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ABSTRACT 

 

Three-Dimensional Printing of Polymer Composite Scaffolds for  

Bone Tissue Engineering and Bone Tumor Models 

by 

Jordan Elise Trachtenberg 

Three-dimensional (3D) printing provides an avenue for efficient, automatic, and 

repeatable fabrication of tissue engineering scaffolds with highly controlled architecture. 

Unlike other conventional processing methods, 3D printing is dictated by a layer-by-layer 

assembly, allowing the fabrication of tunable and gradient architectures. 3D printing is 

amenable to the incorporation of synthetic or natural materials, cells, and other molecules 

to mimic the physiological structure of native tissue. Additionally, complex geometries 

can be designed to accommodate patient-specific defects. This thesis investigates the 

development of an acellular 3D printed scaffold presenting tunable gradients of pores and 

ceramic composites for bone tissue engineering and tumor modeling. 

In order to fabricate heterogeneous scaffolds, we have developed a platform to 

systematically optimize biomaterial formulations for compatibility with both open-source 

and commercial extrusion-based 3D printing technologies. We have evaluated the 

internal geometry, porosity, mechanical properties, rheological properties, and biological 

properties of 3D printed scaffolds using polymeric and ceramic biomaterials. Based on a 

large body of data, we have developed statistical models to predict internal scaffold 

geometry based on inputs of printing parameters and printing solution composition. The 

ability to predict scaffold architecture prior to printing saves processing time and material 

waste and would allow efficient customization of porosity, mechanical properties, and 

composite distribution of bone implants. This work has the potential to be applied to a 

wide variety of biomaterials and extrusion-based 3D printing systems.  

Furthermore, we have investigated the use of gradient scaffolds for their relevance 

in mimicking the heterogeneous tumor microenvironment. We have employed 

computational modeling to predict the performance of 3D printed gradient scaffolds with 

bone tumor cells under flow perfusion. A 3D printed scaffold is first conceived by
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designing a computer-aided design (CAD) file. By leveraging the ideal architecture from 

the CAD file and non-invasive imaging techniques like micro-computed tomography 

(μCT), it is possible to understand and compare fluid dynamics computationally prior to 

running an experiment under flow perfusion. We were able to optimize the flow rate to 

model physiologically relevant levels of shear stress for the culture of tumor cells on 3D 

pore gradient scaffolds in a flow perfusion bioreactor. In this work, we have 

demonstrated the versatility of combining biomaterials with extrusion-based printing for 

both tissue engineering and tumor modeling applications. We have leveraged the benefits 

of 3D printing technologies and synthetic biomaterials to fabricate scaffolds with both 

controlled structural and compositional gradients. 
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CHAPTER 1: GENERAL INTRODUCTION 

AND OBJECTIVES 

The overarching goal of this thesis is to utilize 3D printing technologies to 

fabricate polymer and polymer/ceramic scaffolds with structural and compositional 

gradients. In this work, we have demonstrated the versatility of combining biomaterials 

with extrusion-based printing for both bone tissue engineering and tumor modeling 

applications. We have leveraged the benefits of 3D printing technologies and synthetic 

biomaterials to fabricate scaffolds with both controlled structural and compositional 

gradients. This work was achieved by the completion of the following Specific Aims. A 

summary of the specific studies investigated in each Aim (and their corresponding 

chapters) is included in Table 1.1. 

1.1 Specific Aim 1  

To evaluate the compatibility of open-source and commercial printing systems with 

two polymers – poly(ε-caprolactone) (PCL) and poly(propylene fumarate) (PPF), 

respectively – to print multi-layer scaffolds. We developed statistical models based on 

experimental data to predict 3D scaffold architecture prior to printing based on inputs of 

printing solution composition and printer parameters. We then used the results from Aim 

1 to print scaffolds with pore size gradients, as well as to incorporate varying 

concentrations of hydroxyapatite (HA) to achieve compositional gradients in Aim 2.  

1.2 Specific Aim 2 

To investigate the impact of scaffold architecture and ceramic composition on the 

morphological, mechanical, and rheological properties of 3D printed scaffolds. We 

printed both PCL and PPF scaffolds comprised of either pore size gradients or varying 

concentrations of HA. We used 3D printed pore gradient scaffolds from Aim 2 to 

evaluate the effects of a gradient on a bone tumor model in Aim 3. 



25 

 

 

1.3 Specific Aim 3 

To evaluate the effect of shear stress gradients on Ewing sarcoma (ES) cells under 

flow perfusion. Based on previous work with ES cells, we seeded a cancer cell line on 

PPF scaffolds with pore size gradients to investigate the relevance of a bone tumor 

model, including proliferation and phenotypic response to a shear stress gradient in flow 

perfusion. We also developed computational models to predict the shear stress in each 

layer of these 3DP scaffolds.  

1.4 Specific Hypotheses 

1. The modulation of printing parameters will allow control over 3D printed scaffold 

architecture (eg. pore size, fiber diameter, and fiber spacing); models can be 

developed based on experimental data to predict scaffold architecture based on inputs 

of printing parameters and printing solution composition; printing solution viscosity 

can be modeled in real time by using the extruder as a capillary die rheometer.  

2. 3DP scaffold porosity will exhibit a relationship with the compressive mechanical 

properties; the particle size and concentration of hydroxyapatite will affect 3D printed 

scaffold architecture and compressive mechanical properties; the amount of 

hydroxyapatite in each layer can be quantified to demonstrate the presence of a 

ceramic gradient; the concentration of hydroxyapatite will affect the viscosity and 

extrusion characteristics of composite printing solutions; printing conditions will not 

have an impact on the composition or structure of the hydroxyapatite phase. 

