:4792-9.  



178 
 

95. Jeon O, Rhie JW, Kwon B, Kim J, Kim B, Lee S. In vivo bone formation following 

transplantation of human adipose-derived stromal cells that are not differentiated 

osteogenically. Tissue Engineering: Part A. 2008;14(8):1285-96.  

96. McCullen SD, Stano KL, Stevens DR, Roberts WA, Monteiro-Riviere NA, Clarke LI, et 

al. Development, optimization, and characterization of electrospun poly(lactic acid) 

nanofibers containing multi-walled carbon nanotubes. Journal of Applied Polymer Science. 

2007;105(3):1668-78.  

97. Declercq HA, Verbeeck RMH, De Ridder LIFJM, Schacht EH, Cornelissen MJ. 

Calcification as an indicator of osteoinductive capacity of biomaterials in osteoblastic cell 

cultures. Biomaterials. 2005;26:4964-74.  

98. Chang Y, Stanford CM, Keller JC. Calcium and phosphate supplementation promotes 

bone cell mineralization: Implications for hydroxyapatite (HA)-enhanced bone formation. 

Journal of Biomedical Materials Research. 2000;52:270-8.  

99. Pham QP, Sharma U, Mikos AG. Electrospun poly(�-caprolactone) microfiber and 

multilayer Nanofiber/Microfiber scaffolds: Characterization of scaffolds and measurement of 

cellular infiltration. Biomacromolecules. 2006;7(10):2796-805.  

100. Baker BM, Gee AO, Metter RB, Nathan AS, Marklein RA, Burdick JA, et al. The 

potential to improve cell infiltration in composite fiber-aligned electrospun scaffolds by the 

selective removal of sacrificial fibers. Biomaterials. 2008;29:2348-58.  

101. Dong YX, Yong T, Liao S, Chan CK, Ramakrishna S. Degradation of electrospun 

nanofiber scaffold by short wave length ultraviolet radiation treatment and its potential 

applications in tissue engineering. Tissue Engineering: Part A. 2007;14(8):1321-9.  

102. Lannutti J, Reneker D, Ma T, Tomasko D, Farson D. Electrospinning for tissue 

engineering scaffolds. Materials Science and Engineering: C. 2007;27:504-9.  

103. Nam J, Huang Y, Agarwal S, Lannutti J. Improved cellular infiltration in electrospun 

fiber via engineered porosity. Tissue Engineering: Part A. 2007;13(9):2249-57.  

104. Vogel A, Venugopalan V. Mechanisms of pulsed laser ablation of biological tissue. 

Chem Rev. 2003 12 February 2003;103(2):577-644.  

105. Sanchez F, Aguiar R, Serra P, Varela M, Morenza JL. Study of material emission in ArF 

and KrF excimer laser ablation of yttria stabilized zirconia single crystals. Thin Solid Films. 

1998;317(1-2):108-11.  



179 
 

106. Serra P, Cleries L, Morenza JL. Analysis of the expansion of hydroxyapatite laser 

ablation pulses. Appl Surf Sci. 1996;96-98:216-21.  

107. Srinivasan R. Ablation of polymers and biological tissue by ultraviolet lasers. Science. 

1986 31 October 1986;234(4776):559-65.  

108. Dupont A, Caminat P, Bournot P. Enhancement of material ablation using 248, 308, 

532, 1064 nm laser pulse with a water film on the treated surface. J Appl Phys. 1995 1 

August 1995;78(3):2022-8.  

109. Choi HW, Johnson JK, Nam J, Farson DF, Lannutti J. Structuring electrospun 

polycaprolactone nanofiber tissue scaffolds by femtosecond laser ablation. Journal of Laser 

Applications. 2007;19(4):225-31.  

110. Zhu XL, Cui WG, Li XH, Jin Y. Electrospun fibrous mats with high porosity as 

potential scaffolds for skin tissue engineering. Biomacromolecules. 2007;9(7):1795-801.  

111. Niino H, Yabe A. Excimer laser polymer ablation: Formation of positively charged 

surfaces and its applications into the metallization of polymer films. Appl Surf Sci. 

1993;69(1-4):1-6.  

112. Preuss S, Demchuk A, Stuke M. Sub-picosecond UV laser ablation of metals. Appl 

Phys A. 1995;61(1):33-7.  

113. Nazhat SN, Abou Neel EA, Kidane A, Ahmed I, Hope C, Kershaw M, et al. Controlled 

microchanelling in dense collagen scaffolds by soluble phosphate glass fibers. 

Biomacromolecules. 2007;8(2):543-51.  

