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ABSTRACT 

The spine may become unstable and fragile due to aging, trauma, or 

congenital defects. The instability of the spine potentially causes compression on the 

spinal cord, which leads to permanent damage and paralysis. In order to reduce the 

risk of functional impairment, the current surgical treatment is spinal fusion. Spinal 

fusion is the most common operating room (OR) procedure among all age groups. 

However, the procedure has the highest total OR cost in the United States, and the 

high failure rate is due to non-union (Weiss et al. 2014, Rajaee et al. 2012, Stranges 

et al. 2009). Negative pressure wound therapy (NPWT) or vacuum assisted closure 

(VAC) has shown superior clinical results when used in combination with biomaterials 

to accelerate wound healing in treating complicated wound with exposed bone 

(Wijewardena et al. 2011, DeFranzo et al. 2001). However, NPWT is not established 

as a treatment modality for orthopedic application and its mechanistic pathways of 

action on cellular activities is unknown. To support proper bone healing, the goal of 

this study is to test the central hypothesis that an elastic osteoid mimetic bone repair 

material fabricated by electrospinning using composites of type I collagen (Col I), poly 

(1,8-octanediol citrate) (POC), and chondroitin 6-sulfate (CS) named material (BRM), 

or subatmospheric pressure, or synergy of both promote osteoblast proliferation and 

osteogenic differentiation. Results indicated that osteoblast proliferation significantly 

increased when cultured under subatmospheric pressure. The osteogenic gene 

expression of Runx2, OSX, ALP, OPN, COL1A2, and HIF-1α were elevated in fully 

differentiated bone marrow mesenchymal stem cells (MSCs), which were cultured on 

BRM and treated with subatmospheric pressure. When BRM and/or NPWT were 

implemented in rabbit and sheep models, the bone repair measured from CT images 

provided evidences for feasibly applying NPWT to repair bone with BRM electrospun 

materials. The in vitro and in vivo systems in this study suggest that there is a 

significant interaction of using BRM with NPWT for osteogenesis. Developing 

biomaterials with affinity to cells and soluble factors driven by pressure gradient could 

ultimately translate to safe and cost-effective clinical applications that accelerate bone 

healing for spinal fusion. 
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INTRODUCTION 

Like other bones in the body, the spine facilitates movements of the body, 

provides mechanical supports, protection for vital organs, and attachment sites 

for muscles. It is also a reservoir for regulating blood calcium, hormones, as well 

as the home for hematopoietic cell formation (Lee et al. 2007). The vertebrae 

bodies are the weight bearing structure of the lumbar spine. Fibrocartilaginous 

intervertebral discs that serve as cushions during motion connect vertebrae 

bodies.  

Pathological changes of the spine include osteoporosis, spondylosis, or 

degenerative disc. Even though bone has a capability in restoring its original 

properties without leaving a lesion when treated properly, there are up to 13% of 

fractures in tibia, and 40% in spine-associated non-union where a broken bone 

fails to heal (Hubbell et al. 2015, Boden 2002). The non-union in spine occurs 

when the defects are too large following the trauma, tumor resections, or 

impaired healing due to avascular necrosis, infection, and osteoporosis. These 

anatomical changes and complications lead to spine instability. For example, 

when the discs are degenerated or herniated, the structural change compresses 

the nerves and lead to pain, restricted motions, and potential permanent 

damages to the spinal cord (Philips et al. 2013). The complications associated 

with lumbar spine create the most common cause of disability and loss of 

productivity (Jensen 1980). However, the anatomical complexity, biomechanical 
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load bearing and motion make lumbar spine repair an extremely challenging 

clinical problem.  

I. Current Clinical Problem  

Every year, over 400,000 procedures were performed on spinal fusion in 

the United States (Chaichana et al. 2014). The number of fusion procedures 

performed has increased 600% in eight years with over $40 billion total hospital-

based surgical cost (Deyo 2015). The most common spinal fusion is performed 

on lumbar spine through posterolateral intertransverse process arthrodesis. The 

number of procedure performed is increasing at a high rate of 171% for lumbar 

spinal fusion, as compared to 141% for cervical, and 82% for thoracic spinal 

fusion (Rajaee 2012). These factors make the lumbar spinal fusion one of the 

most common and costly OR procedures that raise significant clinical concerns. 

A. Lumbar Spinal Fusion  

First introduced by Albee and Hibbs in 1911, spinal fusion has become the 

most effective treatment to fix lumbar spine instability. Two adjacent or multiple 

levels of vertebral bodies are fused using an autologous bone graft (ABG), which 

is harvested from the iliac crest of the same patient.  

a. Autologous Bone Graft 

The autologous bone graft (ABG) is the clinical “gold standard” for spinal 

fusion. ABG contains a mixed population of immuno-compatible cells such as 

collagen producing fibroblastic cells, osteoblastic progenitor cells, and immune 

cells such as giant cells. Many of these cells produce growth factors, ECM 
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proteins, and proteoglycans to synthesize the bone matrix. However, the limited 

quantity due to source of harvesting, surgical complications such as chronic pain, 

hypersensitivity, and increased operative, and postsurgical recovery time create 

drawbacks when using ABG to repair large defects (Phillips et al. 2013). The 

secondary injury site after graft harvesting also leads to prolonged recovery time 

(Weiss et al. 2014, Stranges et al. 2009, Rajaee et al. 2012).  

b. Allogenic and Xenogenic Bone Graft  

Alternative grafts include using allogenic bone graft (allograft) taken from 

healthy human donors or xenografts (Yuan, Fernandes et al. 2010; Murtagh, 

Quencer et al. 2011). This type of graft material eliminates the requirement for a 

second injury site from the same patients as compared to ABG. However they 

are associated with potential immune foreign body response, disease 

transmission, and limited source of supply. Current manufacturing process 

reduced the risk for disease transmission but reduced the osteogenic properties 

of these graft materials.  

c. Tissue Engineered Bone Repair Constructs 

     Collagen-based sponge or bone mineral matrix had been used in spinal fusion. 

Alternatively, BMPs of the transforming growth factor (TGF) β super family have 

been used by orthopedic surgeons for over a century as potent growth factors for 

rapid bone fusion (Urist 1980). BMPs (e.g. INFUSE Medtronic, Memphis, TN, 

USA) are delivered at the defect site using a collagen sponge (Rawadi et al. 
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2003, Karsenty et al. 2009). This approach provides a readily available substitute 

to autologous bone grafts. However, the optimal dose for delivery to repair bone 

unknown. The temporal release profile and pharmacokinetics cannot be 

controlled once the sponge is implanted in the body. These challenges create 

regulatory obstacles because the supraphysiological dose delivered causes 

potential complications such as new tumor growth, calcification of heart valves, 

and heterotopic bone formation (Vavken et al. 2015, Lanza et al. 2013). 

Therefore, cost-effective and safe alternative approaches are needed for spinal 

fusion. 

Table I Current Lumbar Spinal Fusion Approaches 

 Types of Spinal Fusion Advantages Disadvantages 

Anterior Interbody Fusion (e.g. 
Medtronics Titanium alloy cage, 
Stryker allograft cage) 

Durable, Stability 

 

Surgical site requires removal 
of bone and IVD 

Uninstrumented Posterolateral 
Fusions (e.g. Stryker Putty with 
BMP-7) 

Easy to use

 

Potential stability issue 
following the surgery 

 

Bone graft materials are usually used in combination with surgical fixation 

instruments (Figure 1). The fixation instruments made from titanium alloy are 

used either in replacement of intervertebral discs (Table I) or between inter-

transverse processes with or without biomaterials to induce bone growth (e.g. 
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Medtronics or Zimmer V2F Anterior Fixation System or fixation on intertransverse 

processes such as the Medyssey or Aesculap S4® rod systems).  

 

 

 

 

Figure 1 Sketch illustrating the instrumentations applied on lumbar spine at the 

intervertebral discs or inter-tranverse process position. 

These instruments provide spine with improved stability by jointing the 

adjacent vertebral bodies. However, external forces such as the movements of 

the body may slow down the integration of the spinal fusion instruments with the 

bone. New strategy of incorporating bone graft materials with potential therapy to 

accelerate spinal fusion could potentially benefit the clinical outcomes. 
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Figure 2 Schematic illustrating strategies gearing toward bone repair with tissue 

engineering. 

II. Anatomy of the Lumbar Spine 

The bones in the spine provide important structural and functional support 

to the entire body. Three major regions are the cervical spine, which supports the 

weight of the head and provides the largest range of motion with seven vertebrae; 

the thoracic spine with twelve vertebrae connects ribs and protects the organs; 

and five lumbar vertebrae at the lower back contributing to the most weight-

bearing (Figure 3). A plethora of muscles attach to mammillary and accessory 

processes of the spine and facilitate movements of the body. The intervertebral 

discs are fibrocartilages that serve as the cushion to absorb loads and connect 

two adjacent vertebral bodies.  
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Vertebral bodies protect the spinal cord, and bear the body weight. 

Noticeable difference that distinguishes the lumbar vertebrae from cervical and 

thoracic vertebrae is the massive wide vertebral bodies that are suitable for 

supporting the entire weight of the head, trunk and arms. In addition, the unique 

anatomical structure of vertebral bodies contributes to the stability. Specifically, 

the superior facet surfaces in the upper lumbar region are oriented nearly to the 

sagittal plane while the superior facet surfaces in the mid to lower lumbar regions 

are oriented midway between the sagittal and frontal planes (Figure 3). The 

inferior facet surfaces match the shape and orientation of the superior articular 

facets on the vertebrae below. The inferior articular facets of L5 articulate with 

the superior articular facets of the sacrum (L5-S1 apophyseal joints), oriented 

closely to the frontal plane, which serve as an important source of anterior-

posterior stability to the lumbosacral junction (Crock 1981). 

 

Figure 3 Anatomy and structure of the human lumbar spine.  
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III. Components of Bone 

A. Bone Cells 

Bone-forming osteoblasts and bone-resorbing osteoclasts are the major cells 

in bone and their functions are linked (Karsenty et al. 2000). During bone 

resorption, osteoclasts migrate to the repair site and become polarized, and 

reorganized cytoskeletons extend bundles of filaments to form ruffled cell borders 

attaching to the bone surfaces (Vaananen et al. 2000, Chambers et al. 2000).  

Specialized for debridement, osteoclasts break down the bone by dissolving 

crystalline hydroxyapatite and degrading organic bone matrix. This resorption 

process prepares the site for mesenchymal progenitor cells to migrate in and 

attach (Figure 4). When osteoblast differentiation is initiated, the mesenchymal 

stem cells (MSCs) rapid proliferate, and become preosteoblastic cells that are 

flatter in morphology (Phan et al. 2004). These cells share the similar molecular 

markers such as alkaline phosphatase, collagen and osteopontin as mature 

osteoblasts. Osteoblasts are the cells responsible for forming new bone. The 

process starts with secreting extracellular proteins such as collagen type I and 

glycoproteins (Harada et al. 2003). The osteoblasts produce these ECM 

components to form the osteoid (Figure 10).  

Osteoblasts express high levels of alkaline phosphatase, which is the enzyme 

that hydrolyzes and releases phosphate ions to create high local concentration 

that facilitate mineralization. Osteoid becomes calcified bone matrix lacunae 

where mature osteocytes reside (Datta et al. 2007, Clarke et al. 2008). The 



	  

10	  

	  

osteocytes have stellate shape cell bodies with extensions (Kamioka et al. 2001). 

The membrane processes extend through the canaliculi, which are the pores in 

the mineralized tissue. Canaliculi extend through osseous matrix that provides 

large surface area for cellular attachment and activities such as the 

mechanotransduction. The internal channel of canaliculi allows for interstitial fluid 

flow that permits exchange of nutrients, ions, and growth factors between the 

periosteocytic space and ECM (Bonewald et al. 2008, Jacobs et al. 2010). With 

these features, the bone matrix provides both strength and elasticity to form a 

strong and resilient bone structure with its mineral and protein composites.  

 

Figure 4 Schematic illustrating the formation of bone in the soft extracellular 

matrix osteoid.  

B. Bone Matrix and Formation 

The bone matrix has a hierarchical structure which is primarily composed of 

type I collagen and inorganic mineral hydroxyapatite (HA) [Ca10(PO4)6(OH)2)] 

(Crocket 2011). Other ions such magnesium, and citrate can also be found in 

bone. Type I collagen, the protein making up over 90% of the total protein 
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content in bone, provides biological active binding sites for cell attachments 

(Crockett 2011). It has 3 polypeptide chains. Each helix is 1000-amino-acid long 

consisting of glycine-X-Y (Gly-X-Y) repeats (Alberts et al. 2002, Malafaya et al. 

2007). On these amino acid sequences of type I collagen, there are the biological 

active motifs such as DGEA (Asp-Gly-Glu-Ala) or GFOGER (Gly-Phe-Hyp-Gly-

Glu-Arg) with specific affinity to integrins such as α2β1 on cell surfaces. These 

bioactive sequences promote cell adhesion to collagen, and the interaction of 

integrin with peptide sequence could facilitate cellular functions based on matrix 

properties such as the stiffness, structure or composites (Garcia et al. 2011). 

Collagen also provides binding sites for minerals and biological active soluble 

factors, which are critical in forming the structure of mature bone. For example, 

phosphate released by osteoblasts and calcium ions in the extracellular space 

forms calcium phosphate that binds to the nucleation sites of tropocollagen’s 

triple helix inside the bundle of collagen fibrils and develops into organized HA 

crystals during calcification (Goldberg et al. 1994, Martin et al. 2014, Wegst et al. 

2014). These calcified collagen fibrils are organized to form layers of lamella 

circling the Haversian canals and vasculature (Wegst et al. 2014). They form the 

basic units of osteons in between the periosteal and endosteal layers of the bone 

(Figure 6). 
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Figure 5 Basic structure of osteon (circled in white dash line). 

Extracellular matrix is composed of other proteins such as osteopontin 

(OPN), bone sialoprotein, osteocalcin. Proteoglycans form branches on collagen 

fibrils that also provide resistance against compression (Karsenty et al. 2009). 

The brush-like structures on proteoglycan are the polysaccharide 

glycosaminoglycan (GAG) such as chondroitin sulfates (CS). Glycoproteins and 

GAG help promote calcification and cellular activities due to their high ion binding 

affinity. For example, CS-6 is present in high concentration in bone as compared 

to other chondroitin sulfates. The negatively charged CS-6 absorbs calcium ions 

(Figure 6) binds to the bone ECM proteins, regulates cell adhesion, and 

sequesters soluble molecules such as the positively charged growth factors 

(Yamaguchi et al. 1991, Hsieh-Wilson et al. 2010, Mullen et al. 2010). PO4
3- 

released by bone cells associated with calcium to form amorphous calcium 

phosphate and leads to high local Ca2+ concentration (Yoreo et al. 2015, Weiner 

et al. 1992). Calcium phosphate deposition on collagen fibrils propagates to grow 
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through nucleation to form crystalline hydroxyapatite during bone mineralization. 

Small animal model studies have reported CS-6 significantly increases the 

volume of new bone formation by four weeks (Schneiders et al. 2007). 

 

Figure 6 Schematic illustrating the mechanism of mineral formation within 

collagen fibrils and interactions of minerals with chondroitin 6-sulfate.  

IV. Bone Remodeling 

Julius Wolff, a German surgeon recognized bone adapts to applied 

mechanical loads. This observation then became Wolff’s law, which elucidated 

the intrinsic capability of bone to remodel in response to the mechanical stimuli. 

The bones in the spine facilitate movement, house the spinal cord, and support 

hematopoiesis through continuous renewal. As a metabolic active tissue, bone 

delivers calcium while remodeling to maintain strength (Figure 7). 
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Figure 7 Schematic illustrating an example of the constantly skeletal remodeling 

through bone formation and resorption (Harada et al. 2003).  

Boden et al. illustrated the biology of lumbar spinal fusion that in the initial 

healing forms membranous and endochondral bone. The source of cells and 

blood for bone healing usually come from the decorticated surgical site (Boden 

1998). Bone injuries create an acidic and hypoxic environment in the surrounding 

tissues. During the repair process, blood clots form immediately following the 

surgery during the inflammatory phase. The mesenchymal cells migrate, 

proliferate, and differentiate at the injury site during the constructive phase 

(Lonza et al. 2014). This process ends with coupling blood vessel invasion to 

form mineralized and vascularized mature bone.  
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A. The Basic Multicellular Units 

At cellular level, the remodeling process is orchestrated by osteoblasts and 

osteoclasts in the basic multicellular units (BMU) (Figure 8) (Partridge et al. 2010, 

Martin et al. 2014, Kini et al. 2012, Long 2012). Regulated by many factors such 

as biochemical cues from soluble factors (e.g. growth factors: bone morphogenic 

protein BMPs, and peptide hormones: parathyroid hormone PTH), osteoblasts 

and osteoclasts maintain whole-body’s calcium homeostasis.  

 
Figure 8 Schematics illustrating the basic multicellular unit (BMU) and the 

remodeling processes (Long, 2012). 

The injury initiates a signaling cascade in the microenvironment for the bone 

remodeling process to start (Figure 9). Led by the bone-resorbing osteoclasts, 

the process prepares the repair site where the mesenchymal stem cells (MSC) or 

osteoblast progenitor cells attach. The bone-lining osteoblast progenitor cells 
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differentiate into osteoblasts, which produce the bone matrix (Karsenty 2001, 

2008, Iida et al. 2002, Winter et al. 2003). Biomechanical cues from ECM of bone 

direct the temporal and spacial interactions of osteoblasts with their 

microenvironments, which facilitate the formation of mineralized new bone 

(Harada et al. 2003, Rahman et al. 2015). 

 

Figure 9 Bone remodeling after injury (Partridge et al. 2010). 

B. Genetic Bases of Osteogenic Differentiation 

Osteogenic differentiation is regulated by several transcription factors such as 

Runx 2, osterix, and HIF1-α. The tissue-specific osteogenic genes are expressed 

in a temporal manner during bone formation. These genes regulate the 

expressions of multiple proteins and enzymes that are essential to modulate the 

formation of mature bone (Figure 10). On the other hand, osteoblasts respond to 

the local biomechanical or biochemical stimulations, which act as a feedback 

loop to change gene expressions and regulate cellular activities (Martin 2014, 

Partridge 2010). Although not the only ones involved in osteogenic differentiation, 

the following is an introduction on some examples of genes that have essential 

roles (Figure 10, Table I). 
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Figure 10 Schematic illustrating the osteogenic differentiation of MSC and 

examples of the critical regulators and indicators.  

a. Runx2 and Osterix, the major transcription factors for osteoblast 

differentiation 

Runx2 (runt-related transcriptional factor 2, Runx2) is an osteoblast-specific 

transcription factor, and a master gene in osteoblast differentiation (Tuan 2014, 

Karsenty 2009). Runx2 is involved in determining osteoblast differentiation, 

interacting with other nuclear proteins to allow MSC expressing osteoblast-

specific genes, and maintaining osteogenic function (Zhang et al. 2011, 

Bruederer et al. 2014). The protein binds to specific DNA sequences of Runt 

domain, which regulates the transcription of target gene in osteoblast. The 

Runx2-forced expression has an important role in both expression of osteoblast-

specific genes in mesenchymal cells and differentiation of osteoblasts. Stabilizing 

Runx2 has been suggested to be beneficial for improving low bone mass disease 

(Karsenty et al. 1997, 2009, Stoddart et al. 2014). The interactions of Runx2 with 

other proteins, such as ALP, OPN, type I collagen, have been extensively studied 

in skeletogenesis before and after birth (Hayrapetyan et al. 2014). For example, 

Runx2 deficient embryos lead to absence of osterix protein and impairment of 

skeletal development due to absence of osteoblasts (Karsenty et al. 2009). The 
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essential roles of Runx2 have been shown to induce alkaline phosphatase (ALP) 

activities, bone matrix protein expression, and mineralization in osteoblasts in 

vitro (Komori et al. 2004, Ducy et al. 1997). 

Runx2 downstream transcription factor osterix (OSX) is considered to be the 

second major osteoblast specific transcription factor (Yano et al. 2014). Runx2 

and OSX work together to promote differentiation and function of osteoblasts. 

OSX is a zinc-finger-containing protein expressed in osteoblast progenitor cells, 

and is required for osteoblast differentiation (Karsenty et al. 2009, de 

Crombrugghe et al. 2002, Nakashima et al. 2002). It binds strongly to GC-rich 

sequence in COL1A2 gene proximal promoting region during osteoblast 

differentiation (Ventura et al. 2013, Yano et al. 2014, Nakashima et al. 2005).  

b. OPN 

Osteopontin (OPN) is an acidic phosphorylated glycoprotein found 

predominately in bone (Weber et al. 2001, Giachelli et al. 2000). Differentiated 

osteoblasts secrete OPN which accumulates in the bone matrix (Mizuno et al. 

2001). The OPN has shown to have multiple functions during bone formation. For 

example, it regulates bone cell adhesion such as facilitating osteoblast binding to 

hydroxyapatite surface though poly-aspartic acid sequences (Giachelli et al. 2000, 

Millan 2012). Also, the gene expression of OPN has been reported as an 

indicator of mineralization of bone. Expression of OPN increases amorphous 

phosphate level in the bone matrix where it forms crystalline hydroxyapatite 

during bone mineralization (Gower et al. 2014).  
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c. ALP 

Alkaline phosphatase (ALP) is a tissue non-specific enzyme localized to the 

outside of the plasma membrane and the membrane of matrix vesicles in the 

bone cells. High ALP activity is an early stage indication of osteoblastic 

phenotype and mineralization, therefore, can be used as an osteoblast 

differentiation marker (Mornet et al. 2001). It has shown that ALP increases the 

local concentration of inorganic phosphate, a mineralization promoter, and to 

decrease the concentration of extracellular pyrophosphate, an inhibitor of mineral 

formation (Golub et al. 2007).  

d. COLI 

Collagen triple helix is made from 2 chain of pro-αlpha1 (regulated by the 

COL1A1 gene) and 1 chain of pro-αlpha2 (regulated by the COL1A2 gene) (Yano 

et al. 2014). As previously described, type I collagen (COLI) is the most abundant 

protein in bone matrix. It serves important role in supporting ECM structural 

integrity, cellular activities, and nucleation site for mineralization. The amino acid 

sequences such as GFOGER and DGEA on COLI have affinity for cell 

attachments. The gene expression of COLI in osteoblast is marker to indicate 

osteoblast differentiation and matrix production, which are both important in 

forming mature and functional bone. COLI also facilitate the function of 

glycoproteins, glycosaminoglycans, and growth factors, which are important 

factors for forming bone after injury. Therefore, the gene expression level of type 
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I collagen is an important marker for indicating cellular activities in producing 

matrix protein.  

e. HIF1α 

Vasculature has been reported to be coupled with bone formation (Ferrara et 

al. 2003). Hypoxia inducible factor HIF-1α is a master transcriptional factor that 

regulates oxygen homeostasis through remodeling of the vessels (Semenza 

2012, 2013). HIF-1α has been reported to couple angiogenesis and osteogenesis 

through cooperatively regulating VEGF (vascular endothelial growth factor) 

expression (Zou et al. 2012). Hypoxia activates HIF-1α that increases VEGF 

levels in osteoblasts (Wan et al. 2010). Osteoblasts are found to develop 

together with endothelial cells. Once the bone matrix is deposited by mature 

osteoblasts, the invasion of capillaries is an essential step for bone matrix 

calcification and survival of the bone cells in order to form strong bones (Wan et 

al. 2010).  