3. The shear stress in each layer of a 3DP scaffold can be estimated using a 

computational fluid model and compared to the shear stress within the layers of the 

computer model; the pore size in each layer of a 3DP scaffold will dictate the 

magnitude of shear stress under flow perfusion; the pore gradient direction of a 3DP 

scaffold will result in a shear stress gradient and, ultimately, in a gradient in ES cell 

proliferation and protein expression under flow perfusion. 
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Table 1.1 Specific Aims and detailed studies 

Specific Aim 1: Optimizing printing of polymers with extrusion-based printing systems 

 Dependent Variables Independent Variables Biomaterials Measured Outcomes 

Study 1 

(Chapter 5) 

 Printing speed 

 Pressure 

 Fiber spacing 

 Printing temperature  PCL 

 Optical microscopy (fiber diameter, 

pore size, fiber spacing) 

 Gravimetry (porosity) 

Study 2 

(Chapter 6) 

 PPF/DEF ratio 

 Printing speed 

 Pressure 

 Fiber spacing 

 Printing temperature 

 Photoinitiator 

concentration 

 Crosslinking settings 

 PPF 

 Extruder rheology (viscosity) 

 Optical microscopy (fiber diameter, 

pore size, fiber spacing, layer-by-

layer analysis) 

 Main effects/interactions 

 Statistical prediction models 

 

Specific Aim 2: 3D printing gradients and polymer/ceramic composites 

 Dependent Variables Independent Variables Biomaterials Measured Outcomes 

Study 1 

(Chapter 5) 

 Pore size (fiber 

spacing) 

 Gradient direction 

 Printing speed 

 Printing temperature 

 Pressure 

 PCL 

 Optical microscopy (fiber diameter, 

pore size, fiber spacing) 

 Gravimetry (porosity) 

 Compression (yield strength, 

compressive modulus) 

Study 2 

(Chapter 7) 

 HA concentration  

 HA particle size 

 Presence of 

surfactant 

 Pore size  PCL, HA 

 Extruder rheology (viscosity) 

 TGA (% HA) 

 TEM / XRD (HA particle size / 

composition) 

 Gravimetry (porosity) 

 Optical microscopy (scaffold 

architecture) 

 SEM (scaffold morphology) 

 Compression (compressive modulus) 
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Study 3 

(Chapter 8) 

 HA concentration 

 Presence of 

surfactant 

 Fiber spacing 

 Crosslinking 

parameters 

 PPF, HA 

 Extruder rheology (viscosity) 

 TGA (% HA) 

 μCT (HA distribution) 

 Gravimetry (porosity) 

 SEM (scaffold morphology) 

 Compression (compressive modulus) 

 Optical microscopy (fiber diameter, 

pore size, fiber spacing, layer-by-

layer analysis) 

 

Specific Aim 3: 3D printing gradient scaffolds for a bone tumor model (in preparation) 

 Dependent Variables Independent Variables Biomaterials Measured Outcomes 

Study 1 

(Chapter 9) 

 Pore size gradient 

and direction 

 Flow rate 

 Boundary conditions 

 Computer 

models 

 PPF 

 μCT (printed scaffold morphology) 

 Computational fluid dynamics (STL 

model versus μCT reconstruction) 

Study 2 

(Chapter 9) 

 Pore size gradient 

and direction 

 Static vs bioreactor 

 Fiber diameter 

 ES cell seeding density 
 PPF 

 SEM (scaffold morphology, cell 

attachment and ECM deposition) 

 DNA (cell seeding efficiency and 

proliferation) 

 Flow cytometry (protein expression 

of IGF-1R, pIGF-1R) 

 ELISA (cumulative IGF-1 secretion) 

Abbreviations: (DEF) diethyl fumarate; (ECM) extracellular matrix; (ELISA)enzyme-linked immunosorbent assay; (ES) Ewing 

sarcoma; (HA) hydroxyapatite; (IGF-1) insulin-like growth factor 1; (IGF-1R) insulin-like growth factor 1 receptor; (PCL) 

poly(ε-caprolactone) ; (pIGF-1R) phosphorylated insulin-like growth factor 1 receptor (PPF) poly(propylene fumarate); 

(SEM) scanning electron microscopy; (STL) stereolithography; (TEM) transmission electron microscopy; (TGA) 

thermogravimetric analysis; (XRD) x-ray diffraction; (μCT) micro-computed tomography
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CHAPTER 2: POLYMER SCAFFOLD 

FABRICATION
1
 

 

 

 

 

 

 

 

 

 

 

Abstract 

While there is a vast diversity of processing techniques available for tissue 

engineering, methods of rapid prototyping (RP) have several advantages over other 

current methods of polymer scaffold fabrication. These methods have the potential to 

create intricate organ and tissue matrices that cater to any need, even possibly to a 

specific patient. Three-dimensional printing (3DP), in particular, provides an avenue for 

efficient, automatic, and repeatable fabrication of scaffolds with highly controlled 

structures. Unlike other common methods of processing, it is possible to fabricate 3DP 

scaffolds with tunable architectures that model a desired organ. Using a layer-by-layer 

approach, synthetic or natural materials, cells, and other molecules are printed and 

stacked into a scaffold shape that mimics the physiological structure and precisely 

replaces a defect site in damaged or missing tissue. The goal of 3DP includes the ability 

to translate these engineered components into an appropriate tissue model for surgical 

replacement and repair in patients at a commercial scale. 

