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ABSTRACT 

Development and Characterization of Ion Encapsulated Liposomes for Vesicle-

mediated Biomineralization 

Philip J Chuang 

Bone is the most commonly replaced organ, with nearly 1 million grafting procedures performed 

annually in the United States.  Inherent limitations associated with bone grafts, such as graft availability 

and donor site morbidity, leave room for alternative grafting solutions.  Current mineralized tissue 

engineering approaches include the use of synthetic hydroxyapatite as cement or as nano- or micro-

particles pre-incorporated into a tissue engineering scaffold prior to cell seeding or implantation.  While 

promising results have been reported with such methods, these constructs are not biomimetic as they fail 

to replicate neither the size, distribution, nor density of mineral inherent in the native bone, leading to 

inferior mechanical properties and supra-physiologic levels of calcium phosphate that can disrupt healing, 

alter cell response and inhibit normal tissue homeostasis.  To address these issues, inspiration is taken 

from the native biomineralization process which is often facilitated by matrix vesicles, a lipid-based 

nanocarrier within which calcium and phosphate ions are combined to form calcium phosphate mineral in 

hard tissues such as bone. Synthetic matrix vesicles (SMV) formulated from self-assembling liposomes 

have emerged as a promising model both for studying the biomineralization process as it relates to matrix 

vesicles and for use in regenerative medicine. The ideal SMV system is defined as follows: the mineral 

formed should match the native calcium phosphate in both structure and chemistry, the mineral must be 

stable in the physiological environment and can continue to grow in size when necessary and the matrix 

vesicles should also be able to work in conjunction with a scaffold tailored for bone tissue engineering.  It 

is hypothesized that the formation of native bone-like calcium phosphate can be achieved with the 

controlled optimization of matrix vesicles in terms of fabrication parameters, ion transport, cell response 

and interactions with a gelatinous matrix.  

 To this end, a liposome-based, biomimetic matrix vesicle system was designed to facilitate 

vesicle-mediated biomineralization for regeneration of calcified tissues.  Synthetic matrix vesicles were 

fabricated from two different phospholipids, DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and 



 

 

DMPC (1,2-bis(myristoyl)-sn-glycero-3-phosphocholine) and optimized in terms of membrane 

composition, alkaline phosphatase bioconjugation, and ion encapsulation. Calcium (Ca2+) and phosphate 

(Pi) ions were successfully encapsulated within the liposomes.  Ion permeability across the bi-layer 

membrane, which is necessary for Ca2+ and Pi to combine within the SMV for mineralization, was found to 

increase with increasing DMPC composition, validated through ion release studies and diffusion modeling 

through Fick’s 2nd Law.  In addition, alkaline phosphatase (ALP), an enzyme which cleaves Pi from 

organic phosphate molecules for mineral formation with Ca2+, was successfully conjugated to the SMV 

membrane through the use of biotin-functionalized phospholipids and streptavidin-ALP.  Human 

osteoblast-like cells were dosed with the optimized SMV and the effects of SMV type and dosage on 

mineralization response was evaluated.  Mineralization potential of human osteoblast-like cells was found 

to decrease through exposure to Pi-encapsulated SMV similar to the response found for human 

osteoblast-like cells supplemented with β-glycerophosphate (β-GP), an organic phosphate source 

typically used in mineralization in vitro studies.  Human osteoblast-like cells were also dosed with two 

different configurations of ALP SMV liposomes with ALP bound within (ALP-inside SMV) and liposomes 

with ALP bound to the membrane on the outside (ALP-outside SMV).  ALP-outside SMV were ultimately 

selected for further study since the location of the ALP in the outside configuration more closely mimics 

the structure of native matrix vesicles.  While mineral-like structures were observed in several types of 

SMV under cryo-electron microscopy, no bulk mineralization was observed by human osteoblast-like cells 

from SMV supplementation alone.  This motivated a dosage study conducted with the Pi SMV which 

optimized the cell-to-liposome ratio and the concentration of Pi encapsulated.  The optimized ALP-outside 

SMV and Pi SMV were individually combined with an electrospun gelatin nanofiber scaffold to further 

promote cell mineral deposition by acting as a biomimetic substrate for calcium phosphate nucleation.  It 

was demonstrated that in the absence of growth factor stiumulation, culture of human osteoblast-like cells 

with SMV+βGP and Pi SMV resulted in mineral deposition on the gelatin nanofiber scaffold.  Human 

mesenchymal stem cells (hMSC), a more clinically relevant cell type, were also cultured on the SMV-

gelatin scaffold system.  Mineralization potential was found to increase for hMSC cultured with ALP SMV, 

and the osteogenic marker osteocalcin was upregulated for cultures with Pi SMV.  Dosage of hMSC with 

SMV+β-GP and Pi SMV alone resulted in the formation of a mineralized matrix. 



 

 

 In summary, this thesis focuses on the design of a biomimetic, liposome-based synthetic matrix 

vesicle system and elucidates the compositional and dosage parameters for the formation of calcified 

tissue by human osteoblast-like cells and MSCs.  The synthetic matrix vesicle system developed in this 

thesis can be utilized for further investigation into the mechanisms of biomineralization, in addition to its 

potential for use in promoting cell-mediated regeneration of a variety of calcified tissues, including bone, 

teeth and mineralized soft-to-hard tissue interfaces.   
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CHAPTER 1: INTRODUCTION 
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1.1 Specific Aims 

Biomineralization is the process where mineral is formed in the human body, during which matrix 

vesicles (figures 1.1, 1.2) are often utilized in a well-controlled chemical process that leads to calcium 

phosphate deposition in calcified tissue such as bone, teeth and the critical transition between soft tissue 

and bone (2-5). The matrix vesicles start by budding from the membrane of osteoblasts, growth plate 

chondrocytes, or odontoblasts and range in size between 30-1000nm with a mean diameter around 200-

300nm (2).  

  

  

The lipid-based vesicle membranes, while similar to cell membrane, contain a higher level of 

alkaline phosphatase (ALP), nucleoside triphosphate pyrophosphohydrolase, and annexins (6-9). The 

enzyme ALP acts to cleave inorganic phosphates (Pi) from pyrophosphatase (PPi) for mineral formation 

with calcium, whereas nucleoside triphosphate pyrophosphohydrolase increases the production of PPi by 

hydrolysis of adenosine triphosphate (ATP) (6;7). Calcium ions enter via the annexin V channel (anchorin 

CII in figure 1.2) and the phosphate ions enter via a Na+ dependent phosphate transporter which has yet 

to be identified (10-14). Once sufficient calcium and phosphate ions have accumulated inside the matrix 

vesicle, calcium phosphate begins to nucleate (figure 1.1) which is theorized to be initially non-crystalline 

and gradually convert to octacalcium phosphate Ca8H2(PO4)6•5H2O and finally to stoichiometric 

Figure 1.1. Matrix 
Vesicle TEM Micrograph. 
Electron micrograph of a 
matrix vesicle with a 
calcium phosphate crystal 
(electron dense region) (2) 

Figure 1.2. Schematic of Matrix 
Vesicle. Schematic of location of 
major matrix vesicle proteins and 
binding sites to collagen fibrils(2)  

Figure 1.3. Schematic of the 
Nanostructure of Bone. 
Model of hydroxyapatite (HA) 
and tropocollagen (TC) 
molecule organization within 
mineralized collagen fibrils  (1) 

50nm 
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hydroxyapatite (HA) Ca10(PO4)6(OH)2 (2;15;16). It is believed that once the hydroxyapatite crystal grows 

to a length that is long enough to penetrate the matrix vesicle membrane, the neighboring collagen fibrils 

direct the nucleation and orientation of new crystals in conjunction with the ion concentration of the 

extracellular fluid(17). The mineral deposition is directed by the orientation of the collagen fibrils (figure 

1.2), with the final mineral found in native bone being a mixture of HA (~70%) and amorphous calcium 

phosphate (~30%; (18)).  It is well established that both the size and controlled distribution of 

hydroxyapatite crystals within the collagen matrix are critical for achieving the functional properties of 

bone (figure 1.2), (1). 

Synthetic matrix vesicles (SMV) formulated from self-assembling liposomes have emerged as a 

promising model both for studying the biomineralization process as it relates to matrix vesicles and for 

use in regenerative medicine, especially for the formation of bone, which is also the most commonly 

replaced tissue in the United States. The long term goal of this thesis is to combine current materials 

science and tissue engineering principles to design a liposome-based, biomimetic matrix vesicle system 

capable of facilitating vesicle-mediated biomineralization for regeneration of calcified tissues.  Current 

bone or mineralized tissue engineering approaches generally include the use of synthetic hydroxyapatite 

cements or HA nano- or micro-particles pre-incorporated into a tissue engineering scaffold prior to cell 

seeding or implantation (19-21).  While promising results have been reported with these approaches, 

these constructs are not biomimetic as they fail to recapture neither the size, distribution, nor density of 

mineral inherent in native bone.  In addition to inferior mechanical properties, such mismatches and the 

persistence of supra-physiologic levels of calcium phosphate can disrupt healing, alter cell response and 

inhibit normal tissue homeostasis.  It is envisioned in this thesis that directing biomineralization using the 

SMV-based system will result in a more biomimetic mineral phase being deposited and distributed within 

a gelatinous matrix, leading to superior healing response, mechanical properties, and ultimately, 

improved biological fixation with the repair site.  

The ideal SMV system is defined as follows: the mineral formed should match the native calcium 

phosphate in both structure and chemistry, the mineral must be stable in the physiological environment 

and can continue to grow in size when necessary and the matrix vesicles should also be able to be 

incorporated into a scaffold tailored for bone tissue engineering.  Our working hypothesis is that the 
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formation of native bone-like calcium phosphate can be achieved with the controlled optimization of 

matrix vesicles in terms of fabrication parameters, ion transport, cell response and interactions with a 

gelatinous matrix.  To test this hypothesis, this thesis has four specific aims: 

 

Aim 1: To synthesize and characterize a liposome-based synthetic matrix vesicle (SMV) system 

Hypothesis: By controlling the chemistry of the phospholipids, ion transport will be regulated through 

the vesicle membrane. The type and concentration of mineralization-relevant ions (Ca2+, Pi) incorporated, 

the conjugation of ALP on the liposome, as well as the external solution pH, temperature, and ion 

concentrations will dictate the resulting crystal structure and chemistry of calcium phosphate formed via 

matrix vesicles. 

Aim 2: Optimize the liposome-based system based on in vitro culture with human osteoblast-like cells 

Hypothesis: The presence of the SMV system will modulate mineral deposition in vitro.  Cell growth, 

collagen synthesis and mineralization will depend on the type and number of matrix vesicles, 

concentration of ions in the matrix vesicles, and culturing time.  

Aim 3: Evaluate cell response to the combined mineralization system based on the incorporation of 

SMVs into a gelatin-based matrix 

Hypothesis: Mineral deposition will be directed by the organization of the gelatin nanofiber scaffold 

and the inclusion of matrix vesicles with the construct.  A mineralized matrix with biomimetic deposition of 

calcium phosphate will be formed using this SMV-gelatin system. 

Aim 4: Evaluate and optimize the osteogenic differentiation of human mesenchymal stem cells in the 

liposome-gelatin scaffold system 

Hypothesis: The optimized SMV-gelatin scaffold system will support osteogenic differentiation of 

human mesenchymal stem cells and regulate their mineral deposition in vitro.  

 

 This thesis project is innovative in that unlike current approaches to bone tissue engineering, it 

seeks to systematically develop a method of mineral incorporation that mimics the processes naturally 

occurring in the body.  By exposing cells to the SMV or SMV-gelatin system, they would be encouraged 

to form a more biomimetic calcium phosphate-based matrix, with physiologically relevant mineral size and 
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distribution within the gelatinous matrix similar to the mineral found in native bone.  In addition to 

facilitating biomimetic and functional mineralization, these studies provide new insight into the mechanism 

of mineralization.  Furthermore, the matrix vesicle system in this thesis also has broader applications in 

the regeneration of a variety of calcified tissues including bone, teeth and mineralized soft-to-hard tissue 

interfaces.  

 The objectives of Aim 1 are to synthesize and characterize the SMV and encapsulate 

mineralization-relevant ions such as Ca2+ and Pi (Study 1-A), as well as conjgate alkaline phosphatase to 

the liposomes (Study 1-B).  The hypothesis for Study 1-A is that the selection of phospholipids regulates 

the transport of ions across the SMV membrane.  In addition, it is hypothesized that the liposomes can 

encapsulate mineralization-relevant ions and remain stable in cell culture conditions long enough for cell 

mineralization in vitro studies.  Cryo-electron microscopy is used to visualize the morphology of the 

liposomes and phospholipid bi-layer structure.  The composition of the lipid bi-layer is modified in order to 

optimize the transport of ions across the membrane for calcium phosphate nucleation. The diffusion of 

ions across the lipid-bilayer is modeled using Fick’s 2nd law for a perfect sphere in conjunction with 

experimentally obtained ion release data. 

 With the optimal liposome system being identified in study 1-A, alkaline phosphatase (ALP) is 

incorporated into the synthetic matrix vesicles via the interaction of functionalized biotin-phospholipids 

and streptavidin-alkaline phosphatase.  In biomineralization, alkaline phosphatase is an enzyme which 

cleaves inorganic phosphate ions (Pi) from organic phosphate molecules, which allow Pi to combine with 

Ca2+ to form calcium phosphate mineral.  The biotin-streptavidin binding system has been well 

documented to bind biologically active macromolecules without affecting their biological activity (22). The 

hypothesis for Study 1-B is that ALP can be successfully conjugated to the membrane of the SMV and 

that membrane bound ALP promotes mineralization in the presence of organic phosphates.  In addition to 

the characterization techniques used in study 1-B, an alkaline phosphatase colorimetric assay is utilized 

to determine ALP activity of the resulting bioconjugated SMV.  

 The objectives for Aim 2 are to culture human osteoblast-like cells (Saos-2) with the different 

types of liposomes optimized in aim 1 (Study 2-A) and determine the effects of liposome concentration 

on osteoblast response (Study 2-B).  The hypothesis for Study 2-A is that the ion encapsulated 
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liposomes promote mineralization by human osteoblast-like cells and that the presence of ALP further 

enhances mineralization in the presence of an external organic phosphate source such as beta-

glycerophosphate.  The effects of the types of ion encapsulated and ALP conjugation on factors such as 

cell proliferation, matrix production, and mineral deposition are evaluated by quantitative assays and 

histological techniques.  The optimal matrix vesicle from study 2-A is selected for a dose dependent study 

(2-B) and it is hypothesized that increasing the ratio of liposomes to the number of human osteoblast-like 

cells results in greater mineral deposition.  The same assessments for study 2-A (cell proliferation, matrix 

production, mineral deposition) are used to evaluate mineralization response of human osteoblast-like 

cells to liposome dose.  

 After developing a biomimetic matrix vesicle system optimized in terms of ion type, liposome 

chemistry, ALP conjugation and cell-to-liposome ratio, the objectives for Aim 3 are to combine these 

optimized matrix vesicles with a gelatin-based scaffold in order to evaluate the effects of gelatin nanofiber 

scaffolds on biomimetic mineral deposition and calcification by human osteoblast-like cells (Study 3-A).  

The hypothesis for Study 3-A is that the presence of the scaffold provides a substrate for the deposition 

of calcium phosphate crystals by human osteoblast-like cells and that the calcium phosphate structure is 

dependent on the liposomes.  Cell response is assessed using methods similar to those described for aim 

2.  Histological staining is used to evaluate the scaffolds for mineral deposition.   

 To extend the translational potential of the liposome-gelatin scaffold to regenerative medicine, 

human mesenchymal stem cells (hMSC) are cultured on the optimized construct.  The objective of Aim 4 

is to culture hMSC in the optimized liposome-gelatin scaffold system (Study 4-A) investigated in aim 3.  

The hypothesis for Study 4-A is that the liposome-gelatin scaffold system promotes the mineralization 

and osteogenic differentiation of hMSC. The effects of the liposome-gelatin scaffold environment on cell 

proliferation, matrix production, and mineral deposition are evaluated.  In addition, established markers 

for osteogenic differentiation of hMSC such as osteocalcin, osteonectin, and collagen I are assessed by 

real time polymerase chain reaction (RT-PCR).   

 In summary, the overall objective of this thesis is to design and optimize a biomimetic, liposome-

based synthetic matrix vesicle system for the formation of calcified tissue. In Aim 1, liposomes 

encapsulating various mineral-relevant ions and conjugated to key mineralization enzymes such as 
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alkaline phosphatase are fabricated and characterized.  These synthetic matrix vesicles are optimized in 

terms of the membrane composition and the rate of ion transport of Ca2+ and Pi across the lipid 

membrane.  Liposomes optimized for ion type, phospholipid membrane composition, and enzyme 

incorporation are then used for cell culture with human osteoblast-like cells in Aim 2.  After optimizing the 

dosage and ion-type/concentration of the liposomes for in vitro osteoblast culture, the liposomes are 

combined with a gelatin nanofiber scaffold to promote mineral deposition (Aim 3) to mimic the 

mineralized collagen matrix that gives bone its functional properties.  Finally, in Aim 4, to extend the 

clinical translational potential of the SMV for bone regeneration, hMSC are seeded on the optimized 

liposome-gelatin construct.   

 In summary, the focus of this thesis is on the design of a biomimetic, liposome-based synthetic 

matrix vesicle system to promote vesicle-mediated mineral formation that is critical for functional bone 

tissue engineering.  The results of these studies also yield new insights into the mechanism of the 

mineralization process and on how to regulate the formation of calcium phosphate.  

 

1.2 Significance 

1.2.1 Bone Injuries and Current Repair Techniques  

Bone loss due to degenerative disease, cancer, and trauma is a major health concern. In the 

United States, 3 million musculoskeletal procedures are performed annually, with half of those 

procedures involving bone grafts (23).  Common scenarios for bone graft procedures include bone 

fractures, spine fusion surgeries, bone regeneration, and as part of soft tissue grafts or medical devices to 

promote implant fixation and integration.  Bone grafts are divided into two categories: autografts and 

allografts.  Autografts are harvested from a donor site (such as the ribs or hip) in the patient’s own body 

and transplanted to the repair site.  Allografts are derived from other human donors, such as cadavers 

and deceased donors and are commonly stored in a tissue bank prior to use (24).  Both types of grafts 

have been successfully used for bone reconstruction, however they each come with their own inherent 

limitations(25-31).  For autografts, since the bone tissue is obtained from the patient undergoing repair, a 

second surgical site is required which increases surgical time, risk of infection and donor-site morbidity.  

Allograft limitations include limited availability, reduced graft osteoinductivity due to tissue processing, 
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mechanical mismatch, and risk of disease transmission and an immunogenic response(24;32;33) .   

Synthetic grafts have been developed out of inorganic mineral phases (e.g. hydroxyapatite, beta-

tricalcium phosphate, bioactive glass, etc.) as an alternative to autografts and allografts for bone 

reconstruction.  Due to the implants being fabricated from synthetic materials, the risk of disease 

transmission is either non-existent or significantly reduced.  These materials are tested for 

biocompatibility to reduce the risk of any adverse response in vitro(34-36).  In addition, the material 

properties can be modified and engineered to improve biocompatibility, bioactivity, mechanical properties, 

and integration with the host-tissue(37-41).  In addition to synthetic grafts, scaffold-based approaches 

have emerged as a promising alternative to autografts and allografts.  Scaffold systems act as temporary 

structures supporting tissue formation by cells.  The source of these cells can either be native cells from 

the host tissue which infiltrate the scaffold at the repair site, or cells pre-seeded onto the scaffold prior to 

implantation obtained from either the host prior or another source.  The driving principal of the scaffold 

system has the scaffold material degrade away as new tissue is deposited by the cells, with the eventual 

goal of complete replacement of the scaffold area with new, fully integrated bone tissue.  Thus it is 

important that the scaffold’s mechanical properties match the native tissue to support loading while the 

cells deposit new tissue and have an appropriate scaffold degradation rate.  Current scaffold systems for 

bone include the use of an inorganic mineral phase in the form of nano- or micro-particles pre-

incorporated into the scaffold system prior to cell seeding and implantation (21;42).  While synthetic 

materials are promising alternatives to autografts and allografts, these constructs are not biomimetic, 

failing to mimic the size, distribution, and density of mineral inherent in native bones which results in 

inferior mechanical properties.  In order to design a more biomimetic system, this thesis takes inspiration 

from the native bone structure and biomineralization process. 

  

1.2.2 Bone Structure and Biomineralization 

Bone serves as the main structural unit of the human body and is maintained by three main cell 

types: osteoblasts, osteoclasts and osteocytes.  The skeleton is continuously being remodeled and rebuilt 

through the interplay between osteoblasts, which form new bone, and osteoclasts, which resorb bone.  

Osteocytes, which are the most abundant cell type present in bone, mediate this cycle by acting as 
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mechanosensors. Bone is composed of approximately 25% extracellular matrix, 50% mineral, and 25% 

water (43;44).  The extracellular matrix (organic phase) of bone is predominantly composed of type I 

collagen fibrils, which compositionally are built on collagen molecules made up of repeating glycine-

proline-4-hydroxyproline sequences with slight variations (45).  Three collagen molecules wrap around 

each other to form a super-helical structure called tropocollagen.  The tropocollagen fibrils, which are 

roughly 280nm long and 1.5nm thick, are further organized at the nanoscale into a revised quarter 

stagger model in type I collagen.  This model consists of adjacent parallel fiber rows being staggered by 

64nm longitudinally which allows for maximum cross-linking of hydroxylysine and lysine residues for 

matrix stability (45;46).  This structural staggering between the tropocollagen fibrils results in a natural 

spacing between the fiber ends 40x5nm in size, which are theorized to be nucleation sites 

biomineralization of bone (45;47).   

The inorganic phase of bone is made up of 70% hydroxyapatite (HA; Ca10(PO4)6(OH)2; crystalline 

form of calcium phosphate), and 20% amorphous calcium phosphate (18).  Buehler et al. demonstrated 

the effects of HA on the mechanical properties of collagen fibers by comparing the tensile strength of 

mineralized versus unmineralized collagen fibers(1).  Mineralized collagen fibers were reported to have a 

Young’s modulus of 6.23 GPa and a maximum stress of 0.6 GPa whereas unmineralized collagen fibers 

had a Young’s modulus of 4.59 GPa and a maximum stress of 0.3 GPa.  The increase in mechanical 

properties of mineralized collagen fibers were attributed to the HA crystals acting as strengthening 

precipitates that impart resistance to plastic deformation and fracture as well as the organization of the 

collagen fibrils and HA crystals maximizing intermolecular forces.  While many composite tissue-

engineering scaffolds combine a polymer phase (to mimic the extracellular matrix) and a calcium 

phosphate mineral phase, the native collagen-mineral organization which is attributing to giving native 

bone its mechanical properties, is not replicated.  It is hypothesized that this structure can be more 

closely mimicked by exploring the formation of HA crystals by native matrix vesicles.  

The onset of biomineralization has been associated with structures called matrix vesicles, which 

have been theorized to initiate the mineralization and deposition of calcium phosphate in calcified tissues 

such as bone, teeth and the critical transition between soft tissue and bone(3-5;48).  Matrix vesicles are 

self-assembled phospholipid bi-layers which form by budding off the cell membrane of osteoblasts, 
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growth plate chondrocytes, or odontoblasts. Their diameters have a range between 30-1000nm with an 

average diameter falling around 200-300nm (48). There are three major components in matrix vesicles 

which are associated with the biomineralization process: alkaline phosphatase (ALP), nucleoside 

triphosphate pyrophosphohydrolase (NTPPase), and annexins(6-9). In order for mineralization to occur, 

free floating calcium ions (Ca2+) in the local environment require inorganic phosphate ions (Pi) to combine 

with.  NTPase supplies an organic phosphate source by producing pyrophosphatase (PPi) through the 

hydrolysis of adenosine triphosphate (ATP) (6;7).  While Ca2+ cannot combine with PPi to form mineral, 

ALP provides the matrix vesicles with an inorganic phosphate (Pi) source by cleaving Pi from PPi.  The 

ions are then able to enter the matrix vesicles via the annexin V channel (Ca2+) and through a Na+ 

dependent phosphate transporter (Pi) which has yet to be identified (10-14;49).  Nucleation of calcium 

phosphate occurs where there is a sufficient build-up of Ca2+ and Pi inside the matrix vesicle.  In addition, 

it has been theorized that the nucleation of calcium phosphate goes through several phases, initially 

forming as a non-crystalline amorphous calcium phosphate, and subsequently progressing to octacalcium 

phosphate Ca8H2(PO4)6•5H2O and finally to stoichiometric hydroxyapatite (HA) Ca10(PO4)6(OH)2 (2) 

(15;16).  Once the HA crystal has grown large enough to penetrate the matrix vesicle and expose itself to 

collagen, mineralization then propagates along the collagen fibers using the supply of Ca2+ and Pi 

available in the extracellular fluid (17). The underlying collagen fibril structure guides the mineralization 

process, with the initial mineral crystals hypothesized to be found in the 64 nm spacing between 

tropocollagen molecules (1).  The importance of the size and distribution of HA crystals throughout the 

collagen matrix on the functional mechanical properties of bone have been well established and remain 

one of the key inspirations for this thesis (1). 

 

1.2.3 Current Efforts in Bone Tissue Engineering 

Many strategies in tissue engineering scaffolds try to mimic the natural structure of bone.  For 

example, FDA approved polymers polylactide-co-glycolide acid (PLGA) and polycaprolactone (PCL) have 

electrospun into nanofibers to mimic the natural fibril morphology of collagen in the extracellular matrix.  

Polymers such as PLGA and PCL are used due to their favorable and tunable biodegradable and 

mechanical properties (50).  The predominant method for nanofiber fabrication is electrospinning which 
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has produced nanofiber scaffolds out of numerous polymers including the aforementioned PLGA and 

PCL polymers (51-53).  A general description of the method begins with a polymer dissolved in a solvent 

being loaded into a syringe pump. A high voltage source is applied to the polymer, for example by 

connecting the source to a metal syringe needle, and nanofibers are drawn out onto a grounded collector.  

PCL nanofiber scaffolds have been used to differentiate mesenchymal stem cells (MSCs) into osteoblasts 

under rotational culture in osteogenic differentiation medium(52).  In addition, abundant type I collagen 

(the form of collagen found in bone) and mineralization were deposited by the cells throughout the 

scaffold.  Aligned polymer scaffolds can also be fabricated by collecting the nanofibers on a rotating 

target in order to replicate the natural alignment of the native collagen matrix (39).  The electrospinning 

process can also be applied to other organic (collagen, gelatin, etc.) and synthetic biomaterials which will 

be utilized in Aim 3 of this thesis (53-55).   

With bone being structurally composed of a softer organic collagen phase and a harder inorganic 

HA phase, many researchers have worked on create composite scaffolds to mimic this combination.  

Song et al. previously electrospun nanofiber scaffolds from hydroxyapatite-collagen nanocomposites, 

whereby a co-precipitation method was first used to form the nanocomposites, which involved the 

addition of two emulsions (hydroxyapatite and collagen) drop-wise into a reaction vessel while the pH is 

fixed with a reaction time on the order of 48 hours (56). The resulting nanocomposites were dried and 

dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol and electrospun into unaligned nanofiber meshes.  When 

MC3T3-E1 pre-osteoblasts were seeded onto these substrates, these cells measured a significant 

increase in alkaline phosphatase activity over time, demonstrating the osteoconductive potential of these 

novel nanofiber composites.  Recently, using the same fabrication system, Venugopal et al. substituted 

gelatin for collagen in order to reduce cost and further enhance the osteoconductivity of these 

nanocomposite scaffolds (57).  Specifically, hydroxyapatite, polycaprolactone and gelatin were 

electrospun together to form composite nanofibers.  While the mechanical properties of these composite 

nanofibers were several order of magnitudes lower than those of bone in terms of both Young’s modulus 

and ultimate tensile strength (UTS), the scaffolds supported osteoblast proliferation, higher ALP activity 

and mineralization.  

For composite nanofiber scaffolds, the primary challenge is in how to successfully match scaffold 
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mechanical properties (such as Young’s modulus, ultimate tensile strength) with those of native bone, as 

well as optimizing the induction of mineralization and address the need for osteointegration.  Introduction 

of additional elements into the nanofiber systems, such as peptides and growth factors, as well as the 

incorporation of the other nanofibers into polymeric or titanium implants are examples of how these 

scaffolds can be further tailored to improve osteoconductivity and osteoinductivity (58) (59;60). 