The level of gene expression regulates cellular activities and it is also 

regulated by the cues from the microenvironment. The cell surface receptors 

such as BMPs and cell integrins are sites receiving the biochemical and 

biomechanical changes in the microenvironment to trigger signaling cascades, 

which transmit across the cell membrane to activate multiple downstream 

intracellular signaling pathways for osteogenic differentiation (Figure 11). These 

signaling transductions also contribute to maintain the function of osteoblasts. 

The activation of transcription factors influences the cellular functions such as the 
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ECM production and blood vessel invasion during the bone remodeling (Wong et 

al. 2011, Long 2012). 

Table II Examples of Genetic Control in Bone Formation 

Gene Regulation  

Runx2 Runt-related transcriptional factor subunit 2 is required for MSC 

differentiate into preosteoblast and the proper function of mature 

osteoblasts (e.g. synthesis of bone matrix). 

OSX Osteoblast differentiation transcriptional factor osterix (down-stream of 

Runx2) is required for pre-osteoblasts differentiate into osteoblasts. 

OPN Gene regulates the expression of ECM glycoprotein osteopontin that 

facilitates bone cell adhesion and biomineralization. 

ALP Gene associated with enzyme alkaline phosphatase that is responsible 

for bone mineralization.  

COLI Gene regulates the expression of the major bone matrix protein type I 

collagen protein, the most abundant protein in bone forming the 

extracellular matrix osteoid.  

HIF-1α Transcriptional factor hypoxia inducible factor 1 alpha subunit regulated 

both by oxygen concentration and mechanical forces, related with 

VEGF-dependent pathway.  

(Harada et al. 2003, Karsenty et al. 2009, Gower et al. 2014, Komori et al. 2004, 

Ducy et al. 1997, Wan et al. 2010) 
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Figure 11 Simplified schematic illustrating an example of cell signal transduction 

process.  
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V. Negative Pressure Wound Therapy 

Negative pressure wound therapy (NPWT) or vacuum-assisted closure 

(VAC®) has been widely used clinically to treat chronic and difficult-to-manage 

wounds which have an approximately $25 billion dollars per year burden upon 

the healthcare system (Rhee et al. 2014). It applies a subatmospheric pressure 

(e.g. gauge pressure at -125 mmHg below atmospheric pressure) through open 

cell foam dressing (Figure 12) into wound cavity (Argenta et al. 1997). The 

differential pressures at the wound bed are maintained through a vacuum pump 

which drives perfusion to remove excess fluid such as under conditions of edema 

(Huang et al. 2014).  

NPWT involves the use of open cell foam or sponge dressing in or over a 

wound sealed with an adhesive drape.  An evacuation tube connecting the 

wound-filler foam allows the vacuum source transmits subatmospheric pressure 

to the targeted wounds or tissues. The primary effects of applying NPWT lead to 

mechanical deformation and fluid removal. Secondary effects include reduced 

interstitial edema, mechanotransduction that induces cellular activities such as 

cell migration, proliferation, granulation tissue formation, and angiogenesis 

(Huang et al. 2014). Accelerated wound healing rate has been reported for 

patients with mixed skin ulcers, with a 50% reduction in time to healing 

(P<0.0001) along with increased collagen synthesis and improved granulation 

tissue formation (Saxena et al. 2004, Rhee et al. 2014, Jeong et al. 2015).  
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Figure 12 Schematics illustrating the current wound healing applications with 

NPWT (top) and the system set-up at the wound bed (bottom) (Orgill et al. 2013).  
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Figure 13 Chart illustrating clinical studies and basic research in NPWT. 

First introduced for treating skin wound, NPWT has extended its clinical 

applications. For example, clinicians have used NPWT to treat chronic diabetic 

ulcers, and difficult to heal complicated wounds with infected and exposed 

orthopedics implants (Schlatterer et al. 2015, Seo et al. 2013, Cipolla et al. 2008). 

However, the studies on using NPWT in orthopedics are limited, and the 

mechanistic pathways of NPWT for bone repair are incompletely understood. 

A. Wound Healing by NPWT: The Science behind Clinical Results 

There are many attributes to the accelerated granulation tissue formation 

and wound healing at cellular and system levels when treated with NPWT. First, 

two types of tissue deformations have been reported as a result of applying 
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NPWT, macrodeformation and microdeformation. For example, Saxena et al has 

illustrated using finite element model that applying NPWT at a -110 mmHg 

subatmospheric pressure through an open-foam leads to an average tissue 

strain of 5-20% (Saxena et al. 2004). The mechanical force stretches the tissue 

and exerts force on the cells, which lead to the reorganization of cytoskeleton 

and signaling cascade (Ingber et al. 1997, 2000). For example, when cells are 

stretched, they tend to proliferate (Figure 14), otherwise remain quiescent if 

retracted (Saxena et al. 2004). The concept is not new and has been used in 

medicine or in different culture for centuries (e.g. applying traction to grow longer 

limb or for neck extension among Padaung people). This effect from transducing 

mechanical force into physiological response is known as mechanotransduction 

and has been reported in many studies as a mechanism to activate tissues 

remodeling and cellular activities (Swartz et al. 2005, Discher et al. 2008). These 

studies provide possible scientific explanation to the mechanism of action for 

NPWT (Borgquist et al. 2010).   

Second, the subatmospheric pressure creates a pressure gradient at the 

contact surface while induces hyperperfusion at a deep tissue level. This 

mechanism of action is similar to the effect of lymphatic drainage, where 

accumulated extracellular fluid is removed from the interstitial tissue to alleviate 

the edema condition, which is commonly found in acute and chronic wound. As a 

result, the diffusion distance is shorter between capillaries and tissue or nutrients 

and oxygen delivery are improved driven by the NPWT. At the same time, the 
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pressure gradients drive biochemical and biomechanical gradients that contribute 

to angiogenesis (Huang et al. 2014). 

Third, NPWT increases cell mobility and cellular functions such as the 

ability to produce ECM composites (Hsu et al. 2010, Zhu et al. 2014). It has been 

reported that applying subatmospheric pressure in vitro enhances the deposition 

of type I collagen protein and the activity of alkaline phosphatase (ALP) during 

osteoblastic differentiation (Mehbod, Ogilvie et al. 2005; Zhang, Yang et al. 2010). 

These cellular events induced by NPWT have potential to be applied in various 

clinical applications to accelerate the wound healing process. Genomic and 

proteomic evaluation also have been performed to evaluate wound healing in 

terms of the rate of forming granulation tissue when treated with different modes 

of NPWT in a porcine model. Derrick et al have reported the NPWT increased 

the expressions of ECM protein collagen, and cell adhesion glycoprotein tenascin 

at both gene and protein levels. Remodeling factors matrix metallopeptidase 9, 

integrin alpha-5 fibronectin receptor, and cytokine interleukin 1 were significantly 

upregulated in gene expression, as well as the signaling molecules Wnt pathway 

proteins (Derrick et al. 2014). These studies suggest potential of subatmospheric 

pressure in regulating cellular activities such as migration, proliferation, 

differentiation, and tissue remodeling.  
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Figure 14 Schematics illustrating the cellular level response to stretched 

substrates, which regulate cell differentiation and proliferation (Huang et al. 2014). 

B. The Future of Negative Pressure Wound Therapy 

The global NPWT devices market has a compound annual growth rate 

(CAGR) of 10.2 percent and is expected to reach an estimated value of $4.2 

billion in 2019 (Transparency Market Research, 2014). Clinicians have applied 

the therapy to a broader spectrum for different wound care applications and in 

combination with grafts or biomaterials for tissue repair. Clinical evidence has 

suggested significant success in grafts uptake and granulation tissue formation 

when incorporating NPWT with biomaterials (Huang et al. 2014, Dini et al. 2012). 

One example is the synergistic effect of applying skin grafts such as Integra 

(Integra Lifesciences, Plainsboro, NJ.) with NPWT on complicated wounds with 

exposed bone, tendon and joint (Molnar et al. 2004, Jeschke et al. 2004, 

Wijewardena et al. 2011). Molnar et al has shown skin grafting waiting time was 
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shortened from 2-4 weeks to 7 days, which is the earliest time reported in any 

clinical study. The reason for this unrivalled success is unclear, but earlier 

vascularization of the dermal matrix with the application of subatmospheric 

pressure was observed which potentially contribute to the accelerated graft 

uptake (Erba et al. 2011).   

 First introduced for treating acute traumatic or chronic wounds, NPWT has 

extended its application to treat difficulty to heal or complicated deep tissue 

injuries. For example, the NPWT has a history in treating lower extremity injury 

with exposed bone since 2001 and exposed orthopedics implants (Schlatterer et 

al. 2015, Seo et al. 2013, Cipolla et al. 2008, DeFranzo et al. 2001, Peinemann 

et al. 2011). The clinical research on NPWT in orthopedics has grown in the past 

years with publications increased from 2 papers in 2002 to 20 papers in 2012 

(Krokowicz et al. 2014). However, there is only one randomized control clinical 

study established study reporting the application of NPWT in treating open 

fracture. Although NPWT may have a positive effect on wound healing, there is 

no proof that it is superior to conventional treatment. Integrating clinical evidence 

of NPWT with basic science will fundamentally improve our understanding on the 

mechanisms of action by subatmospheric pressure and the process of wound 

healing. To understand the mechanistic pathways, several in vitro systems have 

been reported in evaluating the effects of NPWT on osteogenesis and cellular 

activities. 



	  

30	  

	  

a. Airtight NPWT system 

Yang et al. has reported significant increase in ALP, type I collagen, and 

VEGF expression under subatmospheric pressure treatment (treatment group) 

as compared to control under atmospheric pressure using human MSC cells 

isolated from osteotomy of healthy donors (Yang et al. 2014). The 

subatmospheric pressure of -50kPa was applied at a frequency of 2 times per 

day for 30 minutes on MSCs for 2 weeks using a customized CO2 incubator with 

a pressure sensor (ASTEC, Fukuoka, Japan) (Yang et al. 2009). In their study, 

the rate of apoptosis of MSCs for the treatment group was significantly higher 

with the percentage of cells in the S phase cell cycle significantly decreased. 

However, the ALP level was more than 2 times higher for the treatment group 

than the control (P<0.01). Both type I collagen and VEGF by 

immunohistochemical staining of MSCs illustrated higher expression in the 

treatment group than the control group. Another interesting observation by Yang 

et al was the significant effect of subatmospheric pressure on MSC osteogenesis 

through upregulated HIF-1 expression which elucidated the potential role of 

angiogenesis and osteogenesis coupling (Zhang et al. 2010). The level of 

proliferation was inhibited while osteogenic differentiation in MSCs was promoted 

when treated with subatmospheric pressure. However, the cell source was 

obtained from patients over 56 with osteoarthritis, which may have limited 

potential to proliferate and have other biological defects. 

To further elucidate the mechanism of accelerated wound healing by 

NPWT found clinically, other studies have investigated the effect of 
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subatmospheric pressure on cell migration using a similar air-tight system (Figure 

15). Hsu et al have reported that when epithelial cells or keratinocytes were 

treated with a subatmospheric pressure at -125 mmHg during migration assay, a 

significant increase in migration was observed. Reduced tight junction measured 

by cadherin expression was observed which implied improved cell mobility for 

migration. Moreover, the area of cell body was enlarged by 9% on average along 

with extended lamellipodia and filopodia.  

 

Figure 15 Picture illustrating the integrated system of a negative pressure 

incubator. A: airtight chamber, B: pressure meter, C: air flow meter, D: LED 

chamber temperature display, E: relative humidity meter, F: ECIS, G: gas 

analyzer, H: water container and ultrasound mist generator, I: vacuum pump, J: 

CO2tank (Hsu et al. 2010). 
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b. Perfusion and Compression NPWT system 

Studies have demonstrated strong evidence on the role of biomechanical 

force in tissue repair, especially in the area of neovascularization and bone 

formation. Both perfusion and compression are the driven components during the 

application of NPWT. The subatmospheric pressure drives the flow from 

interstitial tissue space to the sponge where the wound bed is compressed, and 

excess fluid from edema is removed. Different systems have been designed to 

simulate the dynamic fluid drainage and compression conditions of NPWT in 

order to understand the role of fluid distribution and pressure gradients on 

cellular activities during the application of this wound healing therapy.  

The study by Wiegand et al pointed out the importance of wound filler 

materials on ensuring the functionality of NPWT (Figure 16). The foam material is 

in direct contact with the wound bed, which not only exerts micro- and macro- 

mechanical force on the tissue, but also provides heterogeneous pressure and 

chemotactic gradients (McNulty et al. 2007). The subatmospheric pressure 

drains interstitial fluid, wound exudate, and proinflammatory factors which are 

commonly agreed as the primary action for NPWT (Wiegand et al. 2014). The 

fluid removal profile through different porous materials have been compared, 

however, the results are controversial in regards to which material implies better 

clinical outcome.  
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Figure 16 Schematic illustrating the experiment set-up for determining the spread 

of fluid in different dressings (Wiegand et al. 2014). 

Similar perfusion systems have been used to study the effect of 

subatmorpheric pressure. These studies simulate the flow and pressure 

differential on cells, and demonstrate the role of fluid flow and pressure on 

stimulating osteogenic differentiation of MSCs or endothelial migration (Huang et 

al. 2012, Goldstein et al. 2011, Dye et al. 2009). Mechanotransduction is the 

process that physical forces are converted into biochemical signals and then 

integrated into cellular responses (Griffith et al. 2006, Huang et al. 2012). For 

example, constant mechanical strain in forms of hydrostatic pressure is 10.7-120 

mmHg in bone marrow (Huang et al. 2012). Reports have shown that pressure 

gradients created by perfusion led to improved MSC viability and osteoid matrix 

composite distribution as compared to the normal culturing condition where cells 

mainly located on the surface of the scaffold only. The same effect has been 
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observed in the Integra dermal substitute material when the rate of active 

migration of endothelial cells was compared with the rate of passive mechanical 

suction of ink through the scaffold. The distinct rate between the two processes 

indicated the infiltration of cells was a tightly regulated process and a result of 

active migration under the subatmospheric pressure applied to the culturing 

chamber (Dye et al. 2009). The subatmospheric pressure has shown to promote 

human placental microvascular endothelial cell migration, proliferation and 

viability in their study. 

Results on cell proliferation under fluid flow have been controversial; 

however, the ability of cells to differentiate into mature bone cells was commonly 

enhanced under flow conditions. The expressions of osteogenic genes the 

proliferating cell nuclear antigen (PCNA) and osteopontin did not increase over 

the entire 3-week culturing period, however, the expression of ECM proteins 

such as type I collagen were significantly increased both at gene and protein 

levels during osteogenic differentiation. Moreover, the gene expression of 

integrin β5 also increased after culture under the flow condition (Huang et al. 

2012). In another study with steady and pulsatile perfusion, the gene expression 

and protein accumulation of osteopontin were increased in MSCs over a 15-day 

culturing period as compared to no flow condition (Goldstein et al. 2011). 
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Figure 17 Schematics illustrating the flow system (a, b) and the in vitro assay 

simulating the compression and flow conditions (Goldstein et al. 2011, Dye et al. 

2009). 

c. Microfluidic NPWT Bioreactor System 

The NPWT bioreactor designed by McNulty et al has been used for 

evaluating dermal fibroblast morphology, proliferation, chemotactic signaling, and 

metabolic activities in a fibrin matrix (McNulty et al. 2007, 2009). This system with 

the fibrin matrix is able to simulate fluid removal through the matrix, which 

provides superior functionality in terms of applying NPWT as compared to a 

collagen 3D matrix which is not maintained in position at the bottom of the insert 

(Wilkes et al. 2007). A 3D fibrin gel in a cell culture insert and seeded with human 

adult dermal fibroblasts were constructed in the bioreactor system. The top of the 

tissue culture plate of the bioreactor connects to a vacuum source by tubing 

(Figure 18). The pressure gradient simulates the fluid flow, and the mechanical 

compression through the elastic sealing interface to the open-pore foam 
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underneath which is in direct contact with the cell matrix (Wilkes et al. 2007, 

McNulty et al. 2007, 2009). Media were fed into the bottom of the well from 

tubing that was connected to a pump. The inserts in the wells of a tissue culture 

plate was sealed under the subatmospheric pressure with Vacuum Assisted 

Closure® Drape and foam dressing pressing down on the cells encapsulated in 

the fibrin matrix to simulate the strain created under NPWT in the clinical setting. 

In studies by Wilkes et al, the morphology of fibroblasts was reported to have 

larger cell body and organized actin cytoskeleton after 48 hours continuous 

NPWT at -125 mmHg, as compared to the thinner and more elongated 

morphology under atmospheric pressure (Wilkes et al. 2007). However, there 

was no significant difference found with or without NPWT on cell viability, which 

was measured by counting stained live/death cells (calcein AM/ethidium 

homodimer-1, Invitrogen, Inc., Carlsbad, CA). Morphology of healthy and 

proliferating fibroblasts in flat and expanded shape was observed after 48 hours 

continuous NPWT at -125 mmHg, which is consistent with the previous 

observation by Wilkes et al (McNulty et al. 2007). Under the same treatment 

conditions of NPWT, energetics of fibroblasts was evaluated by ATP and ADP 

ratio, which higher values (between 0.5 and 1) indicate higher cellular energy 

states or metabolic activities. Not only significantly higher energy staged was 

observed as a result of applying NPWT, the total protein level of growth factors 

(e.g. transforming growth factor β, and platelet-derived growth factor) associated 

with wound healing through cell function and ECM production were significantly 

increased (McNulty et al. 2009).  
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Figure 18 Schematic of the in vitro three dimensional tissue culture set-up 

simulating the subatmospheric pressure applied on wound bed by the NPWT 

(McNulty et al. 2007, Copyright 2007 by Kinetic Concepts Inc.) 

A similar system was used to study osteogenic differentiation with rat 

MSCs. Increased cell proliferation was observed after 2.5 days of continuous 

subatmospheric pressure treatment with no difference in cell apoptosis rate (Zhu 

et al. 2014). The cell bodies of MSCs cultured in fibrin clot with osteogenic media 

thickened from their initial elongated spindle shape. Their study also reported 

increased levels of key osteogenic differentiation markers such as Runx2, type I 

collagen, and integrin β5, which were upregulated over the 7-day treatment 

period under -125 mmHg subatmospheric pressure, as compared to control 

under atmospheric pressure.  

Cell shape has been known to be influenced by its environment such as 

topology or mechanical properties of attached substrate, hydrostatic pressure or 

flow (Griffith et al. 2006, Swartz et al. 2005, Ingber et al. 2000). The studies 

performed in vitro for NPWT have examined the effect of different parameters to 

elucidate potential mechanism of action during the accelerated wound healing 
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process. Consistent findings are the cell shape change upon applying 

subatmospheric pressure, which translate to changes in cell migration, cell 

proliferation, energetic level, growth factors or ECM productions, and cell 

differentiation. These cellular events also promote the integration of tissue with 

bioengineered scaffolds during wound healing. These experimental approaches 

advance our understanding in the basic cellular processes during wound healing, 

which has great potential to guide future improvements on the clinical practices.  

VI. Considerations in Regenerating the Bone 

The formation of rigid bone begins with osteoblasts depositing soft elastic, 

non-calcified, and highly cross-linked collagenous osteoid. Composites such as 

collagen and glycoprotein of osteoid have affinity to bind growth factors or 

peptide hormones which create biochemical gradients to regulate cellular 

activities (Figure 19). Moreover, amorphous minerals form crystalline 

hydroxyapatite in the osteoid, which eventually becomes mineralized mature 

bone. Creating a graft material similar to the biological composite and structure of 

the osteoid is an important step toward accelerated bone formation.  
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Figure 19 Schematic illustrating the interconnected relationship of extracellular 

matrix, cells, and growth factors during tissue repair. 

The process of bone repair involves overlapping phases of hemostasis, 

inflammation, proliferation, and remodeling (Figure 20) such as angiogenesis, 

and ECM production. At the early stage, bleeding leads to hematoma where 

blood clots form right after the injury. This process creates a local hypoxia and 

acidic environment with a collection of blood cells, proteins, and growth factors. 

Following this early stage is the constructive phase when vascular invasion 

initiates and cells are recruited to the injury site driven by soluble factor gradients.  

During the repair process, cells differentiate from unspecialized progenitor 

cells such as the widely recognized MSCs from bone marrow and give rise to 

specialized daughter cells such as osteoblasts (Lanza, Tuan et al. 2013). 

Osteoblasts are committed to synthesize and secrete components of bone matrix. 
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There are challenges such as cells and growth factors being unable to properly 

function because of the limitation in distance of diffusion and transport of oxygen 

and nutrients at the repair site. These factors lead to poor tissue survival and 

impaired tissue repair. In order to improve bone formation, biomaterials and 

therapies need to specifically target to the impaired stage and target to restore 

the healing capability. Osteoid, as a natural reservoir, sequesters and releases 

the biological factors to facilitate the temporal cascade during the critical initial 

stage of osteogenesis.  

 

Figure 20 Graph illustrating the main steps of the temporal physiological events 

during bone healing. 

To simulate this natural process, an osteoid mimetic elastic material was 

synthesized by electrospinning. 

A. Material Selection  

An electrospun material made from type I collagen, poly (1,8-octanediol 

citrate) and chondroitin 6-sulfate was termed BRM for bone repair material. It 
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was designed to serve as a substitute to ABG.  BRM is a porous osteoid ECM 

mimetic electrospun material, which demonstrated, improved new bone and 

blood vessel formations as compared to the collagen sponge when applied with 

BMP-2 implanted in the femur of a swine model (Wagner et al, unpublished data). 

The dimension of the BRM material can be constructed to tailor to the 

defect size. It is porous and permeable to allow transport of nutrients and oxygen. 

Chondroitin sulfate has high affinity binding sites to osteogenic and vasculogenic 

growth factors. BRM is more likely to bind to growth factor due to increased 

transportation through convention driven by pressure gradients created by the 

negative pressure wound therapy. This approach aims to provide a favorable 

microenvironment to promote the migration, proliferation, differentiation of 

osteoblast progenitor cells from the marrow, as well as osteoinductive and 

osteoconductive activities. Because the BRM is osteoid mimetic, it is readily for 

minerals to deposit and therefore accelerated the process of bone formation, 

which usually starts with osteoclasts resorbing the old bone.   

a. Poly (1, 8-octanediol citrate) 

POC, a citrate-based elastomer, has been investigated for orthopedic 

applications (Ameer et al. 2005, 2006, Hollister et al. 2011). POC is elastic and 

mimics the viscoelastic property of osteoid. It is able to withstand mechanical 

deformation, which is an important feature for load bearing structure of the body. 