                                                 

1
This chapter was published as: Trachtenberg, J.; Kasper, F.; Mikos, A., Polymer scaffold fabrication. In 

Principles of tissue engineering, Lanza, R., Ed. Academic Press: Waltham, MA, 2013. 
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2.1 Introduction: 3D printing as a polymer processing technique 

While this summary seeks to review the emerging field of bioprinting as a novel 

processing technique, an overview of the other main scaffold processing techniques 

(Table 2.1), including their benefits and limitations as compared to three-dimensional 

printing (3DP), will be provided. The use of 3DP as a scaffold processing technique seeks 

to accomplish the goal of developing more biomimetic scaffolds that incorporate the 

complex hierarchy of natural tissue, providing a better model for understanding tissue 

function and remodeling [36]. Due to the advances in the specificity and resolution of 

3DP, this processing technique has the capacity to print structures with tissue-appropriate 

heterogeneities in terms of cell distribution and biochemical and biophysical properties 

[36, 288]. While most processing techniques fail to produce scaffolds with 

microstructures that allow for cell proliferation and migration, bioprinting may be used to 

tailor the desired porosity and interconnectivity to create an optimal microstructure for 

cell growth and production of extracellular matrix (ECM) proteins [175]. Furthermore, 

the capacity of this method to produce scaffolds with complex porous microstructures 

shows promise in creating scaffolds with an internal vascular network that has not 

otherwise been achieved with other processing methods.  
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Table 2.1 Methods of scaffold fabrication  

Adapted from [251, 261, 262] 

Technique Description Advantages Disadvantages 

Rapid 

prototyping: 

3DP 

CAD-modeled deposition of 

material and/or cells; layer-

by-layer stacking to create a 

3D scaffold 

Wide variety of materials; highly 

defined porosity and architecture; 

accurate repeatability; allows 

incorporation of bioactive 

molecules and cells 

High-throughput 

manufacturing not available; 

time consuming process 

Fiber bonding Polymer fibers are heated and 

fused at points of intersection 

Simple procedure; high surface 

area-to-volume ratio promotes cell 

attachment 

High processing 

temperatures; limited control 

over porosity 

Electrospinning Voltage is applied to spin 

polymer fibers in a nonwoven 

mesh 

Very fine fiber thickness may be 

achieved 

Limited control of fiber 

deposition and porosity; poor 

mechanical integrity 

Solvent 

casting/ 

particulate 

leaching 

Porogen incorporated into 

polymer and solidified; 

porogen is later 

dissolved/leached 

Minimal material needed for 

procedure; high porosity; allows 

incorporation of composite 

materials 

Pore structures not 

interconnected; residual 

solvents or porogens; 

detrimental to bioactivity 

Melt molding Polymer and porogen heated 

in mold; solidification and 

removal from mold; porogen 

leached out 

Control of shape with mold; 

flexible geometry; allows 

incorporation of composite 

materials 

High processing 

temperatures; lack of pore 

interconnectivity 

Membrane 

lamination 

Thin layers of porous polymer 

are chemically fused  

Defined contours and geometries; 

no visible boundary between 

layers 

Necessary to define shape for 

each layer; time consuming; 

cytotoxic solvents 

Extrusion Polymer is heated and forced 

through a die; forms 3D 

profile of die’s cross-sectional 

area 

Ability to fabricate tubular 

structures 

High temperatures or 

pressures needed 

Freeze-drying Polymer solution is 

emulsified; emulsion poured 

in mold and frozen 

Some pore interconnectivity Lower porosity than most 

other procedures; scaffold 

and pore size limitations 
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Technique Description Advantages Disadvantages 

Phase 

separation 

Polymer dissolved in solvent; 

bioactive molecules added to 

make homogenous mixture; 

cooling and freezing separates 

phases; solvent sublimed 

Potential for drug delivery 

applications; bioactive molecules 

protected from solvents 

Residual solvents; limited 

pore sizes 

High-internal-

phase emulsion 

Water-in-oil emulsion 

following HIPE standards; 

monomers from organic phase 

used to synthesize and cross-

link polymer scaffolds with 

pores 

Injectability; good pore 

morphology; biodegradable 

polymers may be used 

Limited polymer types; high 

processing temperatures 

Gas foaming Compressed polymer is 

exposed to high pressure gas; 

pores form with decreased 

pressure 

Eliminates need for organic 

solvents; improved cell adhesion 

Lack of pore 

interconnectivity; limited 

pore sizes 

Peptide self-

assembly 

Designer peptides form into 

complex geometries (spheres, 

fibers, sheets) via 

hydrophobic/hydrophilic 

interactions 

May be designed to promote 

various cell behaviors; compatible 

with in vitro culture 

Expensive materials; design 

expertise required; limited 

scaffold size 

In situ 

polymerization 

Polymer is injected at site and 

polymerizes or cross-links 

after implantation 

Immediate implantation possible; 

minimal processing necessary 

Limited mechanical 

properties; limited porosity; 

harmful polymerization by-

products; limited material 

choice 
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The overarching goals of printing for tissue engineering include the ability to (i) 

print cells individually or in aggregates, (ii) deposit material in a layer-by-layer approach, 

(iii) maintain proper structural integrity with layer fusion, and (iv) fabricate a vascular 

structure, all of which will be elucidated in the following sections of this chapter [248]. 

To address these goals, a bioprinted scaffold generally contains two important base 

components, which include a cell carrier material and a cell-free structural material. The 

cell carrier material, bioink, consists of cellularized materials embedded in hydrogels, 

microspheres, or as simple cellular aggregates and may include synthetic extracellular 

matrix (sECM) components [333]. In addition to the cell carrier material, biopaper acts as 

a cell-free structural material that supports the bioink and provides the foundation for the 

scaffold [333]. The bioprinting mechanism then uses a three-axis control system to print 

layer-by-layer structures of bioink and biopaper into a pre-determined 3D object, such as 

a scaffold in the shape of a specific organ or tissue [89, 248]. The hybrid bioprinting 

process is illustrated in Figure 2.1 [321].  