A common method that has been researched extensively for improving osteointegration involves 

the formation of a calcium phosphate layer directly onto the scaffold surface, specifically by incubating the 

scaffolds in a simulated body fluid (SBF) with physiologic or supra-physiologic calcium and/or phosphate 

ion concentrations.  These ions promote the nucleation of mineral crystals on the polymeric substrate, 

and it is anticipated that this newly formed calcium phosphate layer can thereby lead to improved 

osteointegration in vivo.  Incubation in the SBF offers a relatively low temperature processing technique, 

ideal for substrates such as polymers that cannot survive the high temperatures required in the well-

established plasma spraying of metallic or ceramic implants (61).  Another advantage of this method is 

the ability to form a relatively uniform coating on surfaces with complex topography and pre-designed 

geometries.   

Modification of the polymeric substrate has been reported to improve the efficiency of forming a 

calcium phosphate layer on polymer scaffolds.  Murphy and Mooney showed that carbonate-apatite can 

be deposited onto PLGA surfaces after pretreating the polymer surface in a NaOH solution (62).  In this 

study, polymeric films were immersed in a SBF solution for 16 days at 37ºC, with the solution replaced 

daily.  Moreover, it was observed that when the PLGA films were pre-soaked in 0.5M NaOH, a 

hydrolyzed, carboxylic acid-rich surface was formed which resulted in improved mineral deposition.  A 

follow-up study elegantly demonstrated that a macroporous PLGA scaffold coated with a layer of 

carbonate-apatite formed through this method reported a 53% increase in bone regeneration when 

evaluated in a rat cranial defect model (63). 

Working with PCL nanofibers, Yang et al. as well as Mavis et al. demonstrated that the SBF 

soaking method can be applied to form calcium phosphate coatings on these scaffolds (64;65).  In 

contrast to Murphy et al., a concentrated SBF solution was used to expedite the coating process, 

reducing week-long immersion times to just a couple of hours.  Specifically, Yang et al. pre-exposed the 
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PCL scaffold to a plasma discharge treatment and then immersed the nanofibers in two types of solution: 

a SBF solution with calcium and phosphate ion concentrations matching those found in human blood 

plasma and a 10x concentrated SBF solution, and the scaffolds were incubated in each for 7 days or up 

to 6 hours, respectively.  Both methods resulted in the deposition of a calcium phosphate layer on the 

PCL nanofibers.  Interestingly, the scaffolds immersed in the physiologic SBF exhibited a crystalline 

structure more closely resembling natural apatite whereas the scaffolds immersed in the concentrated 

SBF solution had a mixture of apatite and dicalcium phosphate dehydrate.  The coating resulting from 

scaffold immersion in the normal SBF solution was also found to be porous, which may be beneficial for 

cell migration and nutrient transport.  Later using a 10x concentrated SBF, Mavis et al. immersed the PCL 

scaffolds for 6 hours and subsequently evaluated murine osteoblast response on these coated scaffolds.  

It was observed that the cells cultured on the coated scaffolds exhibited elevated ALP activity and 

expressed osteocalcin, indicating that the coated scaffolds enhance osteoblastic differentiation over PCL 

controls.  Collectively, these studies and others demonstrate that surface calcium phosphate coatings 

have the potential to increase osteoconductivity of polymeric scaffolds and enable them to be 

osteointegrative in vivo.  Challenges to be addressed include matching the mechanical properties and 

structure of native bone to enable functional repair, as bone’s native structure consists of ordered 

hydroxyapatite crystals distributed throughout the collagen matrix, rather than a random distribution of HA 

particles and surface coatings of HA as described in these studies.  It is hypothesized that the use of 

liposomes as matrix vesicles will lead to the formation of a more biomimetic bone tissue. 

Synthetic matrix vesicles (SMV) formulated from self-assembling liposomes have emerged as a 

promising model both for studying the biomineralization process as it relates to matrix vesicles and for 

use in regenerative medicine. The long term goal of this project is to combine current materials science 

and tissue engineering principles to design a liposome-based, biomimetic matrix vesicle system capable 

of facilitating vesicle-mediated biomineralization for regeneration of calcified tissues.  Liposomes have 

been utilized as SMV to model the biomineralization process in vitro (66-71). Different functional 

components which have been identified in native matrix vesicles have been incorporated into SMV such 

as annexin V or ionophores to allow for the uptake of calcium by the SMV from external solutions. In 

addition, phospholipids have been complexed with calcium phosphate and alkaline phosphatase both 
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internally and externally to promote mineralization (69;72-75).  Calcium and phosphate ions have also 

been successfully encapsulated in these SMV structures, though this has been used for external release 

and mineralization which is not biomimetic (66;74-78). The liposomes have also been incorporated into 

several scaffold constructs including gelatin, collagen gels and polymer layers (70;75;79). Current cell 

culture studies have been done in vitro on rat osteoblasts with liposomes encapsulating tetracycline 

(80;81). These studies collectively show the promise liposomes as SMV have for controlled mineral 

formation.  

 

1.3 Summary 

Both autograft and allograft techniques have been widely used successfully for bone repair. 

Despite their success, inherent limitations, such as graft availability and surgical risk, leave room for 

alternative solutions to address these short comings.   Even with the advancements in clinically used 

synthetic materials and tissue engineered scaffold systems, the resulting repaired tissue is not 

biomimetic, specifically in terms of the size, distribution, and density of mineral formed in comparison with 

native bones which results in inferior mechanical properties.  This thesis seeks to address this issue 

through the integration of SMV into a scaffold system to supply cells with the ingredients for 

biomineralization, leading to vesicle-mediated biomimetic bone formation. In order to tissue engineer an 

integrative and functional bone matrix, the studies outlined in this thesis consist of 1) synthetic matrix 

vesicle fabrication and optimization, 2) evaluation of in vitro cell response to different SMV combinations 

and dosages and 3) integration of the SMV into a gelatin scaffold system.  The composition of the 

phospholipid membrane and the incorporation of Ca2+, Pi, and ALP will be investigated to optimize 

mineralized matrix deposition by human osteoblast-like cells.  The findings from these studies will result in 

a biomimetic mineralization system that can promote vesicle-mediated mineral formation critical for 

functional bone tissue engineering. In addition, these results can serve as a model to provide further 

insight into the mechanism of the biomineralization process.  
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2.1 Introduction 

 This thesis begins with the synthesis and characterization of liposomes for use as synthetic 

matrix vesicles (SMV).  Liposomes are self-assembling phospholipid structures with select permeability to 

different types of ions, including calcium and phosphate.  This study will first look specifically at the effects 

of DPPC:DMPC ratio on membrane permeability of calcium (Ca2+) and phosphate (Pi) ions and liposome 

stability.  The results of this study will assess the potential of liposomes as SMV for biomineralization and 

provide an optimized formulation for use in cell response studies.     

 

2.1.1 Background and Motivation 

Liposomes are hollow spheres formed by the self-assembly of phospholipids into bi-layers in an 

aqueous medium.  The encapsulation, targeting and release properties of these carriers can be tuned by 

varying the composition of the phospholipid membrane, in addition to functionalization of the phospholipid 

head and/or tail.  Due to the biocompatibility and versatility of these structures, liposomes have been 

widely used in various applications including drug delivery and imaging (82).   

Liposomes have been utilized as SMV to model biomineralization in vitro (66-71). Different 

functional components which have been identified in native matrix vesicles have been incorporated into 

SMV such as annexin V or ionophores to allow for the uptake of calcium by the SMV from external 

solutions. In addition, the phospholipid has been complexed with calcium phosphate and alkaline 

phosphatase both internally and externally to promote mineralization (69;72-75). Calcium and phosphate 

ions have also been successfully encapsulated in these SMV structures, though this has been used for 

external release and mineralization which is not biomimetic (66;74-78). The liposomes have also been 

incorporated into several scaffold constructs including gelatin, collagen gels and polymer layers 

(70;75;79). These studies collectively show the promise liposomes have as SMV for controlled mineral 

formation.  

 

2.1.2 Objectives 

Previous literature showcases the tunability and control obtainable through liposome modification.  

The objectives of this study will be to encapsulate mineralization-relevant ions Ca2+ and Pi.  Effects of 
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membrane composition on ion permeability as well as enzyme stability will be investigated.  It is 

hypothesized that the selection and composition of phospholipids will regulate ion transport and that 

liposomes encapsulating Ca2+ or Pi will be stable in culture conditions.  This hypothesis will be tested 

through assessment of liposome size, morphology, and ion permeability. The outcome of these studies 

will result in the selection of optimized SMV formulations for subsequent in vitro studies.  

 

2.2 Materials and Methods 

2.2.1 Liposome Fabrication 

Phospholipids DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and DMPC (1,2-

bis(myristoyl)-sn-glycero-3-phosphocholine) in chloroform were obtained from Avanti Polar Lipids 

(Alabaster, AL) and all other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless 

otherwise noted.  Lipid chloroform solutions were mixed in a round bottom flask at the desired 

DPPC:DMPC ratio (100:0, 99:1, 95:5, or 90:10 w/w) and cast into thin films by chloroform evaporation.  

Phospholipid films were placed in a vacuum chamber for minimum 1 hour to remove residual solvent.  All 

subsequent steps were performed at 60 ºC, above the glass transition temperature of both phospholipids.  

A solution of 0.285 M NaCl, 0.2M CaCl2 or 0.2M NaH2PO4 was added to the lipid film (0.5ml/2.5mg) and 

vortexed to remove the lipid layer from the flask to form liposomes.  The solution was subjected to 

multiple freeze-thaw cycles to equilibrate the inter- and extra-liposomal ion concentration and was 

subsequently extruded through a 200nm membrane (Whatman, Kent, UK) to create mono-disperse 

liposomes.  The resulting liposomes were washed with 0.285M NaCl multiple times by centrifugation at 

20000g for 10 minutes each until no ions were detectable in the supernatant and placed in 4 ºC for 

storage.  

 

2.2.2 Liposome Size and Morphology 

Size distribution of 90:10 Ca2+ and Pi liposomes were measured through dynamic light scattering 

(n=5; Malvern Zetasizer Nano ZS; Malvern, United Kingdom).  Liposome size and shape were further 

evaluated through atomic force microscopy (AFM; MFP-3D from Asylum Research, Santa Barbara CA) 

using a triangular silicon nitride tip in intermittent contact mode.  Vesicle membranes were also visualized 
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(n=2) through cryo-electron microscopy (cryo-EM) with samples frozen using a Gatan CP3 plunge-freezer 

(Gatan, Pleasanton, CA) onto plasma treated carbon-coated copper grids and imaged using a FEI Tecnai 

F20 transmission electron microscope (FEI, Hillsboro, OR) at 200kV, 50kX magnification. 

 

2.2.3 Calcium and Phosphate Ion Detection 

Calcium ion concentration was quantified using the arsenazo III modified calcium assay (Pointe 

Scientific, Canton, MI) and a malachite green, ammonium molybdate based phosphate colorimetric assay 

(BioVision, San Francisco, CA) was used to assess phosphate ion concentration.  Both assays were read 

at an absorbance wavelength of 620nm.   

 

2.2.4 Membrane Stability 

For the time release studies, samples were maintained in Hank’s Buffered Saline Solution at 

37°C and 5% carbon dioxide for 24 hours.  At 1, 3, 8, and 24 hours, supernatant aliquots were collected 

by centrifuging the samples at 20000xg for 10 minutes.   

 

2.2.5 Ion-Diffusion Modeling 

To model the diffusion of calcium and phosphate ions across the lipid bi-layer membrane, the 

equation for Fick’s second law of diffusion for a sphere is used (equation 1).  

��
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��� +
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The diffusion coefficient is represented by D, the radius by r, time by t, and concentration by C.  The 

system will be assumed to be in steady state.  In addition, the liposome initial ion concentration is 

assumed to be uniform and completely enclosed within the vesicle, leading to the following equation: 
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where Mt is the amount of ions released at time t and M∞ denotes ions released at time t=∞, at which point 

all ions are assumed to be released from the vesicle, making Mt/M∞ equal percent of ion release.  The 
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diameters determined through zetasizer measurements will be used for R, and ion release data will be 

used to experimentally determine the diffusion coefficients of Ca2+ and Pi across the SMV membrane.  

 

2.2.6 Statistical Analysis 

Results are presented as mean + standard deviation with n representing the number of samples 

analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects of 

membrane composition and time on ion release and mineralization potential. The Tukey-Kramer post-hoc 

test was used for all pair-wise comparisons, with significance attained at p<0.05 using JMP® IN software 

(4.0.4; SAS Institute, Inc., Cary, NC).  

 

2.3 Results 

2.3.1 Encapsulation of Ca2+ and Pi ions in SMV 

The as-fabricated 90:10 DPPC:DMPC control, Ca2+ and Pi liposomes were found to have average 

diameters of 204+/-25, 230+/-48 and 201+/-55 nm respectively through dynamic light scattering 

measurements.  These results were supported by AFM and cryo-EM images (figure 2.1).  The liposomes 

were found to have a spherical morphology through AFM, with the bilayer membrane structure and the 

presence of multilamellar vesicles visible in the cryo-EM micrographs.  Samples were placed in cell 

culture media for 14 days to assess encapsulation stability in culture conditions and were found by day 7 

for Ca2+ and day 14 for Pi ions to release their respective ions into the media solution (figure 2.2; 

^p<0.05).   

  

2.3.2 Effects of Liposome Composition on Ion Release 

A significant release of Ca2+ was detected by 1 and 8 hours in the 99:1 and 90:10 DPPC:DMPC 

groups (figure 2.3; p<0.05).  The 90:10 ratio showed a further increase in Ca2+ release by 24 hours 

(p<0.05).  All other compositions showed no change in Ca2+ concentration in the supernatant.  For the Pi 

containing liposomes, both the 100:0 and 95:5 liposomes exhibited a significant increase in Pi by 1 hour 

(figure 2.3; p<0.05).  However by 8 hours an increase was only found in the 99:1 and 90:10 DPPC:DMPC 
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groups.  By 24 hours, the 90:10 ratio showed the highest release of Pi into the supernatant.  In both 

encapsulation scenarios, the greatest degree of ion release was found to occur with a membrane 

composition of 90:10 by 8 hours.   

The diffusion coefficients of calcium and phosphate ions across different DPPC:DMPC 

membrane compositions were determined from fitting the ion release data to Fick’s 2nd Law for a sphere.  

Compositions of 100% DPPC, 99:1 DPPC:DMPC, and 95:5 DPPC:DMPC resulted in diffusion coefficients 

below 2x10-22 cm2/s for both calcium and phosphate ions with no significant difference among 

composition.  Diffusion coefficients for calcium and phosphate ions across the 90:10 DPPC:DMPC SMV 

membrane in HBSS were determined to be 8.12x10-22 cm2/s and 6.38x10-22 cm2/s respectively, which was 

found to be significantly higher than the 95:5 DPPC:DMPC composition (*p<0.05; figure 2.4).  In addition, 

no significant difference in diffusion coefficients was found between Ca2+ and Pi for the 90:10 

DPPC:DMPC membrane.   

 

2.4 Discussion  

The goal of this study was to design and optimize a synthetic matrix vesicle system encapsulating 

mineralization-relevant ions Ca2+ and Pi in synthetic matrix vesicles.  To this end, the effects of ion type 

on SMV size and stability as well as membrane composition on ion transport were evaluated.  Both 

calcium and phosphate ions were successfully encapsulated within the liposomes and found to be stable 

in cell culture conditions through 14 days.  Ion type was found to have no effect on SMV size or 

morphology.  In addition, the DPPC:DMPC phospholipid membrane composition was optimized to 90:10 

for ion-transport of Ca2+ and Pi.  

Spherical liposomes encapsulating calcium and phosphate ions were successfully fabricated at a 

comparable size to native matrix vesicles (~200nm in diameter)(2).  The liposomes exhibited a semi-

hemispherical structure in the AFM micrographs, which is attributed to the adhesion and spreading of the 

SMV on the mica substrate.  In addition, the apparent elongation of a few of the SMV in the micrograph is 

likely due to smearing from the AFM tip during image collection.  It should also be noted that several of 

the liposomes formed were multilamellar in structure, observed in the cryo-EM micrographs.  While 

mechanical extrusion through a 200nm membrane was able to eliminate multilamellar vesicles greater 
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than 200nm by breaking apart the liposomes and allowing them to re-assemble, multilamellar SMV 

formed during the pre-extrusion step at a smaller diameter would likely pass through the filter unaltered.  

The slightly larger average vesicle diameter (compared with the filter pore size) suggests that SMV up to 

a certain diameter above 200nm are able to compress and pass through the filter without breaking and 

re-assembling.  The primary purpose of the SMV is to act as vessels for calcium phosphate nucleation.  

The presence of multiple bilayers are not expected to significantly affect the internal ion concentration of 

the SMV, especially since, during formation, multiple freeze-thaw cycles are performed to ensure 

equilibration of ions across all SMV prior to mechanical extrusion.  Thus, the presence of multilamellar 

SMV is not anticipated to affect the mineralization potential of the proposed SMV system. 

The 90:10 calcium and phosphate liposomes were found to release ions into the surrounding 

media by day 14.  Studies by Murphy et al. demonstrated that calcium and phosphate ions were 

completely released upon undergoing a temperature change from room temperature to 37ºC(78).  

However, those experiments were conducted by keeping the liposomes in 0.285M NaCl, whereas our 

vesicles were kept in culture media which contain other ions that helped to keep the ions from escaping.  

The eventual permeability of the membrane is desirable as, in order for mineralization to occur, calcium 

and phosphate ions need to combine within the SMV.  The permeability of the membrane is attributed to 

the difference in phase transition temperature of the two phospholipids, with DPPC having a phase 

transition temperature of 41°C above physiological temperature, and DMPC having a phase transition 

temperature of 24 °C below.  These results show that calcium and phosphate ions can be encapsulated in 

90%DPPC:10%DMPC liposomes and that the calcium and phosphate encapsulated liposomes are stable 

in cell culture medium through day 14.  

SMV at different DPPC:DMPC ratios (100:0, 99:1, 95:5, and 90:10) encapsulating calcium or 

phosphate ions were placed in HBSS (calcium free media) to investigate the effects of membrane 

composition on ion transport.  As described previously, mineralization can only occur within the SMV if 

they demonstrate some level of permeability to both types of ions.  In a vesicle with no ion channels in the 

membrane, the diffusion coefficient would theoretically be assumed to be zero, here simulated by pure 

100% DPPC.  The lack of ion release and low diffusion coefficients from the higher %DPPC SMV support 

the hypothesis that DMPC’s phase transition temperature is the primary driver of ion permeability.  The 
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diffusion of calcium and phosphate ions across the 90:10 ratio membranes was found to be significantly 

higher than the other formulations, which is attributed to the higher DPPC percentage incorporated into 

the membrane.  The lack of a significant difference in computed diffusion coefficients between calcium 

and phosphate ions suggests that the ion type has no effect on diffusion rate.  The ionic radii of calcium 

and phosphate are much smaller than the size of the DMPC molecule, which is hypothesized to be the 

sites of permeability in the SMV membrane.  Thus these results suggest that the diffusion of ions across 

the SMV membrane is independent of ion type, provided the ions are smaller than the DMPC molecule.  

The diffusion of calcium and phosphate ions in the cell is highly regulated by both ion channels in the cell 

membrane and the cytoplasm within the cell.  The diffusion coefficient of Ca2+ in the cytoplasm has been 

previously determined experimentally by several groups to be around 2.5-3.3x10-6 cm2/s (83-85).  The low 

ion diffusion coefficient determined for our SMV in this study (10-22 cm2/s) relative to the values in 

cytoplasm suggest that while some ion diffusion will take place, the diffusion rate is slow enough for the 

SMV to maintain an elevated ion concentration within the membrane for an extended period of time to 

facilitate mineralization.  Thus, the 90:10 DPPC:DMPC formulation will be selected for in vitro evaluation.   

 

2.5 Conclusions 

In this chapter, synthetic matrix vesicles were fabricated for biomineralization studies at a 

diameter comparable to that of native matrix vesicles.  Both calcium and phosphate ions were 

successfully encapsulated and found to be stable in cell culture conditions over 14 days.  In addition, the 

90:10 DPPC:DMPC phospholipid formulation was found to be suitable for ion transport while still maintain 

an elevated internal ion concentration to promote inter-vesicular mineralization.  These optimized SMV 

will be evaluated in the next chapters for their mineralization potential in the presence of human 

osteoblast-like cells.  
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Figure 2.1. Liposome Size and Morphology. Control, Ca2+, and Pi liposome morphology were 
visualized by AFM and cryo-EM. Liposomes were found to have a bi-layer structure and overall spherical 
morphology.  Average diameter (n=5) was found to be between 200-300nm via dynamic light scattering 
(zetasizer). 
 

 

 

Figure 2.2. Liposome Stability in Culture Conditions. Calcium or phosphate ions were found to leak 
out of SMV incubated in cell culture media at 37°C on days 7 and 14 respectively compared to ion-free 
control liposomes (^p<0.05; n=5). The dashed red line denotes media ion concentration. 
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Figure 2.3. Effects of Phospholipid Composition on Ion Release.  Calcium or phosphate ions were 
found to be released out of SMV incubated in calcium-free HBSS at 37°C for DPPC liposomes with both 1 
and 10% DMPC at 1 and 8 hours (*p<0.05; n=5). 
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Figure 2.4. Diffusion Modeling of Ion Release.  Calcium and phosphate ion transport across the SMV 
bilayer membrane were modeled using Fick’s 2nd Law for a sphere.  Diffusion coefficients for both were 
determined to be 7.96x10-22 cm2/s through fitting of the 90:10 DPPC:DMPC ion release data (n=5). 
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CHAPTER 3: EFFECT OF SMV ION TYPE ON THE 
MINERALIZATION OF HUMAN OSTEOBLAST-

LIKE CELLS 
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3.1 Introduction 

 Chapter two of this thesis found the 90:10 DPPC:DMPC formulation to be optimal for 

encapsulation of calcium (Ca2+) and phosphate (Pi) ions, while allowing for ion permeability for the 

promotion of mineralization.  In this chapter, human osteoblast-like cells will be dosed with calcium 

liposomes, phosphate liposomes, or a combination of the two to observe the effects of these SMV on 

mineralization response.  The results of this study will inform which liposome-ion combination selected for 

SMV-scaffold studies.     

 

3.1.1 Background and Motivation 

Osteoblasts are the cells responsible for bone formation.  Human osteoblast-like cells (Saos-2 

ATCC) are an established human model for mineralization studies due to their similar phenotype and 

mineralization behavior to human osteoblasts (86).  Thus this cell line will be selected for assessment of 

mineralization response in the presence of SMV.  

While liposomes, as discussed before have been utilized as SMV to model biomineralization in 

vitro (66-71), their use in cell culture studies for tissue engineering to date have been minimal.  Huang et 

al have conducted in vitro studies with liposomes on rat osteoblasts to evaluate their effects on 

mineralization induction(80).  Liposomes formulated from egg phosphatidylcholine, cholesterol, and 

bovine brain phosphatidylserine were added to rat osteoblast cultures and were evaluated by 

proliferation, ALP activity, and calcification over 16 days.  ALP activity was found to be inhibited by 

liposomes by day 16 with calcified particles detected by von Kossa staining.  The incorporation of 

tetracycline (an antibiotic produced by bacteria) in later studies were found to enhance ALP activity 

between days 12-16 (80;81).   

While these results show the presence of liposomes have the potential to modulate mineralization 

response, native matrix vesicles contain much more mineralization relevant components which, when 

incorporated into synthetic matrix vesicle (SMV) systems, may lead to enhanced mineralization.  
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3.1.2 Objectives 

The objective of this study is to promote mineralization of human osteoblast-like cells through 

dosage with Ca2+ and Pi liposomes.  It is hypothesized that the SMV will promote additional nucleation 

sites for mineralization to occur, thereby enhancing mineralization.  In addition the encapsulation of 

calcium and/or phosphate ions will compound this effect.  This hypothesis will be tested through 

assessment of cell number, ALP activity, media calcium and phosphate concentration, and mineral 

deposition.  The outcome of these studies will result in the selection of optimized SMV formulations for 

subsequent in vitro studies.  

 

3.2 Materials and Methods 

3.2.1 Liposome Fabrication 

Phospholipids DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and DMPC (1,2-

bis(myristoyl)-sn-glycero-3-phosphocholine) in chloroform were obtained from Avanti Polar Lipids 

(Alabaster, AL).  All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise 

noted.  Lipid chloroform solutions were mixed in a round bottom flask at a DPPC:DMPC ratio of 90:10 and 

cast into thin films by chloroform evaporation.  Phospholipid films were placed in a vacuum chamber for 

minimum 1 hour to remove residual solvent.  All subsequent steps were performed at 60 ºC, above the 

phase transition temperature of both phospholipids.  A solution of 0.285 M NaCl, 0.2M CaCl2 or 0.2M 

NaH2PO4 was added to the lipid film (0.5ml/2.5mg of lipid) and vortexed to remove the lipid layer from the 

flask to form liposomes.  The liposomes in solution were subjected to multiple freeze-thaw cycles to 

equilibrate the inter- and extra-liposomal ion concentration and were subsequently extruded through a 

200nm membrane (Whatman, Kent, UK) to create mono-disperse liposomes.  The resulting liposomes 

were washed with 0.285M NaCl multiple times by centrifugation at 20000g for 10 minutes each until no 

ions were detectable in the supernatant. SMV were stored at 4 ºC and used within 7 days.  

 

3.2.2 Cells and Cell Culture 

Human osteoblast-like cells (Saos-2, ATCC) were cast as monolayers at a density of 50,000 

cells/cm2 and maintained in fully supplemented Dulbecco’s Modified Eagle Medium (F/S DMEM: 10% 
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fetal bovine serum from Atlanta Biologicals, Lawrenceville, GA; 1% penicillin/streptomycin, 1% non-

essential amino acids, 0.1% gentamicin, and 0.1% amphotericin B from Cellgro-Mediatech, Herndon, VA) 

with 50μg/ml of ascorbic acid over 14 days at 37°C and 5% carbon dioxide.   

After 24 hours, monolayers were dosed with 100μg of 90:10 DPPC:DMPC liposomes containing 

either 0.285M NaCl (control), 0.2M CaCl2 (Ca2+), 0.2M NaH2PO4 (Pi), or a mixture of 0.2M CaCl2 and 

0.2M NaH2PO4 (Ca2++Pi; ratio 1.67; pH 4) per ml of F/S DMEM.  Monolayer and Ca2+ groups were 

supplemented with3mM β-glycerophosphate (β-GP) day 7 onwards.  Liposomes were sterilized by sterile 

filtration through a 0.2µm filter.  For all studies, liposomes were collected and pooled by centrifugation 

(10,000 rcf, 10 minutes) at each feeding.  Pellets were resuspended in fresh media and redistributed to 

the wells of the corresponding groups.  

 

3.2.3 Cell Proliferation 

Cell proliferation (n=5) was assessed using the PicoGreen double strand DNA assay (Invitrogen, 

Carlsbad, CA). Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO) and 

fluorescence was measured at 485nm (excitation) and 535nm (emission) using a microplate reader 

(TECAN, Research Triangle Park, NC). Cell number was determined by converting DNA/sample to cell 

number using a conversion factor of 7.7pg DNA/cell. 

 

3.2.4 Matrix Production 

Matrix production was assessed by evaluating collagen production through quantitative assays 

and qualitative histology. Samples for quantitative matrix assays were digested in buffer containing 

20µl/ml papain in 0.1M sodium acetate, 10mM cysteine HCl, and 50 mM ethylenediaminetetraacetate 

(EDTA) for 16 hours at 60°C.  Collagen production (n=5) was quantified using a hydroxyproline assay. 

The digest was hydrolyzed with 10N sodium hydroxide at 250°C for 25 minutes and then oxidized by a 

buffered chloramine-T (Sigma-Aldrich, St. Louis, MO) reagent for 25 minutes prior to the addition of 

Ehrlich’s reagent (15% p-dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid). Absorbance 

was measured at 550nm using the microplate reader.  
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Histological samples were prepared by fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. 

Louis, MO) for 1 hour and stored at 4°C in 0.1% cacodylic acid. Samples were rinsed thoroughly with 

water prior to the addition of picrosirius red stain for collagen. Stained sections were imaged using an 

optical microscope (Axiovert 35; Zeiss, Oberkochen, Germany). 

 

3.2.5 Mineralization Potential 

Cell mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity 

and mineral presence. ALP activity (n=5) was measured quantitatively using an enzymatic assay. 

Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO). A p-nitrophenyl 

phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, MO) solution was added to the samples and allowed to 

react at 37°C for 30 minutes. Absorbance values of the resulting p-nitrophenol were measured using the 

microplate reader at 405nm.  

Mineral deposition (n=2) was visualized using a von Kossa stain and alizarin red on histologically 

fixed samples. For von Kossa, a 5% silver nitrate (AgNO3; Sigma-Aldrich, St. Louis, MO) was added onto 

the monolayers and exposure to ultraviolet radiation (355nm) for 25 minutes. Stained sections were 

thoroughly rinsed with tap water and imaged using an optical microscope (Axiovert 35; Zeiss, 

Oberkochen, Germany).  

 

3.2.6 Post-culture Liposome Morphology 

Liposome morphology and post culture media artifacts were visualized (n=2) through cryo-

electron microscopy (cryo-EM) with samples frozen using a Gatan CP3 plunge-freezer (Gatan, 

Pleasanton, CA) onto plasma treated carbon-coated copper grids and imaged using a FEI Tecnai F20 

transmission electron microscope (FEI, Hillsboro, OR) at 200kV, 50kX magnification. 

 

3.2.7 Statistical Analysis 

Results are presented as mean + standard deviation with n representing the number of samples 

analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects of 
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liposome type and time on cell proliferation, matrix production, and mineralization potential. The Tukey-

Kramer post-hoc test was used for all pair-wise comparisons, with significance attained at p<0.05 using 

JMP® IN software (4.0.4; SAS Institute, Inc., Cary, NC).  

 

3.3 Results 

3.3.1 Cell Proliferation and Matrix Production 

The monolayer control and cells supplemented with Ca2+ liposomes saw an increase in cell 

number by day 7 (figure 3.1; *p<0.05).  These two groups also had higher cell number over all groups at 

day 7 (^p<0.05).  Cell number was found to increase significantly for all groups by day 14 (figure 3.1, 

p<0.05).  Human osteoblast-like cells dosed with liposomes were found to have higher cell number on 

day 14 compared with the control group (^p<0.05).  In addition, cells exposed to Ca2++Pi liposomes 

exhibited lower cell number than the other three liposome groups at day 14, while still being higher than 

the monolayer control group (^p<0.05).  No significant change in collagen production was detected by the 

hydroxyproline assay over 14 days (figure 3.2; p<0.05).  On day 14, the Ca2++Pi liposome group had 

significantly less collagen compared with the other liposome groups and the control (^p<0.05).  

Histologically, the presence of different types of liposomes had no effect on collagen deposition.   

 

3.3.2 Mineralization 

In terms of mineralization potential, cell alkaline phosphatase (ALP) activity was found to increase 

by day 14 for all groups (figure 3.1, p<0.05).  In addition, a significant increase was detected in the 

Ca2++Pi liposome group and monolayer control on day 3 and 7 respectively (*p<0.05).  ALP activity was 

found to be unaffected by incubation with Ca2+ liposomes compared with the monolayer by day 14, both 

groups of which were supplemented with cells cultured with β-glycerophosphate on day 7.  Pi liposome 

only groups exhibited ALP activity levels comparable to those cultured with β-glycerophosphate (p<0.05).  

In addition, a mixture of Ca2+ and Pi liposomes showed higher ALP activity on day 14 over all groups 

while control liposomes without β-GP showed lower ALP activity (^p<0.05).  Histologically, only cultures 

dosed with β-GP on day 7 (monolayer and Ca2+) stained positive for mineral on day 14 (figure 3.3).  In 

addition, electron-dense mineral-like needles were detected within vesicle membranes extracted from the 
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culture media by cryo-EM on day 14 in Ca2+
, Pi, and Ca2+ + Pi liposome groups (Figure 3.4).  Liposome 

membranes were found to remain intact in all liposome dosed groups.    

 

3.4 Discussion  

The goal of this chapter was to optimize the mineralization response of human osteoblast-like 

cells to Ca2+ and Pi encapsulated SMV.  The response of human osteoblast-like cells was compared 

among dosage with SMV containing different ions, specifically Ca2+SMV, Pi SMV, and Ca2++Pi SMV.  

Groups without a phosphate source were supplemented with β-GP.  The cell proliferation results show 

that human osteoblast-like cells were able to grow in the presence of SMV.  The type of ions 

encapsulated by the SMV was found to have minimal effect on cell proliferation, as all groups increased 

in cell number by 2 weeks.  In addition, liposome supplementation had no effect on matrix production 

compared with the control monolayer group as all monolayer cultures saw little to no matrix production.   

Looking at mineralization potential, the group with the lowest day 14 ALP activity was the 

liposome only control without β-GP.  The requirement for ALP production in freeing up inorganic 

phosphates from organic phosphates has been well documented for osteoblast mineralization(87).  The 

lack of ALP production in the liposome control group may be attributed to the lack of an organic 

phosphate source being detected in the environment by the cell.  The continued production of ALP in the 

presence of Pi liposomes suggests that the liposomes elicit a similar mineralization-type response from 

the cells as β-GP.  In the study by Huang et al., liposomes were supplemented to rat osteoblasts, which in 

contrast to this study, saw no increase in cell number and a suppression of ALP activity by day 16 (80). 

Variations in cell response between the two studies can be attributed to three main differences: 1) this 

study encapsulated mineralization relevant ions Ca2+ and/or Pi, whereas the other study has no internal 

compositional differences as the external media, 2) Huang et al. replenished their liposomes during each 

feeding while the same liposomes were collected during each feeding and re-distributed to the monolayer 

in this study, and 3) osteosarcoma cells were used for this study in contrast to rat osteoblasts. 

Mineral-like structures were visualized in the Ca2+, Pi, and Ca2++Pi liposome groups for samples 

collected on day 14 during culture.  These needle structures suggest that mineralization may have been 

initiated within the SMV over the course of 14 days in culture.  Further characterization needs to be 
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performed to confirm the identity of the needles.  These findings support the feeding protocol of collecting 

and redistributing the SMV in culture.  Replacing the culture media with new SMV for each feeding would 

prevent nucleated mineral-like needles from propagating in culture which would theoretically reduce 

and/or halt the mineralization process each time a media change took place.  Despite the promising 

results seen from the needle formation under cryo-EM, bulk mineralization was only observed via von 

Kossa staining in SMV groups supplemented with an organic phosphate source.  This is explained by the 

ion concentration correlated with the added liposome dosage being an order of magnitude lower when 

compared with the 3mM β-GP organic phosphate source added.  Thus, these findings motivate two sets 

of studies, the first being replicating all the SMV types with and without organic phosphate 

supplementation, and a set of dose experiments to determine the optimal liposome dosage for the 

enhancement of mineralization response of human osteoblast-like cells.   

 

3.5 Conclusions 

In this chapter, the presence of liposomes was not found to hinder proliferation of human-

osteoblast–like cells.  In addition, Pi containing liposomes were found to modulate the mineralization 

potential of these cells in a way similar to β-GP supplementation.  While evidence of mineralization was 

observed in collected SMV from day 14 culture in the form of electron dense mineral-like needles, no bulk 

mineralization was detected in the absence of β-GP supplementation.  In the next chapter, the 

mineralization response of human osteoblast-like cells dosed with SMV with and without β-GP will be 

assessed.  
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Figure 3.1. Effects of SMV Ion Type on Cell Number. Cells supplemented with Ca2+ liposomes and the 

monolayer control saw an increase in cell number by day 7, in addition to higher cell number over all 

groups (*p<0.05; n=5).  Cell number significantly increased for all groups by day 14 (* p<0.05).  Human 

osteoblast-like cells dosed with liposomes were found to have higher cell number on day 14 compared 

with the control group (^p<0.05).   

 

 

Figure 3.2. Effects of SMV Ion Type on Matrix Production. No significant change in collagen 

production was detected over 14 days (p<0.05; n=5). Histologically, the presence of different types of 

liposomes had no effect on collagen deposition.   
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Figure 3.3. Effects of SMV Ion Type on Mineralization Potential and Mineral Deposition. Cell 

alkaline phosphatase (ALP) activity increased by day 14 for all groups (*p<0.05; n=5).  A significant 

increase was detected in the Ca2++Pi liposome group and monolayer control on days 3 and 7 respectively 

(*p<0.05). Pi liposome-only groups exhibited ALP activity levels comparable to those cultured with β-

glycerophosphate (p<0.05).  In addition, a mixture of Ca2+ and Pi liposomes showed higher ALP activity 

on day 14 over all groups while control liposomes without β-GP showed lower ALP activity (^p<0.05).  

Histologically, only cultures dosed with β-GP on day 7 (monolayer and Ca2+) stained positive for mineral 

on day 14, suggesting that the amount of Pi liposomes added is not sufficient to support bulk 

mineralization. 

 

Figure 3.4. Mineral-like Needles Visualized via Cryo-EM. Electron-dense mineral-like structures were 

detected within vesicle membranes extracted from the culture media by cryo-EM on day 14 in liposome 

groups.   
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CHAPTER 4: EFFECTS OF SMV WITH AND 
WITHOUT AN ORGANIC PHOSPHATE SOURCE 

ON THE MINERALIZATION OF HUMAN 
OSTEOBLAST-LIKE CELLS 
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4.1 Introduction 

 In the previous chapter, while the potential of SMV for modulating mineralization potential and 

mineral production were observed, only select groups without a phosphate source were dosed with β-GP.  

To more thoroughly isolate the effects of just the liposomes on the mineralization response of human 

osteoblast-like cells, a β-GP supplementation study will be carried out.  In this chapter, human osteoblast-

like cells will again be dosed with calcium liposomes, phosphate liposomes, or a combination of the two to 

observe the effects of these SMV on mineralization response.  All groups will be duplicated, with half 

receiving β-GP supplementation day 7 onward.  The results of this study will inform which liposome-ion 

combination will be selected for liposome dose studies.     

 

4.1.1 Background and Motivation 

Biomineralization in the body requires the conversion of an organic phosphate source to inorganic 

phosphate ions for combination with calcium ions(44;88).  Adenosine triphosphate (ATP) is original 

source associated with the native mineralization process.  Nucleoside triphosphate 

pyrophosphohydrolase hydrolyzes ATP into pyrophosphatase (PPi) which is then cleaved by the enzyme 

alkaline phosphatase for combination with calcium to form calcium phosphate mineral (6;7). Tissue 

engineering in vitro studies carried out on osteoblasts or osteoblast-like cells require supplementation 

with an organic phosphate source in order to observe mineralization activity.  Beta-glycerophosphate (β-

GP) is a common organic phosphate source used in biomineralization studies(89-93).  The combination 

of adding β-GP with liposomes is hypothesized to provide cells with both an organic phosphate source 

and additional nucleation sites beyond native matrix vesicles.  In addition, supplying SMV with an 

inorganic phosphate source may be an ample substitution for an organic phosphate source, while 

controlling the mineral nucleation process. 

 

4.1.2 Objectives 

The objective of this study is to promote the mineralization of human osteoblast-like cells through 

dosage with Ca2+ and Pi liposomes and determine the necessity of an organic phosphate source.  Effects 

of ion type and the presence and absence of an organic phosphate source will be investigated.  It is 
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hypothesized that liposomes in conjunction with an organic phosphate source will enhance mineralization.  

In addition, the presence of Pi liposomes without the addition of an organic phosphate source will be 

sufficient to promote mineralization by the human osteoblast-like cells.  This hypothesis will be tested 

through assessment of cell number, ALP activity, media calcium and phosphate concentration, and 

mineral deposition.  The outcome of these studies will result in the selection of optimized SMV 

formulations for subsequent in vitro studies.  

 

4.2 Materials and Methods 

4.2.1 Liposome Fabrication 

Phospholipids DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and DMPC (1,2-

bis(myristoyl)-sn-glycero-3-phosphocholine) in chloroform were obtained from Avanti Polar Lipids 

(Alabaster, AL).  All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise 

noted.  Lipid chloroform solutions were mixed in a round bottom flask at a DPPC:DMPC ratio of 90:10 and 

cast into thin films by chloroform evaporation.  Phospholipid films were placed in a vacuum chamber for 

minimum 1 hour to remove residual solvent.  All subsequent steps were performed at 60 ºC, above the 

phase transition temperature of both phospholipids.  A solution of 0.285 M NaCl, 0.2M CaCl2 or 0.2M 

NaH2PO4 was added to the lipid film (0.5ml/2.5mg of lipid) and vortexed to remove the lipid layer from the 

flask to form liposomes.  The liposomes in solution were subjected to multiple freeze-thaw cycles to 

equilibrate the inter- and extra-liposomal ion concentration and were subsequently extruded through a 

200nm membrane (Whatman, Kent, UK) to create mono-disperse liposomes.  The resulting liposomes 

were washed with 0.285M NaCl multiple times by centrifugation at 20000g for 10 minutes each until no 

ions were detectable in the supernatant. SMV were stored at 4 ºC and used within 7 days.  

 

4.2.2 Cells and Cell Culture 

Human osteoblast-like cells (Saos-2, ATCC) were cast as monolayers at a density of 50,000 

cells/cm2 and maintained in fully supplemented Dulbecco’s Modified Eagle Medium (F/S DMEM: 10% 

fetal bovine serum from Atlanta Biologicals, Lawrenceville, GA; 1% penicillin/streptomycin, 1% non-
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essential amino acids, 0.1% gentamicin, and 0.1% amphotericin B from Cellgro-Mediatech, Herndon, VA) 

with 50μg/ml of ascorbic acid over 14 days at 37°C and 5% carbon dioxide.   

After 24 hours, monolayers were dosed with 100μg of 90:10 DPPC:DMPC liposomes containing 

either 0.285M NaCl (control), 0.2M CaCl2 (Ca2+), 0.2M NaH2PO4 (Pi), or a mixture of 0.2M CaCl2 and 

0.2M NaH2PO4 (Ca2++Pi; ratio 1.67; pH 4) per ml of F/S DMEM.  This study saw each group with one set 

supplemented with 3mM β-glycerophosphate (β-GP) day 7 onwards and another where no β-GP was 

added through the duration of the study.  Liposomes were sterilized by sterile filtration through a 0.2µm 

filter.  Liposomes were collected and pooled by centrifugation (10,000 rcf, 10 minutes) at each feeding.  

Pellets were resuspended in fresh media and redistributed to the wells of the corresponding groups.  

 

4.2.3 Cell Viability and Proliferation 

Cell viability and morphology was also assessed on days 1 and 14 using Live/Dead staining 

(Molecular Probes, Eugene, OR). Samples were imaged using a confocal microscope (Olympus 

Fluoview, Center Valley, PA) at wavelengths 488nm and 568nm.  

Cell proliferation (n=5) was assessed using the PicoGreen double strand DNA assay (Invitrogen, 

Carlsbad, CA). Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO) and 

fluorescence was measured at 485nm (excitation) and 535nm (emission) using a microplate reader 

(TECAN, Research Triangle Park, NC). Cell number was determined by converting DNA/sample to cell 

number using a conversion factor of 7.7pg DNA/cell. 

 

4.2.4 Matrix Production 

Matrix production was assessed by evaluating collagen production through quantitative assays 

and qualitative histology. Samples for quantitative matrix assays were digested in buffer containing 

20µl/ml papain in 0.1M sodium acetate, 10mM cysteine HCl, and 50 mM ethylenediaminetetraacetate 

(EDTA) for 16 hours at 60°C.  Collagen production (n=5) was quantified using a hydroxyproline assay. 

The digest was hydrolyzed with 10N sodium hydroxide at 250°C for 25 minutes and then oxidized by a 

buffered chloramine-T (Sigma-Aldrich, St. Louis, MO) reagent for 25 minutes prior to the addition of 
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Ehrlich’s reagent (15% p-dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid). Absorbance 

was measured at 550nm using the microplate reader.  

Histological samples were prepared by fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. 

Louis, MO) for 1 hour and stored at 4°C in 0.1% cacodylic acid. Samples were rinsed thoroughly with 

water prior to the addition of picrosirius red stain for collagen. Stained sections were imaged using an 

optical microscope (Axiovert 35; Zeiss, Oberkochen, Germany). 

 

4.2.5 Mineralization Potential 

Cell mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity 

and mineral presence. ALP activity (n=5) was measured quantitatively using an enzymatic assay. 

Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO). A p-nitrophenyl 

phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, MO) solution was added to the samples and allowed to 

react at 37°C for 30 minutes. Absorbance values of the resulting p-nitrophenol were measured using the 

microplate reader at 405nm.  

Mineral deposition (n=2) was visualized using a von Kossa stain and alizarin red on histologically 

fixed samples. For von Kossa, a 5% silver nitrate (AgNO3; Sigma-Aldrich, St. Louis, MO) was added onto 

the monolayers and exposure to ultraviolet radiation (355nm) for 25 minutes. Stained sections were 

thoroughly rinsed with tap water and imaged using an optical microscope (Axiovert 35; Zeiss, 

Oberkochen, Germany).  

 

4.2.6 Calcium and Phosphate Ion Detection 

Calcium ion concentration was quantified using the arsenazo III modified calcium assay (Pointe 

Scientific, Canton, MI). A malachite green, ammonium molybdate based phosphate colorimetric assay 

(BioVision, San Francisco, CA) was used to assess phosphate ion concentration. Both assays were read 

at an absorbance wavelength of 620nm.  
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4.2.7 Post-culture Liposome Morphology 

Liposome morphology and post culture media artifacts were visualized (n=2) through cryo-

electron microscopy (cryo-EM) with samples frozen using a Gatan CP3 plunge-freezer (Gatan, 

Pleasanton, CA) onto plasma treated carbon-coated copper grids and imaged using a FEI Tecnai F20 

transmission electron microscope (FEI, Hillsboro, OR) at 200kV, 50kX magnification. 

 

4.2.8 Statistical Analysis 

Results are presented as mean + standard deviation with n representing the number of samples 

analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects of 

liposome type and time on cell proliferation, matrix production, and mineralization potential. The Tukey-

Kramer post-hoc test was used for all pair-wise comparisons, with significance attained at p<0.05 using 

JMP® IN software (4.0.4; SAS Institute, Inc., Cary, NC).  

 

4.3 Results 

4.3.1 Cell Proliferation and Matrix Production 

The liposome control group showed a significant increase in cell number by day 3 (figure 4.1; 

p<0.05).  All groups showed a significant increase in cell number on days 7 and 14 (*p<0.05).  While the 

liposome only control without β-GP showed lower cell number on day 14 than all other groups, no 

differences between the monolayer controls and liposome type were observed on day 14.  However, for 

all liposome groups, there was a significant increase in cell number for groups supplemented with β-GP 

compared with their unsupplemented counterparts (^p<0.05).  For matrix production, the hydroxyproline 

assay showed an increase in collagen deposition by day 7 for the monolayer control, and by day 14 for 

the monolayer+β-GP, liposome control, Ca2+, Pi+β-GP, Ca2++Pi+β-GP groups (figure 4.2; *p<0.05).  

However, there was no significant difference between groups on day 14 (p<0.05).  Histologically, no 

collagen deposition was detected via picrosirius red stain on day 14 (figure 4.2).  
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4.3.2 Mineralization 

Mineralization potential was assessed through alkaline phosphatase activity which was shown to 

increase significantly by day 14 in all groups (figure 4.3; p<0.05). In addition, lower ALP activity was 

observed for all groups supplemented with β-GP (p<0.05).  Cells dosed with liposomes containing 

phosphate ions (both Pi and Ca2++Pi) were found to have ALP activity similar to groups dosed with β-GP 

by day 14 (p<0.05).  Mineral was detected only in the groups treated with exogenous β-glycerophosphate 

on day 7 via von Kossa staining (figure 4.3). Looking at media calcium and phosphate concentration, 

groups treated with β-GP showed a decrease in media Ca2+ and an increase in media Pi on day 14 (figure 

4.4; p<0.05).  

 

4.4 Discussion  

The goal of this chapter was to optimize the mineralization response of human osteoblast-like 

cells to Ca2+ and/or Pi encapsulated SMV.  The response of human osteoblast-like cells was compared 

among dosage with SMV containing different ions, specifically Ca2+SMV, Pi SMV, and Ca2++Pi SMV.  In 

addition, cell response to SMV with and without β-GP as an organic phosphate source was investigated.  

As seen in the previous chapter, the cell proliferation results show that human osteoblast-like cells were 

able to grow in the presence of SMV.  The type of ions encapsulated by the SMV was found to have 

minimal effect on cell proliferation, as all groups increased in cell number by 2 weeks.  Likewise, organic 

phosphate supplementation was found to have no effect on cell growth as well.  In addition, liposome and 

organic phosphate supplementation had no effect on matrix production compared with the control 

monolayer group as once again, all monolayer cultures saw little to no matrix production. 

These results show that β-GP supplementation is found to lower the mineralization potential of 

human osteoblast-like cells.  This decrease in ALP production is hypothesized to be due to the presence 

of β-GP engaging the ALP that has already been produced by the cells, sending signals to the cell to 

reduce ALP production.  In the study by Huang et al., liposomes were supplemented to rat osteoblasts 

along with 2mM β-GP, which saw a suppression of ALP activity by day 16 (80).  As with most osteoblast 

cultures, there were no organic phosphate free groups present in the study.  While no suppression of ALP 
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activity was found in our study due to liposome supplementation alone, a decrease in ALP activity was 

observed in the presence of Pi liposomes, which is in agreement with the findings in chapter 3.  Since 

inorganic Pi are already available within SMV for mineralization to occur, there is no need for additional 

ALP to be produced, which may be detected by the cells.  This may explain why the combination of 

phosphate liposomes with β-GP was not found to have a compounded effect on ALP activity.  In addition, 

in chapter 2 we found that Pi transport did not occur across the bi-layer membrane until day 14.  This is 

supported by the cell response data in which there were no differences in ALP activity from the control 

groups compared with Pi liposome supplementation prior to day 14. 

Bulk mineralization was only observed in cells dosed with β-GP, which is in agreement with 

previous tissue engineering studies conducted on osteoblasts(89;91).  The media Ca2+ and Pi 

concentrations correlate with the β-GP feeding schedule.  After β-GP is added to the appropriate groups 

on day 7, an increase in media Pi concentration is observed, corresponding to Pi removed from β-GP by 

cell ALP activity.  Likewise, day 14 media Ca2+ concentration is found to decrease, corresponding to 

calcium ions being used up for mineral formation supported by von Kossa staining.  Neither of these 

effects was observed in the SMV only groups, suggesting that the current dose of SMV is insufficient to 

promote bulk mineralization.  As noted in the previous chapter, the ion concentration correlated with the 

added liposome dosage compared with 3mM β-GP was found to be an order of magnitude lower.  Thus, a 

set of dose experiments will be investigated to determine the optimal liposome dosage for the 

enhancement of mineralization response of human osteoblast-like cells.   

 

4.5 Conclusions 

The addition of β-GP in combination with the liposomes was found to modulate mineralization 

potential.  Pi liposome supplementation was found to have a similar effect on ALP activity in contrast to 

Ca2+
 liposomes, which were found to have no effect.  However, no bulk mineralization was observed from 

exposure to liposomes at this concentration, thus a later study will investigate dosage effects of Pi 

liposomes on mineralization potential of human osteoblast-like cells. 
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Figure 4.1. Effects of SMV With and Without β-GP on Cell Number. All groups showed a significant 

increase in cell number on days 7 and 14 (*p<0.05; n=5).  The liposome control without β-GP showed 

lower cell number on day 14 compared with all other groups while no differences between the monolayer 

controls and other liposome types were observed on day 14 (^p<0.05). There was a significant increase 

in cell number for groups supplemented with β-GP compared with their unsupplemented counterparts 

(^p<0.05). Liposome presense showed no effect on cell number over 14 days of culture (p<0.05). 
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Figure 4.2. Effects of SMV With and Without β-GP on Matrix Production. A significant increase in 

collagen deposition was observed by day 14 for the monolayer+β-GP, liposome control, Ca2+, Pi+β-GP, 

Ca2++Pi+β-GP groups over time (*p<0.05; n=5).  There was no significant difference between groups on 

day 14 (p<0.05).  Histologically, no collagen deposition was detected via picrosirius red stain on day 14. 
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Figure 4.3. Effects of SMV With and Without β-GP on Mineralization Potential and Mineral 

Deposition. ALP activity was shown to increase significantly by day 14 in all groups (*p<0.05; n=5). In 

addition, lower ALP activity was observed for all groups supplemented with β-GP (p<0.05).  Cells dosed 

with liposomes containing phosphate ions (both Pi and Ca2++Pi) were found to have ALP activity similar to 

groups dosed with β-GP by day 14 (p<0.05).  Mineral was detected only in the groups treated with 

exogenous β-glycerophosphate on day 7 via von Kossa staining. 



47 

 

 

 

 

Figure 4.4. Effects of SMV With and Without β-GP on Media Ion Concentration. Groups treated with 

β-GP showed a decrease in media Ca2+ and an increase in media Pi on day 14 (* p<0.05; n=5).  The 

decrease in media Ca2+ levels suggests calcium ions are being used to form calcium phosphate mineral. 

The elevated Pi concentration is due to an excess of inorganic phosphate ions in the media (likely from Pi 

liposomes or cleaved from βGP by ALP) over what is needed for mineralization.  
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CHAPTER 5: EFFECT OF ALP INSIDE-SMV ON 
THE MINERALIZATION OF HUMAN 

OSTEOBLAST-LIKE CELLS 
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5.1 Introduction 

 The previous studies looked at the response of human osteoblast-like cells to ion type with and 

without β-GP.  This chapter seeks to further explore the response of human osteoblast-like cells to similar 

SMV with and without ALP conjugated to the membrane.  ALP-inside liposome groups will be investigated 

first in this study.  The results of this study will be compared with external ALP liposomes in the next 

chapter to further inform which liposome-ion combination will be selected for liposome-scaffold studies.     

 

5.1.1 Background and Motivation 

Alkaline phosphatase is an enzyme that has been shown to play a role in mineralization(87).  

Elevated levels of ALP compared with the cell membrane have been shown to be present on the 

membrane of native matrix vesicles.  This enzyme has been detected at sites of mineralization such as 

the growth plate and is a typical marker for osteoblastic phenotypes and mineralization potential.  Upon 

contact with an organic phosphate sources, pyrophosphatase in the case of the body, ALP cleaves the 

inorganic phosphate from the organic phosphate source, freeing up the inorganic phosphate for 

precipitation into calcium phosphate mineral with free floating calcium ions.  

 Many different liposome systems have been developed to model biomineralization in vitro (66-

71).  While the mineralization relevant enzyme alkaline phosphatase has been incorporated both 

internally and externally to promote mineralization (69;72-75), their effects on osteoblast mineralization 

potential as a vehicle for bone regeneration have not been assessed.  In addition, while calcium and 

phosphate ions have also been successfully encapsulated in these SMV structures, to date they have not 

been combined with ALP for cell culture mineralization studies (66;74-78).  

 

5.1.2 Objectives 

The objective of this study is to promote mineralization of human osteoblast-like cells through 

dosage with Ca2+ and Pi, ALP conjugated liposomes.  Effects of ion type in conjunction with ALP will be 

investigated.  It is hypothesized that ALP with enhance mineralization in the presence of an organic 

phosphate source.  This hypothesis will be tested through assessment of cell number, ALP activity, media 
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calcium and phosphate concentration, and mineral deposition.  The outcome of these studies will result in 

the selection of optimized SMV formulations for subsequent in vitro scaffold studies. 

 

5.2 Materials and Methods 

5.2.1 Inside ALP-Liposome Fabrication 

Tail functionalized Biotin-PS (1-oleoyl-2-(12-biotinyl(aminododecanoyl))-sn-glycero-3-phospho-L-

serine (ammonium salt)) from Avanti Polar Lipids was mixed into the 90:10 DPPC:DMPC lipid/chloroform 

mixture (0.032 wt%) and cast into thin films by solvent evaporation. All subsequent steps were performed 

at 60 ºC. Alkaline phosphatase-streptavidin (ALP-S; Sigma Aldrich, St. Louis, MO) dissolved in tris-

buffered saline (50mM Tris, 0.285M NaCl, 1mM MgCl2; TBS) at a concentration of 40.32U/ml was added 

to the film at a ratio of 0.5ml/2.5mg phospholipid. Depending on the type of ion to be encapsulated, 0.2M 

CaCl2 or 0.2M NaH2PO4 was substituted for the NaCl. The flask was vortexed to remove the lipid layer 

from the wall for liposome self-assembly.  The solution was subjected to one freeze-thaw cycles to 

equilibrate the inter- and extra-liposomal ion concentration.  Multiple freeze-thaw cycles were not utilized 

for the ALP liposomes to prevent denaturation of the enzyme.  Liposomes were subsequently extruded 

through a 200nm membrane (Whatman, Kent, UK) to create mono-disperse liposomes.  The liposomes 

were then removed via centrifugation and washed 3 times with TBS and stored at 4°C for up to 1 week.  