POC degrades into non-toxic products, which enters the citric acid cycle. One of 

the products citrate is known to provide more carboxylate for calcium binding in 
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bone than that provided by all the non-collagen proteins combines (Costello 

2013). When seeded with cells, POC has been reported to show adequate cell 

attachment, proliferation, differentiation and deposition of GAG, and collagen 

content (Ameer et al. 2010). Minimal inflammatory response were observed for 

nanoporous POC scaffolds for both subcutaneous implantation and drug delivery 

studies as compared to other polymer materials e.g. PLLA. In bone tissue 

engineering, reports have shown osteoid formation when POC and 

hydroxyapatite nanocomposites were implanted in osteochondral defect (Chung 

et al. 2011). Along with its elastic property, POC also has potential to be 

incorporated as a composite material for the lumbar spinal fusion. Incorporating 

POC elastomer to fibrous collagen electrospun material will tune the material 

property to provide both load-bearing strength and resilient.  

b. Chondroitin Sulfate 

Chondroitin sulfate (CS) is a disaccharide repeating carbohydrate 

polymers that display diverse sulfated patterns, which serve as biological active 

surface motifs for signaling of various growth factors (Hsieh-Wilson et al. 2010). It 

consists of a repeating disaccharide unit of D-glucuronic acid linked to N-

acetylgalactosamine which has sulfated residues at 4 or 6 positions which are 

called chondroitin 4-sulfate (CS-4) or chondroitin 6-sulfate (CS-6) respectively. 

CS-6 predominately localizes in bone ECM and is the highest in amount among 

glycosaminoglycans in bone marrow, whereas CS-4 is found majorly in blood 

constituents (Okayama, 1988). The functional sulfated and carboxyl groups 
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contribute to higher negative charges of 1.2 - 2.3 per disaccharide in chondroitin 

6-sulfate than 1.1 - 2.0 negative charges in chondroitin 4-sulfate (Dumitriu et al. 

2001). The interaction leads to the binding of CS-6 to hydroxyapatite in bone, 

which is made from calcium phosphate through nucleation (Tanaka et al. 2002). 

 

Figure 21 Sketch illustrating the chemical structure of the chondroitin 6-sulfate. 

B. Scaffold Fabrication 

Besides the composition, the structural characteristic is an important factor to 

mimic the bone matrix. Electrospinning is a fabrication technique that is widely 

applied to rapidly create structural features of an ECM analogous graft (Vacanti 

et al. 2004). In the current study using this technique, type I collagen, POC, and 

chondroitin sulfate were electrospun into an interconnected nanofiber matrix 

named bone repair material (BRM) and illustrated superior new bone formation 

(Wagner et al. 2009). Specifically, the components were dissolved in appropriate 

solvent such as 2,2,2–Trifluoroethanol (TFE) to obtain the electrospinning 

solution (Figure 22). The electrospinning solution was loaded into a syringe that 

was placed on a pump to inject the solution at a constant rate. Electrospinning 

requires a simple set up of equipment as illustrated below (Figure 24). A high 

voltage power source was connected to a conductive syringe tip. A conductive 

collector was grounded on the opposite side to the syringe to create an electric 
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field. During electrospinning, polymer solution at the syringe tip formed a small 

droplet. When the electrostatic force overcomes the surface tension of the 

polymer solution, and electrospun filaments are drawn from the vertex of the 

Taylor cone that formed at the end of the droplet due to electrostatic field. These 

electrospun filaments travel toward the collector and form the interconnected 

fiber matrix.  

 

Figure 22 Flow chart illustrating the settings for fabricating the BRM electrospun 

material (Wagner et al. 2009).  

The chondroitin 6-sulfate (CS-6) location in the BRM electrospun material 

was identified using fluorescence tagged secondary antibodies to CS-6 to 

localize it using confocal microscopy (Figure 22).  
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Figure 23 Confocal images illustrating localization chondroitin 6-sulfate in the 

electrospun BRM material (Wagner et al. 2009).  

 

Figure 24 Picture illustrating the set-up of electrospinning equipment (Wang, 

2012). 

C. In vitro System  

The hypothesis was subatmospheric pressure, or biomaterial, or both 

accelerate the bone healing for spinal fusion. To test this hypothesis, the 

osteoblast proliferation and osteogenic differentiation were examined using an in 

vitro airtight system. As compared to the other existing perfusion or bioreactor 
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systems, the airtight system limits the variables during culturing and focuses on 

answering whether subatmospheric pressure leads to improved cellular function 

during the bone formation.  

To simulate continuous subatmospheric pressure, an in vitro the airtight cell 

culture chamber was created. A dual-pressure transmitter (DSI D70-PCTP, St. 

Paul, MN) was used to monitor the pressure throughout the treatment. When the 

vacuum pump was turned on, the pressure gauge was set to -125mmHg and 

maintained for the entire treatment period. Cells were seeded and allowed to 

attach to the culture dish or different substrates, and then placed in the incubator 

with or without subatmospheric pressure -125 mmHg. The goal was to determine 

how subatmospheric pressure and/or BRM affect osteogenesis.  

 

Figure 25 schematic illustrating NPWT set-ups and the cell-seeding environment. 

D. In vivo Animal Models 

The animal models were in vivo systems that are essential for preclinical 

evaluations to assess the functionality of biomaterials and therapy. Different 

animal models were used in spinal fusion to acquire better understanding of the 

parameters that have effects on spinal fusion. With animal models, new 
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approaches can be screened and compared with clinical gold standards, with 

potential to be used for ultimately improving clinical outcomes (Boden et al. 1994). 

Choosing an appropriate animal model based on different needs and design 

criteria are critical. Usually a pilot study is performed to provide valuable insights 

of materials and therapies in response to the physiological and biomechanical 

conditions during bone repair in spinal fusion. The pilot study also assesses 

surgical feasibility in a particular animal model, and leads to potential 

improvements for the design based on the reaction of tissue to biomaterials.   

Among all lumbar spine fusion animal models, the New Zealand white rabbit 

has been the most commonly used. The dimension of the lumbar spine from 

larger animals such as sheep is similar to the human, which allows implementing 

the fixation devices. However, the experiments on large animal models are more 

costly. Moreover, the large animals models are more difficult to work with, and 

may not necessarily provide the same microenvironment that mimics the human 

condition during bone healing. Mice and rat models are usually hard to 

manipulate surgically because of the small dimension of their spines. The cat 

model is not well suited as reported in studies where the spinal fusion was retard 

when fibrin sealing was applied (Grauer et al. 2005, Tavus et al. 1999). Moreover, 

the societal acceptance of the cat and dog model for research has been a limiting 

factor in their use.  
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Table III Comparision of Animal models in Spinal Fusion (Pearce et al. 2007, 

Grauer et al. 2005, Poelstra et al. 2006, Buckwalter et al. 1998). 

Considerations Rat 
(Rodent) 

Rabbit 
(Lapine) 

Ovine 
(Sheep) 

Porcine 
(Pig) 

Canine 
(Dog) 

Primates 

Size Similarity  + +++ ++ ++ +++ 
Easiness to 
Handle 

+++ +++ ++ + ++ + 

Anatomical 
Structure 
Similarity 

 + +++ ++ ++ +++ 
(upright 
posture) 

Microstructure 
Similarity 

 + + ++ ++ +++ 

Remodeling 
Similarity 

 ++ ++ +++ ++ +++ 

Bone 
Composition 

+ ++ ++ +++ +++ +++ 

Study Duration + + ++ ++ ++ +++ 
Cost + + +++ ++ ++ +++ 
Clinical 
Relevance 

+ ++ +++ ++ +++ +++ 

Spinal Fusion 
Locations 

L4-L5 Lumbar Cervical 
Lumbar 

Thoracic 
Lumbar 

L4-L5 Lumbar 

Percentage as 
animal model 
in orthopedics 

27% 35% 9-12%, 
8.2% 
(for 
goat) 

 9%  

Note: Number of ‘+’ indicating degrees of agreement, with + being low, ++ being 

medium, and +++ being high. 
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Macroscopic analysis by Boden et.al indicated that solid fusions in rabbit 

lumbar intertransverse fusion usually occurred between third and fourth 

postoperative week. Longer period of time did not increase the changes of fusion 

(Boden, 2000). Although NPWT has been used in improving extend of repair in 

hard to heal orthopaedic injuries with bone exposed, the application has not been 

fully explored as a therapy for spinal fusion neither has it been compared with 

traditional spinal fusion techniques.  

The New Zealand white rabbit is a commonly used biomaterial screening 

model for bone repair (Pearce et al. 2007). The rabbit model is relatively 

inexpensive, accessible, and relative easy to house and maintain. These 

characteristics make the rabbit model the most used animal model in 

approximately 35% of musculoskeletal research as compared to the sheep, 

porcine, canine and primate models (Pearce et al. 2007, Grauer et al.2005, 

Stinner et al. 2012). The slightly faster rate but similar fusion for posterior 

intertransverse process arthrodesis ( 

 

Table IV) between rabbit and human has been reported (Poelstra et al. 2006). 

However, the disadvantage of using rabbit is the limit in size of the implant and 

potential post-surgical artificially induced complications related with illness during 

experiments such as loss of appetite due to distress (Pearce et al. 2007, Bhat et 

al. 2012).  
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Table IV Spinal Fusion Rate in Animal Models using Autologous Bone Graft 

             Animal  
             Models 

Spinal Fusion 
Rate with ABG 

Rabbit Sheep Swine Rat Primates 

Posterolateral 42-73% 38-57%  0-45%  

Doral 65-86%     

Ventral / Anterior  20-58%   0-33% 

 

Table V Comparison of the Most Commonly Used Lumbar Fusion Animal Models 

(Pearce et al. 2007). 

Animal Models Sheep Rabbit 

Advantages Size of lumbar spine is similar to 
human; Suitable for preclinical 
testing (mechanical, histological 
examination, radiology 
assessment). 

Easy to access and 
handle; Cost-effective; 
Shorter duration and 
consistent bone fusion 
rate. 

Disadvantages High cost; Disease concerns (Q 
fever infection). 

Limit in size of the 
implants; Too small to 
apply instruments; 
Relatively brittle bone. 
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HYPOTHESIS AND SPECIFIC AIMS 

Spine defects resulting from vertebral disc degeneration, trauma, or resection of 
spine metastases are significant clinical concern that cost U.S. healthcare 
system greater than $12.8 billion per year (CDC 2012). Spinal fusions using 
autografts, allografts or collagen sponge with BMP-2 are effective clinical 
approaches, however limited source of supplies and safety concerns restrict their 
applications. An osteoid mimetic bone repair material (BRM) composites was 
investigated to use in conjunction with negative pressure wound therapy to 
understand if it can be used as a new strategy to expedite bone growth for spinal 
fusion.  
 
The hypothesis is that the subatmospheric pressure, or bone repair material, or 
significant interaction of both has an effect on accelerating bone growth. To test 
this hypothesis, the specific aims are proposed as follows: 
 
Specific Aim 1: To investigate in vitro if there is a significant interaction of BRM 
or/and negative pressure on promoting osteoblast proliferation and osteogenic 
differentiation. 
Objectives: To evaluate if the effect of subatmospheric pressure with or without 
biomaterials lead to osteoblast morphological change, increased proliferation, or 
enhanced activities of alkaline phosphatase. To understand if there is an effect of 
subatmospheric pressure, or biomaterial, or through the significant interaction of 
both, lead to an increased gene expressions in Runx2, OSX, ALP, OPN, COL1α2, 
and HIF-1α during osteoblastic differentiation using bone marrow derived 
mesenchymal stem cells. 
 
 
Specific Aim 2: To determine surgical feasibility and effect of the bone repair 
material and/or negative pressure wound therapy in animal models for spinal fusion. 
Objectives: To determine and select the optimal fusion locations for implementing 
bone repair material, and/or negative pressure wound therapy in rabbit, and sheep 
models through evaluating the extends of repair using bone density or volumetric 
measurements from CT images.  
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MATERIALS AND METHODS 

Type I collagen (Elastin Products Company, Inc. Owensville, Missouri), elastic 

polymer POC, poly (1, 8-octanediol citrate), and chondroitin 6-sulfate were used 

to form an electrospun composite, named BRM (bone repair material).  

I. Material Synthesis and Fabrication 

The elastic polymer POC, poly (1, 8-octanediol citrate) was synthesized from 

citric acid and 1,8-octanediol. All chemicals were purchased from Sigma-Aldrich 

(Milwaukee, WI) unless otherwise noted. 

A. Synthesis of Poly (1, 8-Octanediol Citrate) 

The steps of POC synthesis followed the reported standard method (Ameer, 

2005). Briefly, the equimolar amounts of 1,8 octanediol and citric acid were 

added to a 250 ml three-neck round bottom flask at 160-165°C in oil bath while 

stirring. The mixture was melted under a flow of nitrogen through the inlet to the 

outlet adaptors.  Then the temperature was decreased to 140°C for 1 hour to 

obtain POC (Figure 26). 

 

Figure 26 Schematic of the chemical structure of POC, or poly (1,8-octane diol 

citrate). 
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B. Fabrication of Electrospun Materials 

Electrospinning was used to produce nanoscale fiber composites. To produce 

the nanofiber constructs, solutions of type I collagen, prepolymer, and chondroitin 

sulfate were dissolved in 1,1,1,2-tetrafluoroethane (Sigma-Aldrich, St. Louis, MO). 

Blended solutions for electrospinning had a 12% solute to solvent concentration 

(weight/volume). The composition of the blend of collagen: POC: CS-6 (78:21:1, 

wt:wt:wt) was previously used and evaluated for femur bone repair (Wagner 2009, 

unpublished data).  

Electrospinning solution made from BRM composites of type I collagen, POC 

and chondroitin 6-sulfate, or 100% type I collagen was loaded into a 3-ml syringe 

with a stainless steel blunt needle (21-Gauge). The syringe tip was attached to 

the negatively charged electrode. The tip faced a 12 cm by 12 cm collecting plate 

made by aluminum that was covered with aluminum foil at a distance of 15cm. 

The glass cover slides (Fisher Scientific, Pittsburgh, PA) were evenly adhered on 

the aluminum foil surface using scotch tapes as the grounded collecting plate to 

electrospin fibers on. The coated electrospun fibrous surface mimicked the soft 

osteoid structure in bone. The syringe was fixed to a Baxter infusion pump to 

eject the polymer solution at a preset constant flow rate of 3 ml/hour. A 20 

kilovolts high voltage source (Gamma High Voltage Research, Ormond Beach, 

FL) was applied to charge the polymer solution. During pumping, the electrostatic 

force overcame the surface tension of the polymer solution at the syringe tip to 

form fibers that travelled toward the glass cover slides attached to the grounded 

aluminum collecting plate. As the pumping time for electrospinning increases, the 
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electrospun fibrous matrix becomes thicker. Specifically, a volume of 0.3 ml was 

determined to be optimal for coating 24 cover glass slides adhered on each 

collecting plate.  

Once the POC prepolymer was fabricated and made into a composite with 

type I collagen, and chondroitin 6-sulfate (Sigma-Aldrich, St. Louis, MO), it was 

heated in a sealed oven at 80°C under vacuum for 48 hours for crosslinking 

(Mullen et al. 2010, O’Brien et al. 2008, Miles et al. 2005, Ameer et al. 2005). 

Glutaraldehyde (GA) was used to crosslink the type I collagen in the composite 

by placing the glass cover slides in a dedicator filled with GA vapor for 8 hours 

(GA volatile solution was made in water at a concentration of 15% in a petridish 

at the bottom). Following crosslinking, the glycine solution (0.02M) was used to 

soak the glass slides and to react with remaining unreacted aldehyde groups for 

avoiding cytotoxicity. The glass cover slides were then placed in the cell culture 

plate with coated side facing up and rinsed with excess amount of DDH2O and 

placed under ultra violet (UV) light for one hour to sterilize. For storage, the glass 

cover slides in cell culture plate were air-dried in a sterile cell culture hood under 

UV light, sealed with parafilm, and stored at 4°C before use.  

C. Morphological Observation of Electrospun Mat using Scanning Electron 

Microscopy  

The morphology and diameter of electrospun fibers were evaluated using 

scanning electron microscopy (SEM) (JEOL JSM-6330F). Dried electrospun 

mats were cut into approximately 1cm by 1cm square in dimension and adhered 
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to the double-coated conductive carbon tab taped to a PELCO SEM pin stub. 

The surface of the sample was sputter coated under vacuum with gold and 

palladium alloy (PELCO SC-4 machine) for conductivity. SEM images were taken 

at 5.0kV at a series of magnifications for morphological observations (Appendix).  

II. Osteoblast Proliferation 

A. Cell Culture 

Before cell seeding, the electrospun fiber coated glass slide surface was 

sterilized with 70% ethanol for 1 hour, and washed in sterile 1X PBS under UV 

light for 1 hour. Fibronectin was used to coat the surface at a concentration of 

100µg/ml to mimic in vivo protein adsorption process upon implantation. After 

incubating for 30 min, the BRM or collagen coated glass cover slides were rinsed 

with PBS then preconditioned with 200ul culture media.  The polysterene dish as 

control was treated with the same procedures. Culture plates were placed in the 

incubator at 34oC  and  5% CO2 before cell seeding. To test cell proliferation, 

human osteoblast cell line (hFOB1.19: CRL-11372) purchased from ATCC 

(American Type Culture Collection) was used. The cells were cultured on 

different substrates with a complete culture medium (1:1 mixture of Ham's F12 

Medium Dulbecco's Modified Eagle's Medium,with 2.5 mM L-glutamine, 0.3 

mg/ml G418, 10% fetal bovine serum, and without phenol red). For subculturing, 

the cells were washed once with 1X PBS and trypsinized using 6ml of 0.25% 

trypsin and 0.02% EDTA for 1 minute. Equal amount of culture media was added 

to stop the reaction. The deattached cells were collected into a 15-ml conical 
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tube and centrifuged at 1000g for 4 min. The supernatant was aspirated and the 

cell pellet at the bottom was resuspended for cell counting. Rat bone marrow 

mesenchymal stem cells were kindly provided by Dr. Aaron Goldstein’s 

laboratory at Virginia Polytechnic Institute and State University. Human bone 

marrow mesenchymal stem cell was cultured in the proliferation Starter Kit 

(RoosterBio Inc., Frederick, MD) and then transferred to StemPro® Osteogenesis 

Differentiation Kit (Life technologies, Grand Island, NY) when performing the 

experiments. 

Cells were seeded and allowed to attach to the culture dish for 8 hours for 

each experiment, and then placed in the incubator with or without -125 mmHg 

subatmospheric pressure. The subatmospheric pressure in an airtight cell culture 

chamber was continuously monitored by a dual-pressure transmitter (DSI D70-

PCTP, St. Paul, MN). When the vacuum pump was turned on, the pressure 

gauge was set to -125mmHg and maintained for the entire treatment period. The 

readings were recorded every 10 seconds by a transmitter. Each point was 

calculated as the average of 360 measurements over every hour period (n=360).  

B. Morphology Observation 

To study morphological change of cells under subatmospheric pressure or on 

different substrates, the cytoskeletons of cells were stained for rhodamine-

phalloidin fluorescent conjugated F-actin and nuclei were stained for nucleic acid 

with sytox green dyes (Invitrogen, Eugene, OR). Specifically, rhodamine-

phalloidin (1:40 dilution in 1% BSA, Bovine serum albumin) and sytox green dyes 
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(1:1000 dilution in 1X TBS, Tris buffered saline made from 80g of NaCl, 2.0g of 

KCl, 30g of Tris base in 10L of distilled and deionized water with pH adjusted to 

7.4) were prepared respectively. First, the cells were fixed with formalin for 15 

min, and then washed with PBS with 0.2% Triton X-100 for 10 min at 22°C. The 

cells were incubated with 1% bovine serum albumin (BSA) for 10 min and 

stained with rhodamine-phalloidin dye in the dark at room temperature for 1 hour 

followed by two washes of 1X TBS. Then sytox green was added to  incubate for 

1 hour, followed by two washes with 1X PBS. The mounting media was added 

before imaging under confocal microscope (Zeiss LSM510, Oberkochen, 

Germany).  

C. Proliferation Assay  

To compare cell proliferation under different treatment conditions, 

bromodeoxyuridine (BrdU), a halogenated thymidine analog that is permanently 

integrated into the DNA of dividing cells during DNA synthesis in S phase of 

mitosis was used (Magavi et al. 2008). BrdU ELISA colorimetric assay identifies 

cells that were going through DNA multiplication during cell proliferation. The 

osteoblast cells were synchronized for 24 hours in the serum free media. Cells 

were allowed to attach after seeding at various densities for initial comparison of 

proliferation in the 96-well plates for BrdU assay (ab126556, abcam, Cambridge, 

MA). After 8 hours of cell attachment, the cells were treated with and without 

subatmospheric pressure at -125 mmHg for 12 hours when culturing in the 

complete media. BrdU was added to culture during the entire treatment period 
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and then measured by the colorometric ELISA reaction according to the 

manufacturer’s protocol. Briefly, the cells were fixed for 30 minutes with the fixing 

solution, washed 3 times with wash buffer, incubated with detection antibody for 

1 hour followed by 3 times wash. Peroxidase was used for labelling for another 

30 minutes followed by 3 times wash. Then the substrates reagent was added to 

incubate for 30 minutes until the solution turned blue until. Stop solution was 

added to turn the reagent yellow. Measurements of OD (optical density) were 

obtained at an absorbance of 450nm using a Infinite M200 plate reader (Tecan, 

Morrisville NC). Data are shown as the mean of total cell number ± standard 

error of the mean (SEM). Statistical analysis Student’s t-test was performed. 

To futher confirm the cell proliferation through cellular metabolic activities, 

MTS assay was performed using the  CellTiter 96® AQueous One Solution Cell 

Proliferation Assay  kit (Promega, Madison, WI). The  MTS assay used [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, which was bioreduced by metabolically active cells into a colored 

formazan product that was soluble in tissue culture medium. Each sample 

included 5:1 ratio of culture medium to CellTiter 96® AQueous One Solution 

Reagent. A six point standard curve was created with increasing cell number 

gradience from 10,000 to 120,000 cells/well. The plate was incubated at 37°C 

and 5% CO2 for 1-3 hours.The absorbance was read at a wavelength of 490nm 

using a Infinite M200 plate reader (Tecan, Morrisville NC). The OD 

measurements were converted to cell number using the standard curve. Data are 

presented as the mean of total cell number ± standard error of the mean (SEM). 
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Statistical analysis ANOVA followed by a Post Hoc Tukey’s test was performed 

to comapre cell proliferation with and without subatmospheric pressure or when 

cells were cultured on different substrates.  