 

Figure 2.1 Step-by-step process of bioprinting, 

including development of computer model and printing bioink and biopaper.  

Reprinted with permission from [321]. 
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It is possible to print biopaper layers that integrate complex patterning of multiple 

cell types [36, 89, 175, 430] at a high resolution. Moreover, biopaper may be printed with 

a layer thickness that promotes sufficient cell migration and that is conducive to stacking 

into a three-dimensional scaffold [299]. Depending on the complexity of the scaffold 

architecture, a computer-aided design (CAD) program may be used to fabricate organ-

specific geometries [57, 333]. Initially, the CAD model is created by a computed 

tomography (CT) or magnetic resonance imaging (MRI) scan from human or animal 

tissue. Because the scanned biological tissue may be directly implemented as the CAD 

model, bioprinting is advantageous because it can be tailored to a specific patient. In the 

case where it would be impossible to obtain CT or MRI results from the patient prior to 

surgery, it may also be possible to compare archived tissue scan data from patients of 

similar age groups and organ size [57].  

After a model has been generated by CT or MRI scan, the file is converted to 

stereolithography (STL) format for implementation into the CAD software. The software 

allows further design modification based on geometric scaling, desired porosity, and 

resolution to modulate structure and function of the engineered tissue. Standard software 

must be implemented with the printing system in order to translate the code from the CT 

scan into a 3D model for printing. Some commercial printers come with CAD software 

that is specific to the printing instrument; however, the open-source printers available 

allow modification of user-defined software or integration with other commercial 

programs, such as SolidWorks® [58]. SolidWorks®, among other commercially 

available computer-aided design/manufacturing (CAD/CAM) software programs, 

provides a relatively simple interface for designing a 3DP model with parameters that 

may easily modified to accommodate sample size, pore size, resolution, and geometry 

(Dassault Systèmes SolidWorks Corp., Waltham, MA, USA). Implementation of the 

CAD/CAM software may also be combined with a CT image of a tissue defect to create 

customized designs that are appropriate for surgical implantation [57]. By taking images 

of the tissue before and after the defect placement, combining these images will create 

the relative shape of the defect to be printed in situ or implanted post-printing [57]. The 

geometric fidelity of this shape can be later analyzed by a laser distance sensor, which 

detects defects in the printing uniformity and compares the resolution of the printed 
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scaffold to that of the computer model. Once the tissue model has been developed and 

characterized for proper function, the final processing methods depend upon the desired 

method of implantation. Scaffolds may be cultured in flow perfusion conditions to allow 

cell-development of ECM and then implanted into the patient after the scaffold meets the 

structural needs of the specific tissue.  On the other hand, the processing parameters of 

the printing system may be tuned to print in situ tissue replacements or repairs, which 

may have a promising clinical application in surgical procedures.  

2.2  Bioink: Cell printing and characterization 

The first goal of 3DP for tissue engineering is to develop processing methods that 

allow printing of cells and cellular components. Bioink, in addition to containing cells, 

may also incorporate bioactive components such as signaling molecules (ex. cytokines, 

growth factors (GFs)), DNA, ECM molecules, and others, depending on the desired 

effect on the printed tissue [36]. Since cells and bioactive molecules respond to external 

environmental cues, it is important to determine if processing has an effect on the 

biological components in the scaffold, specifically on their morphology, composition, 

and function [36, 419]. Before printing cell-based solutions, it is important to confirm 

that the printing material is compatible with the processing conditions of the printer. 

Consequently, it is important to note that most work has investigated the encapsulation of 

cells in hydrogels due to their ease of use with printing conditions [333], functionality, 

and biocompatibility [273]. Material choice will be discussed later in this section and the 

following section. After testing the compatibility of the polymer solution with the 

printing process, it is then possible to incorporate cells and biological molecules into the 

material. A sterile environment for cell printing must first be prepared to minimize 

contamination and protect cell viability before processing. Polymer solutions must be 

sterile filtered, and the printer components that come in contact with cells must be 

sterilized with methods that take into consideration the material composition of the 

printer. Further cell encapsulation in a material requires consideration of many printing 

factors. Thus, measures must be taken to ensure proper environmental conditions to 
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minimize the effect of printing on the material properties and biological identity of the 

cellular components in the scaffold. 

Several external processing conditions that could have an impact on cell fate may 

include polymerization reactions, temperature, pressure, shear stress, and deposition 

force, some of which may not otherwise be considered in cases of cell seeding post-

printing [44, 116, 299]. For those materials that require external environment cues for 

polymerization these factors may also threaten viability and proliferation. For instance, 

crosslinking may be necessary to enhance the mechanical strength of the printed polymer 

construct and drive cell differentiation [30]. Depending on the rate and completeness of 

the material’s polymerization mechanism, the scaffold may be subject to ultraviolet 

(UV), infrared (IR), or white light after each successive layer is printed or after the entire 

construct has been fabricated. In some studies, a hydrogel solution was partially 

crosslinked several minutes prior to printing for initial structural integrity and later fully 

crosslinked to fuse layers for the final structure [57, 333]. Due to processing effects of 

shear stress from the printing nozzle, crosslinking via UV, IR, or white light, and other 

factors, cell viability in the printed scaffolds should be determined and compared to in 

vitro cultures.  