Positive control group liposomes were fabricated using unmodified 90:10 DPPC:DMPC phospholipids and 

unmodified alkaline phosphatase lyophilized powder (ALP; Sigma Aldrich, St. Louis, MO). 

 

5.2.2 Liposome Characterization 

Vesicle membranes were visualized (n=2) through cryo-electron microscopy (cryo-EM) with 

samples frozen using a Gatan CP3 plunge-freezer (Gatan, Pleasanton, CA) onto plasma treated carbon-

coated copper grids and imaged using a FEI Tecnai F20 transmission electron microscope (FEI, Hillsboro, 

OR) at 200kV, 50kX magnification. 

Mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity (n=5) 

quantitatively using an enzymatic assay.  A p-nitrophenyl phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, 
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MO) solution was added to the samples and allowed to react at 37°C for 30 minutes.  Absorbance values 

of the resulting p-nitrophenol were measured using the microplate reader at 405nm.   

 

5.2.3 Cells and Cell Culture 

Human osteoblast-like cells (Saos-2, ATCC) were cast as monolayers at a density of 50,000 

cells/cm2 and maintained in fully supplemented Dulbecco’s Modified Eagle Medium (F/S DMEM: 10% 

fetal bovine serum from Atlanta Biologicals, Lawrenceville, GA; 1% penicillin/streptomycin, 1% non-

essential amino acids, 0.1% gentamicin, and 0.1% amphotericin B from Cellgro-Mediatech, Herndon, VA) 

with 50μg/ml of ascorbic acid over 14 days at 37°C and 5% carbon dioxide.   

After 24 hours, monolayers were dosed with 100μg of 90:10 DPPC:DMPC liposomes containing 

either 0.285M NaCl (control), 0.2M CaCl2 (Ca2+), 0.2M NaH2PO4 (Pi), or a mixture of 0.2M CaCl2 and 

0.2M NaH2PO4 (Ca2++Pi; ratio 1.67; pH 4) per ml of F/S DMEM with or without ALP conjugation.  Groups 

without Pi encapsulated within the liposomes (i.e. monolayer, control liposome, and Ca2+) were 

supplemented with 3mM β-glycerophosphate (β-GP) day 7 onwards.  Liposomes were sterilized by sterile 

filtration through a 0.2µm filter.  For all studies, liposomes were collected and pooled by centrifugation 

(10,000 rcf, 10 minutes) at each feeding.  Pellets were resuspended in fresh media and redistributed to 

the wells of the corresponding groups.  

 

5.2.4 Cell Viability and Proliferation 

Cell viability and morphology was also assessed on days 1 and 21 using Live/Dead staining 

(Molecular Probes, Eugene, OR). Samples were imaged using a confocal microscope (Olympus 

Fluoview, Center Valley, PA) at wavelengths 488nm and 568nm.  

Cell proliferation (n=5) was assessed using the PicoGreen double strand DNA assay (Invitrogen, 

Carlsbad, CA). Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO) and 

fluorescence was measured at 485nm (excitation) and 535nm (emission) using a microplate reader 

(TECAN, Research Triangle Park, NC). Cell number was determined by converting DNA/sample to cell 

number using a conversion factor of 7.7pg DNA/cell. 



52 

 

 

 

 

5.2.5 Matrix Production 

Matrix production was assessed by evaluating collagen production through quantitative assays 

and qualitative histology. Samples for quantitative matrix assays were digested in buffer containing 

20µl/ml papain in 0.1M sodium acetate, 10mM cysteine HCl, and 50 mM ethylenediaminetetraacetate 

(EDTA) for 16 hours at 60°C.  Collagen production (n=5) was quantified using a hydroxyproline assay. 

The digest was hydrolyzed with 10N sodium hydroxide at 250°C for 25 minutes and then oxidized by a 

buffered chloramine-T (Sigma-Aldrich, St. Louis, MO) reagent for 25 minutes prior to the addition of 

Ehrlich’s reagent (15% p-dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid). Absorbance 

was measured at 550nm using the microplate reader.  

Histological samples were prepared by fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. 

Louis, MO) for 1 hour and stored at 4°C in 0.1% cacodylic acid. Samples were rinsed thoroughly with 

water prior to the addition of picrosirius red stain for collagen. Stained sections were imaged using an 

optical microscope (Axiovert 35; Zeiss, Oberkochen, Germany). 

 

5.2.6 Mineralization Potential 

Cell mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity 

and mineral presence. ALP activity (n=5) was measured quantitatively using an enzymatic assay. 

Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO). A p-nitrophenyl 

phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, MO) solution was added to the samples and allowed to 

react at 37°C for 30 minutes. Absorbance values of the resulting p-nitrophenol were measured using the 

microplate reader at 405nm.  

Mineral deposition (n=2) was visualized using a von Kossa stain and alizarin red on histologically 

fixed samples. For von Kossa, a 5% silver nitrate (AgNO3; Sigma-Aldrich, St. Louis, MO) was added onto 

the monolayers and exposure to ultraviolet radiation (355nm) for 25 minutes. Stained sections were 

thoroughly rinsed with tap water and imaged using an optical microscope (Axiovert 35; Zeiss, 

Oberkochen, Germany).  
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5.2.7 Calcium and Phosphate Ion Detection 

Calcium ion concentration was quantified using the arsenazo III modified calcium assay (Pointe 

Scientific, Canton, MI). A malachite green, ammonium molybdate based phosphate colorimetric assay 

(BioVision, San Francisco, CA) was used to assess phosphate ion concentration. Both assays were read 

at an absorbance wavelength of 620nm.  

 

5.2.8 Statistical Analysis 

Results are presented as mean + standard deviation with n representing the number of samples 

analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects of 

membrane composition and time on ion release and mineralization potential. The Tukey-Kramer post-hoc 

test was used for all pair-wise comparisons, with significance attained at p<0.05 using JMP® IN software 

(4.0.4; SAS Institute, Inc., Cary, NC).  

 

5.3 Results 

5.3.1 Bioconjugated ALP Liposome Characterization  

Internal ALP conjugated liposomes (90:10:0.032 DPPC:DMPC:Biotin-PS conjugated to ALP-

streptavidin), hereby referred to as ALP-inside liposomes, were found to have a similar spherical 

morphology and lipid bilayer structure as calcium and phosphate liposomes, as visualized by cryo-EM 

(figure 5.1).  Mineralization potential of liposomes conjugated to ALP using the biotin-streptavidin system 

was found to be significantly lower than unmodified DPPC:DMPC 90:10 liposomes (figure 5.1; ^p<0.05).  

Both types of liposomes were found to have minimal ALP “leakage” in the surrounding TBS storage 

buffer. 

 

5.3.2 Cell Proliferation and Matrix Production 

Cell number was found to significantly increase through days 3, 7, and 14 in all groups, 

regardless of liposome dosage and type (figure 5.2; *p<0.05).  In terms of matrix production, in the 

monolayer control, a significantly increase in collagen deposition was observed on day 14, which was 
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also found to be higher in collagen than all other groups (figure 5.3; *^p<0.05).  No other changes in 

collagen content were found between groups and over time through 14 days of culture (p<0.5).  In 

addition, all groups stained positive for collagen, with no difference in collagen production being found 

qualitatively via picrosirius red staining. 

 

5.3.3 Mineralization 

Mineralization potential was found to increase for all groups by day 7, with a further increase 

through 14 (figure 5.4; p<0.05). The monolayer and liposome groups without ALP showed significantly 

higher ALP activity on day 14 over all groups with ALP-conjugated membranes except for Pi encapsulated 

liposomes.  In addition, as observed previously, cells dosed with Pi liposomes (either alone or with Ca2+
 

liposomes) without organic phosphate supplementation showed no significant difference in ALP activity 

from the other groups (monolayer, liposome control, Ca2+ liposomes) which were supplemented with β-GP 

day 7 onward (p<0.05).   

 Groups treated with β-glycerophosphate on day 7 qualitatively showed more mineral via von 

Kossa stain on day 14 (figure 5.4). All groups showed electron dense mineral-like structures in collected 

day 14 media under cryo-EM.  However the control and Ca-encapsulated media showed  larger electron 

dense clusters compared with the other groups.  

In terms of media ion concentration, cells supplemented with β-glycerophosphate on day 7 

showed a decrease in calcium ion concentration and an increase in phosphate ion concentration by day 

14 (figure 5.5; p<0.05). 

 

5.4 Discussion  

The goal of this chapter was to optimize the mineralization response of human osteoblast-like 

cells to ALP conjugated SMV.  The response of human osteoblast-like cells was compared among 

dosage with SMV encapsulating different ion types (Ca2+ and Pi), and with or without ALP conjugation to 

the SMV membrane.   

Characterization of as-fabricated ALP-inside SMV through the ALP detection colorimetric assay 

showed ALP was successfully incorporated within both the biotin-PS modified DPPC:DMPC liposomes 
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and through mixing of unmodified ALP with 90:10 DPPC:DMPC liposomes.  The lower ALP activity in the 

modified conjugated liposome group may be attributed to some of the ALP being conjugated within the 

lipid bi-layer.  Since the biotin functional group for this study is located on the hydrophobic tails of the 

biotin-PS lipid, it is possible that some of the ALP-S was conjugated to the tails, thus being incorporated 

within the membrane of the lipid bi-layer.  In addition, the ALP activity of the streptavidin modified ALP 

may be more sensitive to freeze-thaw cycles than the regular ALP due to the manufacturer streptavidin 

modification steps, which could also explain the lower ALP activity.  Overall, the high ALP activity found in 

the ALP-inside liposomes suggests that ALP is being encapsulated rather than conjugated to the 

membrane.  The method of adding the ALP-S solution to the lipid bi-layer, as well as the multiple freeze-

thaw cycles allows for non-conjugated free floating ALP-S to be encapsulated within the vesicle.  

However, literature suggests most ALP activity in native matrix vesicles occurs at the membrane, not 

within, thus making a membrane surface incorporation approach more biomimetic (94).  In addition, ALP 

incorporation was found to have no effect on liposome morphology (compared with previously fabricated 

Ca2+ and Pi SMV). 

Cell number was found to increase in all groups over 14 days, regardless of SMV presence, ion-

type, or ALP incorporation.  In addition, overall collagen production was not found to differ among SMV 

type.  Looking at mineralization potential, the encapsulation of alkaline phosphatase within SMV was 

found to lower ALP activity of human osteoblast-like cells.  While the cells normally produce their own 

ALP, it is theorized that when the cells are able to detect the elevated presence of ALP in the surrounding 

environment, this eliminates the need to produce additional ALP.  Pi liposomes were once again found to 

modulate ALP activity in the absence of β-GP.  In addition, the Pi liposome groups in combination with the 

bioconjugation of ALP did not have an enhanced effect on mineralization potential.  This is likely due to 

the fact that ALP’s role in the biomineralization process is to cleave inorganic phosphate ions from 

organic phosphate sources, such as β-glycerophosphate.  Since the Pi liposomes are already 

encapsulating inorganic phosphate ions, the additional ALP is not expected to give the cells additional 

signals to produce even less ALP.  Thus, it may not be necessary to combine Pi with bioconjugated ALP.  

While this study shows ALP-inside liposomes modulate ALP activity, the location of the ALP is not 

biomimetic compared with native matrix vesicles, where the ALP is located on the membrane, whereas 
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ALP in these SMV are theorized to be partially encapsulated within(94).  Thus, it is desirable to test a 

configuration where ALP is conjugated to the outside of the membrane. 

 

5.5 Conclusions 

 In this study, ALP inside liposomes were found to modulate ALP activity, similar to the effects 

seen previously by β-GP and Pi liposomes.  In the next chapter, the effects of ALP-outside liposomes on 

human osteoblast-like cell mineralization potential will be evaluated.   
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Figure 5.1. ALP-inside liposome activity and morphology. Tail functionalized biotin-PS was 
incorporated into a 90:10 DPPC:DMPC lipid bi-layer (0.032 wt%). ALP-inside SMV were formed by adding 
alkaline phosphatase-streptavidin solution to the lipid bilayer film and agitating for liposome self-assembly. 
Control liposomes were prepared with similarly with 90:10 DPPC:DMPC films and unmodified ALP. 
Internal ALP conjugated liposomes were found to have spherical morphology and lipid bilayer structure 
(cryo-EM). The overall ALP activity of liposomes conjugated with ALP using the biotin-streptavidin system 
was found to be significantly lower than unmodified DPPC:DMPC 90:10 liposomes (^p<0.05; n=5), 
suggesting that the bioconjugated ALP liposomes may be more sensitive to the fabrication method than 
unmodified liposomes encapsulating unmodified ALP.    
 

 

Figure 5.2. Effects of ALP-inside SMV on Cell Number. Cell number was found to significantly 
increase through days 3, 7, and 14 in all groups, regardless of liposome dosage and type (*p<0.05; n=5).   



58 

 

 

 

 

Figure 5.3. Effects of ALP-inside SMV on Matrix Production. A significantly increase in collagen 
deposition was observed on day 14 in the monolayer control, which was also found to be higher in 
collagen than all other groups (*^p<0.05; n=5). No other changes in collagen content were found between 
groups and over time through 14 days of culture (p<0.5).  All groups stained positive for collagen, with no 
difference in collagen production being found qualitatively via picrosirius red staining. 
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Figure 5.4. Effects of ALP-inside SMV on Mineralization Potential and Mineral Deposition. ALP 
activity was found to increase for all groups by day 7, with a further increase through 14 (*p<0.05; n=5). 
The monolayer and liposome groups without ALP showed significantly higher ALP activity on day 14 over 
all groups with ALP-conjugated membranes except for Pi encapsulated liposomes (^p<0.05).  Groups 
treated with β-glycerophosphate on day 7 qualitatively showed more mineral via von Kossa stain on day 
14. Electron dense mineral-like structures from day 14 culture media were observed under cryo-EM.   
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Figure 5.5. Effects of ALP-inside SMV on Media Ion Concentration. Groups treated with β-

glycerophosphate on day 7 showed a decrease in calcium ion concentration and an increase in 

phosphate ion concentration by day 14 (* p<0.05). The decrease in media Ca2+ levels suggests calcium 

ions are being used to form calcium phosphate mineral via precipitation. The elevated Pi concentration is 

due to an excess of inorganic phosphate ions in the media (likely from Pi liposomes or cleaved from βGP 

by ALP) over what is needed for mineralization. 
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CHAPTER 6: EFFECT OF ALP OUTSIDE-SMV ON 
THE MINERALIZATION OF HUMAN 

OSTEOBLAST-LIKE CELLS 
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6.1 Introduction 

 The previous studies looked at the response of human osteoblast-like cells to ALP-inside 

liposomes.  This chapter seeks to further explore the response of human osteoblast-like cells to similar 

SMV with ALP conjugated to the outside of the SMV membrane.  The results of this study will further 

inform which liposome-ion combination will be selected for liposome-scaffold studies.     

 

6.1.1 Background and Motivation 

In the previous chapter, human osteoblast-like cells were exposed to ALP conjugated to the 

inside of SMV.  While the presence of ALP-inside liposomes lowered cell ALP activity, due to the nature 

of the ALP conjugation, it has been hypothesized that ALP was primarily being encapsulated instead of 

incorporated within the SMV membrane.  Literature suggests most ALP activity in native matrix vesicles 

occurs at the membrane, not within, thus making a membrane surface incorporation approach more 

biomimetic (94). Thus this motivated the formulation of the outside ALP liposome conjugation.  This 

chapter seeks to elucidate whether ALP location has an effect on the mineralization response of human 

osteoblast-like cells.  In addition, since it was determined that the Pi liposomes show no interaction with 

the ALP, this group will be omitted from the current study.  

 

6.1.2 Objectives 

The objective of this study is to promote mineralization of human osteoblast-like cells through 

dosage with ALP-outside liposomes.  Effects of ion type in conjunction with ALP will be investigated.  It is 

hypothesized that ALP with enhance mineralization in the presence of an organic phosphate source.  This 

hypothesis will be tested through assessment of cell number, ALP activity, media calcium and phosphate 

concentration, and mineral deposition.  The outcome of these studies will result in the selection of 

optimized SMV formulations for subsequent in vitro scaffold studies. 
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6.2 Materials and Methods 

6.2.1 Outside ALP-Liposome Fabrication 

Head functionalized biotin-cap-PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-cap 

biotinyl)  from Avanti Polar Lipids was mixed into the 90:10 DPPC:DMPC lipid/chloroform mixture (0.1 

wt%) and cast into thin films by solvent evaporation.  All subsequent steps were performed at 60 ºC.  TBS 

(with 0.285NaCl or 0.2M CaCl2) was added to the film at a ratio of 0.5ml/2.5mg phospholipid and the flask 

was vortexed to remove the lipid layer from the walls for liposome self-assembly.  The solution was 

subjected to one freeze-thaw cycles to equilibrate the inter- and extra-liposomal ion concentration and 

SMV were subsequently extruded through a 200nm membrane (Whatman, Kent, UK) to create mono-

disperse liposomes.  Extruded liposomes were incubated in alkaline phosphatase-streptavidin (ALP-S) 

solution (0.48U/ml) for 1 hour.  The liposomes were then removed via centrifugation and washed 3 times 

with TBS buffer and stored at 4°C.  Positive control group liposomes were fabricated using unmodified 

90:10 DPPC:DMPC phospholipids and unmodified alkaline phosphatase lyophilized powder (ALP; Sigma 

Aldrich, St. Louis, MO). 

 

6.2.2 Liposome Characterization 

Liposome morphology was evaluated through atomic force microscopy (AFM; MFP-3D from 

Asylum Research, Santa Barbara CA) using a triangular silicon nitride tip in intermittent contact mode.  

Vesicle membranes were also visualized (n=2) through cryo-electron microscopy (cryo-EM) with samples 

frozen using a Gatan CP3 plunge-freezer (Gatan, Pleasanton, CA) onto plasma treated carbon-coated 

copper grids and imaged using a FEI Tecnai F20 transmission electron microscope (FEI, Hillsboro, OR) at 

200kV, 50kX magnification. 

Mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity (n=5) 

quantitatively using an enzymatic assay.  A p-nitrophenyl phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, 

MO) solution was added to the samples and allowed to react at 37°C for 30 minutes.  Absorbance values 

of the resulting p-nitrophenol were measured using the microplate reader at 405nm.   
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6.2.3 Cells and Cell Culture 

Human osteoblast-like cells (Saos-2, ATCC) were cast as monolayers at a density of 50,000 

cells/cm2 and maintained in fully supplemented Dulbecco’s Modified Eagle Medium (F/S DMEM: 10% 

fetal bovine serum from Atlanta Biologicals, Lawrenceville, GA; 1% penicillin/streptomycin, 1% non-

essential amino acids, 0.1% gentamicin, and 0.1% amphotericin B from Cellgro-Mediatech, Herndon, VA) 

with 50μg/ml of ascorbic acid over 14 days at 37°C and 5% carbon dioxide.   

After 24 hours, monolayers were dosed with 5mg wet weight SMV/ml of 90:10 DPPC:DMPC 

liposomes containing 0.285M NaCl control + ALP or 0.2M CaCl2 + ALP.  A group being dosed with 

0.48U/ml of just ALP was added as a control group.  In addition, one group of 0.2M CaCl2 liposomes with 

ALP was added on day 7 to assess effects of time.  All groups were supplemented with 0.2 mM β-

glycerophosphate (β-GP) day 7 onwards.  Liposomes were sterilized by sterile filtration through a 0.2µm 

filter.  For all studies, liposomes were collected and pooled by centrifugation (10,000 rcf, 10 minutes) at 

each feeding.  Pellets were resuspended in fresh media and redistributed to the wells of the 

corresponding groups.  

 

6.2.4 Cell Viability and Proliferation 

Cell viability and morphology was also assessed on days 1 and 21 using Live/Dead staining 

(Molecular Probes, Eugene, OR). Samples were imaged using a confocal microscope (Olympus 

Fluoview, Center Valley, PA) at wavelengths 488nm and 568nm.  

Cell proliferation (n=5) was assessed using the PicoGreen double strand DNA assay (Invitrogen, 

Carlsbad, CA). Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO) and 

fluorescence was measured at 485nm (excitation) and 535nm (emission) using a microplate reader 

(TECAN, Research Triangle Park, NC). Cell number was determined by converting DNA/sample to cell 

number using a conversion factor of 7.7pg DNA/cell. 
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6.2.5 Matrix Production 

Matrix production was assessed by evaluating collagen production through quantitative assays 

and qualitative histology. Samples for quantitative matrix assays were digested in buffer containing 

20µl/ml papain in 0.1M sodium acetate, 10mM cysteine HCl, and 50 mM ethylenediaminetetraacetate 

(EDTA) for 16 hours at 60°C.  Collagen production (n=5) was quantified using a hydroxyproline assay. 

The digest was hydrolyzed with 10N sodium hydroxide at 250°C for 25 minutes and then oxidized by a 

buffered chloramine-T (Sigma-Aldrich, St. Louis, MO) reagent for 25 minutes prior to the addition of 

Ehrlich’s reagent (15% p-dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid). Absorbance 

was measured at 550nm using the microplate reader.  

Histological samples were prepared by fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. 

Louis, MO) for 1 hour and stored at 4°C in 0.1% cacodylic acid. Samples were rinsed thoroughly with 

water prior to the addition of picrosirius red stain for collagen. Stained sections were imaged using an 

optical microscope (Axiovert 35; Zeiss, Oberkochen, Germany). 

 

6.2.6 Mineralization Potential 

Cell mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity 

and mineral presence. ALP activity (n=5) was measured quantitatively using an enzymatic assay. 

Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO). A p-nitrophenyl 

phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, MO) solution was added to the samples and allowed to 

react at 37°C for 30 minutes. Absorbance values of the resulting p-nitrophenol were measured using the 

microplate reader at 405nm.  

Mineral deposition (n=2) was visualized using a von Kossa stain and alizarin red on histologically 

fixed samples. For von Kossa, a 5% silver nitrate (AgNO3; Sigma-Aldrich, St. Louis, MO) was added onto 

the monolayers and exposure to ultraviolet radiation (355nm) for 25 minutes. Stained sections were 

thoroughly rinsed with tap water and imaged using an optical microscope (Axiovert 35; Zeiss, 

Oberkochen, Germany).  
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6.2.7 Statistical Analysis 

Results are presented as mean + standard deviation with n representing the number of samples 

analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects of 

membrane composition and time on ion release and mineralization potential. The Tukey-Kramer post-hoc 

test was used for all pair-wise comparisons, with significance attained at p<0.05 using JMP® IN software 

(4.0.4; SAS Institute, Inc., Cary, NC).  

 

6.3 Results 

6.3.1 Bioconjugated ALP Liposome Characterization   

90:10:1 DPPC:DMPC:Biotin-PE liposomes conjugated to ALP-streptavidin, hereby referred to as 

ALP-outside liposomes, were found to have a similar spherical morphology and lipid bilayer structure as 

calcium and phosphate liposomes, as visualized by both AFM and cryo-EM (figure 6.1).  Mineralization 

potential of liposomes conjugated to liposomes using the biotin-streptavidin system was found to be 

significantly higher than unmodified DPPC:DMPC 90:10 liposomes incubated with unmodified alkaline 

phosphatase (figure 6.1; ^p<0.05). Liposomes retained their ALP activity through 7 days of incubation in 

culture medium at 37 °C with some ALP activity being detected in the media aliquot as well (figure 6.1; 

^p<0.05).  

 

6.3.2 Cell Proliferation and Matrix Production 

Cells proliferated in all groups by day 7 and through day 14 (figure 6.2; p<0.05).  On day 7, the 

monolayers dosed with ALP supplemented media showed higher cell number over the Ca2+ liposome and 

both ALP liposome groups (p<0.05).  In addition, on day 14, the liposome control group showed higher 

cell number over the ALP liposome group (p<0.05).  No other significant differences were found between 

groups over the 14 day culture.  All cells were found to remain viable through day 14 via live/dead 

staining (figure 6.2).  In terms of collagen production, higher collagen was found on day 3 over all groups, 

which decreased by day 7 (figure 6.3; ^*p<0.05).  All other groups showed an increase in collagen 
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production over 14 days, with no significant difference between groups on days 7 and 14 (*p<0.05). 

Picrosirius red showed a small amount of collagen deposition in all groups on day 14 (figure 6.4).   

 

6.3.3 Mineralization 

Mineralization potential was found to increase by day 7 for all groups (p<0.05; figure 6.3).  In 

addition, there was no difference in ALP activity between all groups through all 14 days (p<0.05).  While 

bulk deposition of mineral was found to be minimal overall, mineralized nodules were observed in ALP 

liposome groups by alizarin red and von Kossa staining (figure 6.4).   

 

6.4 Discussion  

The goal of this chapter was to optimize the mineralization response of human osteoblast-like 

cells a more biomimetic, ALP-outside conjugated SMV.  The response of human osteoblast-like cells was 

compared among dosage with SMV encapsulating with or without Ca2+, and with or without ALP 

conjugation to the SMV membrane.   

Characterization of as-fabricated ALP-outside liposomes found that conjugated SMV retained 

their ALP activity through day 7 in culture medium.  The higher ALP activity in the bioconjugated ALP 

liposomes versus the control ALP liposomes is attributed to the strong biotin-streptavidin binding between 

the biotin-PE and ALP-streptavidin compared with the weaker binding of unmodified control liposomes 

and ALP.  Thus, less ALP was likely removed during the washing steps from the bioconjugated ALP-

outside SMV during fabrication.  In addition, due to adding the ALP-S to the phospholipids post-vesicle 

formation, there is a very low likelihood that any ALP could have been accidentally encapsulated.   

An ALP activity value of 7.85 U/mg lipid was initially targeted to match the level found in native 

matrix vesicles(95).  However, this required the incorporation of more biotin-PE which resulted in 

liposome instability, evidenced by an inability to pellet out SMV during the washing steps without an 

increase in supernatant ALP (data not shown).  The relatively large amount of biotin functional groups at 

higher concentrations likely disrupted the well-ordered packing of the DPPC and DMPC phospholipids, 

rendering the vesicle structures unstable.  Thus the 90:10:1 DPPC:DMPC:Biotin-PE liposome formulation 
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is considered optimized for this system in terms of maximum incorporation of bioconjugated ALP to the 

outer membrane.  

Dosage of human osteoblast-like cells with ALP-outside SMV was found to have no affect on cell 

proliferation, cell viability, or matrix production over the course of 14 days.  In the previous chapter, the 

encapsulation of alkaline phosphatase within SMV was found to lower ALP activity of human osteoblast-

like cells.  In contrast, the outside ALP liposomes were not found to affect the ALP activity.  During 

fabrication of the ALP outside liposomes, while the 7.85 activity units/mg of lipid were targeted, the 

maximum percentage of biotin-cap-PE was only found to be 0.1% (down from ~8 wt% required to meet 

the targeted ALP activity). Thus, this lack of modulation of cell mineralization activity is attributed to the 

low percentage of ALP incorporated into the liposome, in addition to a lowered β-GP dosage available to 

promote cell ALP activity.  While the ALP outside liposomes were not found to affect the overall cell ALP 

activity, the presence of mineralized nodules from histological staining suggest that these membrane 

functionalized liposomes, which are more biomimetic than ALP-inside liposomes, have the potential to 

control the mineralization process.   

 

6.5 Conclusions 

In this chapter, ALP outside liposomes were found to result in a qualitative increase of 

mineralized nodules.  Despite not significantly affecting ALP activity, due to their structure being more 

biomimetic and still showing potential to enhance mineralization, these liposomes will be utilized for 

gelatin scaffold in vitro studies. 
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Figure 6.1. ALP-outside liposome morphology, activity and stability in culture conditions. Head 
functionalized biotin-cap-PE was incorporated into 90:10 DPPC:DMPC SMV (0.1 wt%).  ALP-outside 
SMV were formed by incubating SMV in alkaline phosphatase-streptavidin solution. Control liposomes 
were prepared similarly with 90:10 DPPC:DMPC SMV and unmodified ALP. External ALP conjugated 
liposomes were observed to have a spherical morphology and lipid bilayer structure under AFM and cryo-
EM. ALP activity of bioconjugated ALP-outside SMV was found to be significantly higher than unmodified 
DPPC:DMPC 90:10 liposomes (^p<0.05; n=5). Liposomes retained their ALP activity through 7 days of 
incubation in culture medium at 37 °C (p<0.05; n=5). 
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Figure 6.2. Effects of ALP-outside SMV on Cell Number and Viability. Cells proliferated in all groups 

through day 14, independent of type of liposome added (* p<0.05; n=5).  On day 7, the monolayers dosed 

with ALP supplemented media showed higher cell number over the Ca2+ liposome and both ALP liposome 

groups (^p<0.05).  In addition, on day 14, the liposome control group showed higher cell number over the 

ALP liposome group (^p<0.05). All cells were found to remain viable through day 14 via live/dead 

staining.   