III. Osteogenic Differentiation 

A. Alkaline Phosphatase Assay 

The cells were washed with 1XPBS for 10 min and fixed in 4% 

paraformadehyde in PBS for 60 seconds. After fixation, cells were washed with 

1X TBST (1L of 1X TBS mixed with 500µl triton X-100), and stained using an 

alkaline phosphatase detection kit (Millipore, Billerica, MA). The Fast Red Violet 

(FRV) was mixed with Naphthol AS-BI phosphate solution and water in a 2:1:1 

ratio (FRV:Naphthol:water) to make the staining solution. The staining solution 

was added to cover each well and incubated in dark at room temperature for 15 

minutes. After staining, each well was rinsed with 1 X TBST and kept in 1X PBS. 

The ALP stained cells were observed by light microscropy. 

To quantitatively measure alkaline phosphatase, a colorimetric alkaline 

phosphatase assay kit was used (abcam, Cambridge, MA). The stock solution of 

5mM pNPP (p-nitrophenyl phosphate) was prepared by dissolving 2 tablets 

pNPP into 5.4ml of assay buffer. The cells were washed with 1X PBS for 10 

minutes and then lysed with 200µl of assay buffer to obtain intracellular ALP. The 

ALP samples were collected by centrifuging at 13,000g for 3 minutes to remove 
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insoluble materials, and made into 1:3 dilution. A total volume of 80µl from each 

sample with 50µl of pNPP stock solution were added to the 96-well plate.  

For making the standard curve, 1mM pNPP standard was made by diluting 

40µl of the pNPP stock solution with 160µl assay buffer. A series of 1mM pNPP 

was added in amount of 0, 4, 8, 12, 20µl in duplicates with various amount of 

assay buffer to generate final total volume of 120ul at the concentration of 0, 4, 8, 

12, 16, 20 nmol/well to generate the standard curve. After adding 50µl of the 

5mM pNPP stock solution to each sample, a 10µl of ALP enzyme solution was 

added. The 96-well plate was protected from light and incubated at 25°C for 60 

minutes to convert pNPP to an equal amount of colored p-Nitropehnol (pNP).  

All reactions were stopped with 20µl stop solution and the absorption was 

measured at 405nm wavelength using a Infinite M200 plate reader (Tecan, 

Morrisville NC). Alkaline phosphatase activity calculated first by using the 

standard curve to convert OD readings to pNP concentration. The concentration 

of pNP was then converted to the ALP acitivity using the formula: ALP activity 

(U/ml) = A/V/T, where A was the amount of pNP generated by samples (µmol), V 

was the volume of sample added in the assay well (in ml), T was the reaction 

time (in minutes). The ALP acitivity was normalized by the total cell number in 

each well. The final result was shown as the alkaline phosphatase index (Alkaline 

phosphatase index = alkaline phosphatase activity U/104 cells). 
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B. Mineralization  

The content of phosphate at the beginning and end of culture were detected 

with a Perkin-Elmer FTIR spectrophotometer. All samples were washed and 

dried on the glass cover slides. The electrospun coatings from both BRM and 

collagen were gently removed from the glass slide and examined by FTIR 

spectrometry. Representative graphs at day 3 and day 30 of culture were 

presented to compare phosphate content in the composites. X-ray photoelectron 

spectroscopy (XPS) was also used to confirm the presence of calcium content 

(data not shown). MSCs cultured on different substrates with and without 

subatmospheric pressure (n=3) were also stained with Alizarin red (Ricca 

Chemical Company, Arlington, TX) to confirm the calcium deposition. Calcium 

deposits were indicated by the red color. After 23 days of culturing in osteogenic 

induction medium, cells were washed with PBS and fixed with 4% 

paraformaldehyde in 1XPBS for 15 min at room temperature. Cells were stained 

with Alizarin Red working solution (2%, pH=4.2) was added to each well and 

incubated for 10 min at room temperature. After staining, each well was washed 

with DDH2O for 2 times and kept in 1X PBS before miscroscopic observation 

(data not shown).  

To visualize the association of cells with electrospun materials, the samples 

were dried using the hexamethyldisilizane (HMDS) method after culturing for 30 

days and observed under scanning electron microscope using the same method 

described earlier. Specially, the hMSC were washed with one time with excess 
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amount of 1X PBS for 10 minutes, and then fixed with 4% paraformaldehye for  

10 minutes at room temperature. The slides were washed and kept in 1X PBS 

before dehydration. A series of ethanol washes were performed for 5 minutes 

each  from 70%, 85%, 95% to 100%. The samples were immerse in HMDS for 5 

minutes and then air dry at room temperature. The dried samples were sputter 

coated with gold and palladium alloy (PELCO SC-4 machine) prior to SEM 

observations. Scanning electron microscope (SEM, JEOL JSM-6330F, Peabody, 

MA) was used to take images at 5.0kV under a series of magnifications.  

C. Gene Expression of Differentiation Markers using Real-Time PCR 

The MSCs cultured in differentiation media is known to express osteoblast 

markers (Birmingham, 2012). A series of osteogenic gene markers were selected 

to test the level of expressions. The mRNA levels were measured by RT-PCR. 

All data were normalized using the housekeeping gene GAPDH, and the relative 

fold of change was calculated by comparing to the internal control (cells cultured 

on the plastic polystyrene plate at the atmospheric pressure). A 21-day culture 

period was used to cover the early, middle, and late stage of the osteogenic 

differentiation.  

Gene expression of specific bone markers was quantified by use of both Sybr 

Green-based and TaqMan-based real-time polymerase chain reaction (RT-PCR) 

(Applied Biosystems, Foster City, CA). The results were detected using a 7500 

FAST Real Time PCR System (Applied Biosystems, Foster City, CA). The mRNA 

levels were measured for Runx2, OSX, ALP3, OPN, COL1A2, and HIF-1α gene 
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expressions in the rat bone marrow mesenchymal stem cells. The ALP3, the 

laboratory of Dr. Aaron Goldstein at Virginia Polytechnic Institute and State 

University kindly provided OPN primers for the RT-PCR study and the source of 

the rat bone marrow mesenchymal stem cells. The gene expression of COL1A2 

and HIF-1α were also measured using human bone marrow mesenchymal stem 

cell (RoosterBio Inc., Frederick, MD) on day 14 when MSCs were fully 

differentiated by culturing in the osteogenic differentiation media.  

To isolate RNA, cells were lysed using Tri-Reagent (MRC, Cincinnati, OH) 

and RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer's 

instructions. The concentration of RNA was determined by Quant-iT RiboGreen 

Assay kit (Invitrogen, Carlsbad, CA). The first strand cDNA was obtained by 

reverse transcription using SuperScript II Reverse Transcriptase (Invitrogen, 

Carlsbad, CA) and used for the RT-PCR. Messenger RNA (mRNA) levels were 

measured. Results were analyzed by the 2-ΔΔCt method (Livak et al. 2001). Briefly, 

the Ct value of each sample was normalized using the housekeeping gene 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Then the fold of change 

for experimental group was calculated relative to the internal control group which 

cells were cultured on the polysterene dish with no subatmospheric pressure 

treatment.  

IV. The Animal Models 

BRM provides a readily available implantable substitute to the current 

clinical gold standard autologous bone graft (ABG).  The NPWT has 
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demonstrated shortened wound healing time and reduced infections on soft 

tissue injuries such as skin or muscle defects (Mehbod, Ogilvie et al. 2005; 

Zhang, Yang et al. 2010; Malmsjö M 2011). The sheep and rabbit spinal fusion 

models were commonly used in other studies (Schimandle et al. 1994; Boden et 

al. 1998; Drespe et al. 2005). This study explored the surgical feasibility with new 

treatment method and materials in order to determine whether BRM, or NPWT, 

or both can be implemented and accelerate spinal fusion. The goal was to 

provide guidance for future surgeries on incorporating NPWT with biomaterials, 

and ultimately shorten fusion time by accelerate bone healing.  

A. Material Preparation for the Surgery 

The BRM was hydrated with DDH2O and rolled into a cylindrical shape. The 

dimensions were constructed according to the size of the internal void space of 

the interbody fusion PEEK cage (Medyssey, Elk Grove, IL) in the sheep model. 

In the rabbit model, the size of BRM was made into 1cm in diameter and 2 cm in 

length to cover across the two adjacent transverse processes at the L2, L3, L4, 

and L5 positions (Figure 28). Equal amount of BRM sheet was weighted and 

rolled into the same dimensions. To sterilize, BRM was soaked in 70% ethanol 

for 1 hour under UV light, washed with DDH2O, and dried under UV light in a 

sterile cell culture hood. The implants were stored in a sterile surgical pouch at 

4°C before the surgery. PCL-based sponges (Appendix) were sterilized with 

gamma irradiation (25kGy) and used as a resorbable functional sponge to apply 

the NPWT on the spine. On the day of surgery, all implants were soaked in 
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sterile 0.9% saline solution prior to implantation. All the animal protocols were 

approved by IACUC (Institutional Animal Care and Use Committees) at Wake 

Forest University Baptist Medical Center.  

A. The Sheep Model for the Posterior Lumbar Interbody Fusion 

The sheep were appropriately sedated, intubated and maintained in general 

inhalational anesthesia with sevoflurane (2 to 8%). Intravenous fluids were 

administered continuously for the duration of surgery. A rumenal tube was placed 

to reduce the risk of bloat during the procedure. All procedures were performed 

using strict aseptic and atraumatic technique.  

The operative level (L3-L4) was first instrumented posteriorly with a titanium 

polyaxial pedicle screw and plate system (Medyssey, Elk Grove, IL). The animals 

were placed in sternal recumbency and prepared for aseptic surgery by first 

clipping all of the wool off of the entire dorsal region from the back of the neck to 

the tail and on both left and right flanks. Any remaining loose wool and detritus 

was vacuumed off. The operative site was prepared for aseptic surgery with at 

least two alternating scrubs of chlorhexidine and 70% isopropyl alcohol which 

was allowed to dry. Finally, DuraPrep™ was applied to the entire back, and also 

allowed to dry. The animals were then draped with IoBan™ (3M, St. Paul, MN) 

for strict aseptic surgery.  

The skin incision was made on the dorsal mid-line, extending from about the 

L1 to S1 vertebral bodies, centered over L3-L4. The spinal muscles were both 
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sharply and bluntly dissected from the spinous processes, down to the level of 

the articular facets and transverse processes of L1 to L5. All hemorrhage was 

controlled with monopolar cautery. The articular facets between L3 and L4 were 

then identified and prepared for implantation of the pedicle screw by first drilling 

transcortically with a 3.2 mm drill bit at about a 10˚ to 15˚ angle to the dorsal 

spinous process. A 4.0 x 38.0 mm screw was then inserted into both vertebral 

bodies. A 5.5 mm x 50 mm Ti plate was then placed into the openings of the top 

loading screws and appropriately aligned with locking cap tightened. An identical 

procedure was then performed on the opposite side. The animal was then 

repositioned in right lateral recumbency and the skin prepared and draped for 

aseptic surgery as before. The skin incision extended from the caudal aspect of 

the last rib to over the iliac crest, at the level of the transverse processes. The 

iliac crest was exposed and a volume of about 3 ml of both cortical and 

cancellous bone was removed from it for use as the autologous bone graft 

material. The bone was morselized using a “Bone Shark® Disposable Bone Mill” 

(Medical Innovators, Inc., Lone Tree, CO 80124; Cat #: BS-101; Lot #: Ml-1118). 

The morselized cortical and cancellous bone graft was then packed into a 

Synthes PEEK vertebral spacer (10 mm x 24 mm x 11 mm) for the control group, 

and with packed BRM in the spacer for the experimental group. 

The external abdominal oblique muscle was detached from the transverse 

processes and retracted ventrally to expose the psoas muscle. Using the 

previously inserted scalpel blade within the disc of L3-L4 as a guide, the postero-

lateral aspects of these vertebrae, as well as L2 and L5 are identified, exposed 
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and cleaned of overlying tissue. The nerve roots and associated vertebral 

arteries and veins were isolated and mobilized. The vessels were either 

cauterized or ligated as necessary until the disc was adequately identified and 

exposed. An 18 mm distractor pin (Synthes item #: U44-640-18) was then 

inserted into the bodies of both L2 and L5, and a right adjustable cervical 

distractor (Synthes item #: 396.396) inserted onto these pins. The vertebra were 

then distracted approximately 5 mm. L3-L4 discectomy was then performed and 

the vertebral endplates are removed to a dimension of approximately 24 mm 

depth x 11 mm width x 11 mm height using a high speed air drill with a 4.0 mm 

oval burr and an 11 mm intervertebral disc shaver. The previously prepared and 

packed PEEK vertebral spacer was then inserted into the prepared space using 

a PLIF (Posterior lumbar interbody fusion) impactor. The wound was then closed 

by opposing the deep muscles with a simple continuous pattern of #1 Vicryl. The 

subcutaneous tissues were closed with a simple continuous pattern of 0 Vicryl, 

and the skin was closed with surgical staples. The wound was covered with 

DuraPrep™. The animal was then allowed to recover from anesthesia. The CT 

images were taken before the surgery, immediately after the surgery, and 6-week 

following the surgery. The changes in bone densities were compared by 

measuring the CT units with TeraRecon (Foster City, CA). The CT units were 

used to compare different bone densities at the fusion sites implanted with either 

autologous bone graft (ABG) or the BRM electrospun material in three sheep 

(Figure 27). The area inside the cage was identified with the 2D radiographs 
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using TeraRecon software by examining the CT image slices. The CT units were 

measured and taken as the average value (n=3).  

 

Figure 27 Schematic illustrating the surgical implementation of the biomaterials. 

B. Bone Healing in Transverse Process with BRM and Negative Pressure 

Wound Therapy in a Rabbit Model  

Skeletally mature 6-month New Zealand white rabbits were purchased 

commercially and used to study the effect of BRM and NPWT on bone growth at 

the transverse processes. The rabbit was appropriately sedated with 40-50 

mg/kg ketamine and 0.25-0.50 mg/kg acepromazine, intubated with V-gel and 

maintained in general inhalational anesthesia with isoflurane (2 to 5%). All 

procedures were performed using strict aseptic and atraumatic technique. The 

animals were placed in sternal recumbency and prepared for aseptic surgery by 
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first clipping all of the fur of the entire back region from the back of the neck to 

the hip and on both left and right flanks. Any remaining loose fur and detritus was 

vacuumed off. The operative site was prepared for aseptic surgery with at least 

two alternating scrubs of chlorhexidine and 70% isopropyl alcohol which was 

allowed to dry. 

In an anesthetized rabbit after shaving and sterilization, the L2-L3, L4-L5 

position and transverse processes were located and marked on the skin with a 

sterile surgical pen. A dorsal midline skin incision was made (Figure 28). The 

intermuscular plane between the multifidus and longissimus muscles was 

developed to access the transverse processes at the L2-L3 and L4–L5 positions. 

The transverse processes underneath the muscles were exposed and 

decorticated with an abrasion dental drill from the surface of the edge of 

transverse process until reaching marrows to create defects on all four 

transverse processes in each rabbit. Different location and decorticated bone 

volume were explored and compared by volume increased during healing in 

order to determine the optimal site and standard operation procedure for the 

future fusion surgeries. The defect size was approximately 10-50% volume pf the 

total volume of the transverse processes (Schimandle and Boden 1994; Feiertag 

1996; Boden 1998; Morone 1998).  
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Figure 28 Schematic illustrating the surgical implementation of the biomaterials 

with the negative pressure wound therapy. 

o Experimental groups: NPWT and BRM. The “pilot” animals in this series 

were used to establish the standard operation protocol with and without 

NPWT. The PCL-based sponge (3cm in diameter and 0.5cm in thickness, 

Appendix) with tubing (Clear Polyurethane Ether Based Tubing 1/16 ID x 

1/8 OD) was placed over the BRM substitutes across both vertebrae so to 

cover the whole region. The tube was tunneled under the skin to exit the 

skin on the back closer to the head.   

o Control group: No NPWT sponge or BRM materials.  

Two by two factorial design was used to study the interaction between BRM 

(Espun mat) and NPWT. The experimental group included negative pressure and 
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BRM. The control group was using a PVA sponge used in clinic for NPWT to 

compare its functionality with fabricated PCL-based sponge (Appendix). 

Table VI Study Design 

Group 
Number 

Number 
of 

Animals 

Surgery 
(Day 0) 

Test Article 
placed in and 
around spinal 

fusion site 

Number of 
animals 
with no 
vacuum 

Number of 
animals 

with 
vacuum 

Pilot 
Study 

6 Transverse 
process fusion 
(L2-3 and L4-5) 

“Pilot” to 
establish SOP 

3 3 

 

The implanted materials and treatments were:  

Rabbit 1: PVA sponge implant;  

Rabbit 2: PCL: P(D,L)CL 50:50 sponge implant; 

Rabbit 3: PCL: P(D,L)CL 50:50 sponge implant with BRM;  

Rabbit 4: PVA sponge implant with 24-hour initial -125 mmHg continuous 

negative pressure; 

Rabbit 5: PCL: P(D,L)CL 50:50 with 24-hour initial -125 mmHg continuous 

negative pressure; 

Rabbit 6: PCL: P(D,L)CL 50:50 with BRM  and 24-hour initial -125 mmHg 

continuous negative pressure.  
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CT scans of the rabbits were obtained immediately prior to surgery, after the 

surgery, and weekly follow-up for 6 weeks after surgery. The CT images of the 

spines were examined for degree of fusion by volumetric measurements from 

reconstructed 3D models using 3D Slicer (Boston, MA) and Geomagic Studio 

(Rock Hill, SC), which were kindly provided by Dr. Joel Stitzel’s laboratory at 

Wake Forest University Department of Biomedical Engineering.  

The volume of the transverse process was measured using software package 

3D slicer 4.4.0 and Geomagic Studio 2014. First the DICOM images from CT are 

imported and segment to apply the threshold in order to define the whole spine. 

The 3D model was generated with model maker the reconstructed models from 

week 0 after the surgery and week 4 postsurgery were aligned using fiducial 

registration. The aligned 3D reconstructed models were imported into Geomagic 

studio for volumetric measurements from the base of each transverse process.  

V. Statistical Analysis 

Comparisons were performed with Student’s t-test or two-way analysis of 

variance (ANOVA) followed by post hoc Tukey’s test was performed. A value of  

p < 0.05 was considered statistically significant. Microsoft Excel (Version 2010, 

Redmond, Washington) and GraphPad Prism (Version 6.0, GraphPad Software, 

La Jolla, Claifornia) were used to perform the statistical analysis. The changes in 

fold of gene expression were calculated using a 2-ΔΔCt method. Fold changes 

when there is more than 2-fold is defined as differentially expressed. Data are 

presented as mean ± standard error of the mean (SEM) unless otherwise noted. 
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RESULTS 

I. The Effects of Subatmospheric Pressure and Biomaterials on Osteoblasts 

Early application of NPWT has resulted in accelerated wound healing (Huang 

et al. 2014). It has been reported that as little as 1 hour tissue deformation after 

NPWT treatment translated into sustained increased expression of extracellular 

regulated kinase even after 4 days (Morykwas et al. 2006). Bones are known to 

respond to various stimuli such as substrates with different mechanical properties 

(Discher et al. 2008, Hubbell et al. 2015). However, it has not been explored on 

whether early stage intervention on bone cells can be sustained and translated 

into a late stage biological effect during osteogenesis. Using an osteoid mimetic 

bone repair material in combination with subatmospheric pressure to drive 

biochemical, biomechanical gradients that influence cellular activities can 

potentially become a clinically meaningful strategy to effectively repair bone. The 

goal of this study was to test whether the subatmospheric pressure, or 

biomaterial, or the synergistic effect by the interaction of both could accelerate 

the bone healing for spinal fusion. The osteoblast proliferation and osteogenic 

differentiation were examined using an in vitro airtight system. As compared to 

the other existing perfusion or bioreactor systems, the airtight system limited the 

complex variables that might lead to problems in interpreting the results, and 

isolated the subatmospheric pressure to focus on answering whether it had an 

interaction with biomaterials which led to improved cellular function during the 

bone formation. 



	  

74	  

	  

A. Monitoring the Continuous Negative Pressure 

The pressure sensors measured the subatmospheric pressure. Data recorded 

over the entire treatment period had an average value of -126.8 ± 0.4 mmHg 

(mean ± standard error of the mean) with a best-fitted line crossing the y-axis at -

125.4 mmHg. The results indicated subatmospheric pressure was maintained in 

the system over the entire treatment period (Figure 29).  

 

Figure 29 Data illustrating recorded subatmospheric pressure in the airtight 

chamber system throughout the culturing period. 

B. Morphology of Osteoblasts  

To compare whether negative pressure had an effect on changing the cell 

morphology, cells were stained and observed by confocal microscopy. The 

morphologies were compared on day 0 immediately after 12-hour continuous 

subatmospheric pressure treatment, as compared to the control at atmosphere 

pressure, on day 3 when cells were around 50% confluence, as well as on day 9 

when cells were confluent (Figure 31).  
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a. Osteoblast Morphology under Subatmospheric Pressure 

On day 0, cells stained immediately after subatmospheric pressure treatment 

had larger surface areas (Figure 30) than the cells not receiving substmospheric 

pressure (control: at atmosphere pressure). There was no difference in 

osteoblast morphology on day 3 or 9 after the subatmospheric pressure was 

removed as compared to control with no subatmospheric pressure treatment 

(Figure 31).  

 

Figure 30 Bar graphs illustrating the average cell surface area on day 0 and day 

3. The measurements were taken from cells in representative pictures and data 

presented as mean ± standard error of the mean. 
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Figure 31 Confocal micrographs of osteoblasts. Cells were stained for F-actin in 

red and nuclei in green on day 0 (A), day 3(B), and day 9 (C) (Magnification: top 

10X, bottom 20X; Scale bar: 100µm). 
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In order to understand if applying the subatmospheric pressure is 

physiologically meaningful to improve the bone formation, the activity of alkaline 

phosphatase (ALP) in osteoblasts as an indication of bone mineralization was 

first assessed by histological staining. The osteoblast cells were cultured on cell 

culture inserts or polysterene dish, stained for ALP, and observed under the 

Zeiss light microscope (Zeiss, Oberkochen, Germany). The diameter or 

morphology of the ALP stained area or cells cultured on the soft cell culture 

inserts or plastic polysterene culture dish were compared (Figure 32). From day 

2 to day 4, the ALP stained cells had larger surface areas in the subatmospheric 

pressure treated group when cultured on cell culture inserts (Millipore, Billerica, 

MA). Significant difference among groups on day 4 (p<0.05) indicated that the 

diameter of the ALP stained area was 107% larger in the subatmospheric 

pressure treated group as compared to the control. Similar result of larger ALP 

stained area was found in osteoblasts under subatmospheric pressure as 

compared to control when cultured on the polystyrene dish.  