In order to determine if crosslinking has an effect on the mechanical integrity of 

the material or the fate of cells encapsulated in the material, several characterization 

methods may be employed. Mechanical moduli can be measured, for example, for printed 

scaffolds with varying crosslinking densities to optimize material parameters [333]. A 

comparison between the viability of printed cells to that of cells in standard culture 

medium would be necessary to determine if crosslinker concentrations are cytotoxic 

[288]. Early studies investigating the simultaneous printing of a CaCl2 crosslinker with 

endothelial cells showed cell attachment and spreading on an alginate hydrogel after 

printing, offering preliminary support that cells can survive the printing and crosslinking 

process [25]. Some mechanisms have been developed to protect cells from harmful 

degradation or polymerization by-products until reactions have reached completion. For 

instance, cells encapsulated in gelatin microparticles (GMPs) have been successfully 

implemented in poly(propylene fumarate) (PPF) [290]. This temporary encapsulation 

technique allows cells to remain viable during crosslinking reactions induced in the 
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polymer and will then release the cells upon completion of the crosslinked construct by 

dissolution of the gelatin, allowing cell migration and proliferation throughout the 

scaffold [291]. Furthermore, histological assays may be performed after printing to 

determine preferred cell differentiation pathways among crosslinked scaffolds. 

In addition to influences from crosslinking, processing temperatures may restrict 

the materials used for cell-based printing applications. Fortunately, since 3DP can be 

performed at ambient temperature, fabrication in a normal laboratory setting is more 

feasible [32, 57, 153]. Although there have been many studies investigating the 

incorporation of cells in hydrogels for 3DP [25, 43, 58, 112, 248, 288, 321, 334], few 

investigations have been conducted on simultaneous printing of cells and scaffold for 

rigid polymer constructs. This may be attributed to the fact that many rigid polymers 

cannot be extruded in liquid form at near-ambient temperatures [88, 294]. For some 3DP 

applications that do not employ cellular components, rigid polymers are often melted in 

powder form when printed [3, 18], but the high melting temperatures required would 

have an adverse impact on cell viability and would not be conducive to cell 

encapsulation. To accommodate printing of scaffolds with encapsulated cells, it is 

necessary for the polymer to be in its liquid form upon extrusion from the deposition tool. 

This is because polymers printed in solid powder form, if not melted beforehand, require 

the addition of solvents to dissolve and fuse scaffold layers, but common printing 

deposition tools often degrade as a result of the solvent addition [201]. Moreover, there 

are some printing nozzles available that are resistant to solvent degradation, but printing 

using these tools often compromises resolution, and compatibility with powder-based 

polymers is limited [201]. Another group has looked at printing starch-based polymers 

with distilled water, but while this approach is less cytotoxic, the porogen size is limited 

and not amenable to high-resolution applications [187]. Printing a polymer in its liquid 

state is also advantageous because a lower deposition pressure is required for extrusion. 

At high deposition pressures, shear thinning may occur, involving a sudden drop in 

polymer viscosity and shear stress at deposition [88]. Moreover, the polymer viscosity 

has a substantial impact on the injectability of the solution [35, 294]. A more viscous 

solution requires a greater deposition force, resulting in exertion of a greater shear stress 

on the material and cells [32, 57].  Further injectability testing may be needed to 
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determine the optimal viscosity to promote structural integrity and cell viability when 

subject to shear conditions from the printer head.  

While processing techniques have an impact on cell viability and behavior, the 

cell carrier material may need further modifications to allow proper tissue growth. In 

some cases, the ability to interact with cells necessitates functionalization of the material 

via end groups, ECM molecules, or other bioactive elements. Examples of bioactive 

elements may include Arg-Gly-Asp (RGD) peptides functionalized on poly(ethylene 

glycol) (PEG) hydrogels for cell attachment or modification with matrix 

metalloproteinases (MMPs)- or plasmin-sensitive crosslinkers for degradation [79, 273]. 

A hydrophilic material, such as PEG [79, 334, 396], is relatively inert to cell interactions 

and requires addition of bioactive molecules to allow cell adhesion and proliferation 

throughout the matrix. On the contrary, a highly hydrophobic polyester such as poly(ε-

caprolactone) (PCL) has been functionalized as a printable copolymer – 

poly(hydroxymethylglycolide-co-ε-caprolactone) (PHMGCL) – to allow cell attachment 

and tunable degradation [324]. There are a few other methods of manipulating cell-

material interactions by printing components that allow modification post-printing. For 

instance, one such printing technique has been investigated using magnetized 

nanoparticles in alginate and in cells [32]. This technique allows direct migration of 

bioactive factors and spatial distribution of cells via an external magnetic field, which 

would modify the organization of matrix post-printing toward different paths of cell 

differentiation [32]. By selective printing of ECM components and other bioactive 

molecules throughout the scaffold, it is possible to direct cell patterning and cellular 

responses in the matrix, such as proliferation, migration, cell death, and differentiation 

[36, 88, 297, 419].  

Cells that have attached and proliferated on the scaffold also have the capacity to 

modify their matrix [419]. First of all, cell-secreted enzymes may have an effect on the 

mechanical integrity of the material. For instance, while scaffold degradation may have a 

negative effect on cell viability [345], the production of ECM and subsequent scaffold 

degradation by the cells have an effect on mechanical stability of the material [237, 400]. 

This effect may be controlled or enhanced by external mechanical conditions; 

specifically, pre-loading or other means of mechanical stimulation on the scaffold prior to 
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implantation may provide ways to modulate cell differentiation toward hard or soft tissue 

lineages. Sources of mechanical stimulation may have a subsequent effect on scaffold 

integrity via production of different types and quantities of ECM proteins [237]. The 

interplay between matrix stiffness and cell migration behavior has a drastic impact on 

directing cell lineage, as well as the propensity for matrix degradation by proteolytic 

enzymes or other molecules contained in the scaffold [79]. sECM materials have been 

developed to allow sensitivity, via cleavage sites or other functionalities, to degradation 

enzymes secreted by the cells  [79, 273].  In addition, if the cell density comprises a 

significant portion of the scaffold, this may have an effect on its crosslinking ability and 

mechanical properties [32, 237, 333].  