71 

 

 

 

 

Figure 6.3. Effects of ALP-outside SMV on Matrix Production and Mineralization Potential. Collagen 

production increased in all groups over 14 days, with no significant difference between groups on days 7 

and 14 (*p<0.05; n=5). Mineralization potential was found to increase by day 7 for all groups, with no 

difference in ALP activity observed among all groups through day 14 (*p<0.05; n=5). 
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Figure 6.4. Histological Assessment of Matrix and Mineral Deposition. Picrosirius red showed a 

small amount of collagen deposition (red) in all groups on day 14. Mineralized nodules were observed in 

ALP and ALP liposome groups by alizarin red and von Kossa (black = positive stain) staining on day 14. 
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7.1 Introduction 

 Chapters 3 and 4 focused on the evaluation of human osteoblast-like cells in the presence of 

different types of SMV, containing a combination of Ca2+ and Pi with and without organic phosphate 

supplementation.  While phosphate liposomes were found to modulate mineralization potential without the 

addition of β-GP, qualitatively the phosphate SMV did not result in enhanced bulk mineral deposition.  

Thus in this chapter, Pi liposome dose will be investigated in the context of mineralization response of 

human osteoblast-like cells. 

 

7.1.1 Background and Motivation 

Both calcium and phosphate ions are required for the mineralization of calcium phosphate in hard 

tissue.  During bone formation, matrix vesicles bud off of osteoblasts and selective ion channels on the 

vesicle membrane allow for an in-flux of calcium and phosphate ions into the matrix vesicle(44).  Several 

SMV systems used to model the biomineralization process have shown that with proper modifications, 

this nucleation can be initiated in model systems.  In addition, liposomes encapsulating calcium and 

phosphate ions through a thermally triggered release have been shown to initiate bulk mineralization on 

dentin surfaces(78).  While tissue engineering applications of SMV on cell cultures for mineralization 

studies have been limited, previous studies in this thesis have shown that SMV are able to form mineral-

like structures within their membranes.  In addition, Pi liposomes have the compacity to modulate 

mineralization potential at a similar level as β-GP.  However, up until this point, bulk mineralization from Pi 

liposomes has not been observed, attributed to the low levels of Pi compared with the concentration of β-

GP typically added to osteoblasts for mineralization in vitro studies (89-91). Thus, in this study, the effects 

of different dosages of liposomes with and without Pi encapsulation on cellular mineralization activity will 

be investigated.  In addition, internal concentration of Pi within the vesicles will also be varied. 

 

7.1.2 Objectives 

The objective of this study is to optimize the mineralization response of human osteoblast-like 

cells through varying the dosage of Pi liposomes.  Effects of Pi liposome dosage, internal Pi liposome 

concentration, and the presence and absence of an organic phosphate source will be investigated.  It is 
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hypothesized that increasing the Pi free liposomes to match the 3mM concentration of the added organic 

phosphate source will result in enhanced bulk mineralization.  This hypothesis will be tested through 

assessment of cell number, ALP activity, media calcium and phosphate concentration, and mineral 

deposition.  The outcome of these studies will result in the selection of optimized SMV formulations and 

dosage for combination with a scaffold system. 

 

7.2 Materials and Methods 

7.2.1 Liposome Fabrication 

Phospholipids DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) and DMPC (1,2-

bis(myristoyl)-sn-glycero-3-phosphocholine) in chloroform were obtained from Avanti Polar Lipids 

(Alabaster, AL).  All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise 

noted.  Lipid chloroform solutions were mixed in a round bottom flask at a DPPC:DMPC ratio of 90:10 and 

cast into thin films by chloroform evaporation.  Phospholipid films were placed in a vacuum chamber for 

minimum 1 hour to remove residual solvent.  All subsequent steps were performed at 60 ºC, above the 

phase transition temperature of both phospholipids.  A solution of 0.285 M NaCl, 0.2M NaH2PO4, 1.0M 

NaH2PO4 was added to the lipid film (0.5ml/2.5mg of lipid) and vortexed to remove the lipid layer from the 

flask to form liposomes.  The liposomes in solution were subjected to multiple freeze-thaw cycles to 

equilibrate the inter- and extra-liposomal ion concentration and were subsequently extruded through a 

200nm membrane (Whatman, Kent, UK) to create mono-disperse liposomes.  The resulting liposomes 

were washed with 0.285M NaCl (or 1.45M NaCl for 1.0M NaH2PO4 liposomes) multiple times by 

centrifugation at 20000g for 10 minutes each until no ions were detectable in the supernatant. SMV were 

stored at 4 ºC and used within 7 days.  

 

7.2.2 Liposome Morphology 

Liposome morphology was visualized through cryo-electron microscopy (cryo-EM) with samples 

frozen using a Gatan CP3 plunge-freezer (Gatan, Pleasanton, CA) onto plasma treated carbon-coated 

copper grids and imaged using a FEI Tecnai F20 transmission electron microscope (FEI, Hillsboro, OR) at 

200kV, 50kX magnification. 
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7.2.3 Phosphate Ion Detection 

A malachite green, ammonium molybdate based phosphate colorimetric assay (BioVision, San 

Francisco, CA) was used to assess phosphate ion concentration and read at an absorbance wavelength 

of 620nm.  

 

7.2.4 Cells and Cell Culture 

Human osteoblast-like cells (Saos-2, ATCC) were cast as monolayers at a density of 50,000 

cells/cm2 and maintained in fully supplemented Dulbecco’s Modified Eagle Medium (F/S DMEM: 10% 

fetal bovine serum from Atlanta Biologicals, Lawrenceville, GA; 1% penicillin/streptomycin, 1% non-

essential amino acids, 0.1% gentamicin, and 0.1% amphotericin B from Cellgro-Mediatech, Herndon, VA) 

with 50μg/ml of ascorbic acid over 14 days at 37°C and 5% carbon dioxide.   

After 24 hours, monolayers were dosed with 100μg of 90:10 DPPC:DMPC liposomes containing 

either 0.285M NaCl (control), 0.2M NaH2PO4 (Pi), or 1.0M NaH2PO4 (PiC).  In addition, one group was 

dosed with 1mg/ml of 0.2M NaH2PO4 (PiH).  Each group had one set supplemented with 3mM β-

glycerophosphate (β-GP) day 7 onwards and another where no β-GP was added through the duration of 

the study.  Liposomes were sterilized by sterile filtration through a 0.2µm filter.  For all studies, liposomes 

were collected and pooled by centrifugation (10,000 rcf, 10 minutes) at each feeding.  Pellets were 

resuspended in fresh media and redistributed to the wells of the corresponding groups.  

 

7.2.5 Cell Viability and Proliferation 

Cell viability and morphology was also assessed on days 1 and 21 using Live/Dead staining 

(Molecular Probes, Eugene, OR). Samples were imaged using a confocal microscope (Olympus 

Fluoview, Center Valley, PA) at wavelengths 488nm and 568nm.  

Cell proliferation (n=5) was assessed using the PicoGreen double strand DNA assay (Invitrogen, 

Carlsbad, CA). Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO) and 

fluorescence was measured at 485nm (excitation) and 535nm (emission) using a microplate reader 

(TECAN, Research Triangle Park, NC). Cell number was determined by converting DNA/sample to cell 

number using a conversion factor of 7.7pg DNA/cell. 
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7.2.6 Matrix Production 

Matrix production was assessed by evaluating collagen production through quantitative assays 

and qualitative histology. Samples for quantitative matrix assays were digested in buffer containing 

20µl/ml papain in 0.1M sodium acetate, 10mM cysteine HCl, and 50 mM ethylenediaminetetraacetate 

(EDTA) for 16 hours at 60°C.  Collagen production (n=5) was quantified using a hydroxyproline assay. 

The digest was hydrolyzed with 10N sodium hydroxide at 250°C for 25 minutes and then oxidized by a 

buffered chloramine-T (Sigma-Aldrich, St. Louis, MO) reagent for 25 minutes prior to the addition of 

Ehrlich’s reagent (15% p-dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid). Absorbance 

was measured at 550nm using the microplate reader.  

Histological samples were prepared by fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. 

Louis, MO) for 1 hour and stored at 4°C in 0.1% cacodylic acid. Samples were rinsed thoroughly with 

water prior to the addition of picrosirius red stain for collagen. Stained sections were imaged using an 

optical microscope (Axiovert 35; Zeiss, Oberkochen, Germany). 

 

7.2.7 Mineralization Potential 

Cell mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity 

and mineral presence. ALP activity (n=5) was measured quantitatively using an enzymatic assay. 

Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO). A p-nitrophenyl 

phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, MO) solution was added to the samples and allowed to 

react at 37°C for 30 minutes. Absorbance values of the resulting p-nitrophenol were measured using the 

microplate reader at 405nm.  

Mineral deposition (n=2) was visualized using a von Kossa stain and alizarin red on histologically 

fixed samples. For von Kossa, a 5% silver nitrate (AgNO3; Sigma-Aldrich, St. Louis, MO) was added onto 

the monolayers and exposure to ultraviolet radiation (355nm) for 25 minutes. Stained sections were 

thoroughly rinsed with tap water and imaged using an optical microscope (Axiovert 35; Zeiss, 

Oberkochen, Germany).  
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7.2.8 Statistical Analysis 

 Results are presented as mean + standard deviation with n representing the number of 

samples analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects 

of liposome type and time on cell proliferation, matrix production, and mineralization potential. The Tukey-

Kramer post-hoc test was used for all pair-wise comparisons, with significance attained at p<0.05 using 

JMP® IN software (4.0.4; SAS Institute, Inc., Cary, NC).  

 

7.3 Results 

7.3.1 Characterization of 1M Pi Liposomes 

 Phosphate encapsulating liposomes assembled in a 1.0 M phosphate ion solution (PiC) were 

qualitatively found to exhibit a slightly more polygonal structure than phosphate liposomes prepared in a 

0.285M NaCl solution or a 0.2M phosphate solution (Pi), as observed under cryo-EM (figure 7.1).  In 

addition the liposomes exhibit a darker, more electron dense appearance.   It was confirmed that the PiC 

liposomes exhibit a concentration 5x greater than that of the Pi liposomes (^p<0.05). 

 

7.3.2 Cell Proliferation and Matrix Production 

Cells were found to remain viable through day 14 in all groups (figure 7.2; live/dead).  

Qualitatively, the high dosage liposome groups were found to have a lower cell density than the 

monolayer control and other liposome groups, including the high concentration PiC group.  The high dose 

liposome groups showed no significant increase in cell number over 21 days except for the Pi H group 

without β-GP by day 14 (p<0.05; figure 7.2). The monolayer and liposome control groups both with and 

without organic phosphate supplementation saw an increase in cell number through day 7 (*p<0.05).  All 

Pi and Pi C liposome groups saw a significant increase in cell number by day 7, as a well as a further 

increase in cell number through day 14 (*p<0.05).  In addition, cells dosed with Pi and PiC liposomes also 

showed significantly higher cell number on days 7 through 21 over all groups (^p<0.05). Collagen was 

histologically detected by picrosirius red stain in non-high dose groups on day 21 (figure 7.3). Quantitative 

hydroxyproline data shows an increase in collagen for liposome control and PiC groups by day 7, and in 
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the high dose liposome control group with β-GP and both high dose liposome PiH groups by day 21 

(*p<0.05).     

 

7.3.3 Mineralization 

ALP activity of human osteoblast-like cells dosed with a high dose of liposome controls saw a 

significant peak at day 7, with higher ALP activity over all groups with and without β-GP, followed by a 

decrease by day 14 (^*p<0.05; figure 7.4).  Both the monolayer and low dose liposome control groups 

saw an increase in ALP activity through day 21, as well as higher ALP activity than the high dose 

liposome control groups and all Pi liposome groups on days 14 and 21 with and without β-GP (*^p<0.05).  

With the exception of the lower dose Pi liposome group without β-GP which saw an increase in ALP 

activity at day 21, all other Pi liposome groups saw no increase in ALP activity over time (p<0.05).  Only 

groups supplemented with β-GP stained positive for mineral on day 21 (figure 7.4).  In addition, a higher 

apparent stain for mineral was found in high dose and high concentration Pi liposome groups over Pi 

alone.  

 

7.4 Discussion 

The goal of this chapter was to optimize the mineralization response of human osteoblast-like 

cells through varying the dosage of SMV.  The response of human osteoblast-like cells was compared 

among different concentrations of SMV, different internal Pi ion concentrations during SMV fabrication, as 

well as the presence or absence of β-GP supplementation.   

Characterization of Pi SMV fabricated in a 1.0M phosphate solution (Pi C) were found to have a 

similar morphology as those formed in a 0.2M phosphate solution.  The Pi C liposomes however had a 

darker appearance under cryo-EM within the membrane.  This is attributed to the increased concentration 

of ions encapsulated within the vesicle resulting in an increase in the electron density of the SMV.  In 

addition, SMV formation in higher phosphate concentration solutions (2M and up) were attempted (data 

not shown).  However, excess ions were unable to be removed from the supernatant during the washing 

steps, and the spun-down pellet decreased in size upon each subsequent wash, implying that the 
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liposomes are unstable in the high ion solutions.  Thus, the Pi C liposome group prepared in 1M Pi is 

considered optimized. 

The presence of Pi liposomes, in agreement with previous studies was found to modulate ALP 

activity on day 21 both in the presence and absence of β-GP.  This decrease in ALP activity is attributed 

to the Pi liposomes providing a biomimetic source of Pi for mineralization. Fewer Pi are needed to be 

cleaved from β-GP by ALP for calcium phosphate mineral formation, thus it is hypothesized that the cells 

detect the presence of the ions and produce less ALP.  In an in vitro culture of rat osteoblasts dosed with 

ion-free liposomes, the presence of liposomes without ions was also found to suppress ALP activity(80).   

The higher dosage of liposomes was found to suppress cell number starting on day 7.  This could 

be due to the SMV displacing essential nutrients in the media typically reserved for cell growth.  Since this 

effect is seen both with and without Pi encapsulation, the suppression in cell number is attributed to the 

high number of SMV, not the elevated Pi in the high dose Pi liposome group.  In addition, the high dosage 

liposome groups were observed to have less collagen deposition on day 14.  This is explained by the 

lower number of cells affecting the amount of matrix able to be produced.  Further reduction of ALP 

activity from the higher dose of Pi liposomes is explained by the higher concentration of Pi ions being 

exposed to the cellular environment.  While mineralization was still only observed for cells dosed with β-

GP via histological staining, a denser, well-distributed mineral deposition was found for the higher dose 

and higher internal concentration Pi liposome groups.  This qualitatively suggests that the SMV have a 

degree of control with regard to mineral deposition when a critical level of inorganic phosphate is 

available for mineralization.  Additionally, the presence of Pi C liposomes modulated ALP activity while 

resulting in a denser mineral deposition without affecting cell proliferation, suggesting the 1M Pi liposome 

preparation to be optimal for enhancing cell mineralization response. 

 

7.5 Conclusions 

These results show that a high dose of liposomes results in suppressed cell number and 

apparent ALP activity through day 21. While both high dose (Pi H) and high concentration (Pi C) liposome 

groups showed dense, well-distributed mineral production on day 21 and modulated ALP activity, the Pi C 
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groups did so without affecting cell number.  Thus, the Pi C liposome group will be incorporated into 

gelatin scaffold studies for the enhancement of human osteoblast-like cell mineralization. 
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Figure 7.1: Liposome Morphology and Ion Concentration of 0.2M Pi vs 1.0M Pi SMV. Morphology of 

phosphate encapsulated liposomes assembled in a 1M phosphate ion solution (Pi C) were compared with 

liposomes prepared in a 0.285M NaCl solution (control) and a 0.2M phosphate solution (Pi) under cryo-

EM. Pi C liposomes exhibit a phosphate concentration 5x greater than that of the Pi liposomes (^p<0.05; 

n=5). 
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Figure 7.2: Effects of Pi SMV Dose on Cell Number and Viability. Cells were found to remain viable 
through day 14 in all groups (live/dead).  High dosage liposome groups were found to have a lower cell 
density than the monolayer control and other liposome groups. The high dose liposome groups showed 
no significant increase in cell number over 21 days except for the Pi H group without β-GP by day 14 
(p<0.05). The monolayer and liposome control groups both with and without organic phosphate 
supplementation saw an increase in cell number through day 7 (*p<0.05).  All Pi and Pi C liposome 
groups saw a significant increase in cell number by day 7, as a well as a further increase in cell number 
through day 14 (*p<0.05).  In addition, cells dosed with Pi and PiC liposomes also showed significantly 
higher cell number on days 7 through 21 over all groups (^p<0.05). 
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Figure 7.3: Effects of Pi SMV Dose on Matrix Production. Collagen was histologically detected by 

picrosirius red stain in non-high dose groups on day 21. An increase in collagen was observed for the 

liposome control and PiC groups by day 7 (*p<0.05). The high dose liposome control group with β-GP and 

both high dose liposome PiH groups saw an increase in collage production by day 21 (*p<0.05).     
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 Figure 7.4: Effects of Pi SMV Dose on Mineralization Potential and Mineral Deposition. ALP activity 
of human osteoblast-like cells cultured with a high dose of the liposome control saw a peak at day 7, with 
higher ALP activity over all groups with and without β-GP, followed by a decrease by day 14 (^*p<0.05).  
Both the monolayer and low dose liposome control groups saw an increase in ALP activity through day 
21, as well as higher ALP activity than the high dose liposome control groups and all Pi liposome groups 
on days 14 and 21 with and without β-GP (*^p<0.05).  With the exception of the lower dose Pi liposome 
group without β-GP which saw an increase in ALP activity at day 21, all other Pi liposome groups saw no 
increase in ALP activity over time (p<0.05).  Only groups supplemented with β-GP stained positive for 
mineral on day 21. In addition, a higher apparent stain for mineral was found in high dose and high 
concentration Pi liposome groups over Pi alone. 
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8.1 Introduction 

  After developing a biomimetic matrix vesicle system that has been optimized in terms of ion type, 

liposome chemistry, ALP conjugation and cell-to-liposome ratio, this chapter will seek to combine these 

SMV with gelatin nanofiber scaffolds, which will act as a substrate for mineralization of human osteoblast-

like cells.  

 

8.1.1 Background and Motivation 

Collagen directs mineral deposition of matrix vesicles which leads to the mineral organization that 

gives bone its functional properties (1).  Gelatin is a form of denatured collagen which has been used 

widely for tissue-engineering.  They have been used widely both in gel and nanofiber form for cell-seeded 

scaffold systems.  Gelatin nanofibers have been used alone, in polymer composites, as well as with 

ceramics such as calcium phosphate for engineering of mineralzed tissues(57;96-98).  In addition, gelatin 

gels have been previously combined with liposomes for the study of matrix vesicle mineralization(70).    

However, due to the supra-physiological nature of calcium phosphate incorporation and method of 

fabrication, the resulting mineralized matrix is not biomimetic.  It is believed that the combination of gelatin 

nanofiber scaffolds with SMV will mimic the native collagen-matrix vesicle mineralization system found in 

the body and lead to a more biomimetic mineral deposition and distribution.  

 

8.1.2 Objectives 

The objective of this study is to promote mineralization of human osteoblast-like cells through 

dosage with Ca2+ ALP liposomes or Pi liposomes in conjunction with a gelatin nanofiber scaffold 

substrate.  Effects of liposome type in conjunction with gelatin will be investigated.  It is hypothesized that 

the gelatin nanofiber scaffold will serve guide mineralization in conjunction with the SMV.  This hypothesis 

will be tested through assessment of cell number, ALP activity, media calcium and phosphate 

concentration, and mineral deposition.  The outcome of these studies will result in the selection of 

optimized SMV formulations for subsequent in vitro studies. 
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8.2 Materials and Methods 

8.2.1 Liposome Fabrication 

DPPC (1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine) and DMPC (1,2-bis(myristoyl)-sn-glycero-

3-Phosphocholine) obtained from Avanti Polar Lipids are dissolved in chloroform (2.5mg to 0.2ml). In a 

small round bottom flask, a thin layer of 90%DPPC and 10%DMPC is created by placing the dissolved 

DPPC and DMPC in the flask and rotating the flask to evaporate off chloroform. The flask is then dried via 

nitrogen gas and placed for 45 minutes in a desiccator.  

All subsequent steps are performed at 60 ºC. Half a milliliter of either 0.2M CaCl2, 0.2M NaPO4, 

or a mixture of the two at a ratio of 1.67Ca:1PO4 at a pH of 4, or 0.2M β-glycerophosphate ion solution is 

added to the round bottom flask and the flask is vortexed to remove the lipid layer from flask and put it 

into solution to form liposomes. The solution then undergoes 3 freeze-thaw cycles. The solution is then 

placed into an extruder (Avanti Polar Lipids) and run through a 200nm membrane (Whatman) 20 times 

back and forth to create mono-disperse liposomes. The resulting liposomes are washed with 0.285M 

NaCl 3 times by centrifugation at 20000g for 10 minutes each and placed in 4 ºC for storage.    

 

8.2.2 Outside ALP-Liposome Fabrication 

Head functionalized biotin-cap-PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-cap 

biotinyl)  from Avanti Polar Lipids was mixed into the 90:10 DPPC:DMPC lipid/chloroform mixture (0.1 

wt%) and cast into thin films by solvent evaporation.  All subsequent steps were performed at 60 ºC.  TBS 

(with 0.285NaCl or 0.2M CaCl2) was added to the film at a ratio of 0.5ml/2.5mg phospholipid and the flask 

was vortexed to remove the lipid layer from the walls for liposome self-assembly.  The solution was 

subjected to one freeze-thaw cycles to equilibrate the inter- and extra-liposomal ion concentration and 

SMV were subsequently extruded through a 200nm membrane (Whatman, Kent, UK) to create mono-

disperse liposomes.  Extruded liposomes were incubated in alkaline phosphatase-streptavidin (ALP-S) 

solution (0.48U/ml) for 1 hour.  The liposomes were then removed via centrifugation and washed 3 times 

with TBS buffer and stored at 4°C.  Positive control group liposomes were fabricated using unmodified 
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90:10 DPPC:DMPC phospholipids and unmodified alkaline phosphatase lyophilized powder (ALP; Sigma 

Aldrich, St. Louis, MO). 

 

8.2.3 Gelatin Electrospinning  

 Unaligned collagen nanofiber scaffolds were prepared by the electrospinning process. Collagen 

was dissolved in HFIP (Sigma) at a concentration of 50mg/ml for 2 hours via vortexing.  The solution was 

loaded into a 5ml syringe with a blunted stainless steel tip (18 gauge needle), and the mesh was spun 

onto aluminum foil with a voltage between 15-20kV. 

 

8.2.4 Gelatin Nanofiber Characterization 

As-fabricated nanofibers were imaged with secondary scanning electron microscopy (SEM, 1-2 

kV, Hitachi 4700, Hitachi Ltd.) to evaluate nanofiber morphology.  Nanofibers were sputter-coated (108 

Auto, Cressington Scientific, Watford, UK) with gold-palladium to reduce charging effects.   

Fourier Transform Infrared Spectroscopy (FTIR, FTS 3000MX Excalibur Series, Digilab, 

Randolph, MA) was performed on as-fabricated nanofibers.  FTIR spectra were collected in Attenuated 

Total Reflectance (ATR) mode (200 scans, resolution at 4 cm−1) and analyzed for characteristic gelatin 

peaks: Amide I (cm-1) and Amide II (1724 cm-1). 

Scaffold Porosity was determined by measuring the dry weight of the scaffold and wet weight and 

using the following formula 

567689�: = ;<=� −;>�?
@ABCDDEF>

 

Mechanical properties of as-fabricated nanofiber meshes were determined via uniaxial tensile 

test. Scaffolds (6 cm x 1 cm, n=5) were secured with custom clamps and mounted on an Instron (Model 

8841, Norwood, MA), equipped with a 25 lb load cell. The samples had an average gauge length of 3 cm 

and were tested to failure at a strain rate of 5 mm/min. Nanofiber ultimate tensile stress and Young’s 

modulus were determined from the stress-strain curve.    

G = H
I  
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8.2.5 Cells and Cell Culture 

A 5mm biopsy punch was used to prepare 5mm diameter x 0.6mm thick gelatin nanofiber discs.  

Scaffolds were sterilized in 70% ethanol for 15 minutes prior to soaking in F/S DMEM overnight.  Human 

osteoblast-like cells (Saos-2, ATCC) were seeded at a cell density of 50,000 cells/cm2 and allowed to 

attach for 15 minutes before being placed in F/S media.  Liposome solutions in F/S media were sterile 

filtered and added at the specified concentration totaling 1 ml per well on day 7 and recollected/re-added 

to the scaffold cultures through day 21. β-glycerophosphate was added to relevant groups on day 7.  

 

8.2.6 Cell Viability and Cell Morphology 

Cell morphology (n=2) on scaffolds was evaluated on days 1, 7, 14, and 21 using SEM. Scaffolds 

exposed to a glutaraldehyde fixative (Sigma-Aldrich, St. Louis, MO) overnight at 4°C and subsequently 

stored at 4°C in 0.01% cacodylic acid (Sigma-Aldrich, St. Louis, MO) until dehydration via ethanol series. 

Cell viability and morphology was also assessed on days 1 and 21 using Live/Dead staining (Molecular 

Probes, Eugene, OR). Samples were imaged using a confocal microscope (Olympus Fluoview, Center 

Valley, PA) at wavelengths 488nm and 568nm.  

 

8.2.7 Cell Proliferation 

Cell proliferation (n=5) was assessed using the PicoGreen double strand DNA assay (Invitrogen, 

Carlsbad, CA). Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO) and 

fluorescence was measured at 485nm (excitation) and 535nm (emission) using a microplate reader 

(TECAN, Research Triangle Park, NC). Cell number was determined by converting DNA/sample to cell 

number using a conversion factor of 7.7pg DNA/cell. 

 

8.2.8 Matrix Production 

Matrix production was assessed by evaluating collagen production through quantitative assays 

and qualitative histology. Samples for quantitative matrix assays were digested in buffer containing 

20µl/ml papain in 0.1M sodium acetate, 10mM cysteine HCl, and 50 mM ethylenediaminetetraacetate 

(EDTA) for 16 hours at 60°C. GAG production was measured quantitatively (n=5) using a 1,9-
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dimethylmethylene blue (DMMB) colorimetric dye-binding assay and correlated with a chondroitin-6-

sulfate (Sigma-Aldrich, St. Louis, MO) standard. The DMMB dye was added to the sample digest and 

read using a plate reader at 540nm and 595nm. Collagen production (n=5) was quantified using a 

hydroxyproline assay. The digest was hydrolyzed with 10N sodium hydroxide at 250°C for 25 minutes and 

then oxidized by a buffered chloramine-T (Sigma-Aldrich, St. Louis, MO) reagent for 25 minutes prior to 

the addition of Ehrlich’s reagent (15% p-dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid). 

Absorbance was measured at 550nm using the microplate reader.  

Histological samples were prepared by fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. 

Louis, MO) for 1 hour and stored at 4°C in 0.1% cacodylic acid. Fixed samples were immersed in 5% 

polyvinyl alcohol (Sigma-Aldrich, St. Louis, MO) overnight, frozen in 5% PVA and cut into 10µm sections 

using a cryostat (Hacker Instruments and Industries, Inc., Winnsboro, SC). Samples were rinsed 

thoroughly with water prior to the addition of picrosirius red (collagen). Stained sections were imaged 

using an optical microscope (Axiovert 35; Zeiss, Oberkochen, Germany). 

 

8.2.9 Mineralization Potential 

Cell mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity 

and mineral presence. ALP activity (n=5) was measured quantitatively using an enzymatic assay. 

Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO). A p-nitrophenyl 

phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, MO) solution was added to the samples and allowed to 

react at 37°C for 30 minutes. Absorbance values of the resulting p-nitrophenol were measured using the 

microplate reader at 405nm.  