 

Figure 32 Graph images illustrating the average diameters of the osteoblasts 

stained with alkaline phosphatase (A), stained cells when cultured on cell inserts 
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(B), and when cultured on the polystyrene culture dish (C).  Representative 

photomicrographs were taken by light microscopy (Magnification: 4X, and 10X). 

b. Morphology of Osteoblasts on the Electrospun Biomaterials and the 

Interaction under Subatmospheric Pressure 

Crystal violet staining was used to observe the morphology of osteoblasts 

cultured on the electrospun collagen or BRM materials by the light microscopy on 

day 1 (Figure 33). Osteoblasts attached to the collagen or BRM electrospun 

materials with extended cell body morphology, which indicated compatibility of 

both electrospun materials to the osteoblasts.  

 

Figure 33 Light microscopy images illustrating attachment of osteoblasts on the 

BRM or collagen electrospun fiber coated slides (Magnification: 4X and 25X). 
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When immunohistochemically stained for stress fiber F-actin (in red) on 

day 3, osteoblasts had similar morphology showing by confocal microscopy 

(Figure 34). F-actin of osteoblasts had a spreading and extended cytoskeletal 

structure over both the collagen and BRM materials.  

 

Figure 34 Confocal microscopy showing morphologies of osteoblasts cultured on 

collagen and BRM electrospun fibers coated glass cover slides on day 3. 

Rhodamin-phalloidin F-actin was stained in red, nuclei sytox green was stained 

in green (Magnification: 40X, Scale bar: 50µm).   
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Scanning electron microscopy illustrates the fiber morphologies and the 

interaction of fibers with osteoblasts on day 3 (Figure 35). Fibers were coated on 

glass cover slides. Osteoblasts not only attached to the BRM like these on the 

collagen, but also showed extended lamellipodia and filopodia. 

 

 

Figure 35 Scanning electron microscopy (SEM) images illustrating electrospun 

BRM or collagen fiber on the glass cover slides, and confocal images showing 

extended lamellipodia and filopodia of osteoblasts on BRM as compared to these 

on collagen (white dashed line). Nuclei were stained in green and F-actin was in 

red (SEM magnification: 1500X, Scale bar: 10µm; confocal microscopy 

magnification: 80X, Scale bar: 20µm). 
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Figure 36 Scanning electron microscopy illustrated multilayer structure of the 

electrospun BRM and collagen (Magnification: 1500X, Scale bar: 10µm) and 

confocal images showing the osteoblasts stained with F-actin with or without the 

subatmospheric pressure (VAC) treatment (Magnification: 80X, Scale bar: 20µm). 

This study attempted to demonstrate whether there was morphological 

change due to subatmospheric pressure, or electrospun biomaterials, or the 

synergy of both. When cultured on a thicker mesh of electrospun collagen or 

BRM coated glass slide, osteoblasts on BRM were flatter and cuboidal in shape 

especially after treated with subatmospheric pressure (Figure 36). Phenotypical 
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and functional properties are sometimes related with each other (Minguell et al. 

1999). The shape changes observed in this study may imply changes of cellular 

functionality when cells were cultured on different substrates and/or after 

subatmospheric pressure treatment. 

C. Osteoblast Proliferation 

The effect of subatmospheric pressure on osteoblast proliferation was 

assessed by BrdU ELISA assay (Figure 37). The hFOB 1.19 (ATCC ® CRL-

11372™) human osteoblasts were seeded in a 96-well polystyrene plate at 

different cell seeding density from 10,000 – 80,000 cells/well in separate 

experiments. The BrdU ELISA assay was performed immediately after cell 

attachment for 12-hour during subatmospheric pressure treatment or at the 

normal atmospheric pressure culturing condition. The OD reading for the 

osteoblasts treated with subatmospheric pressure was 10% higher as compared 

to the control across three different cell-seeding densities. Significant increase in 

OD reading was found for cells treated with subatmospheric pressure as 

compared to the control at atmospheric pressure (P < 0.05). 
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a. Subatmospheric Pressure Promotes Osteoblast Proliferation 

 

Figure 37 Graph illustrating the effect of subatmospheric pressure (VAC) on 

osteoblast proliferation. BrdU ELISA assay was measured by optical density (OD) 

at 450nm. Data are presented as mean ± standard error of the mean (n=4).  

MTS assay was used to measure the cell number of osteoblasts on day 1, 

day 3 and day 7 (Figure 38). The cell number was significantly increased 17.8% 

and 18.7% respectively when treated with subatmospheric pressure on day 0 or 

day 3 (P < 0.05).  
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Figure 38 Bar graph illustrating the increased cell number at day 1, day 3 (P < 

0.05), and day 7 following 12-hour of subatmospheric pressure (VAC) treatment 

at -125 mmHg. Data are presented as mean ± standard error of the mean (n=4). 

Another series of experiments were performed to evaluate cell number 7 days 

after treated with subatmospheric pressure at -125mmHg for different treatment 

periods of 3 hours, 6 hours and 12 hours (Figure 39). The osteoblasts were 

seeded at a density of 10,000 cells/well in 48-well polystyrene plates. The cell 

proliferation was measured by MTS assay. The groups treated with 

subatmospheric pressure for 6-hour (VAC) had a 30% increase in total cell 

numbers 7 days after the treatment as compared to the control group without 

subatmospheric pressure treatment (P <0.05).  
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Figure 39 Bar graph illustrating the cell number at day 7 after 3-hour, 6-hour and 

12-hour subatmospheric pressure treatment (n=4).  

A different set of experiment was performed to test the long-term effect of 

different treatment durations of 6-hour or 12-hour on the osteoblast proliferation 

(Figure 40). Following the treatment on day 7, there was no statistical significant 

difference found between the 6-hour and 12-hour groups treated with 

subatmospheric pressure. On day 17, both groups had a significant increase in 

cell number after treatment as compared to without subatmospheric pressure 

treatment. There was a 19% increase in cell number after 6-hour treatment. For 

the group treated with subatmospheric pressure for 12-hour, the cell number 

increased 21% (p < 0.001). No statistical difference was found in the cell number 

between different treatment durations of 6-hour and 12-hour under 

subatmospheric pressure.  
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Figure 40 Comparison of effect of negative pressure over a 6-hour (A and B) or 

12-hour period (C and D) on cell proliferation. Data are presented as mean ± 

standard error of the mean (n=4).  

The rate of proliferation was also compared by calculating the doubling time 

using the following equation: TD = t × log2 / (logNt-logN0), where t was the culture 

time, N0 was the number of cells at the beginning of the culture period, and 

Nt was the number of cells at the end of the culture period. No significant 

difference was found on cell proliferation between 6-hour or 12-hour 

subatmospheric pressure treatment (Figure 41), however, the groups with 

subatmospheric pressure was significant faster with a 19.4% shorter doubling 

time than the groups without treatment (p < 0.05).  
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Figure 41 Comparison of cell proliferation over a 17-day culture period after 

initially treated with negative pressure for 3 hours, 6 hours and 12 hours. Data 

are shown as mean ± standard error of the mean (n=4). 

In summary, based on the previous two experiments, a continuous negative 

pressure setting after 12-hour treatment has shown consistent effect on inducing 

increased osteoblast proliferation. 

b. Biomaterials Interacts with Subatmospheric Pressure on Osteoblast 

Proliferation  

The hypothesis was that negative pressure, or BRM, or the significant 

interaction of both increases osteoblast proliferation. In the next series of 

experiments, osteoblasts were cultured on different substrates with or without 

subatmospheric pressure. Cell proliferation was determined by MTS assay and 

cell-doubling time was calculated and presented in Figure 43. A higher cell 

number was found among all groups treated with subatmospheric pressure 
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(VAC). Unless otherwise noted, VAC refers to the subatmospheric pressure 

treatment at -125 mmHg for a continuous 12-hour after cell attachment on day 1, 

and no VAC control group refers to cells cultured at atmospheric pressure. This 

subatmospheric pressure level and treatment duration is also similar to the 

setting in other studies (Buckley et al. 2000, Wang et al. 2007, Riddle et al. 2014). 

Notations were abbreviated as following unless otherwise noted: cells cultured on 

BRM: electrospun composites of type I collagen, poly (1,8-octanediol citrate), and 

chondroitin 6-sulfate named bone repair material; COL: electrospun type I 

collagen; Dish: polystyrene culture dish; and VAC (subatmospheric pressure at -

125 mmHg for continuous 12 hours). 

 

Figure 42 Bar graph illustrating the osteoblast proliferation on day 14 by the MTS 

assay. Data are shown as mean ± standard error of the mean (n=4). 

The initial cell seeding density was 30,000 cells/well in a 24-well plate. The 

cell doubling time was calculated by the following equation: TD = t × log2 / (logNt-
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logN0), where t was the culture time, N0 was the number of cells at the beginning 

of the culturing period day 0, and Nt was the number of cells at day 9. Figure 44 

illustrated the doubling time changed from 2.20 days to 1.95 days for cells on 

BRM with subatmospheric pressure. Similar result was observed for cells 

cultured on collagen which had a shortened doubling time from 2.11 days to 1.97 

days. The cells cultured on collagen had a shorter doubling time of 7.4% for VAC 

comparing to no VAC, and BRM and dish both had shorter doubling time under 

VAC by a 13.1% and 5.3% respectively (p < 0.05).  

 

Figure 43 Bar graph illustrating the doubling time of osteoblasts cultured on 

different substrates with and without subatmospheric pressure. Data are shown 

as mean ± standard error of the mean (n=4). 

c. Alkaline Phosphatase Expression  

The amount of ALP (alkaline phosphatase) activity in osteoblasts serves as 

an indication of mineralization (Iida et al. 2002, Rawadi et al. 2003). To test 
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whether ALP activity was affected by subatmospheric pressure, or substrate 

materials, or both, the intracellular ALP level was measured by a colorimetric 

assay and results was shown in Figure 45. Following the treatment of continuous 

12-hour of subatmospheric pressure at -125mmHg, the osteoblasts expressed 

increased level of ALP activity on day 3 (P < 0.01).   

 

Figure 44 Bar graphs illustrate the ALP activity in osteoblasts. The ALP activities 

were normalized by cell numbers. Data are shown as mean ± standard error of 

the mean (n=3). 

This study attempted to answer whether there was an increased 

osteoblast proliferation due to subatmospheric pressure, or electrospun 

biomaterials, or the synergy of both. The results showed the cell proliferation, 

doubling time, and ALP activity for biomineralization increased after osteoblasts 

were treated with -125 mmHg VAC for 12 hours, but were not affected by the 

different type of substrate.  

II. The Synergistic Effect of Subatmospheric Pressure and BRM on 

Osteoblastic Differentiation 
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The proliferation of MSCs cultured in growth and differentiation media was 

compared on day 3, and day 7. MSCs were seeded at a density of 5,000 

cells/well in 48-well plate. Cells were cultured in differentiation media and growth 

media respectively. The morphology and proliferation were evaluated before 

different treatment conditions were given. 

A. Morphology and Proliferation of Human Bone Marrow Mesenchymal Stem 

Cells 

To evaluate whether the subatmospheric pressure has led to 

morphological change in MSCs, a 12-hour continuous -125 mmHg (VAC) was 

applied to MSCs cultured in differentiation media. After 3 and 7 days of culturing, 

the morphologies were observed using confocal microscopy with F-actin of cells 

stained in red and nuclei stained in green (Figure 45, Figure 46). Both 

electrospun materials were biocompatible to MSCs, illustrated by the extended 

cell body of MSCs spreading on the culture dish surface. Cells became confluent 

on day 7 on all substrates used. 
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Figure 45 Confocal images of hMSC on day 3. F-actins were stained in red with 

rhodamine-phalloidin, and nuclei were stained in green (Magnification: 40X, 

Scale bar: 50µm). 
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Figure 46 Confocal images illustrating the morphology of hMSC on day 7. F-actin 

was stained in red with rhodamine-phalloidin, and nuclei were stained in green 

(Magnification: 40X, Scale bar: 50µm). 
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B. Proliferation of Human Bone Marrow Mesenchymal Stem Cells 

On day 3, the cell number was significantly higher after VAC (-125mmHg for 

12 hours) than no VAC (control) when cultured in the differentiation media (Diff). 

The difference between VAC and no VAC was not statistically significant for the 

cells cultured in the growth media (Figure 47).  

 

Figure 47 Graphs illustrating the proliferation of human bone marrow 

Mesenchymal stem cells (MSC) on day 0, day 3, and day 7. Data are shown as 

mean ± standard error of the mean (n=4).  

Treatments and Statistics 
VAC:growth vs. VAC:diff 

Day 0 
P < 0.01 

Day 3 
P < 0.01 

Day 7 
P < 0.01 

VAC:growth vs. No VAC:growth 0.34 0.99 0.90 
VAC:growth vs. No VAC:diff P < 0.01 P < 0.01 P < 0.01 
VAC:diff vs. No VAC:growth P < 0.01 P < 0.01 P < 0.01 
VAC:diff vs. No VAC:diff 0.90 P < 0.01 0.93 
No VAC:growth vs. No VAC:diff P < 0.01 P < 0.01 P < 0.01 

* 
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Figure 48 Bar graphs illustrating the growth of hMSC cells in the osteogenic 

differentiation media cultured on the different electrospun substrates. The hMSC 

reached the peak of cell numbers by day 7. Data are shown as mean ± standard 

error of the mean (n=4). 

C. Alkaline Phosphatase Activities and Mineralization 

Differentiation media was used for the rest of experiments. To assess the 

functionality of MSCs during osteogenic differentiation such as biomineralization, 

the ALP activity was measured by a colorimetric assay as an early indication of 

osteoblastic differentiation and bone mineralization (Figure 49). When MSCs in 

osteogenic media became confluent on day 7, an elevated level of ALP was 

Day 0      Day 3 

 

 

 

 
 

 

 

Day 7      Day 14 
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expressed. Subatmospheric pressure showed an effect on increasing ALP 

activities (p < 0.05). This result was consistent with the observation of 

subatmospheric pressure induced ALP activity increase in osteoblasts (Figure 

45).  

 

 

Figure 49 Bar graph illustrating the normalized alkaline phosphatase (ALP) 

activity (U/104 cells) of hMSC on day 7. Data are shown as mean ± standard 

error of the mean (n=3). 
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The ALP expression of hMSC cultured on electrospun materials in the 

differentiation media were observed by light microscopy on day 3, day7 and day 

14 (Figure 51). There was no apparent morphological difference between groups.  

 

Figure 50 Light microscopy images illustrating the intracellular ALP activities in 

human bone marrow stem cell seeded on electrospun collagen and BRM 

materials (n=3, Magnification: 4X, Scale bar: 200µm). 

In order to quantitatively measure the ALP activities, a colorimetric assay 

was performed in a separate experiment. No statistical significant difference was 

found between BRM and collagen materials on ALP activities on day 7. 

Specifically, for collagen or BRM electrospun materials, ALP level were 

comparable with no significant difference. The ALP activity showed an increase 

of 272% from day 3 to day 7 for BRM with subatmospheric pressure treatment 

(VAC), as compared to an increase of 47% for BRM alone (Figure 51). The ALP 
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activities increased 91% (VAC) as compared to 64% for control when cells were 

cultured on the collagen electrospun materials. In a separate experiment, the 

ALP activity increased 51% for VAC (after negative pressure -125mmHg for 12 

hours), and 19% for no VAC (control) from day 3 to day 7 (data not shown). The 

subatmospheric pressure significantly interacted with BRM through increasing 

ALP activities (P < 0.005).  

 

Figure 51 Graph illustrating the alkaline phosphatase (AP) activity (ng/104 cells) 

of human bone marrow Mesenchymal stromal cell on day 3, day 7, and day 14. 

The ALP activity was normalized by the cell number (104 cells). Data are shown 

as mean ± standard error of the mean (n=4).  

Treatments and Statistics Day 3 Day 7    Day 14 
VAC:COL vs. VAC:BRM 0.11 P < 0.01 0.64 
VAC:COL vs. No VAC:COL P < 0.05 0.16 0.98 
VAC:COL vs. No VAC:BRM P < 0.05 0.34 > 0.99 
VAC:BRM vs. No VAC:COL P < 0.05 0.11 0.42 
VAC:BRM vs. No VAC:BRM P < 0.05 P < 0.05 0.64 
No VAC:COL vs. No VAC:BRM 0.99 0.95 0.98 
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More specifically, the level of ALP was significantly higher in cells cultured 

on BRM electrospun mats than cells cultured on collagen electrospun mats. The 

ALP activity was also significantly upregulated in cells on BRM but not cultured 

on collagen after subatmospheric pressure treatment. No difference was found 

between ALP activities of cells cultured on the BRM or collagen electrospun mats 

when there was no subatmospheric pressure treatment. These results suggest 

an interaction between BRM and subatmospheric pressure on osteogenic 

differentiation.  

Differentiated MSCs spread and covered the entire surface of the 

electrospun materials were observed using scanning electron microscopy (Figure 

52). For cells cultured on the BRM, cells homogenously covered almost the 

entire surface, and showed a pattern of alizarin-red stained calcium deposition. 
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Figure 52 Scanning Electron Micrographs illustrate the differentiated MSCs 

covered the entire surface of the collagen or BRM electrospun materials (Scale 

bar: 100µm, 10µm, and 1µm).  

Separate experiments using alizarin staining and XPS further indicated the 

deposition of calcium (Data not shown). 
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In order to determine if there is potential for MSCs cultured in osteogenic 

differentiation media for mineralization, the phosphate content was detected by 

FTIR (Fourier transform infrared spectrometry). In Figure 54, phosphate was 

present (dotted line) for both BRM and collagen electrospun material when MSC 

were cultured with in osteogenic media for 30 days. Phosphate was not detected 

by FTIR when cells were cultured on materials for 3 days. This is used as an 

indication of end point for MSC osteogenic differentiation.  

 

Figure 53 Fourier transform infrared spectrometry (FTIR) indicating the 

phosphate contents.  
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D. Changes in Osteogenic Gene Expression of MSCs under Subatmospheric 

Pressure and Biomaterials 

Up-regulation of selected genes were examined to determine whether the 

subatmospheric pressure, or BRM, or both had effects on promoting osteogenic 

differentiation. The levels of mRNA for Runx2, OSX, ALP, OPN, COL1A2, and 

HIF-1α were evaluated in rat MSCs, which were cultured on BRM when treated 

with subatmospheric pressure (for 12 hours at -125 mmHg after cell attachment).  

As shown in Figure 55, subatmospheric pressure induced increases in 

Runx2, OSX gene expression for cells cultured on electrospun materials, 

especially for BRM group at a late time point. For Runx2 gene expression, results 

indicated a 0.43 to 1.72-fold change in the BRM group with VAC. From day 17 to 

21, there was a 144% increase in mRNA level for cells cultured on collagen and 

treated with subatmospheric pressure (VAC) as compared to a135% increase 

without VAC. The mRNA level increased 294% for BRM group with VAC as 

compared to the 113% increase for BRM only. Without electrospun materials, 

there was a 48% increase of Runx2 gene expression in cells treated with 

subatmospheric pressure as compared to no treatment.  
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Figure 54 Graphs illustrating the gene expression of the osteogenic 

transcriptional factor Runx2. Data are presented as mean ± standard error of the 

mean (n=4). 
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To determine if this regulation affected the downstream transcriptional 

gene of Runx2, the mRNA level of osterix (OSX) gene was evaluated. As shown 

in Figure 56, the subatmospheric pressure and electrospun materials induced a 

synergistic effect and significantly increased the OSX gene expression for MSCs 

cultured in osteogenic differentiation media. The fold change was much higher 

than the change found in the Runx2 gene expression. Specifically, OSX gene 

expression for the cells cultured on the electrospun collagen increased 3.8-fold, 

and for the cells cultured on electrospun BRM, the gene expression increased 

5.0-fold, which was a 1250% increase from day 17 to day 21.  
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Figure 55 Graphs illustrating the gene expression of transcriptional factor OSX. 

The level of expression of OSX gene was normalized to GAPDH. Data are 

presented as mean ± standard error of the mean (n=4). 
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The temporal mRNA expression of ALP increased 200% from day 7 and 

peaked on day17 for cells cultured on electrospun collagen (Figure 56). From 

day 17 to day 21, cells cultured on BRM and treated after VAC increased 296% 

in mRNA level, which was a significant 2.0-fold change of ALP gene expression.  

 

Figure 56 Graphs illustrating the gene expression of ALP (mRNA level was 

normalized to GAPDH). Data are presented as mean ± standard error of the 

mean (n=4).  
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Osteopontin (OPN) has the collagen-binding motif, which contributes to 

apatite formation during bone mineralization (Lee et al. 2007).  A late stage effect 

was observed for OPN expression when MSC cultured on BRM materials, and a 

significant increase of 2.1-fold OPN gene expression was found with BRM group 

following the subatmospheric pressure treatment as compared to the 1.7-fold 

without the treatment (Figure 57).

 

Figure 57 Graphs illustrating the gene expression of OPN. Data are presented as 

mean ± standard error of the mean (n=4).  
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The level of HIF-1α was assessed as an indicator for evaluating the 

functionality of MSCs when they were fully differentiated (Figure 58). A 2.7-fold 

change in HIF-1α was found on day 21 when cells were cultured on BRM 

following subatmospheric pressure (VAC) treatment (P < 0.005).  

 

Figure 58 Graphs illustrating the gene expression of HIF-1α (hypoxia inducible 

factor I alpha subunit α). Data are presented as mean ± standard error of the 

mean (n=4).  

HIF-1α is an important transcriptional factor that is associated with hypoxia 

and is a marker of osteo-angiogenesis. The regulation of HIF-1α has been 
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reported to be associated with microvascular formation and cell survival 

(Semenza et al. 2012, 2013). For example, one of the best-characterized factors 

of the proangiogenic therapeutic target VEGF-A synthesis is hypoxia. The result 

implies there is a critical role of subatmospheric pressure and BRM when they 

interact in promoting osteogenesis. 

Type I collagen is an essential protein that acts as a nucleation site for 

mineralization. As the most abundant protein in bone, it is also the binding site for 

glycoproteins, glycosaminoglycans, and growth factors. These are important 

factors for the maturation of bone that forms solid union at the injury site. 

Therefore, the mRNA level was assessed to determine the effects of electrospun 

composite material, or negative pressure, or both on type I collagen expression.  

The mRNA levels in cells cultured on polystyrene dish or BRM and treated 

with subatmospheric pressure increased 29% or 54% on day 17 as compared to 

the previous mRNA levels on day 7 (Figure 59). The level of type I collagen gene 

expression when treated with subatmospheric pressure exceeded the untreated 

group on day 17 when cultured on BRM. However, the VAC group did not sustain 

the effect of increased collagen gene expression, and only VAC with BRM mRNA 

relative fold change continued to increase to 3.2-fold, showing a 149% from day 

14 to day 21. This indicates that only with both BRM and negative pressure that 

collagen expression was enhanced at the transcriptional level.  
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Figure 59 Graphs illustrating the gene expression of type I collagen (COL1A2) 

cultured on different substrates was indicated in the graphs. The VAC BRM 

group was significant different from the other groups on day 21 (P < 0.005). Data 

are presented as mean ± standard error of the mean (n=4).  