114. Pham QP, Sharma U, Mikos AG. Electrospinning of polymeric nanofibers for tissue 

engineering applications: A review. Tissue Engineering. 2006;12(5):1197-211.  

115. Smith LA, Liu XH, Ma PX. Tissue engineering with nano-fibrous scaffolds. Soft 

Matter. 2008;4(11):2144-9.  

116. Tzezana R, Zussman E, Levenberg S. A layered ultra-porous scaffold for tissue 

engineering created via a hydrospinning method. Tissue Engineering: Part C. 

2008;14(4):281-8.  

117. Hollinger JO, Kleimnschmidt JC. The critical size defect as an experimental model to 

test bone repair methods. Journal of Craniofacial Surgery. 1990;1(1):60-8.  

118. Yang X, Shah J, Wang H. Nanofiber enabled layer-by-layer approach toward three-

dimensional tissue formation. Tissue Engineering: Part A. 2009;15(4):945-56.  



180 
 

119. Gillette BM, Jensen JA, Tang B, Yang GJ, Bazargan-Lari A, Zhong M, et al. In situ 

collagen assembly for integrating microfabricated three-dimensional cell-seeded matrices. 

Nature Materials. 2008;7:636-40.  

120. Lee CSD, Gleghorn JP, Choi NW, Cabodi M, Stroock AD, Bonassar LJ. Integration of 

layered chondrocyte-seeded alginate hydrogels. Biomaterials. 2007;28:2987-93.  

121. Peretti GM, Zaporojan V, Spangenberg KM, Randolph MA, Fellers J, Bonassar LJ. 

Cell-based bonding of articular cartilage: An extended study. Journal of Biomedical 

Materials Research Part A. 2003;64A:517-24.  

122. Ekaputra AK, Prestwich GD, Cool SM, Hutmacher DW. Combining electrospun 

scaffolds with electrosprayed hydrogels leads to three-dimensional cellularization of hybrid 

constructs. Biomacromolecules. 2008;8:2097-103.  

123. Farson DF, Choi HW, Zimmerman B, Steach JK, Chalmers JJ, Olesik SV, et al. 

Femtosecond laser micromachining of dielectric materials for biomedical applications. 

Journal of Micromechanics and Microengineering. 2008;18:1-9.  

124. Li ZS, Gunn J, Chen MH, Cooper A, Zhang MQ. On-site alginate gelation for enhanced 

cell proliferation and uniform distribution in porous scaffolds. Journal of Biomedical 

Materials Research Part A. 2008;86A(2):552-9.  

125. Weinand C, Gupta R, Huang AY, l Weinberg E, Madisch I, Qudsi RA, et al. 

Comparison of hydrogels in the in vivo formation of tissue-engineered bone using 

mesenchymal stem cells and beta-tricalcium phosphate. Tissue Engineering. 2007;13(4):757-

65.  

126. Sumanasinghe RD, Osborne JA, Loboa EG. Mesenchymal stem cell-seeded collagen 

matrices for bone repair: Effects of cyclic tensile strain, cell density, and media conditions on 

matrix contraction in vitro. Journal of Biomedical Materials Research Part A. 

2009;88A(3):778-86.  

127. Mizuno M, Fujisawa R, Kuboki Y. Type I collagen-induced osteoblastic differentiation 

of bone-marrow cells mediated by collagen- normal 0 false false false EN-US X-NONE X-

NONE α2/β1 integrin interaction. Journal of Cellular Physiology. 2000;184:207-13.  

128. Chang C, Lee M, Kuo P, Wang Y, Tu Y, Hung S. Three dimensional collagen fiber 

remodeling by mesenchymal stem cells requires the integrin-matrix interaction. Journal of 

Biomedical Materials Research Part A. 2006;80A(2):466-74.  



181 
 

129. Keeney M, Collin E, Pandit A. Multi-channelled collagen-calcium phosphate scaffolds: 

Their physical properties and human cell response. Tissue Engineering Part C Methods. 

2009;15(2):265-73.  

130. Voldman J. Electrical forces for microscale cell manipulation. Annual Reviews in 

Biomedical Engineering. 2006(8):425-54.  

131. Khatib L, Golan DE, Cho MR. Physiologic electrical stimulation provokes intracellular 

calcium increase mediated by phospholipase C activation in human osteoblasts. FASEB 

Journal. 2004;18(12):1903.  

132. Levin M. Bioelectromagnetics in morphogenesis. Bioelectromagnetics. 2003 

JUL;24(5):295-315.  