Mineral deposition (n=2) was visualized using a von Kossa stain. Histological samples were 

prepared by fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. Louis, MO) for 1 hour and stored 

at 4°C in 0.1% cacodylic acid. Fixed samples were immersed in 5% polyvinyl alcohol (Sigma-Aldrich, St. 

Louis, MO) overnight, frozen in 5% PVA and cut into 10µm sections using a cryostat (Hacker Instruments 

and Industries, Inc., Winnsboro, SC). Samples were rinsed thoroughly with water prior to the addition of 

5% silver nitrate (AgNO3; Sigma-Aldrich, St. Louis, MO) and exposure to ultraviolet radiation (355nm) for 
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25 minutes. Stained sections were thoroughly rinsed with tap water and imaged using an optical 

microscope (Axiovert 35; Zeiss, Oberkochen, Germany).  

 

8.2.10 Calcium and Phosphate Ion Detection 

Calcium ion concentration was quantified using the arsenazo III modified calcium assay (Pointe 

Scientific, Canton, MI). A malachite green, ammonium molybdate based phosphate colorimetric assay 

(BioVision, San Francisco, CA) was used to assess phosphate ion concentration. Both assays were read 

at an absorbance wavelength of 620nm.  

 

8.2.11 Statistical Analysis 

 Results are presented as mean + standard deviation with n representing the number of samples 

analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects of 

hydroxyapatite nanoparticles, T3 stimulation, and time on cell proliferation, matrix production, 

mineralization potential, gene expression, and compressive mechanical properties. The Tukey-Kramer 

post-hoc test was used for all pair-wise comparisons, with significance attained at p<0.05 using JMP® IN 

software (4.0.4; SAS Institute, Inc., Cary, NC).  

 

8.3 Results 

8.3.1. Scaffold Characterization 

Gelatin was successfully electrospun into nanofiber scaffolds (figure 8.1).  Upon cross-linking with 

50% glutaraldehyde, the fibrous morphology was reduced, but still observable under SEM.  Gelatin 

nanofibers have an average fiber diameter of 861+261nm with an average porosity of 32.7+6.3%.  

Uniaxial tensile testing of the nanofiber scaffolds resulted in an elastic modulus of 3.1+2.1 GPa and an 

ultimate tensile stress of 50.1+36.6 MPa.  Scaffolds were found to have a FTIR spectra consistent with 

the gelatin scaffold post-crosslinking, with both amide I (1600-1700 cm-1; C=O) and amide II (1480-1576 

cm-1; N-H bend in plan and C-N stretch) peaks present.   
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8.3.2. Cell Proliferation and Matrix Production 

Cells were found to remain viable on the gelatin nanofiber scaffolds through day 14 (figure 8.2). 

All scaffold groups except for cells dosed with ALP Ca liposomes saw an increase in cell number by day 

14 (*p<0.05).  In addition, cells dosed with ALP Ca liposomes exhibited lower cell number compared with 

all other groups on day 14 (^p<0.05).  Only day 8 gelatin scaffolds and day 14 gelatin scaffolds with 

0.2mM β-GP exhibited differences in collagen content from other groups (figure 8.3; ^p<0.05).  No groups 

saw a significant change in collagen composition over time.  These results are supported histologically by 

picrosirius red staining.   

 

8.3.3. Mineralization 

ALP activity was found to increase over 14 days in all groups (*p<0.05; figure 8.3).  No difference 

in mineralization potential was detected between groups over 14 days.  Mineralization on gelatin scaffolds 

was assessed by both Alizarin Red and von Kossa staining on day 14 (figure 8.4).  Gelatin only scaffolds 

showed no evidence of mineralization without β-GP supplementation.  All other groups showed positive 

staining for mineral on day 14.  In addition, gelatin scaffolds supplemented with 0.2M β-GP exhibited less 

mineralization than all other groups that stained positive for mineral.      

 

8.4 Discussion 

The goal of this chapter was to optimize the mineralization response of human osteoblast-like 

cells to optimized SMV developed in the previous chapters in conjunction with a gelatin nanofiber 

substrate.  The response of human osteoblast-like cells seeded on gelatin nanofiber scaffolds was 

compared among dosage with different types of SMV, specifically ALP SMV, ALP Ca2+ SMV and Pi SMV. 

Groups without a phosphate source were supplemented with β-GP.   

Characterization of as-fabricated nanofiber scaffolds showed cross-linking of gelatin nanofibers 

scaffolds had no affect on the chemical analysis via FTIR compared with the gelatin control powder.  The 
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characteristic amide I and amide II peaks for gelatin showed the glutaraldehyde cross-linking process did 

not chemically alter the gelatin structure.  The electrospun fibrous morphology however, was reduced by 

the cross-linking process, suggesting the fibers fused together at overlapping junctions.  The cross-linking 

was optimized to this morphology, as extended cross-linking was found to further reduce the initial 

nanofibrous structure, while shorter cross-linking times were detrimental to the long-term scaffold integrity 

in culture conditions.  In terms of mechanical properties, the Young’s modulus of 3.1 GPa and ultimate 

tensile strength of 0.05 GPa are much lower than the values reported by Buehler et al. for unmineralized 

collagen fibers of 4.59 GPa and 0.3 GPa repsectively(1).  This is most likely due to gelatin being the 

denatured form of collagen.   

Human osteoblast-like cells were found to proliferate and remain viable on gelatin nanofiber 

scaffolds.  Previous studies of osteoblasts on gelatin/PCL composites showed similar results in terms of 

cell growth(57). The minimal changes in matrix production as seen both in the quantitative and qualitative 

collagen data are most likely due to the entire scaffold itself reading positive for collagen, and thus are 

likely more representative of scaffold to scaffold variation.  This assumption, which is supported by the 

scaffold wet weights showing no change over time (not shown), supports the hypothesis that no additional 

collagen was produced by the cells over 14 days.  In addition, since the scaffold itself is made from a 

derivative of collagen, it is not necessary for the cells to deposit additional matrix.   

While the different types of liposomes in conjunction with the gelatin scaffold showed no effect on 

ALP activity, histologically the combination was shown to result in bulk mineral deposition.  These results 

suggest that human osteoblast-like cells dosed with liposomes+β-GP, ALP liposomes+β-GP, and Pi 

liposomes without β-GP can initiate mineralization to a similar degree as β-GP supplementation alone.  

Qualitatively no differences were found between the two ALP liposome groups (liposome control vs Ca2+ 

liposome).  In addition, the bulk mineral deposition of the Pi liposome group without organic phosphate 

supplementation was not seen previously in any of the other monolayer studies.  This suggests that the 

gelatin nanofibers scaffold lowers the Pi threshold through lowering of the surface energy required for 

mineralization to occur. 

 



95 

 

 

 

8.5 Conclusions 

 In this chapter, SMV coupled with a gelatin nanofiber substrate was shown to promote 

mineralization of human osteoblast-like cells. In the next chapter, this system will be evaluated for 

mineralization response of human mesenchymal stem cells.  
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Figure 8.1. Gelatin Scaffold Characterization. Gelatin nanofiber scaffold morphology was evaluated 
under SEM. Upon cross-linking with 50% glutaraldehyde, the fibrous morphology was reduced. Gelatin 
nanofibers were characterized for average fiber diameter and porosity (n=5). Uniaxial tensile testing of the 
nanofiber scaffolds resulted in an elastic modulus of 3.1+2.1 GPa and an ultimate tensile stress of 
50.1+36.6 MPa.  Scaffolds were found to have a FTIR spectra consistent with a gelatin powder control, 
with both amide I (1600-1700 cm-1; C=O) and amide II (1480-1576 cm-1; N-H bend in plan and C-N 
stretch) peaks present.   
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Figure 8.2. Effect of SMV Gelatin Scaffold System on Cell Number and Viability. Cells were found to 
remain viable on the gelatin nanofiber scaffolds through day 14 independent of liposome dosage 
(live/dead). All scaffold groups except for cells dosed with ALP Ca2+ liposomes saw an increase in cell 
number by day 14 (*p<0.05; n=5).  In addition, cells dosed with ALP Ca liposomes exhibited lower cell 
number compared with all other groups on day 14 (^p<0.05).   
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Figure 8.3. Effect of SMV Gelatin Scaffold System on Matrix Production and Mineralization 

Potential. Only day 8 gelatin scaffolds and day 14 gelatin scaffolds with 0.2mM β-GP exhibited 

differences in collagen content from other groups (^p<0.05; n=5).  No groups saw a significant change in 

collagen composition over time. ALP activity was found to increase over 14 days in all groups (*p<0.05; 

n=5).  No difference in mineralization potential was detected between groups over 14 days.   
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Figure 8.4. Histological Assessment of Matrix and Mineral Deposition. All groups stained positive for 
collagen on day 14 by picrosirius red staining, attributed to the scaffold being composed of gelatin.  
Mineralization on gelatin scaffolds was assessed by both Alizarin Red and von Kossa staining on day 14. 
Gelatin only scaffolds showed no evidence of mineralization without β-GP supplementation.  All other 
groups supplemented with β-GP, β-GP+SMV, and Pi SMV only showed positive staining for mineral on 
day 14.  In addition, gelatin scaffolds supplemented with 0.2M β-GP exhibited less mineralization than all 
other groups that stained positive for mineral.      
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CHAPTER 9: EFFECT OF SMV-GELATIN 
SCAFFOLD SYSTEM ON HUMAN 
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9.1 Introduction 

 In the previous chapter, the effect of SMV with gelatin scaffolds on human osteoblast-like cell 

mineralization response was observed.  Mineral was found to be deposited on gelatin nanofiber scaffolds 

in the presence of β-GP supplementation, liposome control + β-GP, ALP liposomes + β-GP, and Pi 

liposomes without β-GP.  These groups along with additional controls will be assessed for their potential 

in initiating mineralization in hMSC. 

 

9.1.1 Background and Motivation 

Cell sources such as human osteoblast-like cells have been widely used to test the feasibility of 

tissue engineering systems.  However, human mesenchymal stem cells (hMSC) are a more widely used 

cell source for clinical applications, which have been used in many musculoskeletal tissue engineering 

applications (99;100). These cells are derived from bone marrow through biopsy techniques and have the 

capacity to differentiate into many different cell lines, including osteoblasts.  They have also been shown 

to maintain their capacity for differentiation in long term in vitro culture(99). Osteoblastic differentiation 

has been previously shown to be induced through osteogenic media with dexamethasone and 

osteointegrative ceramics such as hydroxyapatite(101).  Differentiation of hMSC have also previously 

been carried out on PCL/gelatin nanofibers composites in conjunction with osteogenic differentiation 

media(98).  This study seeks to induce osteogenic differentiation of hMSC into osteoblasts and promote 

mineralization through the SMV-gelatin nanofiber system.  

 

9.1.2 Objectives 

The objective of this study is to promote mineralization of human mesenchymal stem cells 

through dosage with Ca2+ and Pi ALP liposomes in conjunction with a gelatin nanofiber scaffold substrate.  

Effects of liposome type in conjunction with gelatin will be investigated.  It is hypothesized that the gelatin 

nanofiber scaffold will serve guide mineralization in conjunction with the SMV.  This hypothesis will be 

tested through assessment of cell number, ALP activity, media calcium and phosphate concentration, and 
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mineral deposition.  The outcome of these studies will result in the selection of optimized SMV 

formulations for subsequent in vitro studies. 

 

9.2 Materials and Methods 

9.2.1 Liposome Fabrication 

DPPC (1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine) and DMPC (1,2-bis(myristoyl)-sn-glycero-

3-Phosphocholine) obtained from Avanti Polar Lipids are dissolved in chloroform (2.5mg to 0.2ml). In a 

small round bottom flask, a thin layer of 90%DPPC and 10%DMPC is created by placing the dissolved 

DPPC and DMPC in the flask and rotating the flask to evaporate off chloroform. The flask is then dried via 

nitrogen gas and placed for 45 minutes in a desiccator.  

All subsequent steps are performed at 60 ºC. Half a milliliter of either 0.2M CaCl2, 0.2M NaPO4, 

or a mixture of the two at a ratio of 1.67Ca:1PO4 at a pH of 4, or 0.2M β-glycerophosphate ion solution is 

added to the round bottom flask and the flask is vortexed to remove the lipid layer from flask and put it 

into solution to form liposomes. The solution then undergoes 3 freeze-thaw cycles. The solution is then 

placed into an extruder (Avanti Polar Lipids) and run through a 200nm membrane (Whatman) 20 times 

back and forth to create mono-disperse liposomes. The resulting liposomes are washed with 0.285M 

NaCl 3 times by centrifugation at 20000g for 10 minutes each and placed in 4 ºC for storage.    

 

9.2.2 Outside ALP-Liposome Fabrication 

Head functionalized biotin-cap-PE (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-cap 

biotinyl)  from Avanti Polar Lipids was mixed into the 90:10 DPPC:DMPC lipid/chloroform mixture (0.1 

wt%) and cast into thin films by solvent evaporation.  All subsequent steps were performed at 60 ºC.  TBS 

(with 0.285NaCl or 0.2M CaCl2) was added to the film at a ratio of 0.5ml/2.5mg phospholipid and the flask 

was vortexed to remove the lipid layer from the walls for liposome self-assembly.  The solution was 

subjected to one freeze-thaw cycles to equilibrate the inter- and extra-liposomal ion concentration and 

SMV were subsequently extruded through a 200nm membrane (Whatman, Kent, UK) to create mono-

disperse liposomes.  Extruded liposomes were incubated in alkaline phosphatase-streptavidin (ALP-S) 

solution (0.48U/ml) for 1 hour.  The liposomes were then removed via centrifugation and washed 3 times 
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with TBS buffer and stored at 4°C.  Positive control group liposomes were fabricated using unmodified 

90:10 DPPC:DMPC phospholipids and unmodified alkaline phosphatase lyophilized powder (ALP; Sigma 

Aldrich, St. Louis, MO). 

 

9.2.3 Gelatin Electrospinning  

 Unaligned collagen nanofiber scaffolds were prepared by the electrospinning process. Collagen 

was dissolved in HFIP (Sigma) at a concentration of 50mg/ml for 2 hours via vortexing.  The solution was 

loaded into a 5ml syringe with a blunted stainless steel tip (18 gauge needle), and the mesh was spun 

onto aluminum foil with a voltage between 15-20kV. 

 

9.2.4 Cells and Cell Culture 

Human mesenchymal stem cells (MSC) were obtained commercially (Lonza, Walkersville, MD) 

and maintained in culture with DMEM containing 10% fetal bovine serum (FBS, embryonic stem cell 

certified, Atlanta Biologicals, Atlanta, GA), 1% penicillin-streptomycin, 1% non-essential amino acids, 

0.1% amphotericin B and 0.1% gentamicin. All media supplements were purchased from Cellgro-

Mediatech unless otherwise specified.  Cells were cultured to 80% confluence and then passaged using 

0.25% trypsin/1 mM ethylenediaminetetraacetate (EDTA) and re-plated at a density of 5x103 cells/cm2. 

Passage 2-3 cells were used for nanofiber seeding. 

A 5mm biopsy punch was used to prepare 5mm diameter x 0.6mm thick gelatin nanofiber discs.  

Scaffolds were sterilized in 70% ethanol for 15 minutes prior to soaking in F/S DMEM overnight.  Cells 

were seeded at a cell density of 50,000 cells/cm2 and allowed to attach for 15 minutes before being 

placed in F/S media.  Liposome solutions in F/S media were sterile filtered and added at the specified 

concentration totaling 1 ml per well on day 7 and recollected/re-added to the scaffold cultures through day 

21. β-glycerophosphate was added to relevant groups on day 7.  

 

9.2.5 Cell Viability and Cell Morphology 

Cell morphology (n=2) on scaffolds was evaluated on days 1, 7, 14, and 21 using SEM. Scaffolds 

exposed to a glutaraldehyde fixative (Sigma-Aldrich, St. Louis, MO) overnight at 4°C and subsequently 
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stored at 4°C in 0.01% cacodylic acid (Sigma-Aldrich, St. Louis, MO) until dehydration via ethanol series. 

Cell viability and morphology was also assessed on days 1 and 21 using Live/Dead staining (Molecular 

Probes, Eugene, OR). Samples were imaged using a confocal microscope (Olympus Fluoview, Center 

Valley, PA) at wavelengths 488nm and 568nm.  

 

9.2.6 Cell Proliferation 

Cell proliferation (n=5) was assessed using the PicoGreen double strand DNA assay (Invitrogen, 

Carlsbad, CA). Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO) and 

fluorescence was measured at 485nm (excitation) and 535nm (emission) using a microplate reader 

(TECAN, Research Triangle Park, NC). Cell number was determined by converting DNA/sample to cell 

number using a conversion factor of 7.7pg DNA/cell. 

 

9.2.7 Matrix Production 

Matrix production was assessed by evaluating collagen production through quantitative assays 

and qualitative histology. Samples for quantitative matrix assays were digested in buffer containing 

20µl/ml papain in 0.1M sodium acetate, 10mM cysteine HCl, and 50 mM ethylenediaminetetraacetate 

(EDTA) for 16 hours at 60°C. GAG production was measured quantitatively (n=5) using a 1,9-

dimethylmethylene blue (DMMB) colorimetric dye-binding assay and correlated with a chondroitin-6-

sulfate (Sigma-Aldrich, St. Louis, MO) standard. The DMMB dye was added to the sample digest and 

read using a plate reader at 540nm and 595nm. Collagen production (n=5) was quantified using a 

hydroxyproline assay. The digest was hydrolyzed with 10N sodium hydroxide at 250°C for 25 minutes and 

then oxidized by a buffered chloramine-T (Sigma-Aldrich, St. Louis, MO) reagent for 25 minutes prior to 

the addition of Ehrlich’s reagent (15% p-dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid). 

Absorbance was measured at 550nm using the microplate reader.  

Histological samples were prepared by fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. 

Louis, MO) for 1 hour and stored at 4°C in 0.1% cacodylic acid. Fixed samples were immersed in 5% 

polyvinyl alcohol (Sigma-Aldrich, St. Louis, MO) overnight, frozen in 5% PVA and cut into 10µm sections 

using a cryostat (Hacker Instruments and Industries, Inc., Winnsboro, SC). Samples were rinsed 
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thoroughly with water prior to the addition of picrosirius red (collagen). Stained sections were imaged 

using an optical microscope (Axiovert 35; Zeiss, Oberkochen, Germany). 

 

9.2.8 Mineralization Potential 

Cell mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity 

and mineral presence. ALP activity (n=5) was measured quantitatively using an enzymatic assay. 

Samples were homogenized in 0.1% Triton X solution (Sigma-Aldrich, St. Louis, MO). A p-nitrophenyl 

phosphate (p-NP-PO4; Sigma-Aldrich, St. Louis, MO) solution was added to the samples and allowed to 

react at 37°C for 30 minutes. Absorbance values of the resulting p-nitrophenol were measured using the 

microplate reader at 405nm.  

Mineral deposition (n=2) was visualized using a stain. Histological samples were prepared by 

fixing in 10% neutral buffered formalin (Sigma-Aldrich, St. Louis, MO) for 1 hour and stored at 4°C in 0.1% 

cacodylic acid. Fixed samples were immersed in 5% polyvinyl alcohol (Sigma-Aldrich, St. Louis, MO) 

overnight, frozen in 5% PVA and cut into 10µm sections using a cryostat (Hacker Instruments and 

Industries, Inc., Winnsboro, SC). Samples were rinsed thoroughly with water prior to the addition of 5% 

silver nitrate (AgNO3; Sigma-Aldrich, St. Louis, MO) and exposure to ultraviolet radiation (355nm) for 25 

minutes. Stained sections were thoroughly rinsed with tap water and imaged using an optical microscope 

(Axiovert 35; Zeiss, Oberkochen, Germany).  

 

9.2.9 Calcium and Phosphate Ion Detection 

Calcium ion concentration was quantified using the arsenazo III modified calcium assay (Pointe 

Scientific, Canton, MI). A malachite green, ammonium molybdate based phosphate colorimetric assay 

(BioVision, San Francisco, CA) was used to assess phosphate ion concentration. Both assays were read 

at an absorbance wavelength of 620nm.  

 

9.2.10 Gene Expression 

Osteoblastic differentiation of MSCs was assessed via quantitative real-time reverse transcriptase 

polymerase chain reaction (qPCR, n=5/group) at day 14. Total RNA was isolated using the Trizol 
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extraction method (Invitrogen). Isolated RNA was then reverse-transcribed into complementary DNA 

using the Superscript First-Strand Synthesis System (Invitrogen), and the cDNA product was amplified 

using recombinant Taq DNA polymerase (Invitrogen).  Expression of osteogenic markers type I collagen 

(sense, 5’-TGGTCCACTTGCTTGAAGAC-3’; antisense, 5’-ACAGATTTGGGAAGGAGTGG-3’), 

osteocalcin (sense, 5’- ACTGTGACGAGTTGGCTGAC-3’; antisense, 5’- AAGAGGAAAGAAGGTGCCT-

3’), osteonectin (sense, 5’- AGAAGGTGTGCAGCAATG-3’; antisense, 5’- 

TGTAGTCCAGGTGGAGCTTG-3’), and RUNX2 (sense, 5’- atggttaatctccgcaggtc-3’; antisense, 5’- 

GTGCTGAAGAGGCTGTTTGA-3’) were determined.  GAPDH (sense, 5’-

GGCGATGCTGGCGCTGAGTA-3’; antisense, 5’-ATCCACAGTCTTCTGGGTGG-3’) served as the house-

keeping gene.  All genes were amplified for 50 cycles in a thermocycler (Bio-Rad iCycler, Hercules, CA) 

with a fluorescent probe (SYBR Green, Invitrogen). Quantitative analysis of gene expression was 

performed using the delta-delta CT method. 

 

9.2.11 Statistical Analysis 

 Results are presented as mean + standard deviation with n representing the number of samples 

analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects of 

hydroxyapatite nanoparticles, T3 stimulation, and time on cell proliferation, matrix production, 

mineralization potential, gene expression, and compressive mechanical properties. The Tukey-Kramer 

post-hoc test was used for all pair-wise comparisons, with significance attained at p<0.05 using JMP® IN 

software (4.0.4; SAS Institute, Inc., Cary, NC).  

 

9.3 Results 

9.3.1. Cell Proliferation and Matrix Production 

Cells were shown to be viable on day 3 via live/dead staining (figure 9.1). All scaffold groups 

except for cells dosed with β-GP and liposome control without β-GP saw an increase in cell number by 

day 14 (*p<0.05).  In addition, cells dosed with liposomes only exhibited lower cell number compared with 

the gelatin scaffold only control group on day 14 (^p<0.05).  No significant changes in collagen content 
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was detected between groups or over time (figure 9.2; ^p<0.05).  These results are supported 

histologically by picrosirius red staining (figure 9.3).   

9.3.2. Mineralization 

ALP activity was found to be higher for liposomes dosed with ALP-liposomes on day 8, over all 

groups (figure 9.2; *p<0.05).  This ALP activity difference for the ALP liposome group was found to 

decrease by day 14.  No other groups say a significant change in ALP activity over 28 days.  In addition, 

there was no difference in mineralization potential between all groups on days 14 and 28.  Mineralization 

on gelatin scaffolds was assessed by both Alizarin Red and von Kossa staining on day 14 (figure 9.3).  

Gelatin only scaffolds, gelatin with 0.2M β-GP supplementation, and the liposome control showed no 

evidence of mineralization.  All other groups showed positive staining for mineral on day 14.  In terms of 

media ion concentration, calcium and phosphate concentration decreased in all groups by day 14 (figure 

9.4; *p<0.05).  Groups supplemented with β-GP saw higher phosphate concentration and lower calcium 

concentration on day 28 compared with all other groups (^p<0.05).  In addition, Pi concentration was 

significantly higher than other groups for the Pi liposome group on day 8 (p<0.05).  Media ALP was 

elevated on day 8 for hMSC dosed with ALP-liposomes and decreased significantly by day 14 (^*p<0.05) 

No differences in the expression of osteogenic markers collagen type I, osteonectin, or RUNX 2 

were observed between groups on day 14 (figure 9.5; p<0.05).  Osteocalcin was upregulated for cells 

dosed with Pi liposomes compared with G+βGP and ALP-liposome groups on day 14 (p<0.05).  

 

9.4 Discussion 

The goal of this chapter was to optimize the mineralization response of human mesenchymal 

stem cells to the optimized SMV-gelatin nanofiber system developed in the previous chapter for human 

osteoblast-like cells.  The response of human mesenchymal stem cells seeded on gelatin nanofiber 

scaffolds was compared among dosage with different types of SMV, specifically ALP SMV, and Pi SMV. 

Groups without a phosphate source were supplemented with β-GP.   

Gelatin nanofiber scaffolds and SMV were found to support cell growth through day 28.  Similar 

results were observed for hMSC cultured on a PCL/gelatin composite nanofibers scaffold (98).  In this 
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study, hMSC were also found to show signs of osteoblastic differentiation in conjunction with osteoblastic 

medium.  While not all markers were upregulated, a higher expression of osteocalcin, a late marker for 

bone formation, for hMSC dosed with Pi liposomes suggests this system has the potential for promoting 

hMSC differentiation into osteoblasts.  The absence of other osteogenic markers in day 14 gene 

expression could be a result of them being earlier markers for bone formation, which are likely expressed 

at earlier time points.  While the high cell ALP activity on day 8 for cells dosed with ALP liposomes could 

potentially be a marker for osteoblastic differentiation, it is also possible that some of the ALP liposomes 

were collected at that time point.  This could also be an indicator that the liposomes have some attraction 

to either the gelatin nanofibers scaffolds or the cells, however further studies would need to be conducted 

to arrive at any conclusion.   

Quantitative and qualitative matrix evaluation yielded similar results as the previous chapter.  The 

minimal changes in matrix production are most likely due to the entire scaffold itself reading positive for 

collagen.  Similar to the previous study, this assumption supports the hypothesis that no additional 

collagen was produced by the cells over 14 days.  In addition, since the scaffold itself is made from a 

derivative of collagen, it is not necessary for the cells to deposit additional matrix.  The bulk mineralization 

observations agree with the previous study on human osteoblast-like cells, where liposomes 

supplemented with β-GP as well as the PI liposome group alone resulted in the formation of a mineralized 

matrix.  Changes in media ion concentration at day 14 suggest that the mineralization occurs at some 

point in this time frame, as the decrease in media calcium and phosphate ions suggest the ions are used 

up for mineral deposition.  These results cumulatively show that the SMV-gelatin scaffold system can 

support mineralization of hMSC.  In addition, the Pi SMV-gelatin nanofiber combination is able to promote 

mineralization of hMSC in the absence of other osteogenic factors.  

 

9.5 Conclusions 

 In this study, hMSC culture on the SMV-gelatin scaffold system resulted in mineral formation on 

the gelatin nanofiber scaffolds without pre-differentiation or osteogenic media.  While β-GP was included 

in some of the groups, minimal osteogenic markers were detected in the groups only containing β-GP and 
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ion liposome control.  These results cumulatively show the potential for the SMV-gelatin scaffold system 

for the regeneration of calcified tissues. 
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Figure 9.1. Effect of SMV Gelatin Scaffold System on MSC Cell Number and Viability. Cells were 
shown to be viable on day 3 via live/dead staining. All scaffold groups except for the scaffold control with 
β-GP and the liposome control without β-GP saw an increase in cell number by day 14 (*p<0.05; n=5). 
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Figure 9.2. Effect of SMV Gelatin Scaffold System on MSC Matrix Production and Mineralization 
Potential. No significant collagen changes in collagen content was detected between groups or over time 
(^p<0.05; n=5).  ALP activity was found to be higher for liposomes dosed with ALP-liposomes on day 8, 
over all groups (*p<0.05; n=5).  This ALP activity difference for the ALP liposome group was found to 
decrease by day 14.  No other groups saw a significant change in ALP activity over 28 days.   
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Figure 9.3. Histological Assessment of Matrix and Mineral Deposition. All groups stained positive for 
collagen on day 14 by picrosirius red staining.  Mineralization on gelatin scaffolds was assessed by both 
Alizarin Red and von Kossa staining on day 14.  Mineral deposition was observed for SMV+β-GP, and Pi 
liposome only groups on day 14.  
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Figure 9.4. Effect of SMV Gelatin Scaffold System on Media Ion Concentration. Groups 

supplemented with β-GP saw higher phosphate concentration and lower calcium concentration on day 28 

compared with all other groups (^p<0.05; n=5).  The decrease in media Ca2+ levels suggests calcium ions 

are being used to form calcium phosphate mineral. The elevated Pi concentration is due to an excess of 

inorganic phosphate ions in the media (likely from cleaved from βGP by ALP) over what is needed for 

mineralization. Pi concentration was significantly higher than other groups for the Pi liposome group on 

day 8 denoting presence of Pi liposomes in the media (p<0.05).  Media ALP was elevated on day 8 for 

hMSC dosed with ALP-liposomes and decreased significantly by day 14 (^*p<0.05) 
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Figure 9.5. Effect of SMV Gelatin Scaffold System on MSC Differentiation. No differences in the 
expression of osteogenic markers collagen type I, osteonectin, or RUNX 2 were observed between 
groups on day 14 (figure 9.5; p<0.05).  Osteocalcin, a late marker for osteogenic differentiation, was 
upregulated for cells dosed with Pi liposomes compared with G+βGP and ALP-liposome groups on day 
14 (p<0.05). 
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CHAPTER 10: EVALUATION OF CHONDROCYTE 
RESPONSE ON PLGA NANOFIBER SCAFFOLDS 

WITH AND WITHOUT HYDROXYAPATITE 
NANOPARTICLES 
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10.1 Introduction 

 The main body of this thesis assesses the potential of liposomes as SMV in conjunction with a 

collagen-like scaffold for promoting mineralization.  Alternative approaches include both the use of 

synthetic hydroxyapatite, as well as synthetic polymer scaffolds as a substrate.  In this chapter, a 

hydroxyapatite-PLGA nanofiber composite scaffold will be evaluated for their effects on the mineralization 

response of deep zone chondrocytes, the mineralization relevant cells found in cartilage.   