Depending on how the cells are incorporated into the scaffold, whether seeded 

[201] or encapsulated [273], attachment and proliferation may occur over the course of 

days to weeks. Immunohistochemical and colorimetric assays, fluorescent imaging, and 

histological staining are performed to analyze cell distribution and viability in samples 

after several weeks of culture. For example, a 3-(4, 5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay may be used to 

determine cell viability via quantification of mitochondrial activity [333]. Fluorescent 

tags may also be transfected in cells or encapsulated in cell-containing microspheres in 

order to visualize proliferation, viability, and distribution throughout the scaffold after 

printing [21, 25, 249, 333]. Epifluorescence microscopy may be used to visualize the 

fluorescent molecules in the scaffold [25, 249] and detect foreign-body responses in vivo 

[325]. In addition to monitoring cell viability and behavior, histological staining may be 

utilized to identify the presence of cell-secreted ECM molecules, such as collagen and 

glycosaminoglycans (GAGs). Some stains used for visualization include Safranin-O for 

GAG content, hematoxylin and eosin for cell morphology, masson trichrome for collagen 

presence, toluidine blue for proteoglycan content, and von Kossa’s staining for 

mineralization [325, 400, 407]. Results from staining determine if the cell carrier material 

provides an appropriate microenvironment for cell proliferation and remodeling. 
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2.3 Biopaper: Structural material printing and characterization 

In order to achieve the second goal of printing with a layer-by-layer approach, 

cell-free structural material, or biopaper, must be printed alongside the cell carrier 

material to enable proper layer deposition and maintenance of resolution. When 

considering a structural material for printing scaffolds containing cells, it is important to 

minimize harmful processing procedures, such as high curing temperature and 

polymerization solvents, while enabling extrusion and proper layer fusion of the scaffold 

material. As stated previously, hydrogels make up a substantial percentage of materials 

used for cell-based printing applications. In order to account for both the biocompatibility 

and the structural needs for the scaffold, polymer hydrogels are often functionalized via 

crosslinking or bioactive agents to allow enhanced mechanical strength and cell 

attachment, respectively [87, 273, 333, 400]. However, hydrogels often have poor 

mechanical strength even with the addition of functional agents, so researchers are 

investigating a wider variety of materials that will be amenable to printing in order to 

cater to the need for load-bearing tissues. For example, Boland et al. found that printed 

samples of alginate had significantly lower elastic modulus and ultimate tensile strength 

than alginate samples that were manually crosslinked [25]. This result was attributed to 

high porosity in the printed sample, but may have also been due to other processing 

factors [25]. Solving the problem of mechanical integrity would either require 

replacement of the hydrogel with stronger, biocompatible materials, or designing 

scaffolds that would allow complete cellular remodeling and degradation of the material 

to create naturally functioning tissue. 

Within the acceptable list of materials that are both biocompatible and amenable 

to printing with cells, the material of choice is primarily based on the mechanical and 

chemical properties that most closely match the organ in question. For instance, common 

materials used for chondral tissue engineering include alginate [58] and agarose [175]. 

Both agarose [333] and PEG [334] have been used in combination with hyaluronan as 

materials to print vascular structures. Manipulating the properties of alginate for its rapid 

gelation time and collagen for its bioactivity, Pataky et al. were able to print beads of this 

hydrogel blend for applications in vascular printing as well [288]. 3DP may be 
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implemented for printing hydrogels as well as rigid polymers and ceramics. For instance, 

some materials employed for bone tissue engineering include PCL [3], hydroxyapatite 

(HA) with PPF [170], and demineralized bone matrix (DBM) [57]. Although most major 

organs have not yet been successfully printed, a list of materials and cells used for 

printing major tissue types are summarized in Table 2.2. 

 

Table 2.2 Materials for 3DP scaffold fabrication  

Adapted from [85]  

Tissue Material Cell-laden applications 

Heart valve and 

heart tissue 

PEG-DA, poly(ester amide) PEA 

[218]; alginate [98, 218]  

Human cardiac progenitor cells 

[98] 

Skin PCL [321], collagen [176]  
Fibroblasts and keratinocytes 

[176, 177] 

Liver 

Gelatin [389, 390] and 

fibrinogen [390]; PCL, PLGA, 

hyaluronic acid, gelatin, collagen 

hybrid [328]  

Hepatocytes [328, 389, 390], 

with pre-osteoblasts [328] 

Peripheral nerve 

tissue and neural 

cell printing 

PLA-PEG, PLA, DL-lactide 

[332]; collagen [203]  
Neurons, astrocytes [203]  

Bone 

HA and TCP [18]; brushite and 

monetite [120]; PCL [3, 324], 

HA with PPF [170], DBM [57], 

PHMGCL [324]; agarose, 

collagen, gelatin, Matrigel, 

Poly(N-isopropylacrylamide) 

(PNiPAAm), fibrin, Pluronics 

[85]  

Muscle-derived stem cells 

(MDSCs) with BMP-2 [297]; 

osteoblasts, MSCs, osteogenic 

cells [85]  

Cartilage 

Alginate [58]; agarose [175]; 

chitosan,  gelatin, collagen, PEG, 

PNiPAAm, PVA, fibrin [85] 

Chondrocytes, MSCs [85] 

  