Cells were cultured in osteogenic media and assessed for mRNA level by 

RT-PCR on day 14 when cells were fully differentiated (Figure 60). The mRNA 

level of HIF-1α were elevated to a 2.7-fold of increase in rat, and 3.2-fold of 

increase in human. The gene expression of COL1A2 increased 3.2-fold in rat, 
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and 5.2-fold in human MSCs cultured in osteogenic media. These results 

suggested an initial treatment of negative pressure translated to a late stage 

effect on promoting osteogenic differentiation. 

   

Figure 60 Graphs illustrating the gene expression of HIF-1α and COL1A2 in 

human bone marrow mesenchymal stem cell. Data are presented as mean ± 

standard error of the mean (n=4). 

These observations strongly suggest the stimulatory effects of BRM in 

synergy with subatmospheric pressure on osteoblastic differentiation, which are 

potentially mediated by the osteogenic, angiogenic transcriptional factors, and 

ECM protein genes. 
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III. Animal Models for Spinal Fusion 

Previously in Parts A and B, the effect and interaction of negative pressure 

with electrospun collagen material and BRM were compared. Negative pressure 

increased cell proliferation in a human osteoblast cell line. BRM has 

osteoconductive property by mimicking bone microenvironment and composites, 

it also has osteoinductive potential due to its ability of sequestering bone forming 

factors through its composites collagen and negatively charged chondroitin 

sulfate. BRM showed an increased capability in inducing up-regulation of 

osteogenic markers at the late stage in synergy with negative pressure.  To test 

whether combining BRM and negative pressure can be applied on spinal fusion, 

animal models were developed for a pilot surgical implementation. One of the 

most relevant studies was by Carnes et al to stimulate bone growth in a critical-

size calvarial defect of the rabbit (Carnes et al. 2013). They illustrated a natural 

healing cascade by NPWT that facilitated osseous tissue formation without 

adding any growth factor or cells. However, there is no existing study providing a 

clinically relevant animal model for spinal fusion using the negative pressure 

wound therapy. 

A. The Sheep Model for the Posterior Lumbar Interbody Fusion 

Using a large animal model, the sheep, the BRM was also observed to 

stimulate bone repair. Based on the CT units by week 6, BRM had a 59.4% 

improvement as compared to 30.3% for autologous bone graft (ABG) (Figure 61).  
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Figure 61 Bar graphs showing bone densities changes (as CT units) in the sheep 

spinal fusion model.  

The CT unit changes over time were used to evaluate the rate of fusion at 

week 0 and week 6 to compare BRM with the control autologous bone graft 

(ABG), and native bone. The CT units did not change over the 6 week period, for 

ABG changed from 161 to 231, a 44% improvement, while BRM changed from 

105 to 259, a 147% improvement (n=3). Results indicated that BRM had a 

comparable effect on promoting spinal fusion as the ABG. Histological evaluation 

indicated native bone and osteoclastic activity when autologous bone graft was 

implanted (Figure 62). Note the dash-line regions indicating old bone resorption 

for ABG and new bone formation for BRM in Figure 63. Indication of 

mineralization and new bone formation was seen in the H&E stained sections of 

implanted BRM. 
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Figure 62 Representative H&E stained sections demonstrating osteogenic 

activity in the implanted materials (Magnification: 4X for the left panels, and 20X 

for the right panels). 

B. Bone Healing in Transverse Process with BRM and Negative Pressure 

Wound Therapy in a Rabbit Model  

A rabbit model was designed to study the interaction of negative pressure 

with BRM. Similar results on bone repair with BRM material were demonstrated 

by comparing the volumetric changes before and after four weeks of repair. The 

study not only evaluated several potential surgical sites for decortication, but also 
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compared structural stability following the surgery at different locations on the 

transverse process of lumbar spine.  

Among all treatment conditions for posterolateral fusion at transverse process, 

difference in bone volume changes was clear by week 4 and almost unchanged 

from week 4 to week 6 (Figure 63, Figure 64). This observation was consistent 

with other bone grafts studies performed in rabbit demonstrating that nonunion 

remained unhealed if sites were not fused by week 4 (Boden et al. 1995, 

Hollinger et al. 1996).  

For the rabbit implanted with clinically used PVA sponge (control), the first 

decortication method was used to created notches just into the marrow in the 

middle of transverse processes. The decorticated area on transverse processes 

indicated an increase of 13% on average by week 4. L4 and L5 position had 

similar results in terms of volume change. The appearance of the bone seemed 

to be similar to that before the surgery.  

For the rabbit implanted with PCL sponge, three out of four were repaired. 

The bone volume increased approximately 23% for decorticated transverse 

processes. Both the PCL sponge and PVA sponge were controls that presented 

similar results in terms of volume change upon bone healing. Defects created 

with both methods demonstrated healing by week 4. 

 When implanted with BRM material and PCL-based sponge without 

applying negative pressure wound therapy, there was 83% increase in volume by 
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week 4. The percentage of healing in terms of volume was greater when use 

BRM with sponge than using the sponge alone. This may be attributed to the 

decortication location that was close to the base of the transverse process. At the 

L4 position, the transverse process had a fracture showing in the week 2 CT 

image. However, by week 4, the solid union of the bone that was observed from 

reconstructed CT images demonstrated extensive healing.  

When negative pressure was implemented, fractures were observed. The 

volume change for transverse processes implanted with PCL-based sponge 

treated with negative pressure had a 58%, increase in bone volume, and a 15% 

increase in the bone volume was seen for the group implanted with PCL-based 

sponge and BRM with negative pressure wound therapy. The fracture slowed 

down the rate and degree of healing observed in the week 2, 4, and 6 CT images. 

In conclusion, there was healing at the repair site, but there would have been 

more if it weren't for the fractures. 
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Figure 63 Illustration of CT images of rabbit spines with sponge implants. PVA (A) 

and PCL (B) on week 0 before the surgery (control), immediately after the 

surgery (week 0-P), week 2, 4 and 6 following the surgery (Scale bar: 10mm). 
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Figure 64 Illustration of CT images of rabbit spines with different implants. 

Sponge implants of PCL and BRM (A), PCL sponge under negative pressure (B), 

and PCL sponge under negative pressure with BRM (C) on week 0 before the 

surgery (control), immediately after the surgery (week 0-P), and following the 

surgery on week 2, 4 and 6 were presented (Scale bar: 10mm). 

For the fractures that were occurred postsurgically, the bone growth was less, 

which would have been more if there were no fractures. However, for the group 

with the BRM, when fracture occurred, bone still forms solid union as compared 

to the group treated with NPWT without the BRM. 
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The results showed largest volume change was when implanted with BRM 

and sponge materials without VAC. The groups with negative pressure treatment 

presented with post-surgical fractures by week 2 which might result in a smaller 

change in volume.  

When the bone was decorticated to generate a complete defect through the 

transverse process, the areas of defect was completely healed by week 4 or 

remained unchanged, which was consistent by the studies reported by Boden et 

al (Boden et al. 1999, 2000). By examining the 3D reconstructed CT images, 

defects created at the tip, middle, or base of transverse processes did not 

present significantly difference in terms of extent of healing, but when bone was 

decorticated at the root of transverse process near, an increased volume of 

healing was observed (Figure 65, Figure 66). The aplication of negative pressure 

directly on transverse processes leads to controversial results. A large defect at 

the middle half of L2 transverse process healed with negative pressure, however, 

other smaller defects at the center or tip did not heal as extensively at the L3, 4, 

5 positions. Fracture was also observed as a result of applying negative pressure 

wound therapy immediately after the surgery.  Among all groups, L2 fused 

regardless of the treatment conditions. L3 and L4 transverse processes had 

nonunion due to postsurgical fractures that seemed some broken bone then 

formed union (L4 in PCL sponge with negative pressure, and L3 in PCL sponge 

with BRM with negative pressure). However, all the non-negative pressure 

treated groups healed with improved bone volume. 
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Figure 65 Reconstructed CT images of the rabbit transverse processes.  Rabbit 1 

(A) was implanted with PVA sponge and Rabbit 2 (B) was implanted with PCL 

sponge materials. On the transverse processes, the implants or treatments were 

given as follows. Rabbit 3 (C) was implanted with PCL and BRM, rabbit 5 (D) 

was implanted with PCL and treated with VAC, rabbit 6 (E) was implanted with 

PCL, BRM, and treated with VAC. Note: Week 0 (WK0), and week 4 (WK4). 

 WK0   WK4     WK0   WK4        WK0   WK4         WK0   WK4        WK0   WK4     
WK0   WK4 
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Figure 66 Graph illustrating the change in bone volume of rabbit transverse 

processes 4 weeks following the surgical implantation of different materials 

or/and NPWT treatment. 

The volumetric measurements on rabbit transverse processes were taken 

by measuring the initial bone volume of the transverse processes immediately 

following the surgery. The volume measured by reconstructed 3D CT images of 

each transverse process on week 0 immediately after the surgery was compared 

with 4 weeks follow-up. The results showed the most extensive healing in the 

group implanted with BRM and sponge materials. The groups with NPWT had 

post-surgical fractures and resulted in a smaller change in volume.  

This study is the first in the field to explore applying the negative pressure 

wound therapy with a degradable sponge using a lumbar spinal fusion model for 

deep tissue repair.  
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The therapy contributed to promising clinical outcomes in treating hard to 

heal wound with exposed instrument and infection after spine surgeries. This 

suggested when applying therapy on the surface, it is therapeutically functional. 

However, when applying negative pressure at deep tissue level, especially at the 

site that associates with high mobility, there are challenges for forming post-

surgical fractures. The selections of appropriate site for NPWT could be an 

important question to consider for achieving improved clinical outcomes.   

In summary, this work demonstrated negative pressure wound therapy 

had an effect on osteoblast proliferation and osteogenic differentiation. The 

interaction of VAC with BRM was shown for the up-regulated type I collagen and 

HIF-1α, the late stage markers that were essential for bone ECM, mineralization 

and vascularization. Therefore, this study suggested the interaction of 

biomaterials with negative pressure wound therapy could be an interesting area 

to study bone repair with the in vitro and in vivo systems. The results on potential 

mechanism of action by NPWT and biomaterials could potentially provide 

insights to preclinical studies, and improve the design and understanding in 

successfully implementing the NPWT with biomaterials in the animal models for 

spinal fusion. 
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DISCUSSION 

Clinically, NPWT, especially when used in combination with biomaterials, has 

demonstrated superior outcome in speeding up wound healing for traumatic 

injury and chronic wound with exposed bone. Studying lumbar spinal fusion 

provides valuable insights on both bone tissue regeneration, and potential 

mechanistic pathways that have direct clinical significance. 

A. Subatmospheric Pressure Increases Osteoblast Proliferation 

This study has shown that subatmospheric pressure changes the osteoblast 

morphology and promotes osteoblast proliferation. Under subatmospheric 

pressure, cells with larger surface area and more cuboidal in shape were 

observed as compared to the cells at atmosphere pressure (control). The 

extended lamellapodia and filopodia were also observed in osteoblasts cultured 

on the BRM after treated with subatmospheric pressure. These findings suggest 

that there was an effect of subatmospheric pressure on changing cell 

morphology. This observation was consistent with the findings of others who 

reported that applying NPWT increased the surface area of fibroblasts and 

mesenchymal stem cells (McNulty et al. 2007, Zhu et al. 2014, Huang et al. 

2014).  

A number of studies have reported conflicting effects of subatmospheric 

pressure on cell proliferation in vitro. For example, several reports have 

demonstrated a reduced ability of MSCs to proliferate under subatmospheric 

pressure at -50 kPa for 30 min at a frequency of 2 times per day (Yang et al. 
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2009, 2014). However, the studies used MSCs that were harvested from patients 

with osteoarthritis, which may limit the potency of MSCs during proliferation. In 

contrast, another study reported when the continuous negative pressure applied 

to MSCs cultured in a three dimensional fibrin matrix bioreactor system, the cell 

proliferation was found to increase after the initial treatment of applying NPWT in 

vitro for 1 day, 3 days or 7 days (Zhu et al. 2014). 

These findings reveal that the effect of subatmospheric pressure on the cell 

proliferation varies with the culturing condition and the type and source of the cell 

lines. This study has shown consistent results that the 12-hour continuous 

subatmospheric pressure treatment at -125 mmHg increased osteoblast 

proliferation. Although the exact mechanism of signaling pathway through which 

subatmospheric pressure enhances proliferation was not explored, this effect 

may be explained by the subatmospheric pressure which induces morphological 

change in osteoblasts through the mechanotransduction induced proliferative 

signaling pathway (Bashur et al. 2006, Ingber 2006, Leppert, 2014). 

B. Subatmospheric Pressure Interacts with Bone Repair Materials to 

Promote Osteogenic Differentiation 

Bone tissue engineering has applied bone replicate using hydroxyapatite 

composite, or decellularized allografts, and recently explored functional soft 

construct that can sequester signaling molecules (Bai et al. 2014, Glass et al. 

2014, Hubbell et al. 2015). Not only playing an important role in cell proliferation, 

these signaling molecules such as growth factors are also critical in regulating 

osteoblastic differentiation and maintaining mature bones. The chondroitin sulfate 
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as a glycosaminoglycan composite in the BRM electrospun material was highly 

negatively charged. It is known to contribute to the binding of growth factors, 

minerals, as well as  cell adhesion and proliferation during bone formation 

(Schneiders et al. 2007). Poly (1,8-octanediol citrate) is an elastomer that has 

been applied in bone tissue engineering applications (Djordjevic et al. 2010). 

When these composites were fabricated using electrospinning, the biochemistry 

and composites of BRM mimic the osteoid. The differentiation of osteoblasts 

requires the expression of genes in a temporal manner at distinct time point to 

form and maintain the function of the mature bone (Long et al. 2012). Both at the 

late stage of differentiation, MSCs cultured on BRM following subatmospheric 

pressure treatment induced significantly increased in type I collagen gene 

expression by a 3.2-fold in rat MSCs, and a 5.2-fold in human MSCs. Also, the 

hypoxia inducible factor 1α gene expression was elevated by a 2.7-fold in rat 

MSCs, and a 3.2-fold in human MSCs. ALP enzyme expression was significantly 

higher for both osteoblasts and MSCs cultured on BRM after subatmospheric 

pressure treatment. These findings strongly suggest the significant interaction 

and synergistic effect of BRM with subatmospheric pressure on promoting the 

osteogenic differentiation. Moreover, the elevated level of ECM protein type I 

collagen production and angiogenesis associated HIF-1α could potentially be 

physiologically significant steps during the formation of mature and functional 

bone. 

During osteogenesis, potential mechanism of action for citrate-based 

polymers such as POC was reported to be significant in enhancing the 
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expression of genes that are related with bone formation and mineralization 

(Tran et al. 2013, Costello et al. 2013, Schmidt-Rohr et al. 2010, Sun et al. 2014, 

Tang et al. 2015). The incorporation of citric acid or citrate-based material with 

collagen can be controlled based on the ratios of POC that is fabricated in the 

composite using electrospinning. The POC induces a small change in pH of the 

solution, which potentially modulates the binding and releasing positively charged 

growth factors (Sun et al. 2014). Citric acid is traditionally known as an 

intermediate of Krebs cycle for energy production, and also has calcium-

chelation property, which could contribute to mineralization in bone (Tran et al. 

2015). The question remains in the area of understanding at what stage of bone 

formation citrate is produced and functional, also at what concentration in the 

composite materials will provide clinical meaningful effect on promoting bone 

repair.  

Previously ECM mimetic materials were studied (Pham et al. 2009). However, 

these work are based on titanium mesh materials which were able to induce 

angiogenesis but not bone formation after implanted intramuscularly in a rat 

model for 5 weeks. Soft and elastic osteoid mimetic bone repair material has not 

been studied. This work provides findings to suggest that soft osteoid like 

biomaterials may perform as good as autologous bone graft. The results also 

imply that by incorporating osteoid mimetic materials with NPWT, there is a 

synergistic effect at cellular and molecular level for sustained effect on promoting 

bone formation and function. 
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C. Implementing Bone Repair Materials with NPWT for Spinal Fusion 

Bone fusion for lumbar spine is a clinical procedure that requires mechanical 

stabilization and healing. Autografts and other mineralized grafts such as 

decellularized allografts are currently used for fusion. They provide structural 

supports, osteoconductive or osteoinductive properties during bone healing. 

Collagen sponges as a delivery vehicle for growth factors are also available but 

applications are limited due to lack of understanding in both controlling and 

designing when and how much to deliver the growth factors that do not cause 

side effect such as tumor growth. Lumbar spine, as a functional structure of the 

body, requires new clinical approach to speed up the healing by incorporating 

electrospun biomaterials with the negative pressure wound therapy (NPWT). 

Electrospun biomaterials create ECM mimetic structure and flexibility to 

incorporate various functional compounds to form biological constructs. The 

strategy was to create an organic composite, which was formulated by negatively 

charged glycosaminoglycan chondroitin sulfate in the ECM, the most abundant 

type I collagen and a citrate based elastic polymer. This electrospun composite 

material has the potential to facilitate the formation of bone niche for healing.  

Animal models for surgical implementation of NPWT with biomaterials and 

favorable surgical sites were explored in this study. In the in vivo experiments, 

BRM material and ABG implanted with the intervertebral cage in the sheep 

model indicated similar fusion by radiography. Histologically, the site with BRM 
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implants indicated osteoblast activities. In contrast, the implant site of autologous 

bone graft indicated osteoclast activities. It is known that osteoclasts resorb the 

old bone to prepare the surface in order to recruit osteoblasts to form new bone. 

However, the process of how the osteoid mimetic BRM material modulates the 

new bone formation was first presented in this study.  

This study is the first time applying negative pressure in deep tissue on the 

lumbar spine, which associated with high mobility. The mobility also created 

challenges such as the post-surgical fracture due to excess movement. After 

decortication, the bone defects at the base of the transverse processes have 

shown a faster and more extensive repair in this study. The results provide 

reference when considering the selections of appropriate site for implementing 

NPWT with biomaterials.   

The in vivo animal study was primarily done with radiology using the CT 

image analysis for both bone density and volume, as the parameters for 

evaluating the quality and quantity during bone repair. However, sometimes the 

device and implant may create artifacts in measurements and histological 

evaluation is necessary to exam the interaction of biomaterials with tissue in 

addition to the radiography. Further analysis need to be performed to quantify the 

histological results by examining morphometric parameters such as vessels, 

osteoblast, and osteoclast in order to better evaluate the osteogenic potential of 

the BRM (Bose et al. 2012).  
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CONCLUSION 

In this study, the BRM and negative pressure wound therapy was applied 

and indicated significant interactions at cellular level to increase osteoblastic 

proliferation and differentiation. Both in vitro and in vivo studies support the 

hypothesis that the BRM electrospun material promoted osteogenesis, and had a 

synergistic effect with subatmospheric pressure on increasing osteoblast 

proliferation and osteogenic differentiation. BRM creates an interconnected and 

porous fibrous structure that is similar to the osteoid. The composite highly 

negatively charged chondroitin 6-sulfate may have the ability to sequester 

biological active soluble factors to promote bone formation. The functionality test 

showed there was a synergistic effect of BRM with subatmospheric pressure on 

osteoblast differentiation by significantly increase matrix protein gene and 

transcription factor HIF-1α. In summary, the potential pathways acted through 

promoting osteoblast proliferation and differentiations were demonstrated to 

provide explanations and insights for the therapeutic effect of BRM and negative 

pressure. This work provided references on the mechanism of action to the 

widely applied NPWT for its potential new application in promoting osteogenesis. 

Incorporating bone repair biomaterial with NPWT could be a new strategy for 

ultimately accelerating the spinal fusion. 

 

 

  



	  

130	  

	  

REFERENCES 

Alberts, B., A. Johnson, et al. (2002). Molecular biology of the cell, Garland 
Science Taylor & Francis Group. 

Argenta, L. C., & Morykwas, M. J. (1997). Vacuum-assisted closure: a new 
method for wound control and treatment: clinical experience. Annals of plastic 
surgery, 38(6), 563-577. 

Ameer, G.A., Yang, J., and Hoshi, R. (2013) "Novel Biodegradable Elastomeric 
Scaffold for Tissue Engineering and Light Scattering Fingerprinting Methods for 
Testing the Same." U.S. Patent Application 13/971,223. 

An, Y. H., & Freidman, R. J. (Eds.). (1998). Animal models in orthopaedic 
research. CRC Press, 5-9. 

Baldwin, C., Potter, M., Clayton, E., Irvine, L., & Dye, J. (2009). Topical negative 
pressure stimulates endothelial migration and proliferation: a suggested 
mechanism for improved integration of Integra. Annals of plastic surgery, 62(1), 
92-96. 

Bashur, C. A., Dahlgren, L. A., & Goldstein, A. S. (2006). Effect of fiber diameter 
and orientation on fibroblast morphology and proliferation on electrospun poly (D, 
L-lactic-co-glycolic acid) meshes. Biomaterials, 27(33), 5681-5688. 

Birmingham, E., Niebur, G. L., & McHugh, P. E. (2012). Osteogenic 
differentiation of mesenchymal stem cells is regulated by osteocyte and 
osteoblast cells in a simplified bone niche. 

Bruderer, M., Richards, R. G., Alini, M., & Stoddart, M. J. (2014). Role and 
regulation of RUNX2 in osteogenesis. European cells & materials, 28, 269-286. 

Boden, SD, Schimandle, JH, & Hutton, WC. (1995). An Experimental Lumbar 
Intertransverse Process Spinal Fusion Model: Radiographic, Histologic, and 
Biomechanical Healing Characteristics. Spine, 20(4), 412-420. 

Boden SD (2002) Overview of the biology of lumbar spine fusion and principles 
for selecting a bone graft substitute. Spine (Phila Pa 1976) 27:S26-31. 

Bonewald, L. F., & Johnson, M. L. (2008). Osteocytes, mechanosensing and Wnt 
signaling. Bone, 42(4), 606-615. 

Borgquist, O., Gustafsson, L., Ingemansson, R., & Malmsjö, M. (2010). Micro-
and macromechanical effects on the wound bed of negative pressure wound 
therapy using gauze and foam. Annals of plastic surgery, 64(6), 789-793. 

Bose, S., Roy, M., & Bandyopadhyay, A. (2012). Recent advances in bone tissue 
engineering scaffolds. Trends in biotechnology, 30(10), 546-554. 



	  

131	  

	  

Calasans-Maia, M. D., Monteiro, M. L., Áscoli, F. O., & Granjeiro, J. M. (2009). 
The rabbit as an animal model for experimental surgery. Acta Cirurgica 
Brasileira, 24(4), 325-328. 