  

10.1.1 Background and Motivation 

Osteoarthritis is one of the leading causes of disability in the United States with over 26.9 million 

adults being affected and a large number of those over 65 years of age (102).  In addition, 1 in 20 working 

age adults have reported work-related limitations due to the disease.  Osteoarthritis is a degenerative 

joint condition where lesions develop on hyaline cartilage resulting in severe pain as well as reduced 

motion at the joint.  The treatment of osteoarthritis remains a challenge due to cartilage being an aneural, 

avascular tissue with restricted access to reparative cells and humoral factors which results in a limited 

capacity for self-repair (103).  Several techniques have been developed to repair damaged cartilage 

including lavage (removal of small cartilage defects via wash), periosteal grafts, subchondral drilling, and 

mosaicplasty (the use of multiple cartilage plugs).  While promising, many of these methods have 

limitations including donor-site morbidity, fibrocartilage formation, and poor graft to bone integration.  

Ostechondral grafts have emerged as a promising alternative for the treatment of osteoarthritis (104-106).  

Several different types of constructs (e.g. hydrogels, polymer blends, polymer/mineral composites) have 

been developed and shown to promote cartilage and bone tissue regeneration.  However, one major 

challenge which remains is the consistent formation of an osteochondral interface, which is the region 

found between articular cartilage and subchondral bone.  Articular cartilage is broken down into three 

zones, each containing its own chondrocyte type: surface, middle and deep-zone (107).  Right below the 

deep zone cartilage layer resides the osteochondral interface which is made up of calcified cartilage (108-

112).  The mineral phase at the calcified cartilage interface has been identified as hydroxyapatite (HA) 

(113).  The calcified cartilage region acts as an anchor for articular cartilage, allowing for pressurization 

during loading and limiting vascular invasion of subchondral bone into the articular cartilage.  The 
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importance of a barrier in preventing osseous up-growth during cartilage repair was demonstrated in full-

thickness defect models(114).  Thus the regeneration of the osteochondral interface is critical for 

functional, integrative repair of cartilage.      

A scaffold-based approach has the benefit of requiring fewer cells than a cell-based approach 

and having tunable, functional mechanical properties.  In addition, a mineral phase is able to be pre-

incorporated into the scaffold.  An ideal osteochondral interface scaffold specifically should form a 

calcified cartilage layer similar to the osteochondral interface, integrate with subchondral bone and deep 

zone cartilage, and act as a barrier to prevent mineralization from extending into the articular cartilage 

region.  The focus of this study is the development and optimization of a biomimetic interface scaffold 

comprised of biodegradable polymer nanofibers and hydroxyapatite nanoparticles.  Polymer nanofiber 

scaffolds have been selected because nanofibers have high porosity and surface area-to-volume ratio 

and have been previously shown to support chondrocyte phenotype (39;115-117).  In addition, their fiber 

diameter can be tailored to mimic the size of collagen fibrils.  HA particles incorporated into hydrogels 

have previously been shown to support chondrocyte viability, collagen deposition, and 

hypertrophy(40;118).  In addition, incorporation of HA in the scaffold will also help to promote integration 

of the scaffold to subchondrol bone.   

 

10.1.2 Objectives 

The objective of this study is to determine the effects of HA nanoparticles on DZC biosynthesis 

and mineralization on polylactide-co-glycolide (PLGA)-based nanofiber scaffolds.  Deep zone 

chondrocytes (DZC) have been selected because they are the interface relevant cells and have been 

previously cultured on calcium phosphate substrates and in hydrogels for tissue engineering(40;118;119).  

Furthermore, it is well established that hypertrophic chondrocytes populate the osteochondral interface 

and cartilage mineralization occurs following maturation of chondrocytes into hypertrophic chondrocytes 

(120).   Therefore the effects of thyroid hormone triiodothyronine (T3), which has been used to induce 

hypertrophic growth of chondrocytes, in conjunction with the composite nanofiber scaffold will be 

assessed (121).  It is hypothesized that the combination of HA and T3 will be optimal for supporting the 

formation of a calcified cartilage-like matrix by DZC.   
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10.2 Materials and Methods 

10.2.1 Nanofiber Scaffold Fabrication 

 Polylactide-co-glycolide (PLGA 85:15; Lakeshore Biomaterials, Birmingham, AL) nanofibers were 

fabricated via electrospinning (39).  Briefly, a 35% (v/v) solution of PLGA was dissolved in 55% 

dimethylformamide (DMF; Sigma-Aldrich, St. Louis, MO) and 10% ethanol.  For the ceramic-containing 

nanofibers, 15% (w/w) nanoparticles of hydroxyapatite (HA, 100-150nm; Nanocerox, Ann Arbor, MI) was 

mixed with the PLGA solution.  The crystal structure of the HA nanoparticles was confirmed with x-ray 

diffraction (XRD, 2θ=0-60°, step size=0.029°; x-ray Diffractometer, Inel, Artenay, France).  The 

suspension was loaded into a 5ml syringe with a blunted, 18.5-gauge stainless steel needle, and the 

mesh was electrospun onto a conductive collecting plate (8-11kV) using a custom electrospinning device.  

A syringe pump (Harvard Apparatus, Holliston, MA) was used to dispense the polymer solution at a rate 

of 1ml/hr.  The morphology and diameter (n=50) of the nanofibers were determined using scanning 

electron microscopy (SEM, 1kV, Hitachi 4700; Hitachi High Technologies America, Inc., Gaithersburg, 

MD)(122).    

 

10.2.2 Cells and Cell Culture  

Primary articular chondrocytes were pooled from isolated knee joints of six neonatal calves (~1 

week old, Green Village Packing, Green Village, NJ).  Deep zone chondrocytes (DZC) were enzymatically 

digested from the bottom 30% of femoral articular cartilage(123), whereby the tissue was minced and 

digested in 10% v/v collagenase II (200 activity units/ml; Worthington Biochemical Corporation, 

Lakewood, NJ), 10% fetal bovine serum (FBS; Atlanta Biologicals, Atlanta, GA), 2% 

penicillin/streptomycin, 0.2% gentamicin, and 0.2% amphotericin B in Dulbecco’s modified Eagle’s 

medium (DMEM).  The cells were plated and maintained in high density culture (4x105 cells/cm2) in fully-

supplemented DMEM (10% FBS, 1% penicillin/streptomycin, 1% non-essential amino acids, 0.1% 

gentamicin, and 0.1% amphotericin B) until seeding.  All media supplies were purchased from Cellgro-

Mediatech (Herndon, VA) unless explicitly stated otherwise.    

 



119 

 

 

 

10.2.3 Cell Seeding on Nanofiber Scaffolds  

Nanofiber scaffolds were secured using custom-made backings to prevent contraction and 

sterilized using ultraviolet radiation for 15 minutes (39).  Scaffolds were pre-incubated in fully-

supplemented DMEM overnight at 37°C and 5% carbon dioxide.  To promote cell attachment, DZC were 

seeded on PLGA or PLGA-HA scaffolds at a density of 100,000 cells/cm2 and allowed to attach for 15 

minutes prior to adding media.  Cell laden agarose controls were fabricated by mixing DZC with 2% 

agarose (low gel-point; Sigma-Aldrich, St. Louis, MO) at a concentration of 10 million cells/ml.  A biopsy 

punch was used to form cylindrical disks (2.4x5mm diameter).  Cells were cultured in insulin-transferrin-

selenium (ITS) supplemented media (1% ITS premix from BD Biosciences, Bedford, MA; 1% 

penicillin/streptomycin, 0.1% gentamicin sulfate, 0.1% amphotericin B, and 0.1% of 40mg/ml L-proline) 

with 50 μg/ml of ascorbic acid(40). To induce hypertrophy, DZC were stimulated with 25 nM of 

triiodothyronine (T3; Sigma-Aldrich, St. Louis, MO) during the first three days of culture(40).   

 

10.2.4 Cell Viability, Morphology, and Growth 

 Cell viability and morphology (n=2) was assessed at 1 and 21 days using the LIVE/DEAD assay 

(Molecular Probes, Eugene, OR).  Samples were imaged under confocal microscopy (Olympus FluoView, 

Center Valley, PA) at excitation and emission wavelengths of 488nm and 568nm respectively. 

 Cell proliferation (n=5) was assessed at 1, 7, 14, and 21 days using the PicoGreen double-

stranded DNA (dsDNA) assay (Invitrogen, Carlsbad, CA).  Samples were homogenized in 0.1% Triton X 

solution (Sigma-Aldrich, St. Louis, MO) and fluorescence was measured at 485nm (excitation) and 

535nm (emission) using a microplate reader (TECAN, Research Triangle Park, NC).  Total cell number 

was obtained by converting DNA per sample to cell number using the conversion factor of 7.7pg DNA/cell 

(124). 

 

10.2.5 Matrix Production 

 Matrix production (n=5) was assessed by evaluating glycosaminoglycan (GAG) and collagen 

production and distribution through quantitative assays and histology.  Samples were digested for 16 

hours at 60°C in buffer containing 540 units/ml papain in 0.1M sodium acetate, 10mM cysteine HCl, and 
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50 mM ethylenediaminetetraacetate (EDTA).  Production of GAG was measured (n=5) using a 1,9-

dimethylmethylene blue (DMMB) colorimetric dye-binding assay and correlated with a chondroitin-6-

sulfate (Sigma-Aldrich, St. Louis, MO) standard.  Briefly the DMMB dye was added to the sample digest 

and the absorbance difference was read between 540nm and 595nm.  Collagen production (n=5) was 

quantified using a hydroxyproline assay.  The digest and collagen standards were hydrolyzed with 10N 

sodium hydroxide at 250°C for 25 minutes and then oxidized by a buffered chloramine-T (Sigma-Aldrich, 

St. Louis, MO) reagent for 25 minutes prior to the addition of Ehrlich’s reagent (15% p-

dimethylaminobenzaldehyde in 2:1 isopropanol/perchloric acid).  Absorbance was measured at 550nm 

using the microplate reader.   

Histological samples were fixed in 10% neutral buffered formalin and 1% cetylpyridinium chloride 

(Sigma-Aldrich, St. Louis, MO) for 1 hour and kept at 4°C in 0.1% cacodylic acid prior to staining.  Fixed 

samples were embedded in frozen 5% polyvinyl alcohol (PVA; Sigma-Aldrich, St. Louis, MO) and 

sectioned from the center of the scaffold (10µm sections) using a cryostat (Hacker Instruments and 

Industries, Inc., Winnsboro, SC).  Cellularity, GAG, and collagen were visualized through Harris 

hematoxylin/Eosin Y stain (H&E; Sigma-Aldrich, St. Louis, MO), alcian blue stain (pH = 1.5) and 

picrosirius red respectively.  Stained sections were imaged using an optical microscope (Axiovert 25; 

Zeiss, Oberkochen, Germany). 

Additional histological sections were evaluated for collagen I and II through 

immunohistochemistry.  Monoclonal antibodies for collagen I (1:20 dilution in serum-free Protein Block, 

Dako Cytomation, Carpinteria, CA) and collagen II (1:100 dilution in serum-free Protein Block) were 

obtained from Abcam (Cambridge, MA).  Samples were treated with 1% hyaluronidase for 30 min at 37ºC 

and incubated with primary antibodies overnight.  The Alexa Fluor 488-conjugated secondary antibody 

(Invitrogen) was added and incubated for 1 hour and 4',6-diamidino-2-phenylindole (DAPI) was used as a 

nuclear counterstain.  Stained sections were imaged using a confocal microscope (Leica TCS SP5) at 

wavelengths 488nm and 594nm. 
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10.2.6 Mineralization Deposition 

Cell mineralization potential was determined by evaluating alkaline phosphatase (ALP) activity.  

Cell ALP activity (n=5) was measured using an enzymatic assay based on the hydrolysis of p-nitrophenyl 

phosphate (pNP-PO4) to p-nitrophenol (pNP). Samples were lysed in 0.1% Triton X solution (Sigma-

Aldrich, St. Louis, MO) and then added to a p-NP-PO4 solution (Sigma-Aldrich, St. Louis, MO) and 

allowed to react at 37°C for 30 minutes.  Absorbance values of the resulting p-nitrophenol were measured 

using a a wavelength of 405nm.   

Mineral deposition (n=2) was visualized using von Kossa staining.  The samples (10µm sections) 

were rinsed with de-ionized water prior to the addition of 5% silver nitrate (AgNO3; Sigma-Aldrich, St. 

Louis, MO) and exposed to ultraviolet radiation (355nm) for 25 minutes.  Stained sections were 

thoroughly rinsed and imaged using an optical microscope (Axiovert 25; Zeiss, Oberkochen, Germany).   

 

10.2.7 Gene Expression  

 Gene expression (n=3) was evaluated semi-quantitatively using reverse transcription polymerase 

chain reaction (RT-PCR).  Total RNA was isolated from the samples using the TRIzol® reagent 

(Invitrogen) and reverse-transcribed into complementary DNA (cDNA) following the SuperScriptTM III First-

Strand Synthesis System (Invitrogen).  The cDNA was amplified using Taq DNA polymerase (Invitrogen) 

for 30 cycles in a thermocycler (Eppendorf Mastercycler gradient, Brinkmann, Westbury, NY).  Expression 

levels (n=3) of matrix relevant genes collagen I (sense: CTTCTGGAGCAAGTGGTGAA, antisense: 

GATCCTTCAGCACCAGGAG, bps=108) and collagen II (sense: GCATTGCCTACCTGGACGAA, 

antisense: GAACCTGCTGTTGCCCTCAG, bps=100) were measured in addition to genes relevant to 

chondrocyte maturation such as collagen X (sense: TGGATCCAAAGGCGATGTG, antisense: 

GCCCAGTAGGTCCATTAAGGC, bps=82), parathyroid hormone-related protein (PTHrP; sense: 

ACCTCGGAGGTGTCCCCTAA, antisense: GCCCTCATCATCAGACCCAA, bps=80), Indian hedgehog 

homolog (Ihh; sense: ATCTCGGTGATGAACCAGTG, antisense: CCTTCGTAATGCAGCGACT, bps=98), 

matrix metallopeptidase 13 (MMP13; sense: ACATCCCAAAACGCCAGACAA, antisense: 

GATGCAGCCGCCAGAAGAAT, bps=109) and RUNX-2 (sense: AATCCTCCCCAAGTTGCCA, 

antisense: TTCTGTCTGTGCCTTCTGGGT, bps=82)(40).  The resulting band intensity values were 
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determined in Image J to analyze gene expression semi-quantitatively and all values were normalized by 

the house keeping gene Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; sense: 

GCTGGTGCTGAGTATGTGGT, antisense: CAGAAGGTGCAGAGATGATGA, bps=108)(40).   

 

10.2.8 Statistical Analysis 

 Results are presented as mean+standard deviation with n representing the number of samples 

analyzed per group.  Three-way analysis of variance (ANOVA) was used to determine the effects of 

hydroxyapatite presence, T3 stimulation, and time on cell proliferation, matrix production, mineralization 

potential, and gene expression.  The Tukey-Kramer post-hoc test was used for all pair-wise comparisons, 

with significance attained at p<0.05 using JMP® IN software (v4.0.4; SAS Institute, Inc., Cary, NC).   

 

10.3 Results 

10.3.1 Scaffold Characterization 

As-fabricated PLGA and PLGA-HA nanofiber scaffolds exhibit random fiber orientation, visualized 

via scanning electron microscope (SEM) images (Fig. 1).  Average fiber diameters for PLGA and PLGA-

HA were measured from the SEM micrographs and found to be 1344+450nm and 1231+460nm 

respectively.  The presence of HA nanoparticles in PLGA-HA scaffolds was determined through peak 

indexing of the XRD spectra to characteristic HA crystal planes 002, 211,112, 300, 202, 102, and 210.  

 

10.3.2 Cell Viability and Growth 

DZC were found to be viable and exhibit a spherical morphology on all scaffolds through day 21 

(Fig. 2).  Cells were found to be well distributed through the depth of the scaffold and cell-produced matrix 

in all groups, visualized via H&E stain.  By day 21, cell number increased significantly on all nanofiber 

scaffolds (Fig. 2; *p<0.05).  The presence of HA nanoparticles had no effect on DZC and hypertrophic 

chondrocyte proliferation over 21 days (p<0.05).   

 On day 7, cell number for hypertrophic chondrocytes (DZC stimulated with T3) on PLGA 

scaffolds was significantly lower than all other scaffold groups (^p<0.05).  However, by day 21 there was 

no significant difference in cell number for all cells seeded on both types of nanofiber scaffolds (p<0.05).     
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10.3.3 Matrix Production 

Matrix production was evaluated over time, with a collagen II-rich matrix being deposited on all 

scaffolds over the 3-week culture period.  Cells on all scaffold groups saw an increase in collagen 

deposition by day 14 (*p<0.05; Fig. 3).  DZC and hypertrophic chondrocytes seeded on scaffolds with HA 

showed higher collagen deposition by day 21 over scaffolds without HA (^p<0.05).  No difference was 

found in terms of collagen deposition between DZC and hypertrophic chondrocytes.  GAG deposition was 

found to increase in all groups by day 21 (*p<0.05; Fig. 3).  DZC seeded on PLGA-HA scaffolds showed 

an earlier increase in GAG deposition by day 14 over DZC on PLGA scaffolds.  By day 21, both DZC and 

hypertrophic chondrocytes seeded on scaffolds with HA were shown to have higher GAG content over 

PLGA scaffold groups without HA (^p<0.05).  Similar to collagen, no difference in GAG deposition was 

observed between DZC and hypertrophic chondrocytes.  Corresponding day 21 histological stains (Fig 3. 

picrosirius red, immunohistochemistry of collagen I and II, and alcian blue) show a collagen II-GAG rich 

matrix penetrating through the depth of all scaffolds.  In addition, PLGA-HA scaffold histology shows the 

formation of matrix both above and below the nanofiber scaffold.   

 

10.3.4 Mineralized Matrix and Chondrocyte Hypertrophy  

Looking at the effects of HA on gene expression, DZC seeded on scaffolds with HA showed an 

upregulation of collagen type II, PTHrP, and Ihh expression on day 14 (Fig. 4; p<0.05). At day 14, there 

was a significant downregulation of MMP-13 for both DZC and hypertrophic chondrocytes cultured on 

scaffolds containing HA (Fig. 4; ^p<0.05).  In addition whereas hypertrophic chondrocyte collagen type I 

expression was upregulated over DZC on scaffolds without HA (p<0.05), collagen type X expression was 

upregulated for hypertrophic chondrocytes on both PLGA and PLGA-HA scaffolds (^p<0.05).  

Mineralization potential was assessed through ALP activity.  In terms of mineral presence, DZC 

seeded on scaffolds with HA nanoparticles showed significantly higher ALP activity over PLGA alone on 

day 1 (Fig. 4; ^p<0.05) and significantly decreased by day 7 (*p<0.05).  In addition, hypertrophic 

chondrocytes seeded on scaffolds with HA showed higher ALP activity by day 21 over hypertrophic 
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chondrocytes seeded on scaffolds without HA (^p<0.05).  Only PLGA-HA scaffolds stained positive for 

mineral on day 21 (Fig. 4; von Kossa stain).  

Comparing mineralization potential of both types of chondrocytes, ALP activity of hypertrophic 

chondrocytes seeded on PLGA and PLGA-HA scaffolds was shown to be higher than DZC by day 7 

(^p<0.05).  By day 14, hypertrophic chondrocytes cultured on all scaffolds showed a significant decrease 

in ALP activity (*p<0.05).  Hypertrophic chondrocytes combined with HA nanoparticles saw a further 

increase in ALP activity by day 21 which was also found to be significantly higher than all other groups 

(*,^p<0.05).  Chondrocyte hypertrophy had no effect on mineral deposition as visualized via von Kossa 

staining.   

 

10.4 Discussion  

The goal of this study was to determine the effects of HA nanoparticles on deep zone 

chondrocyte biosynthesis and mineralization on polylactide-co-glycolide (PLGA)-based nanofiber 

scaffolds.  DZC cell response was compared on PLGA scaffolds with and without HA nanoparticles.  In 

addition, effects of T3 supplementation for hypertrophic growth in conjunction with PLGA and HA 

nanoparticles was also examined 

As fabricated PLGA and PLGA-HA nanofiber scaffolds were characterized and shown to have 

similar fiber diameters (1344+430nm and 1231+460nm respectively).  The incorporation of hydroxyapatite 

nanoparticles in PLGA-HA nanofiber scaffolds was verified by identification of HA characteristic XRD 

peaks.  In addition, HA incorporation was found to have no visible effect on nanofiber morphology under 

SEM.  This is likely due to the average HA nanoparticle diameter being significantly smaller than the 

electrospun PLGA fiber diameters.   

Nanofiber scaffolds were shown to support chondrocyte viability, growth and biosynthesis over 

the three-week culturing period, similar to other findings of chondrocytes cultured on nanofiber 

scaffolds(39;115;117).  Cell number was found to increase and remain viable in all scaffold groups by day 

21, showing that the presence of HA and/or T3 had no effect on cell proliferation.  A proteoglycan-

collagen type II rich matrix was produced on all scaffold groups by day 21, with collagen type II being the 

most prominent in (PLGA-HA)+T3 groups.  The lack of positive collagen-type I staining shows that the 
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resulting matrix more closely resembles cartilage tissue than fibrocartilage as normally observed in scar 

tissue.  The inclusion of HA in the nanofiber scaffold in particular resulted in significantly higher matrix 

production by day 21 for both GAG and collagen.  These results suggest that the mineral presence may 

play a role in stimulating matrix production by DZC.  As DZC are the interface relevant cells, normally 

located around the calcified cartilage layer (40;118;119), it is hypothesized that the presence of HA 

simulates a more native environment (as opposed to HA-free), which may stimulate the DZC to be more 

active and thus resulting in more matrix deposition.  No additional enhancement of matrix production was 

observed with T3-stimulation.   H&E staining also shows that the cells are distributed throughout the 

depth of the scaffold.  This suggests that the scaffolds are porous enough for the cells to expand into the 

scaffold.  In addition, this explains how the matrix was also able to be deposited throughout the depth of 

the scaffold in all groups. 

In terms of mineralization potential, stimulation with T3 resulted in higher ALP activity by DZC on 

the PLGA nanofibers as expected, as hypertrophic chondrocytes have previously been shown to be 

present at the onset of mineralization (121).  This effect was compounded when the cells were cultured 

on PLGA-HA, with ALP activities persisting to day 21.  As was previously discussed regarding the effects 

of HA on DZC matrix production, the presence of HA simulates a more native environment for the DZC.  

Thus it is hypothesized that this environment signals the DZC to be more active, resulting in an increase 

in ALP activity and stimulation with T3 further promoted an already active ALP production.  Previous work 

in the lab has also shown that the presence of T3 and/or HA has modulated mineralization potential, 

supporting the results found in this study(40).  The combination of mineral and hypertrophic chondrocytes 

is typically found at the onset of mineralization (121).  This supports the results of this study as the 

optimal mineralization response was observed when both mineral (PLGA-HA) and hypertrophic 

chondrocytes (T3 stimulation) were utilized.  

 

10.5 Conclusions 

In this chapter, a PLGA-HA composite scaffold was utilized for mineralization studies as an 

alternative approach to the SMV collagen-like scaffold system.  The PLGA-HA nanofiber matrix coupled 
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with T3-stimulation was found to promote the deposition by deep zone chondrocytes of a calcified matrix 

rich in both collagen type II and proteoglycans.    
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Figure 10.1. Characterization of as-fabricated PLGA nanofiber scaffolds with and without HA 

nanoparticles. Fiber diameter PLGA: 1344+450nm; PLGA-HA: 1231+460nm. SEM of as fabricated 

PLGA and PLGA-HA nanofiber scaffolds (2000X, 1kV). XRD spectrum of PLGA and PLGA-HA nanofiber 

scaffolds. 
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Figure 10.2. Effects of nanofiber scaffolds and T3 on cell viability and proliferation. Confocal 

microscopy on day 21 (live: green, red: dead; 20x magnification) shows cells remained viable and H&E 

staining on day 21 (optical microscopy, 20x) shows cell distribution throughout the scaffold cross section. 

DZC seeded on nanofiber scaffolds showed a significant increase in cell number by day 21 (*p<0.05).  
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Figure 10.3. Effects of nanofiber scaffolds and T3 on DZC matrix production. Day 21 picrosirius red, 

collagen types I and II immunohistochemistry, and alcian blue staining of DZC on PLGA and PLGA-HA 

nanofiber scaffolds with and without T3 on day 21. Collagen production increased for DZC on nanofiber 

scaffolds by day 14 (*p<0.05); DZC on PLGA-HA scaffolds with and without T3 showed higher collagen 

content over the PLGA group on day 21 (^p<0.05). GAG production increased for DZC on PLGA-HA 

nanofibers with and without T3 by day 21 (*p<0.05); Higher GAG content was observed for cells seeded 

on PLGA-HA on day 21 (^p<0.05).  
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Figure 10.4. Effect of nanofiber scaffolds and T3 on mineralization potential and day 14 gene 

expression. Von Kossa stained positive for mineral on PLGA-HA scaffolds (Day 21, optical microscopy, 

20x). HA nanoparticles resulted in an upregulation of collagen type II, PTHrP and IHH expression without 

T3 (p<0.05). MMP13 was downregulated for all cells seeded on PLGA-HA(p<0.05). T3 stimulation 

resulted in upregulation of collagen type I for DZC seeded on PLGA nanofiber scaffolds. In addition, 

collagen type X was upregulated for DZC seeded on both PLGA and PLGA-HA nanofiber scaffolds by 

day 14 (^p<0.05). DZC seeded on PLGA-HA nanofiber scaffolds had higher ALP activity than PLGA 

scaffolds on day 1 (^p<0.05). T3 stimulation resulted in higher ALP activity on day 7 over non-T3 

stimulated groups (^p<0.05). ALP activity decreased by day 14 for T3 simulated groups and DZC on 

PLGA-HA nanofibers and increased for (PLGA-HA)+T3 by day 21 (*,^p<0.05).  
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CHAPTER 11: FORMATION OF CALCIUM 
PHOSPHATE COATING ON TENDON GRAFTS 

VIA SIMULATED BODY FLUID IMMERSION 
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11.1 Introduction 

 The previous chapter investigated the effects of synthetic hydroxyapatite pre-incorporated into a 

synthetic polymer nanofiber scaffold on cell mineralization response.  Another application of 

biomineralization in tissue engineering is in the biological fixation of tissue grafts to bone.  In this chapter, 

we investigate a simulated body fluid approach for forming a mineral coating on a soft tissue graft to 

improve biological fixation.  We specifically focused on different ways to alter the porosity of patellar 

tendon grafts to promote mineralization below the tissue surface.  