Material properties are of paramount importance when considering the application 

and processing method for scaffold engineering and may have an effect on the printed 

resolution of the construct. As emphasized before, it is especially important to consider 

the viscosity and injectability of the material for a 3DP application due to limitations of 

the deposition mechanism. For example, the maximum deposition force for certain 

printer models places restrictions on highly viscous materials [57]. These material 

parameters have a direct influence on the final printing resolution of the material. When 
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considering inherent injectability properties, the printed resolution should be adequate for 

millimeter-sized defects, which are commonly seen in most in vivo tissue engineering 

work in small animal models [18, 57, 120, 167, 325, 407]. The resolution places 

restrictions on not only the viscosity of the material and extrusion force, but also the 

syringe tip size, all of which must be carefully balanced in order to achieve uniform 

printing of the desired tissue-engineered scaffold [21, 56]. The resolution quality may 

later be evaluated by imaging tools to determine accuracy to design standards.  

Besides the effect of viscosity, rigidity, and degree of crosslinking on resolution, 

other material properties may affect cell fate, including composition, degradation and 

polymerization by-products, degradation rate, biocompatibility, crystallinity, porosity, 

and hydrophobicity. Its composition must mimic natural ECM and be amenable to 

cellular remodeling via production of new ECM components and work synergistically 

with cell signaling processes to allow proper tissue growth [36]. The degradation time 

scale must be appropriate to the tissue regeneration rate and the matrix must be amenable 

to cellular remodeling via production of ECM proteins. Because degradation mechanics 

of tissue implants have variable effects on surrounding healthy tissue, including eliciting 

inflammatory, fibrotic, or hyperplastic responses, materials that have the potential to 

release cytotoxic degradation and polymerization by-products must be thoroughly 

investigated before use in a 3DP application to ensure biocompatibility in vitro and in 

vivo [294]. Moreover, the degree of crystallinity will have a direct impact on scaffold 

rigidity and mechanical strength, as well as indirect guidance of cell proliferation and 

ultimate differentiation. The material geometry, in addition to mimicking the desired 

tissue in function and integrity, must contain interconnected pore structures to allow fluid 

and mass transport of waste and nutrients, as well as allowing cell attachment, 

proliferation, and tissue formation. These material properties may be further 

characterized to determine if the scaffold appropriately models the tissue or organ. 

Material properties should be characterized after printing, including surface 

composition, morphology, porosity, resolution, and interaction with surrounding tissue. 

To characterize the composition of the surface after printing, Fourier transform infrared 

spectroscopy (FTIR) may be utilized. The morphology – specifically, the degree of 

porosity control – may be visualized by gold sputtering of the printed polymer and 
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imaging the sample using scanning electron microscopy (SEM) or environmental SEM 

(ESEM) for wet, uncoated samples. It is expected that the morphology and composition 

of the material surface will encourage cell attachment and proliferation once the cells are 

released from encapsulation [299]. For specific printing applications, some 

characterization methods may provide helpful information regarding material interaction 

with surrounding tissue. When characterizing printed implants for calvarial defects, in 

vivo MRI has been performed in mice to characterize the printed scaffold via T1- and T2-

weighted images [407]. Clinically, T1- and T2-weighted images show tissues with 

different gray scales and are both helpful in determining abnormal tissue behavior or 

morphology in the brain. Signal intensities from these images may be measured to 

determine the change in microstructure and biochemical composition over time, as well 

as how these intensities correspond with the intensities of the healthy surrounding tissue 

[407]. Additionally, the MR images are helpful in measuring inflammation and the 

progression of wound healing [167]. Comparable imaging techniques for other parts of 

the body, including positron emission tomography/computed tomography (PET/CT) or 

X-ray scanning, may provide similar information on implant integration in vivo. 

2.4 Printing mechanism: Layer-by-layer approach 

For layer-by-layer deposition to be successful, the type of printing system 

employed is equally as important as the choice of materials and method of cell 

encapsulation used to print the tissue. The printer choice will determine how the cells and 

materials will be deposited and organized and ultimately delegate the layered structural 

make-up of the scaffold. Due to the versatility of printing liquid-based materials, 

bioprinting has largely moved away from the traditional powder and binder process of 

early 3DP and more toward hydrogel and soft polymer printing [191, 294]. To address 

more soft polymer processing applications, some of the pioneering models of 3D printers 

manipulated the skeleton of commercial ink-jet printers, such as the HP Deskjet® [21, 

25, 63], and filled recycled ink cartridges with cell solution to print micron-scale cell 

droplets [248]. This inkjet-based system allows a versatility of materials and cells to be 

printed by simply switching out the cartridge [21]. While X- and Y-axis positioning 
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capabilities were already available within the inherent properties of the printer, Z-axis 

control was implemented via a metal rod and stepper motor regulation, which is 

comparatively similar to the basic mechanical principle for most commercial bioprinter 

models today [25, 233, 407]. On the other hand, these preliminary models had some 

limitations. For instance, the scaffold dimensions in a design by Boland et al. were 

confined to a 50-mL conical tube filled with uncross-linked polymer solution, as pictured 

in Figure 2.2 [25]. A crosslinker was deposited via the printer head on a specified area of 

the polymer surface, which was defined within the dimensions of a glass substrate. 

Crosslinking of the polymer allowed formation of the first hydrogel layer, which was 

then lowered by the rod to allow more uncross-linked polymer to cover the top of the first 

layer and allow printing of the subsequent layer [25].  

 

Figure 2.2 Model of elevator chamber for ink-jet printing  

Reprinted with permission from [25]. 