Chambers, T. J. (2000). Regulation of the differentiation and function of 
osteoclasts. The Journal of pathology, 192(1), 4-13. 

Chen, C. S., Mrksich, M., Huang, S., Whitesides, G. M., & Ingber, D. E. (1997). 
Geometric control of cell life and death. Science, 276(5317), 1425-1428. 

Chung, E. J., Qiu, H., Kodali, P., Yang, S., Sprague, S. M., Hwong, J., ... & 
Ameer, G. A. (2011). Early tissue response to citric acid–based micro-‐and 
nanocomposites. Journal of Biomedical Materials Research Part A, 96(1), 29-37. 

Clarke, B. (2008). Normal bone anatomy and physiology. Clinical journal of the 
American Society of Nephrology, 3(Supplement 3), S131-S139. 

Wan, C., Shao, J., Gilbert, S. R., Riddle, R. C., Long, F., Johnson, R. S., 
Clemens, T. L. (2010). Role of HIF-1α in skeletal development. Annals of the 
New York Academy of Sciences, 1192(1), 322-326. 

Crockett JC, Rogers MJ, Coxon FP, Hocking LJ, Helfrich MH. (2011). Bone 
remodeling at a glance J Cell Sci. 124:(7):991-998. 

Conget, P. A., & Minguell, J. J. (1999). Phenotypical and functional properties of 
human bone marrow mesenchymal progenitor cells. Journal of cellular 
physiology, 181(1), 67-73. 

Costello, L. C., Franklin, R. B., Reynolds, M. A., & Chellaiah, M. (2012). The 
important role of osteoblasts and citrate production in bone formation:“Osteoblast 
Citration” as a new concept for an old relationship. The Open bone journal, 4. 

Crock, H. V. (1981). Normal and pathological anatomy of the lumbar spinal nerve 
root canals. Journal of Bone and Joint Surgery 63B, 487-490. 

Cillo, J. E., Gassner, R., Koepsel, R. R., & Buckley, M. J. (2000). Growth factor 
and cytokine gene expression in mechanically strained human osteoblast-like 
cells: implications for distraction osteogenesis. Oral Surgery, Oral Medicine, Oral 
Pathology, Oral Radiology, and Endodontology, 90(2), 147-154. 

Cipolla, J., Baillie, D. R., Steinberg, S. M., Martin, N. D., Jaik, N. P., Lukaszczyk, 
J. J., & Stawicki, S. P. (2008). Negative pressure wound therapy: Unusual and 
innovative applications. OPUS, 12, 15-29. 

Cost of hospital discharges with common hospital operating room procedures in 
nonfederal community hospitals, by age and selected principal procedure: United 
States, selected years 2000–2011. Center for Disease Control (CDC). 2012. 
http://www.cdc.gov/nchs/hus/contents2012.htm#115. 



	  

132	  

	  

Datta H K, Ng W F, Walker J A, Tuck S P, Varanasi S S. (2008). The cell biology 
of bone metabolism. J Clin Pathol. 61:5 577-587. 

DeFranzo AJ, Argenta LC, Marks MW, Molnar JA, David LR, Webb LX, Ward 
WG, Teasdall RG. (2001). The use of vacuum-assisted closure therapy for the 
treatment of lower-extremity wounds with exposed bone. Plast Reconstr Surg. 
108(5): 1184-91. 

Derrick, K. L., & Lessing, M. C. (2014). Genomic and Proteomic Evaluation of 
Tissue Quality of Porcine Wounds Treated With Negative Pressure Wound 
Therapy in Continuous, Noncontinuous, and Instillation Modes. Eplasty, 14.  

Deville, S., Saiz, E. & Tomsia, A. P. Ice-templated porous alumina structures. 
Acta Materialia 55, 1965–1974 (2007). 

Deyo, R. A. (2015). Fusion surgery for lumbar degenerative disc disease: still 
more questions than answers. The Spine Journal, 15(2), 272-274. 

Drespe, I. H., Polzhofer, G. K., Turner, A. S., & Grauer, J. N. (2005). Animal 
models for spinal fusion. The Spine Journal, 5(6), S209-S216. 

Dini, M., Quercioli, F., Mori, A., Romano, G. F., Lee, A. Q., & Agostini, T. (2012). 
Vacuum-assisted closure, dermal regeneration template and degloved 
cryopreserved skin as useful tools in subtotal degloving of the lower 
limb.Injury, 43(6), 957-959.  

Djordjevic, I., Szili, E. J., Choudhury, N. R., Dutta, N., Steele, D. A., & Kumar, S. 
(2010). Osteoblast biocompatibility on poly (octanediol citrate)/sebacate 
elastomers with controlled wettability. Journal of Biomaterials Science, Polymer 
Edition, 21(8-9), 1039-1050. 

Ducy, P., Zhang, R., Geoffroy, V., Ridall, A. L., & Karsenty, G. (1997). 
Osf2/Cbfa1: a transcriptional activator of osteoblast differentiation. Cell, 89(5), 
747-754. 

Ducy, P., Schinke, T., & Karsenty, G. (2000). The osteoblast: a sophisticated 
fibroblast under central surveillance. Science, 289(5484), 1501-1504. 

Dumitriu, S. (Ed.). (2001). Polymeric biomaterials, revised and expanded. CRC 
Press. 

Erba, P., Ogawa, R., Ackermann, M., Adini, A., Miele, L. F., Dastouri, P., ... & 
Orgill, D. P. (2011). Angiogenesis in wounds treated by microdeformational 
wound therapy. Annals of surgery, 253(2), 402. 

Estellés, J. M., Vidaurre, A., Duenas, J. M. M., & Cortázar, I. C. (2008). Physical 
characterization of polycaprolactone scaffolds. Journal of Materials Science: 
Materials in Medicine, 19(1), 189-195. 



	  

133	  

	  

Ferrara, N., Gerber, H. P., & LeCouter, J. (2003). The biology of VEGF and its 
receptors. Nature medicine, 9(6), 669-676. 

Frey, J. L., Stonko, D. P., Faugere, M. C., & Riddle, R. C. (2014). Hypoxia-
inducible factor-1α restricts the anabolic actions of parathyroid hormone. Bone 
Research. 

Fujita, T., Azuma, Y., Fukuyama, R., Hattori, Y., Yoshida, C., Koida, M., ... & 
Komori, T. (2004). Runx2 induces osteoblast and chondrocyte differentiation and 
enhances their migration by coupling with PI3K-Akt signaling. The Journal of cell 
biology, 166(1), 85-95. 

Glass, K. A., Link, J. M., Brunger, J. M., Moutos, F. T., Gersbach, C. A., & Guilak, 
F. (2014). Tissue-engineered cartilage with inducible and tunable 
immunomodulatory properties. Biomaterials, 35(22), 5921-5931.  

Globus, R. K., Doty, S. B., Lull, J. C., Holmuhamedov, E., Humphries, M. J., & 
Damsky, C. H. (1998). Fibronectin is a survival factor for differentiated 
osteoblasts. Journal of Cell Science, 111(10), 1385-1393. 

Golub, E. E., & Boesze-Battaglia, K. (2007). The role of alkaline phosphatase in 
mineralization. Current Opinion in Orthopaedics, 18(5), 444-448. 

Greenwald AS, Boden SD, Goldberg VM, Khan Y, Laurencin CT, Rosier RN 
(2001). Bone-Graft Substitutes: Facts, Fictions, and Applications. The Journal of 
Bone & Joint Surgery. 83 (2 suppl 2) S98-103. 

Gilkes, D. M., Bajpai, S., Chaturvedi, P., Wirtz, D., & Semenza, G. L. (2013). 
Hypoxia-inducible factor 1 (HIF-1) promotes extracellular matrix remodeling 
under hypoxic conditions by inducing P4HA1, P4HA2, and PLOD2 expression in 
fibroblasts. Journal of Biological Chemistry, 288(15), 10819-10829. 

Griffith, L. G., & Swartz, M. A. (2006). Capturing complex 3D tissue physiology in 
vitro. Nature reviews Molecular cell biology, 7(3), 211-224. 

Gui, X., Cao, A., Wei, J., Li, H., Jia, Y., Li, Z., Wu, D. (2010). Soft, highly 
conductive nanotube sponges and composites with controlled compressibility. 
ACS nano, 4(4), 2320-2326. 

Harada, S. I., & Rodan, G. A. (2003). Control of osteoblast function and 
regulation of bone mass. Nature, 423(6937), 349-355. 

Haugh, M. G., Jaasma, M. J., & O'Brien, F. J. (2009). The effect of 
dehydrothermal treatment on the mechanical and structural properties of 
collagen-‐GAG scaffolds. Journal of Biomedical Materials Research Part A, 89(2), 
363-369. 

Holliger, E. H., Trawick, R. H., Boden, S. D., & Hutton, W. C. (1996). Morphology 
of the Lumbar Intertransverse Process Fusion Mass in the Rabbit Model: A 



	  

134	  

	  

Comparison Between Two Bone Graft Materials-rhBMP-2 and Autograft. Journal 
of Spinal Disorders & Techniques, 9(2), 125-128. 

Jeong, C. G., Zhang, H., & Hollister, S. J. (2011). Three-dimensional poly (1, 8-
octanediol–co-citrate) scaffold pore shape and permeability effects on sub-
cutaneous in vivo chondrogenesis using primary chondrocytes. Acta 
biomaterialia, 7(2), 505-514. 

Hsu, C. C., Tsai, W. C., Chen, C. P. C., Lu, Y. M., & Wang, J. S. (2010). Effects 
of negative pressures on epithelial tight junctions and migration in wound 
healing. American Journal of Physiology-Cell Physiology, 299(2), C528-C534. 

Hu, Y. Y., Rawal, A., & Schmidt-Rohr, K. (2010). Strongly bound citrate stabilizes 
the apatite nanocrystals in bone. Proceedings of the National Academy of 
Sciences, 107(52), 22425-22429. 

Huang, C., Leavitt, T., Bayer, L. R., & Orgill, D. P. (2014). Effect of negative 
pressure wound therapy on wound healing. Current problems in surgery, 51(7), 
301-331. 

Huang, C., & Ogawa, R. (2012). Effect of hydrostatic pressure on bone 
regeneration using human mesenchymal stem cells. Tissue Engineering Part 
A, 18(19-20), 2106-2113.  

Huang, S., & Ingber, D. E. (2000). Shape-dependent control of cell growth, 
differentiation, and apoptosis: switching between attractors in cell regulatory 
networks. Experimental cell research, 261(1), 91-103. 

Hubbell, J., Martino, M., Briquez, P., Kilarski, W., Guc, E., & Swartz, M. (2015). 
Engineering Interactions between Growth Factors and the Extracellular Matrix. 
The FASEB Journal, 29(1 Supplement), 92-3. 

Hunter, G. K., & Goldberg, H. A. (1993). Nucleation of hydroxyapatite by bone 
sialoprotein. Proceedings of the National Academy of Sciences, 90(18), 8562-
8565. 

Hunter GK, Goldberg HA (1994) Modulation of crystal formation by bone 
phosphoproteins: role of glutamic acid-rich sequences in the nucleation of 
hydroxyapatite by bone sialoprotein. Biochem J 302(Pt 1): 175–9.  

Ingber, D. E. (2006). Cellular mechanotransduction: putting all the pieces 
together again. The FASEB journal, 20(7), 811-827. 

Jacobs, C. R., Temiyasathit, S., & Castillo, A. B. (2010). Osteocyte 
mechanobiology and pericellular mechanics. Annual review of biomedical 
engineering, 12, 369-400. 

Jensen GM. (1980). Biomechanics of the Lumbar Intervertebral Disk: A Review 
Physical Therapy. 60:765-773. 



	  

135	  

	  

Jeong, H. S., Lee, B. H., Lee, H. K., Kim, H. S., Moon, M. S., & Suh, I. S. (2015). 
Negative Pressure Wound Therapy of Chronically Infected Wounds Using 1% 
Acetic Acid Irrigation. Archives of plastic surgery, 42(1), 59-67. 

Jeschke, M. G., Rose, C., Angele, P., Füchtmeier, B., Nerlich, M. N., & Bolder, U. 
(2004). Development of new reconstructive techniques: use of Integra in 
combination with fibrin glue and negative-pressure therapy for reconstruction of 
acute and chronic wounds. Plastic and reconstructive surgery, 113(2), 525-530. 

Kamioka H, Honjo T, Takano-Yamamoto T. A three-dimensional distribution of 
osteocyte processes revealed by the combination of confocal laser scanning 
microscopy and differential interference contrast microscopy. Bone 2001;28:145– 

Karsenty, G., Kronenberg, HM., Settembre, C. (2009). Genetic Control of Bone 
Formation. Annual Review of Cell and Developmental Biology, 25: 629 -648.  

Karsenty G. Minireview: transcriptional control of osteoblast differentiation. 
Endocrinology. 2001;142:2731–3. 

Karsenty G. Transcriptional control of skeletogenesis. Annual review of genomics 
and human genetics. 2008;9:183–96. 

Kavlock, K. D., & Goldstein, A. S. (2011). Effect of pulse frequency on the 
osteogenic differentiation of mesenchymal stem cells in a pulsatile perfusion 
bioreactor. Journal of biomechanical engineering, 133(9), 091005. 

Kini, U., & Nandeesh, B. N. (2012). Physiology of bone formation, remodeling, 
and metabolism. In Radionuclide and Hybrid Bone Imaging (pp. 29-57). Springer 
Berlin Heidelberg. 

Koo, K. H., Lee, J. M., Ahn, J. M., Kim, B. S., La, W. G., Kim, C. S., & Im, G. I. 
(2013). Controlled Delivery of Low-Dose Bone Morphogenetic Protein-2 Using 
Heparin-Conjugated Fibrin in the Posterolateral Lumbar Fusion of Rabbits. 
Artificial organs, 37(5), 487-494.  

Kot, B. C. W., Zhang, Z. J., Lee, A. W. C., Leung, V. Y. F., & Fu, S. N. (2012). 
Elastic modulus of muscle and tendon with shear wave ultrasound elastography: 
variations with different technical settings. PloS one, 7(8), e44348. 

Kumbar, S., Laurencin, C., & Deng, M. (Eds.) (2014). Natural and Synthetic 
Biomedical Polymers. Newnes. Design Strategies and Applications of Citrate-
Based Biodegradable Elastomeric Polymers. p260. Burlington: Elsevier, Print. 

Krokowicz, L., Borejsza-Wysocki, M., Mackiewicz, J., Iqbal, A., & Drews, M. 10 
years of Negative Pressure Wound Therapy [NPWT]: Evolution of Indications for 
its Use. Diabetic foot, 2, 11. 



	  

136	  

	  

Krueger, C. A., Wenke, J. C., Masini, B. D., & Stinner, D. J. (2012). 
Characteristics and impact of animal models used for sports medicine 
research.Orthopedics, 35(9), 764. 

Lanza R, Langer R, Vacanti JP. (2013). Principles of Tissue Engineering, 4th 
Edition.  

Lee, J. Y., Choo, J. E., Park, H. J., Park, J. B., Lee, S. C., Jo, I., ... & Park, Y. J. 
(2007). Injectable gel with synthetic collagen-binding peptide for enhanced 
osteogenesis in vitro and in vivo. Biochemical and biophysical research 
communications, 357(1), 68-74. 

Lee, S. H., & Shin, H. (2007). Matrices and scaffolds for delivery of bioactive 
molecules in bone and cartilage tissue engineering. Advanced drug delivery 
reviews, 59(4), 339-359. 

Lee, S. G., Brown, J. M., Rogers, C. J., Matson, J. B., Krishnamurthy, C., Rawat, 
M., & Hsieh-Wilson, L. C. (2010). End-functionalized glycopolymers as mimetics 
of chondroitin sulfate proteoglycans. Chem. Sci., 1(3), 322-325. 

Leppert, P. C., Jayes, F. L., & Segars, J. H. (2014). The extracellular matrix 
contributes to mechanotransduction in uterine fibroids.	  Obstetrics and 
gynecology international,	  2014. 

Levental, I., Georges, P. C., & Janmey, P. A. (2007). Soft biological materials 
and their impact on cell function. Soft Matter, 3(3), 299-306. 

Liu J, Morykwas MJ, Argenta LC, Wagner WD. A novel nanocompsite material 
for bone repair. Oral Presentation. BMES 2009 Annual Fall Meeting. Pittsburgh, 
PA. October 7-10, 2009. 

Long, F. (2012). Building strong bones: molecular regulation of the osteoblast 
lineage. Nature reviews Molecular cell biology, 13(1), 27-38. 

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression 
data using real-time quantitative PCR and the 2− ΔΔCT method. methods,25(4), 
402-408. 

Lu, Y. M., Hsu, C. C., & Wang, J. S. (2010). Effects of Negative Pressure on Cell-
Cell Junctions and Cell Migration. The FASEB Journal,24(1_MeetingAbstracts), 
823-8. 

Malafaya, P. B., G. A. Silva, et al. (2007). "Natural–origin polymers as carriers 
and scaffolds for biomolecules and cell delivery in tissue engineering 
applications." Advanced Drug Delivery Reviews 59(4–5): 207-233. 

Magavi, S. S., & Macklis, J. D. (2008). Identification of newborn cells by BrdU 
labeling and immunocytochemistry in vivo. In Neural Stem Cells (pp. 335-343). 
Humana Press. 



	  

137	  

	  

Mapara, M., Thomas, B. S., & Bhat, K. M. (2012). Rabbit as an animal model for 
experimental research. Dental research journal, 9(1), 111. 

Martino, M. M., Briquez, P. S., Maruyama, K., & Hubbell, J. A. (2015). 
Extracellular matrix-inspired growth factor delivery systems for bone 
regeneration. Advanced drug delivery reviews. 

McNulty, A. K., Schmidt, M., Feeley, T., & Kieswetter, K. (2007). Effects of 
negative pressure wound therapy on fibroblast viability, chemotactic signaling, 
and proliferation in a provisional wound (fibrin) matrix. Wound repair and 
regeneration, 15(6), 838-846. 

McNulty, A. K., Schmidt, M., Feeley, T., Villanueva, P., & Kieswetter, K. (2009). 
Effects of negative pressure wound therapy on cellular energetics in fibroblasts 
grown in a provisional wound (fibrin) matrix. Wound repair and 
regeneration, 17(2), 192-199. 

Miles, C. A., Avery, N. C., Rodin, V. V., & Bailey, A. J. (2005). The increase in 
denaturation temperature following cross-linking of collagen is caused by 
dehydration of the fibres. Journal of molecular biology, 346(2), 551-556. 

Mills, L. A., & Simpson, A. H. R. W. (2012). In vivo models of bone repair. Journal 
of Bone & Joint Surgery, British Volume, 94(7), 865-874. 

Milovanovic, P., Zimmermann, E. A., Riedel, C., vom Scheidt, A., Herzog, L., 
Krause, M., ... & Busse, B. (2015). Multi-level characterization of human femoral 
cortices and their underlying osteocyte network reveal trends in quality of young, 
aged, osteoporotic and antiresorptive-treated bone. Biomaterials, 45, 46-55. 

Molnar, J. A., DeFranzo, A. J., Hadaegh, A., Morykwas, M. J., Shen, P., & 
Argenta, L. C. (2004). Acceleration of Integra incorporation in complex tissue 
defects with subatmospheric pressure. Plastic and reconstructive surgery,113(5), 
1339-1346. 

Moradian-Oldak, J., Frolow, F., Addadi, L., & Weiner, S. (1992). Interactions 
between acidic matrix macromolecules and calcium phosphate ester crystals: 
relevance to carbonate apatite formation in biomineralization. Proceedings of the 
Royal Society of London. Series B: Biological Sciences, 247(1318), 47-55. 

Mornet, E., Stura, E., Lia-Baldini, A. S., Stigbrand, T., Ménez, A., & Le Du, M. H. 
(2001). Structural evidence for a functional role of human tissue nonspecific 
alkaline phosphatase in bone mineralization. Journal of Biological 
Chemistry,276(33), 31171-31178. 

Morykwas, M. J., Simpson, J., Punger, K., Argenta, A., Kremers, L., & Argenta, J. 
(2006). Vacuum-assisted closure: state of basic research and physiologic 
foundation. Plastic and reconstructive surgery, 117(7S), 121S-126S.  



	  

138	  

	  

Mullen, L. M., Best, S. M., Brooks, R. A., Ghose, S., Gwynne, J. H., Wardale, J., 
Cameron, R. E. (2010). Binding and release characteristics of insulin-like growth 
factor-1 from a collagen–glycosaminoglycan scaffold. Tissue Engineering Part C: 
Methods, 16(6), 1439-1448. 

Muschler, G. F., Raut, V. P., Patterson, T. E., Wenke, J. C., & Hollinger, J. O. 
(2010). The design and use of animal models for translational research in bone 
tissue engineering and regenerative medicine. Tissue Engineering Part B: 
Reviews, 16(1), 123-145. 

Neyt, J. G., Buckwalter, J. A., & Carroll, N. C. (1998). Use of animal models in 
musculoskeletal research. The Iowa orthopaedic journal, 18, 118. 

Okayama E, Oguri  K, Kondo T , Okayama M . (1998). Isolation and 
characterization of chondroitin 6-sulfate proteoglycans present in the extracellular 
matrix of rabbit bone marrow. Blood. 72 (2) 745-755. 

Orgill, D. P., & Bayer, L. R. (2013). Negative pressure wound therapy: past, 
present and future. International wound journal, 10(s1), 15-19. 

Pearce, A. I., Richards, R. G., Milz, S., Schneider, E., & Pearce, S. G. (2007). 
Animal models for implant biomaterial research in bone: a review. Eur Cell 
Mater, 13(1), 1-10. 

Pedersen, J. A., & Swartz, M. A. (2005). Mechanobiology in the third 
dimension. Annals of biomedical engineering, 33(11), 1469-1490. 

Peinemann, F., & Sauerland, S. (2011). Negative-pressure wound therapy: 
systematic review of randomized controlled trials. Deutsches Ärzteblatt 
International, 108(22), 381.  

Pham, Q. P., Kasper, F. K., Mistry, A. S., Sharma, U., Yasko, A. W., Jansen, J. 
A., & Mikos, A. G. (2009). Analysis of the osteoinductive capacity and 
angiogenicity of an in vitro generated extracellular matrix. Journal of Biomedical 
Materials Research Part A, 88(2), 295-303. 

Phan, T. C. A., Xu, J., & Zheng, M. H. (2004). Interaction between osteoblast and 
osteoclast: impact in bone disease. 

Phillips, F. M., Slosar, P. J., Youssef, J. A., Andersson, G., & Papatheofanis, F. 
(2013). Lumbar spine fusion for chronic low back pain due to degenerative disc 
disease: a systematic review. Spine, 38(7), E409-E422. 

Poelstra, K. A., Austin, L., Zaslavsky, J., Whang, P. G., & Patel, A. A. (2006). 
Animal models of spine fusion and low back pain. Current Opinion in 
Orthopaedics, 17(3), 214-221. 