 

11.1.1 Background and Motivation 

During anterior cruciate ligament (ACL) reconstruction, the fixation of tendons within the bone 

tunnel and the regeneration of the tendon-to-bone insertion site effect how well the ACL heals (125). The 

addition of a calcium phosphate layer to tendon grafts can help to promote osteointegration of the tendon 

to the bone and improve mechanical strength of the graft. A popular method of applying calcium 

phosphate coatings to substrates has been simulated body fluid (SBF) soaking (126). SBF soaking offers 

a low temperature processing technique, ideal for substrates that can be altered by the high temperatures 

involved in other techniques such as plasma spraying. This method also allows for a relatively uniform 

coating on complex surfaces. While several techniques have demonstrated an ability to apply low-

crystalline calcium phosphate coatings to tendons(127), having a more crystalline form of calcium 

phosphate affixed to the tendons is desirable as it would closely match the hydroxyapatite structure found 

natural in bone(18).     

 

11.1.2 Objectives 

The objective of this research is to apply a coating of crystalline calcium phosphate (apatite) to 

tendons. We hypothesize that the addition of a crystalline calcium phosphate layer to tendons will 

improve osteointegration and increase mechanical strength.  Based on work done by Buehler et al. 

showing that the mechanical strength of collagen fibrils increases with the presence of hydroxyapatite (1), 

we hypothesize that by infiltrating the calcium phosphate coating below the surface of the tendon, the 

mechanical properties will increase.  
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11.2 Materials and Methods 

11.2.1. Tissue Preparation 

 Patellar tendons were obtained from neonatal bovine knee joints (Green Village). Tendons were 

stored at 80 ºC prior to use. Samples were lyophilized after porosity treatments (uncoated) or immersion 

in the SBF solutions (coated).  

 

11.2.2. Porosity treatments 

Trypsin treated tendons were prepared by immersing lyophilized tendons in distilled water for 1 

hour while stirring at 37ºC. The water was then replaced with trypsin in DMEM at a concentration and 

soaking time according to table 1.1 which was then replaced with fully supplemented DMEM for 24 hours 

to halt the trypsin(128). The samples were washed with water and lyophilized for storage.  

Acetic acid treated tendons were immersed in acetic acid mixed with distilled water at a 

concentration and soaking time  according to table 11.1 while stirring at room temperature(129). Samples 

were rinsed thoroughly with water and lyophilized. 

Solution Concentration Soaking Time 

Trypsin 0.05% 1 hour 

Trypsin 0.2% 1 hour 

Trypsin 0.05% 4 hour 

Acetic Acid 0.5M 20 min 

Acetic Acid 2.0M 20 min 

Acetic Acid 0.5M 120 min 

Untreated -- -- 

Table 11.1: List of solution concentrations and sample immersion times for tendon porosity treatments 

 

11.2.3. Coating tendons with calcium phosphate 

Two simulated body fluid (SBF) solutions were prepared with ion concentrations according to 

table 11.2 below, adapted from Habibovic et al. (130): 
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Ion SBFx5 (mM) SBF A (mM) SBF B  (mM) 

Na+ 710 733.5 733.5 

K+ 25   

Mg2+ 7.5 7.5 1.5 

Ca2+ 12.5 12.5 12.5 

Cl- 739 720 720 

HPO4
2- 5 5 5 

SO4
2- 2.5   

HCO3
- 21 21 10 

Table 11.2: Comparison of ion concentrations between normal 5x SBF, SBFA and SBFB 

 

Precursor salts to the ions listed above, NaCl (S271-1) and CaCl2 (S93162) were obtained from Fisher 

and MgCl2·6H2O (M-0250), Na2HPO4·2H2O (30412), and NaHCO3 (S-5761) were obtained from Sigma.  

Ion mM concentration/precursor mass conversions were calculated for a 500ml solution.  

For SBF A, 500ml of water in a 600ml glass beaker was brought to 37 °C and maintained on a 

hot plate.  NaCl, MgCl2·6H2O, and CaCl2 were added to the beaker while mixing with a magnetic stirrer in 

the order listed, waiting for the previous component to dissolve before adding the next.  The pH of the 

entire solution was then brought down below 4 through bubbling with CO2 gas before the Na2HPO4·2H2O 

and NaHCO3 were added in order. The CO2 was left bubbling in the solution until the pH fell below 6.2 

(typically a pH of 6.1 is achieved).  The CO2 source was then removed and the tendon samples were 

placed in the beaker.  The tendons were attached to a lid which covered the container and the heating 

and stirring were maintained for 24 hours. The samples were removed and lightly agitated in distilled 

water twice to remove excess calcium phosphate before exposure to the SBF B solution.  

 The SBF B solution is made following the SBF A procedure exactly except for two noticeable 

differences: the Mg and HCO3 ion concentrations were lowered according to table 1, and the temperature 

of the solution was kept at 50°C. Control tendons were soaked in phosphate buffered saline (PBS) for 

equivalent time and temperature cycles. 
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11.2.4. Mineral Characterization 

Crystallographic structure of the calcium phosphate coating was determined with X-ray diffraction 

(XRD, X-ray Diffractometer, Inel, Artenay, France).  The samples were evaluated over a range of 0 to 120 

degrees, with a step size of 0.029 degrees.   

Distribution of the calcium phosphate coating (n=2) through the depth of sample cross-sections 

were visualized by environmental scanning electron microscopy (ESEM, 15 kV, JEOL 5600LV, Tokyo, 

Japan).  Samples for histology were dehydrated in serial alcohol concentrations (70%–100%). Tendon 

samples were embedded in poly(methylmethacrylate) and von Kossa staining was used to visualize 

mineralized tissue(131). Images were obtained using a light microscope (Zeiss Axiovert 25, Zeiss, 

Germany). 

 

11.2.5. Mechanical Properties 

Tensile testing was conducted to determine the mechanical properties of the treated tendons 

(n=5). Tendons were secured with custom clamps and tested to failure under uniaxial tension at a strain 

rate of 5mm/minute (Instron, Model 8841, Norwood, MA) with an average gauge length of 3cm.  Samples 

were kept in wet conditions using phosphate buffered saline.  Graft ultimate tensile stress was 

determined, and elastic modulus was calculated from the linear region of the stress-strain curve. 

 

11.2.5. Statistical Analysis 

Results are presented as mean + standard deviation with n representing the number of samples 

analyzed per group. Two-way analysis of variance (ANOVA) was used to determine the effects of tendon 

pre-treatment and calcium phosphate presence on ultimate tensile strength and elastic modulus. The 

Tukey-Kramer post-hoc test was used for all pair-wise comparisons, with significance attained at p<0.05 

using JMP® IN software (4.0.4; SAS Institute, Inc., Cary, NC).  
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11.3 Results 

X-ray diffraction was used to characterize the calcium phosphate in powder form and affixed to 

the tendon (figure 11.1, right) for phase identification. The major peaks present in the spectra of both the 

powder sample and the tendon confirm the presence of calcium phosphate on the tissue. Differences in 

peaks are attributed to the presence of the tendon. Looking specifically at the powder (figure 11.1, top), 

hydroxyapatite peaks were found at 2θ locations 32.0535-34.1952, and 46.788-53.5459.  

Cross-sectional environmental scanning electron microscopy (ESEM) images of uncoated tendon 

samples subjected to the various pre-treatments were obtained (figure 11.2). Greater porosity was 

qualitatively observed in the trypsin and acetic acid treated samples with the acetic acid treated samples 

containing ‘gel’ like regions. ESEM images of coated tendon samples at the surface and within the tissue 

were also obtained (figure 11.3). Minor particulates are observed in the pre-treated tendon samples, 

specifically the acetic acid group. Corresponding von kossa images (figure 11.4) show differences in the 

distribution and amount of calcium phosphate found on the surface among groups. No mineral was 

detected away from the surface of the tendon.  

An instron was used to test the tensile mechanical properties of the tendon samples (figure 11.5). 

The acetic acid control group exhibits decreased mechanical properties in terms of both Young’s modulus 

and ultimate tensile strength (*p<0.05). Both acetic acid pre-treated and trypsin pre-treated coated tendon 

samples exhibit mechanical properties similar to the tendon control (*p<0.05).  

 

11.4 Discussion  

The goal of this chapter was to apply an integrated coating of crystalline calcium phosphate to 

tendon grafts.  A concentrated simulated body fluid (SBF) was utilized to create the calcium phosphate 

layer.  In addition, the use of trypsin and acetic acid were investigated as potential pre-treatments for 

increasing tissue porosity, leading to better infiltration of the calcium phosphate coating into the tissue.  

The XRD data confirms the formation of a semi-crystalline phase of calcium phosphate from this 

process. The presence of the two broad peaks in 2θ locations 30-35 and 45-50 (rather than 4 distinct 

peaks as identified in the ICDD database for hydroxyapatite) suggests that the coating contains both 



137 

 

 

 

crystalline and amorphous calcium phosphate phases. In addition, the similarities between the XRD 

spectra among all pre-treatments indicate that the pretreatments have no effect on the resulting calcium 

phosphate structure formed on the tendons via the coating process.  

The ESEM images show all the pre-treatments result in an increase in apparent porosity over the 

uncoated control group.  In addition, the images show that the calcium phosphate coating did not infiltrate 

below the surface of the tendon.  Particulates found in the ESEM micrographs of the acetic acid group 

were attributed to sectioning of the samples in preparation for imaging, an artifact that was eliminated 

upon embedding in plastic for von Kossa staining.   

Mechanical data shows that while the acetic acid pre-treatment decreases the mechanical 

properties of the tendon, the trypsin pre-treatment maintains both the ultimate tensile strength (with the 

exception of the 0.2% trypsin 1 hour soaking time coated group) and the modulus.  This is likely due to 

the fact that acetic acid degrades the collagen structure to a much larger degree than the trypsin as acetic 

acid has been commonly used to fully dissolve collagen.  Regardless of effect on mechanical properties, 

neither pre-treatment resulted in calcium phosphate infiltration into the tendon tissue. 

 

11.5 Conclusions 

The results of this study demonstrate that immersion in the simulated body fluid resulted in 

calcium phosphate deposition on the surface of the tendon matrix.  Moreover, solution treatment with 

either trypsin or acetic acid appeared to increase the porosity of the tendon matrix.  However, neither pre-

treatment resulted in infiltration of calcium phosphate mineral into the interior of the tendon grafts.  A 

further increase in pre-treatment to increase porosity risks lowering the overall tendon mechanical 

properties, as demonstrated by the acetic acid group.  None the less, the simulated body fluid technique 

remains a useful tool for biomineralization applications in tissue engineering.  
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Figure 11.1. Characterization of Calcium Phosphate Coating Crystal Structure. Comparison of XRD 

spectra for characteristic peaks of hydroxyapatite (HA) for a coated tendon, tendon control, CaP powder 

and HA standard are presented above.  Numerical peak locations for the simulated body fluid B (SFB B) 

calcium phosphate coating are compared with those of hydroxyapatite (International Centre for Diffraction 

Data).  The major peaks (2θ locations 32.0535-34.1952, and 46.788-53.5459) present in the spectra of 

both the powder sample and the coated tendon confirm the presence of semi-crystalline calcium 

phosphate on the tissue.  
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Figure 11.2. Effect of Tendon Pre-treatment on Tissue Morphology. Cross-sectional environmental 

scanning electron microscopy (ESEM) images of uncoated tendon samples subjected to the various pre-

treatments were obtained. Greater porosity was qualitatively observed in the trypsin and acetic acid 

treated samples.  

 

Figure 11.3. Characterization of CaP Coated Tendons.  ESEM images of coated tendon samples at 

the surface and within the tissue were obtained. Calcium phosphate coating is observed on the surface of 

all groups.  Minor particulates are observed in the pre-treated tendon samples, predominantly in the 

acetic acid group.  
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Figure 11.4. Characterization of CaP Coated Tendons via Von Kossa Staining. Plastic embedded 

tendon samples were sectioned and stained with von Kossa.  Images of coated tendon samples at the 

surface and within the tissue were obtained by an optical microscope. Von kossa staining shows 

differences in the distribution and amount of calcium phosphate found on the surface among groups. No 

mineral was detected away from the surface of the tendon. 

 

 

 
Figure 11.5. Mechanical Properties of CaP Coated Tendons. Uniaxial tensile testing was performed on 

all groups to compare the effects of tendon coating+pre-treatment on ultimate tensile strength and 

Young’s Modulus (n=5).  The acetic acid control group exhibits decreased mechanical properties in terms 

of both Young’s modulus and ultimate tensile strength (*p<0.05). Both acetic acid pre-treated and trypsin 

pre-treated coated tendon samples exhibited mechanical properties similar to the tendon control 

(*p<0.05). 
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12.1 Introduction 

In addition to investigating alternative biomineralization approaches, characterization of native 

mineral helps to inform the strategies utlilzed for hard tissue engineering.  In this chapter, we looked to 

characterize the calcium phosphate mineral found at the anterior cruciate ligament (ACL)-to-bone 

interface.  Obtaining a better understanding of the mineral found in this region will help to guide fixation of 

natural and synthetic grafts.   

 

12.1.1 Background and Motivation 

The anterior cruciate ligament (ACL) connects the femur to the tibia through two insertion sites, 

each a complex structure divided into four distinct yet contiguous zones (ligament, nonmineralized 

interface, mineralized interface, and bone), accompanied by region-dependent changes in both cellular 

and matrix composition(132-134).  Collagen fibrils originating from the ligament traverse the interface 

zones and insert into bone(134).  It has been observed that ACL tears commonly occur or begin at the 

ligament-to-bone enthesis(134-136). An understanding of the ultrastructural properties of the native ACL-

to-bone insertion is therefore essential for identifying the etiology of failure and optimizing treatment 

protocols for ACL injuries and during reconstruction, the ligament-bone interface is not 

regenerated(137;138).  In addition, knowledge of age-related changes at the insertion site is crucial 

because ACL injuries are largely reported in patients ranging from 15 to 35 years of age (139). In order to 

engineer methods to better recover this region in patients, a deeper understanding of the ACL insertion 

site is needed. 

 

12.1.2 Objectives 

The objective of this study is to use transmission electron microscopy (TEM) to characterize the 

mineral chemistry at the ACL-to-bone insertion site as a function of age. An in-depth evaluation of the 

region-dependent and age-related changes at the enthesis will also be important in advancing current 

efforts to regenerate the soft tissue-to-bone interface(134). It is hypothesized that the mineral crystal 

structure will vary as a function of age and that the mineral found at the interface will be similar to bone. 
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12.2 Materials and Methods 

12.2.1 Insertion Site Preparation  

ACL-to-bone insertion samples (n=3) were obtained from two different bovine age groups: 

immature (4 to 6 months) and mature (2 to 5 years).  The samples were fixed with 0.5% glutaraldehyde 

and 2% paraformaldehyde in 0.05M cacodylate sodium buffer (pH 7.4) and post-fixed with 1% osmium 

tetraoxide.  Samples were dehydrated with serial concentrations of ethanol, embedded in spurr’s resin 

and cut into 70–90 nm sections using a microtome (Ultracut E; Reichert-Jung; 701704). Sections were 

stained with uranyl acetate and lead citrate, and then examined using transmission electron microscopy 

(TEM, JEOL, JEM-100CX, 80kV).  

 

12.2.2 TEM Image Acquisition and Analysis 

 For each section, after first identifying the insertion site, images were collected starting from bone 

and progressed 50µm step-wise towards the ligament region.  In short, the total distance imaged spans 

across the insertion from ligament to nonmineralized interface, mineralized interface, and bone. For each 

of these regions, a minimum of five images and corresponding diffraction patterns were collected. 

Diffraction rings were indexed to crystal planes by measuring the radii of the rings and correlating them to 

the d-spacings of hydroxyapatite (International Centre for Diffraction Data).  The averages of the 

horizontal and vertical radii were measured (R) and the ratios of ring radii are inversely proportional to 

ratio of d-spacings (d)  via Bragg’s law (equation 1) (140): 

λ = 2dsinθ  (1) 

R/L = 2θ = λ/d  (2) 

λ/L = constant   (3) 

R1d1 = R2d2  (4) 

Radii of the first three diffraction rings were measured, recorded and compared with the known pattern of 

hydroxyapatite (ICDD) using Image J. The rings were indexed by assuming a circular pattern and the first 

ring to be (0002). The ratios of rings 2 and 3 to ring 1 were compared with values calculated for 

hydroxyapatite based on the d-spacings. 
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12.3 Results 

12.3.1 Crystal Structure Analysis 

Electron diffraction of mature (n=3) and immature (n=3) bovine ACL-to-bone insertion sites were 

performed on two regions: bone and the mineralized interface (taken on the mineral side at the bone to 

ligament transition) (figure 12.1).  Diffraction micrographs were found to exhibit a similar pattern to each 

other, regardless of age (mature vs. immature) and location (mineralized interface vs. bone).  In addition, 

a comparison of the ring ratios for all samples (R1/R2, R1/R3) compared with values calculated for 

hydroxyapatite based on d-spacings allowed us to approximately index the diffraction rings (figures 12.1-

12.2).  

 

12.4 Discussion  

 The goal of this chapter was to use transmission electron microscopy (TEM) to characterize the 

mineral chemistry at the ACL-to-bone insertion site as a function of age.  Planes were indexed according 

to those expected to be found for hydroxyapatite.  In all samples, each ring ratio was found to be 

associated with two d-spacings for hydroxyapatite, 0.308 & 0.317 nm for R2, and 0.279 & 0.281 nm for 

R3.  Pure, polycrystalline hydroxyapatite typically exhibits a distinct ring for each d-spacing.  The thicker, 

more diffuse rings from the diffraction patterns are attributed to mineral being semi-crystalline HA, with an 

amorphous phase of calcium phosphate being the cause of the diffusitivity of the rings.  While it has been 

been observed that aggregates of crystalline HA nanoparticles could exhibit a diffuse ring pattern due to a 

lower resolution TEM, we attribute the diffuse pattern in our study to a mixture of phases, as this mix of 

crystalline and amorphous calcium phosphate is consistent with those reported for native bone(18).   

Overall, no differences in crystal structure were found as a function of mineral location when 

comparing the bone region with the mineral located at the mineralized interface.  This suggests that the 

formation of bone and the mineralized interface occur under similar chemical environments (ions, pH, 

etc.) and biological environments (cells).  In addition, no differences in mineral crystallinity were observed 

amongst different age groups (mature vs immature).  Thus, between the two age groups investigated, the 

crystal structure of the mineral found both in bone and at the mineralized interface is not modified over 

time. 
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12.5 Conclusions 

It was found that the calcium phosphate present in the mineralized interface exhibits a crystal 

structure of semi-crystalline hydroxyapatite, with no difference in structure found between the insertion 

site and bone.  These observations suggest that calcium phosphate chemistry at the interface is similar to 

that of bone and that no differences were found between samples as a function of age, providing insight 

into mineralized tissue regeneration strategies.   
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Figure 12.1. Mineral characterization by electron diffraction. JEOL JEM-1400, 120kV, camera length: 

50cm) of the ACL-to-bone insertion site for mature and immature bovine samples (n=3). The presence of 

hydroxyapatite (HA) was confirmed for all samples through indexing the diffraction rings to known d-

spacings for hydroxyapatite (ICDD).  
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Figure 12.2. Mineral Characterization at the ACL-to-bone Insertion Site: Determination of Indexing. 

Mineral at the interface and in bone, mature and immature, all exhibit a hydroxyapatitic electron diffraction 

pattern. Sample size: n=3. For each sample, diffraction collected for: 5 interface regions, 5 bone regions. 

  

HA ‘d spacings’ (nm) R1/Ri

0.344

0.317 1.085

0.308 1.116

0.281 1.224

0.279 1.233

R1/R2 R1/R3

Immature 

Bone
1.103 + 0.006 1.235 + 0.002

Immature 

Interface
1.103 + 0.003 1.238 + 0.002

Mature 

Bone
1.107 + 0.001 1.239 + 0.004

Mature 

Interface
1.108 + 0.001 1.234 + 0.002
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13.1 Summary 

The overall objective of this thesis was to design a SMV-gelatin system, which would promote the 

formation of a more biomimetic calcium phosphate-based matrix, with physiologically relevant size and 

distribution within a gelatinous matrix.  The ideal SMV system was defined as being able to form mineral 

which 1) matched native calcium phosphate, 2) would be stable in the physiological environment, 3) could 

continue to grow in size when necessary, and 4) be able to work in conjunction with a scaffold tailored for 

bone tissue engineering.  It was hypothesized that the formation of native bone-like calcium phosphate 

could be achieved with the controlled optimization of matrix vesicles in terms of fabrication parameters, 

ion transport, cell response and interactions with a gelatinous matrix.  To investigate this hypothesis, 4 

specific aims were established.   

 The objectives of aim 1 were to synthesize and characterize the SMV and encapsulate 

mineralization-relevant ions such as Ca2+ and Pi (chapter 2), as well as conjugating alkaline phosphatase 

to the liposomes (chapter 5 and 6).  The phospholipid composition was found to regulate ion transport 

across the lipid bi-layer.  In addition, ALP was incorporated into the SMV both internally and externally 

through membrane binding utilizing the biotin-streptavidin interaction.  

 The objectives for aim 2 were to culture human osteoblast-like cells (Saos-2) with the different 

types of liposomes (chapters 3-6) optimized in aim 1 and determine the effects of liposome concentration 

on osteoblast response (chapter 7).  First, different ion types were investigated, in which it was 

demonstrated that Pi liposomes modulated ALP activity (chapter 3).  Next, it was determined that an 

external phosphate source had more of an effect on bulk mineralization than the current SMV dose level 

(chapter 4).  While ALP-inside liposomes were found to modulate mineralization potential (chapter 5), 

ALP-outside liposomes were found to form mineralized nodules while being more biomimetic in structure 

(chapter 6).   Finally, in a Pi liposome dose study, both liposome number and internal Pi concentration 

were optimized to the mineralization response of human osteoblast-like cells (chapter 7). 

 After developing a biomimetic matrix vesicle system that was optimized in terms of ion type, 

liposome chemistry, ALP conjugation and liposome dose, the objective of aim 3 was to combine these 

optimized matrix vesicles with a gelatin-based scaffold in order to evaluate the effects of gelatin nanofiber 

scaffolds on biomimetic mineral deposition and calcification by human osteoblast-like cells (chapter 8).  It 
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was demonstrated that the gelatin nanofiber scaffold was able to act as a substrate for mineral deposition 

of human osteoblast-like cells dosed with different SMV.  In addition, mineral was observed for cells 

dosed with Pi liposomes without an organic phosphate source.   

To extend the translational potential of the liposome-gelatin scaffold to regenerative medicine, 

human mesenchymal stem cells (hMSC) were cultured on the optimized construct in aim 4 (chapter 9). 

Mineralization was observed on the gelatin scaffold construct seeded with hMSC supplemented with 

different SMV.  In addition, upregulation of osteocalcin was observed for hMSC dosed with Pi liposomes 

without osteogenic media.  The major findings of each chapter are briefly highlighted below. 

 

13.1.1 Fabrication and Optimization of SMV 

The first aim focused on optimization of the synthesis and characterization of SMV.  In Chapter 2, 

the effects of membrane composition and ion type were assessed.  Both calcium and phosphate ions 

were successfully encapsulated within the liposomes and found to be stable in cell culture conditions 

through 14 days.  In addition, it was determined that the ratio of DPPC:DMPC in the liposome membrane 

controlled ion transport across the bi-layer, with the 90:10 ratio determined to be optimal for subsequent 

in vitro studies.  Lastly, biotin-functionalized phospholipids and streptavidin-alkaline phosphatase were 

found to be effective in conjugating ALP to both the inside (Chapter 5) and outside of the SMV (Chapter 

6).  It was determined, however, that the ALP-inside liposomes were at least partially encapsulating the 

ALP, as opposed to total internal binding of the ALP to the inner bi-layer.  

  

13.1.2 Effects of SMV Type on Cell Response 

 The second aim sought to evaluate the effects of the SMV developed in aim 1 on human 

osteoblast-like mineralization response.  In Chapter 3, the effect of encapsulated ion type on human 

osteoblast-like mineralization response was assessed.  Monolayers were cast for 24 hours prior to 

liposome supplementation and β-GP was only added to liposome groups without Pi. Mineral-like needle 

structures were also observed in SMV imaged at day 14 under cryo-EM.  The ALP activity of cells dosed 

with Pi liposomes was found to be similar to those supplemented with β-GP, suggesting Pi liposomes 

have the potential to direct mineralization without an organic phosphate source.  These results were 
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confirmed in Chapter 4, which saw all the groups replicated with and without β-GP.  Bulk mineralization 

however, was only observed in groups with β-GP, suggesting that the dose of liposomes were not 

sufficient to affect large scale mineralization.     

Evaluation of ALP-inside liposomes with all ion-types was carried out in Chapter 5.  The 

encapsulated ALP was found to decrease ALP activity compared to SMV without.  In addition, mineral-

like clusters of a similar size scale as SMV were observed under cryo-EM at day 14.  The assessment of 

ALP-outside liposomes was carried out in Chapter 6 for comparison.  In the previous study, it was 

determined that ALP with Pi had no added effect on mineralization response of human osteoblast-like 

cells, thus this group was omitted.  It was determined that the presence of ALP-outside SMV had no 

effect on ALP activity.  This was attributed to the low ALP activity of ALP-outside SMV compared with 

ALP-inside SMV.  However, the presence of mineral-like clusters under cryo-EM and mineralized nodules 

under histological staining suggests the liposomes have an influence on the mineralization process.  

Based on these findings and the literature, it was determined the ALP-outside liposome formulation was 

more biomimetic and was thus progressed to later SMV-scaffold studies.   

Finally, in Chapter 7, the liposome dose of Pi liposomes was optimized to the mineralization 

response of human osteoblast-like cells.  The amount of Pi that could be encapsulated within the SMV 

was first maximized.  In subsequent in vitro studies, it was determined that too high of a number of SMV 

suppressed cell number.  However, both a high dose of Pi liposomes and a high internal Pi concentration 

within the SMV resulted in a well-ordered, bulk mineral deposition in the presence of β-GP.  Since no 

higher levels of Pi SMV could be utilized without sacrificing cell proliferation or SMV stability, the high 

internal Pi concentration SMV was determined to be the optimized SMV dose for SMV-scaffold studies. 

 

13.1.3 SMV-Gelatin Scaffold Effects on Cell Response 

 Aim 3 focused on the evaluation of mineralization response of human osteoblast-like cells in the 

SMV-gelatin scaffold system (Chapter 8).  Gelatin nanofibers scaffolds were fabricated through the 

electrospinning technique and glutaraldehyde cross-linking.  As-fabricated scaffolds were characterized 

for structure and mechanical properties, which were found to be lower than unmineralized collagen.  

Human osteoblast-like cells were subsequently seeded onto gelatin nanofibers scaffolds with SMV being 
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added on day 7.  While mineralization potential was unaffected, mineral deposition was observed in all 

groups with a phosphate source, including Pi liposomes without β-GP, which was not seen in previous 

studies.  In Chapter 9, the same study was carried out on human mesenchymal stem cells.  Histological 

evaluation saw similar trends in bulk mineralization.  In addition, ALP activity of hMSC was found to peak 

on day 7 for cells dosed with ALP-liposomes.  Osteocalcin, an osteogenic marker, was also upregulated 

on day 14.  These findings demonstrate the SMV-gelatin scaffold system’s capacity for producing a 

mineralized matrix with hMSC culture. 

 

13.2 Future Directions 

 The findings of this thesis demonstrate the feasibility of using the SMV-gelatin scaffold system to 

regenerate calcified tissues. However, to realize the clinical translation of the scaffold system, several 

areas of further study are needed as described below.  In addition, in this thesis a few alternative 

strategies to investigate mineralization were conducted through the use of PLGA-HA nanofiber scaffolds 

(chapter 10), simulated body fluid coatings (chapter 11) and characterization of native mineral in bone 

and at the ACL-bone insertion site (chapter 12).   

 

13.2.1 Scaffold Incorporation 

 There are a wide variety of scaffolds already available on the market for hard tissue regeneration 

which has the potential to be used in conjunction with the SMV.  Different functionalized phospholipids 

could be incorporated into the SMV system for binding with FDA approved polymers, such as PLGA, or 

natural polymers such as collagen to promote hard tissue repair.  In addition, substituting SMV for 

hydroxyapatite nanoparticles in existing repair systems has the potential to improve the biomimetic 

structure of regenerated tissue.  Looking at different carrier systems such as gels would give insight into 

the versatility of this system. 

 

13.2.2 Animal Model  

 In order for any system to undergo clinical translation, several in vivo studies would need to be 

carried out.  Repair of a bone defect in a small animal model, such as a mouse or rat, could be carried out 
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initially.  The liposomes could be evaluated on their own through injection, or modified to adhere to an 

implanted synthetic graft.  Eventually a large animal model would be necessary to progress toward 

clinical trials.   
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