133. S. Sun, I. Titushkin, M. Cho,.  

Regulation of mesenchymal stem cell adhesion and orientation in 3D collagen scaffold by 

electrical stimulus. Bioelectrochemistry. 2006;69:133.  

134. Lavine LS, Grodzinsky AJ. Electrical-stimulation of repair of bone. Journal of Bone and 

Joint Surgery-American Volume. 1987 APR;69A(4):626-30.  

135. Whitehead MA, Fan D, Akkaraju GR, CanhaM LT, Coffer JL. Accelerated calcification 

in electrically conductive polymer composites comprised of poly(epsilon-caprolactone), 

polyaniline, and bioactive mesoporous silicon. Journal of Biomedical Materials Research 

Part A. 2007 OCT;83A(1):225-34.  

136. Brighton CT, Wang W, Seldes R, Zhang GH, Pollack SR. Signal transduction in 

electrically stimulated bone cells. Journal of Bone and Joint Surgery-American Volume. 

2001 OCT;83A(10):1514-23.  

137. Wang Q, Zhong S, Ouyang J, Jiang L, Zhang Z, Xie Y, et al. Osteogenesis of 

electrically stimulated bone cells mediated in part by calcium ions. Clinical Orthopedics. 

1998:259-68.  

138. Spadaro JA. Mechanical and electrical interactions in bone remodeling. 

Bioelectromagnetics. 1997;18:193-202.  

139. Haddad JB, Obolensky AG, Shinnick P. The biologic effects and the therapeutic 

mechanism of action of electric and electromagnetic field stimulation on bone and cartilage: 

New findings and a review of earlier work. Journal of Alternative and Complementary 

Medicine. 2007 JUN;13(5):485-90.  



182 
 

140. Aaron RK, Ciombor DM. Acceleration of experimental endochondral ossification by 

biophysical stimulation of the progenitor cell pool. Journal of Orthopaedic Research. 

1996;14:582-9.  

141. Aaron RK, Ciombor DM, Simon BJ. Treatment of nonunions with electric and 

electromagnetic fields. Clin Orthop. 2004 FEB(419):21-9.  

142. Wiesmann HP, Hartig M, Stratmann U, Meyer U, Joos U. Electrical stimulation 

influences mineral formation of osteoblast-like cells in vitro. Biochimica Et Biophysica Acta-

Molecular Cell Research. 2001;1538(1):28-37.  

143. Supronowicz PR, Ajayan PM, Ullmann KR, Arulanandam BP, Metzger DW, Bizios R.  

Novel current-conducting composite substrates for exposing osteoblasts to alternating current 

stimulation. J Biomed Mater Res. 2002;59:499.  

144. Sebastian A, Venkatesh AG, Markx GH. Tissue engineering with electric fields: 

Investigation of the shape of mammalian cell aggregates formed at interdigitated oppositely 

castellated electrodes. Electrophoresis. 2007;28:3821-8.  

145. den Otter M. Approximate expressions for the capacitance and electrostatic potential of 

interdigitated electrodes. Sensors and Actuators. 2002;A 96:140-4.  

146. Crew N, Darabi J, Voglewede P, Guo F, Bayoumi A. An analysis of interdigitated 

electrode geometry for dielectrophoretic particle transport in micro-fluidics. Sensors and 

Actuators B. 2007;125:672-9.  

147. Aaron RK, Ciombor DM, Wang S, Simon B. Clinical biophysics: The promotion of 

skeletal repair by physical forces. Skeletal Development and Remodeling in Health, Disease, 

and Aging. 2006;1068:513-31.  

148. Tandon N, Cannizzaro C, Chao PH, Maidhof R, Marsano A, Au HT, et al. Electrical 

stimulation systems for cardiac tissue engineering. Nature Protocols. 2009;4(2):155-73.  

149. Titushkin IA, Rao VS, Cho MR. Mode- and cell-type dependent calcium responses 

induced by electrical stimulus. IEEE Transactions on Plasma Science. 2004;32(4):1614-9.  

150. Li JKJ, Lin JCA, Liu HC, Sun JS, Ruaan RC, Shih C, et al. Comparison of ultrasound 

and electromagnetic field effects on osteoblast growth. Ultrasound in Medicine and Biology. 

2006 MAY;32(5):769-75.  

151. Martino CF, Belchenko D, Ferguson V, Nielsen-Preiss S, Qi HJ. The effects of pulsed 

electromagnetic fields on the cellular activity of SaOS-2 cells. Bioelectromagnetics. 

2008;29(2):125-32.  



183 
 

 