	  

139	  

	  

Poynton, A. R., Zheng, F., Tomin, E., Lane, J. M., & Cornwall, G. B. (2002). 
Resorbable posterolateral graft containment in a rabbit spinal fusion model. 
Special Supplements, 97(4), 460-463. 

Qiu, H., Yang, J., Kodali, P., Koh, J., & Ameer, G. A. (2006). A citric acid-based 
hydroxyapatite composite for orthopedic implants. Biomaterials, 27(34), 5845-
5854. 

Raggatt, L. J., & Partridge, N. C. (2010). Cellular and molecular mechanisms of 
bone remodeling. Journal of Biological Chemistry, 285(33), 25103-25108. 

Rahman, M. S., Akhtar, N., Jamil, H. M., Banik, R. S., & Asaduzzaman, S. M. 
(2015). TGF-β/BMP signaling and other molecular events: regulation of 
osteoblastogenesis and bone formation. Bone Research, 3. 

Rajaee SS, Bae HW, Kanim LE, Delamarter RB. (2012). Spinal fusion in the 
United States: analysis of trends from 1998 to 2008. Spine. 37(1):67–76. 

Rawadi, G., Vayssière, B., Dunn, F., Baron, R., & Roman-‐Roman, S. (2003). 
BMP-‐2 controls alkaline phosphatase expression and osteoblast mineralization 
by a Wnt autocrine loop. Journal of Bone and Mineral Research, 18(10), 1842-
1853. 

Reichert, J. C., Saifzadeh, S., Wullschleger, M. E., Epari, D. R., Schütz, M. A., 
Duda, G. N., Hutmacher, D. W. (2009). The challenge of establishing preclinical 
models for segmental bone defect research. Biomaterials, 30(12), 2149-2163. 

Rhee, S. M., Valle, M. F., Wilson, L. M., Lazarus, G., Zenilman, J. M., & 
Robinson, K. A. (2014). Negative Pressure Wound Therapy Technologies For 
Chronic Wound Care in the Home Setting. 

Saxena, V., Hwang, C. W., Huang, S., Eichbaum, Q., Ingber, D., & Orgill, D. P. 
(2004). Vacuum-assisted closure: microdeformations of wounds and cell 
proliferation. Plastic and reconstructive surgery, 114(5), 1086-1096. 

Seo, S. G., Yeo, J. H., Kim, J. H., Kim, J. B., Cho, T. J., & Lee, D. Y. (2013). 
Negative-pressure wound therapy induces endothelial progenitor cell mobilization 
in diabetic patients with foot infection or skin defects. Experimental & molecular 
medicine, 45(11), e62. 

Semenza, G. L. (2012). Hypoxia-inducible factors in physiology and 
medicine.Cell, 148(3), 399-408. 

Schlatterer, D. R., Hirschfeld, A. G., & Webb, L. X. (2015). Negative Pressure 
Wound Therapy in Grade IIIB Tibial Fractures: Fewer Infections and Fewer Flap 
Procedures? Clinical Orthopaedics and Related Research®, 1-10. 

Schimandle, J. H., & Boden, S. D. (1994). Spine Update The Use of Animal 
Models to Study Spinal Fusion. Spine, 19(17), 1998-2006. 



	  

140	  

	  

Shekaran, A. and A. J. Garcia (2011). "Nanoscale engineering of extracellular 
matrix-mimetic bioadhesive surfaces and implants for tissue engineering." 
Biochimica et Biophysica Acta (BBA) - General Subjects 1810(3): 350-360. 

Shin, M., Yoshimoto, H., & Vacanti, J. P. (2004). In vivo bone tissue engineering 
using mesenchymal stem cells on a novel electrospun nanofibrous scaffold. 
Tissue engineering, 10(1-2), 33-41. 

Sims, N. A., & Martin, T. J. (2014). Coupling the activities of bone formation and 
resorption: a multitude of signals within the basic multicellular unit. BoneKEy 
reports, 3. 

Smeets, P. J., Cho, K. R., Kempen, R. G., Sommerdijk, N. A., & De Yoreo, J. J. 
(2015). Calcium carbonate nucleation driven by ion binding in a biomimetic 
matrix revealed by in situ electron microscopy. Nature materials. 

Statistical Brief #186. Healthcare Cost and Utilization Project (HCUP). March 
2015. Agency for Healthcare Research and Quality, Rockville, MD. www.hcup-
us.ahrq.gov/reports/statbriefs/sb186-Operating-Room-Procedures-United-States-
2012.jsp. 

Statistical Brief #171. Healthcare Cost and Utilization Project (HCUP). January 
2014. Agency for Healthcare Research and Quality, Rockville, MD. www.hcup-
us.ahrq.gov/reports/statbriefs/sb171-Operating-Room-Procedure-Trends.jsp. 

Stranges E, Russo CA, Friedman B. Procedures with the most rapidly increasing 
hospital costs, 2004-2007. HCUP Statistical Brief #82. Agency for Healthcare 
Research and Quality (AHRQ), Rockville, 2009. 

Sugawara, Y., Suzuki, K., Koshikawa, M., Ando, M., & Iida, J. (2002). Necessity 
of enzymatic activity of alkaline phosphatase for mineralization of osteoblastic 
cells. Japanese journal of pharmacology, 88(3), 262-269. 

Sun, D., Chen, Y., Tran, R. T., Xu, S., Xie, D., Jia, C., ... & Bai, X. (2014). Citric 
Acid-based Hydroxyapatite Composite Scaffolds Enhance Calvarial 
Regeneration. Scientific reports, 4. 

Swain, L. D., Cornet, D. A., Manwaring, M. E., Collins, B., Singh, V. K., Beniker, 
D., & Carnes, D. L. (2013). Negative pressure therapy stimulates healing of 
critical-size calvarial defects in rabbits. BoneKEy reports, 2(4).  

Tang, J., Guo, J., Li, Z., Yang, C., Xie, D., Chen, J., ... & Yang, J. (2015). A fast 
degradable citrate-based bone scaffold promotes spinal fusion. Journal of 
Materials Chemistry B, 3(27), 5569-5576. 

 Tran, R. T., Wang, L., Zhang, C., Huang, M., Tang, W., Zhang, C., ... & Yang, J. 
(2014). Synthesis and characterization of biomimetic citrate-‐based biodegradable 
composites. Journal of Biomedical Materials Research Part A, 102(8), 2521-2532. 



	  

141	  

	  

Turgut, M., Erkuş, M., & Tavus, N. (1999). The effect of fibrin adhesive (Tisseel) 
on interbody allograft fusion: an experimental study with cats. Acta 
neurochirurgica, 141(3), 273-278. 

Urist, M. R. (1980). Fundamental and clinical bone physiology. Lippincott 
Williams & Wilkins. 

Vaananen, H. K., Zhao, H., Mulari, M., & Halleen, J. M. (2000). The cell biology 
of osteoclast function. Journal of cell science, 113(3), 377-381. 

Valdes, M., Palumbo, M., Appel, A. J., McAllister, S., & Ehrlich, M. (2004). 
Posterolateral intertransverse lumbar arthrodesis in the New Zealand White 
rabbit model: II. Operative technique. The Spine Journal, 4(3), 293-299.  

Vavken, J., Mameghani, A., Vavken, P., & Schaeren, S. (2015). Complications 
and cancer rates in spine fusion with recombinant human bone morphogenetic 
protein-2 (rhBMP-2). European Spine Journal, 1-11. 

Wang, R. (2012). Novel nanofiber-based graft for heart valve replacement. 
Master Thesis.  

Wang, Y., Wan, C., Deng, L., Liu, X., Cao, X., Gilbert, S. R., Clemens, T. L. 
(2007). The hypoxia-inducible factor α pathway couples angiogenesis to 
osteogenesis during skeletal development. Journal of Clinical 
Investigation,117(6), 1616.  

Wegst, U. G., Bai, H., Saiz, E., Tomsia, A. P., & Ritchie, R. O. (2014). Bioinspired 
structural materials. Nature materials. 

Wegst, U. G. K., Schecter, M., Donius, A. E. & Hunger, P. M. Biomaterials by 
freeze casting. Phil. Trans. R. Soc. A 368, 2099–2121 (2010). 

Weiss AJ, Elixhauser A, Andrews RM. Characteristics of Operating Room 
Procedures in U.S. Hospitals, 2011: Statistical Brief #170. Healthcare Cost and 
Utilization Project (HCUP) Statistical Briefs [Internet]. Rockville (MD): Agency for 
Health Care Policy and Research (US); 2006-2014. 

Wiegand, C., Springer, S., Abel, M., Ruth, P., & Hipler, U. C. (2014). Differences 
in fluid distribution during negative pressure wound therapy (NPWT) in a large-
pored PU-foam dressing, drainage film, and a specialized NPWT dressing 
system. Wound Medicine, 6, 22-25. 

Wijewardena, A., Vandervord, E., Lajevardi, S. S., Vandervord, J., & Jackson, C. 
J. (2011). Combination of activated protein C and topical negative pressure 
rapidly regenerates granulation tissue over exposed bone to heal recalcitrant 
orthopedic wounds. The international journal of lower extremity wounds, 10(3), 
146-151. 



	  

142	  

	  

Wilkes, R. P., McNulty, A. K., Feeley, T. D., Schmidt, M. A., & Kieswetter, K. 
(2007). Bioreactor for application of subatmospheric pressure to three-
dimensional cell culture. Tissue engineering, 13(12), 3003-3010. 

Winter, A., Breit, S., Parsch, D., Benz, K., Steck, E., Hauner, H., Richter, W. 
(2003). Cartilage-‐like gene expression in differentiated human stem cell 
spheroids: A comparison of bone marrow–derived and adipose tissue–derived 
stromal cells. Arthritis & Rheumatism, 48(2), 418-429. 

Wong, V. W., Akaishi, S., Longaker, M. T., & Gurtner, G. C. (2011). Pushing 
back: wound mechanotransduction in repair and regeneration. Journal of 
Investigative Dermatology, 131(11), 2186-2196. 

Yang, Z., Liu, M., Zhang, Y. G., Guo, X., & Xu, P. (2009). Effects of intermittent 
negative pressure on osteogenesis in human bone marrow-derived stroma 
cells. Journal of Zhejiang University Science B, 10(3), 188-192. 

Yang, Z., Yao, J. F., Xu, P., Zhang, J. B., Zhang, Y. M., Zhu, Y. J., ... & Xu, K. 
(2014). Functions and mechanisms of intermittent negative pressure for 
osteogenesis in human bone marrow mesenchymal stem cells. Molecular 
medicine reports, 9(4), 1331-1336.  

Yano, H., Hamanaka, R., Nakamura-Ota, M., Adachi, S., Zhang, J. J., Matsuo, 
N., & Yoshioka, H. (2014). Sp7/Osterix induces the mouse pro-α2 (I) collagen 
gene (Col1A2) expression via the proximal promoter in osteoblastic 
cells.Biochemical and biophysical research communications, 452(3), 531-536. 

Zajac, A. L., & Discher, D. E. (2008). Cell differentiation through tissue elasticity-
coupled, myosin-driven remodeling. Current opinion in cell biology, 20(6), 609-
615.  

Zhang, Y., Xie, R. L., Croce, C. M., Stein, J. L., Lian, J. B., Van Wijnen, A. J., & 
Stein, G. S. (2011). A program of microRNAs controls osteogenic lineage 
progression by targeting transcription factor Runx2. Proceedings of the National 
Academy of Sciences, 108(24), 9863-9868. 

Zhu, J., Yu, A., Qi, B., Li, Z., & Hu, X. (2014). Effects of Negative Pressure 
Wound Therapy on Mesenchymal Stem Cells Proliferation and Osteogenic 
Differentiation in a Fibrin Matrix. PloS one, 9(9), e107339. 

Zou, D., Zhang, Z., He, J., Zhang, K., Ye, D., Han, W., Jiang, X. (2012). Blood 
vessel formation in the tissue-engineered bone with the constitutively active form 
of HIF-1α mediated BMSCs. Biomaterials, 33(7), 2097-2108. 

 

  



	  

143	  

	  

APPENDIX 

Commercially Available Spinal fusion Substitutes – 2015 

Company Commercially 
available 
product 

Composition Design Mechanisms 
of Action 

Regulator
y Status 

AlloSourc
e 

AlloFuse allograft Inserts Osteoconducti
on Resorbable 
Osteoinductio
n 

510(K) 
cleared     
ISO 
certified 

Depuy 
Synthes 

DBX β-tricalcium 
phosphate 
granules and 
a resorbable 
polymer 
[poly(lactide 
co-ε-
caprolactone)]
, 
decellularized 
bone matrix 

Putty,mix
, strips, 
graft 
substitute
s 

Osteoconducti
ve Resorbable  

510(K) 
cleared     
ISO 
certified 

Exactech Cemex, 
PEEK-
OPTIMA®  

 PMMA 
particles, 
polyether 
ether ketone  

Inserts Osteoconducti
ve 

510(K) 
cleared     
ISO 
certified 

Integra 
IsoTis 
Ortho 
Biologics 

Acell®  
SeaSpine 

Purified 
synthetic bone 
substitute 
beta-tricalcium 
phosphate (β-
TCP), 
collagen, 
ceramics, 
decellularized 
bone material  

Putty, 
Strips, 
and 
moldable 
Morsels 

Osteoconducti
ve 
Resorbable  

510(K) 
cleared     
ISO 
certified 

Lifenet 
Health 

VertiGraft® Allograft Inserts Osteoconducti
on Resorbable 
Osteoinductio
n 

510(K) 
cleared     
ISO 
certified 

Medyssey  PEEK interbo
dy spacers 
Zenius(TM)  
spinal 

polyetherether
ketone, 
titanium alloy 

Inserts, 
Pedicle 
Screw, 
Rod, 

Osteoconducti
onStablization 

510(K) 
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instrument Plates  

Medtronic
s 

INFUSE, 
Bone 
Graft/LT-
Cage 
Lumbar 
Tapered 
Fusion 
Device 

collagen, 
titanium alloy 

Inserts Osteoconducti
ve 

510(K) 
cleared     
ISO 
certified 

Stryker PEEK 
spacers, 
titanium cage 
and spinal 
instruments 

polyetherether
ketone, 
titanium alloy 

Inserts, 
Pedicle 
Screw, 
Rod, 
Plates  

Osteoconducti
ve Stablization 

510(K) 
cleared     
ISO 
certified 

Zimmer 
Spine 

Sequoia® synthetic bone 
void filler, 
titanium alloy, 
decellularized 
bone matrix  

Inserts, 
Pedicle 
Screw/Ro
d, Plates, 
gel, putty, 
matrix  

Osteoconducti
ve Stablization 

510(K) 
cleared     
ISO 
certified 

Porous PCL-based Sponge for NPWT 

Salt leaching and phase separation (Figure 67) are the fabrication 

techniques that can be combined to generate porous sponge structure with a 

distribution of small, medium and large porous structures. The salt crystal formed 

the largest pores when leached by water, and the ice crystals developed during 

phase separation by lyophilization created channels and microgrooves (Wegst et 

al. 2010, Tomsia et al. 2007, Wegst et al. 2014). The combination of the 

fabrication techniques generates a highly porous structure in either circular or 

lamellar form. This technique was used to fabricate sponge made from poly-

(caprolactone) (PCL). PCL is a polyester that degrades slowly, and the use in 

medical devices has been approved by FDA. The porous structure in the sponge 
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allows the fluid removal during the application of negative pressure wound 

therapy.  

 

Figure 67 Picture illustrating the salt leaching and lyophization resulting in the 

formation heterogenous highly porous structure.  

A. PCL Sponge for Surgical Implantation 

PCL is a slow degradable polyester approved by FDA that has been used in 

drug delivery, sutures and other medical applications (Ameer et al. 2009). Like 

POC, the degradation products of PCL can be eliminated through citric acid (TCA) 

cycle for metabolism and renal excretion. Pores, channels and microgrooves of 

different sizes are important to tailor the function of fluid exchange toward 

applying to negative pressure wound therapy (Wagner et al. 2011). Therefore, 

fully interconnected channel network within PCL or its copolymer can be 

fabricated into functional degradable sponge for in vivo application of the NPWT 

to substitute the nonresorbable clinically used polyurethane sponges. 
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Figure 68 Picture illustrating the PCL sponge implant for NPWT 

B. Fabrication of Degradable Sponge Materials 

Materials and reagents were purchased from Sigma unless otherwise noted. The 

Poly (caprolactone) and copolymers were purchased from PolySciTech® (Akina Inc., 

West Lafayette, Indiana). The polymer solution was prepared at the concentration of 

7% (w/v) in 1, 4-dioxane in a 50ml Pyrex® beakers (Corning, NY). In a separate 

beaker, salt was weighted to a 10:1 (w/w) ratio to the polymer and packed at the 

bottom of the beaker (Figure 69). Then the polymer solution was poured on top of 

the salt and quickly transferred into the -80°C freezer. The beaker was kept in the -

80°C freezer overnight for 12 hours. After the sample was completely frozen, the 

beaker was transferred to lyophilize for 24 hours to evaporate the solvent before 

transferred into deionized water for salt leaching over approximately 72 hours. To 

validate that there was no salt presence after salt leaching, a clear solution was 

observed when adding the dialyzed solution to AgNO3. The morphology of the 

sponge (Appendix) was examined following salt leaching with scanning electron 

microscopy (Figure 69). 
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Figure 69 Schematic illustrating the fabrication process of the PCL-based sponge. 

Polymer solution was dissolved in 1, 4–dioxane in a Pyrex® beaker with salt at 

the bottom and after lyophilizing and salt leaching (A), a PCL sponge with tubing 

(B) was made, microstructure under scanning electron microscopy (C) showing a 

highly porous structure.  

C. Porosity Measurements 

To measure the porosity, the PCL sponges were cut into cylinders using a 

biopsy punch (6mm in diameter). Samples were placed in a 15ml conical tube 

(n=3). Kimwipes (KIMTECH, Roswell, GA) were used to cover the top of the tube 

and secured by parafilms (Parafilm M, Chicago, IL). The samples were 

lyophilized for 1-hour and the weights of the dried samples were measured 

immediately. The the samples were immersed completely in DDH2O and placed 

on the mechanical shaker at the speed of 1 for 30min at 22oC room temperature. 

After blotted dried with filter paper, the weights of the samples were measured 

immediately. Both the density and the weight ratio of the composites were known. 

The volume of the sponge samples was obtained by dividing the weight by the 

density of the sponge. 
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The porosity of the samples was calculated with the equation below: 

porosity:  𝜀 = 𝑉!"#/(𝑉!"# + 𝑉!"#$%&) 

       (Soliman, Sant et al. 2011) 

𝑉!"# was the volume of the water inside the sponge cavity, and 𝑉!"#$%& was the 

volume of the porous sponge polymer structure. The porosity was expressed as 

mean ± standard error of the mean. 

 

Figure 70 The bar graph illustrated the porosity of PCL-based sponges. The 

porosity of PCL sponge was 69% as compared to the 77% porosity of P(D,L)CL : 

PCL (1:1) sponge.  
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Figure 71 Bar graph illustrating the pore size of PCL and P(D,L)CL : PCL (1:1) 

sponges (n=3). 

 

       
W
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D. Scanning Electron Micrograph of the Sponge and BRM Implants 

 

Figure 72 Scanning electron micrographs of BRM electrospun material, P(D,L)CL 

and PCL sponges. The materials indicated highly porous structures in the picture. 

  



	  

151	  

	  

E. Sponge Mechanical Test and Histology after Implantation  

The compression mechanical testing was performed after 6-week 

subcutaneous implantation in a porcine model after 24 hours of continuous 

negative pressure at -125mmHg. Specimens for compression testing were 

prepared in cubical shape (1cm by 1cm by 1cm). A total of 4 replicates of each 

sample at each implantation site were evaluated. The specimen was placed 

between the holder plate and the load cell plate which moved incrementally until 

all surfaces of the sample were touching both surface and flat (Figure 73). The 

compressive loading rate was set to 0.01mm/sec. The relationship of 

compression force and displacement was recorded and analyzed to obtain 

compression stress and strain. The stress-strain curve was analyzed based on 

the highest slope method in order to calculate the compression modulus of the 

sponge materials (Wu et al. 2010). 

 

Figure 73 BOSE-Electroforce mechanical testing machine: performing the 

compression test on the PCL-based sponge material. 
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The PCL sponges implanted at different sites presented a 17.5% 

difference in compression modulus, and P(D,L)CL:PCL (1:1) sponges illustrated 

a higher percentage difference of a 30.2% between the two sites. The average 

compression modulus for the P(D,L)CL:PCL (1:1) sponges (37.4kPa) was 17.8% 

lower in comparison with the PCL sponges (45.5kPa). This observation was 

consistent with the gross examination which the P(D,L)CL: PCL (1:1) sponges 

presented to be softer then the PCL sponges. It was reported that PCL-based 

sponges fabricated at a concentration below 10% (solute to solvent ratio) were 

unable to measure compression modulus (Cortázar et al. 2008). The method 

developed in this work allowed for fabricating the sponges at 7% (solute to 

solvent ratio) that were easy to be handled for both mechanical testing and 

surgical applications. The modulus of sponges integrated with tissue ranged from 

30kPa to 50kPa, which was within the range of the modulus of muscle tissue: 

10kPa to 56kPa (Kot et al. 2012, Levental et al. 2007). 
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Figure 74 Graph illustrating the modulus of the PCL-based sponge.  

 

Figure 75 Pictures illustrating the gross examination of the collected sample, and 

hematoxylin and eosin (H&E) staining of PCL-based sponge (in dash line 

labelled area) after 6-week subcutaneous implantation in a porcine model (with 

24-hour of continuous negative pressure at -125mmHg on day 0).  
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Figure 76 Photomicrographs illustrating the Masson’s trichrome-stained sponge 

sections (left: sponge adjacent with muscle labelled with the white dashed line, I: 

implant, M: muscle; right: center of the sponge; Magnification: 4X). 

The sponges were removed after 6 weeks following the initial 

subcutaneous treatment over a 24-hour continuous NPWT at -125mmHg in a 

swine model. The sponges integrated with the surrounding tissue and the surface 

of sponge adjacent to muscle formed a layer of collagen and infiltrated with cells 

(Figure 75, Figure 76).  The center of the sponge was homogenously infiltrated 

with spindle shaped cells and deposited collagen (Figure 76). Both sponges were 

biocompatible to the surrounding subcutaneous tissue as illustrated by 

hematoxylin and eosin (H&E) staining showing tissue integration with dermis or 

muscle and completed infiltrated with fibroblasts. This difference suggested that 

by alternating compositional ratio of different PCL-based polymer, the 

mechanical properties can be designed. It will be an area of interest to further 

study the correlation of mechanical properties of PCL-based sponge in different 

porous structures, and how the in vivo degradation profile are different when 

changing the fabrication formulation and molecular weight of the PCL-based 

sponge.  
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