 

Since then, there have been improvements in the field with new printers in the 

past few years. Most bioprinting techniques under current investigation utilize 3D 

Plotting – also known as 3D fiber deposition (3DF) – to print layers from polymer melts 

instead of powders [88, 294, 400]. 3DF allows much easier fiber deposition and layer 

fusion and does not require the addition of harmful organic solvents, unlike the powder-

binder method employed with previous ink-jet based models [294]. Some commercial 

systems (3D-Bioplotter™ 4
th

 Generation, Envisiontec GmbH, Germany; Fab@Home V 

2.0, Cornell University, Ithaca, NY) use this method of fiber deposition. Furthermore, for 

inkjet-based printers, some attempts have been made to improve vascular printing [21, 

288]. Specifically, printing vessel-like structures that support physiological flow 
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conditions can be achieved by modifying settings to allow printing over void space [288]. 

Other current models have expanded the area of the printing stage for overall structures 

of greater than 20 cm [233]. Additionally, improved models have eliminated the need for 

an elevator chamber by use of multiple deposition tools with the capacity to combine the 

crosslinker and uncross-linked polymer immediately upon printing [233].  

 

 

Figure 2.3 Laser-assisted bioprinting (LAB) parameters  

Reprinted with permission from [116]. 

 

 In addition to improvements in the structural integrity of the printed construct, 

further advances have been made to optimize the deposition mechanism to enhance 

material placement, tailor resolution, and reduce nozzle malfunctions. For instance, 

nozzle clogging is a common issue among traditional ink-jet-based printers [35]. To 

address this issue, laser-assisted bioprinting (LAB) was developed as an efficient 

processing method that eliminates the need for a nozzle [116]. The LAB technique, 

pictured in Figure 2.3, is based on a laser-induced forward transfer (LIFT) technique that 

allows highly defined printing of cellular patterns [177, 245]. The LAB “ribbon” is 

composed of multiple layers that must be prepared according to several parameters [116]. 

The collecting substrate is first coated with the material to be printed, which most often 

consists of droplets of polymer with encapsulated cells [44, 112, 113, 116, 117, 245]. The 

top support must be adjusted to allow laser light in the UV or IR range to pass through 
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the focusing lens and then the absorbing layer. In addition, there is a laser-absorbing 

interlayer between the top support and the bioink layers that is sensitive to the optical 

properties of the bioink and laser wavelength and subsequently affects light transfer [115, 

116, 177]. The interlayer is commonly made of a thin metal film, such as gold, that 

protects the bioink from direct interaction with the laser beam [115] and has an impact on 

droplet size based on its thickness [113, 177]. Laser fluence – the pulse of the laser to 

induce printing of the bioink droplets – and the gap distance between the ribbon and the 

substrate are also two important parameters to define in the setup process and are 

required to set the scanning speed of the galvanic mirrors before printing [116, 177]. The 

laser is emitted at either a UV or IR wavelength to create nanosecond pulses of energy, 

allowing deposition of bioink beads on a quartz disk [116]. The volume of printed 

material is directly dependent upon the energy of the laser pulse, and microdroplet 

deposition requires the achievement of a minimum threshold energy [115]. Although this 

method is promising in reducing nozzle clogging, height restrictions remain a current 

obstacle, which makes this method more appropriate for printing cell arrays instead of 

tissues [112, 299].  

While commercial bioprinters can be costly and difficult to personalize, several 

open-source printers have been developed to address the demand for simple, cost-

effective scaffold fabrication equipment. Printers such as the RepRap and the 

Fab@Home systems are based on similar principles as the early ink-jet printers [25] but 

are modular in design and allow for much easier modification based on the needs of the 

user [218]. The RepRap system is unique in that it has been programmed to print 

daughter models from an original parent model (RepRap Original Mendel, GNU General 

Public License). Both systems have been used in preliminary studies for tissue 

engineering applications [57, 247, 333, 334, 360], but support for the RepRap system has 

been more widely documented. Both the Fab@Home and RepRap printers can be built to 

use a syringe-based deposition system that extrudes liquid polymer or injectable cement 

solutions. While the Fab@Home extrudes at ambient temperature [233], temperature and 

pressure-driven extruders have been developed for printing initially solid polymers [247]. 

The syringe system itself is important in determining the deposition rate, the path width, 

and the path height, which play key roles in the final resolution [57]. Based on the 
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syringe tip diameter and the extrusion force, a limited range of fiber sizes may be 

achieved on the millimeter scale. In addition, the Fab@Home printing set-up houses a 

two-syringe system, placing limitations on the ability for material variance and optimal 

printing speed. It would be ideal to modify this set-up to accommodate four or more 

deposition tools to allow simultaneous or sequential printing of different types of material 

and avoid complications due to switching syringes. Modular components for the 

Fab@Home system may be added to incorporate other functionalities in the printer, 

including a crosslinking unit [218, 333], a laser for error analysis [57], or a removable 

substrate platform for in situ applications [57], for example. These open-source systems 

have revolutionized the field of bioprinting by providing inexpensive, user-friendly 

printing systems with the capacity to be modified and improved upon by 

experimentalists. For example, Figure 2.4 depicts the RepRap printing system, which 

includes a three-axis Cartesian gantry positioning system and is designed to be easily 

modifiable based on modular deposition parts. The deposition tool is positioned on the X-

axis, and the Y-axis moves the heated bed. To minimize the effect of acceleration on 

moving parts, the Z-axis runs independently of the X- and Y-axes by moving the extruder 

up and down. All axes are composed of National Electrical Manufacturers Association 

(NEMA) size 17 stepper motors.  

 

 

Figure 2.4 Set-up of RepRap with BariCUDA extruder 
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2.5 Final layer architecture and resolution 

Depending on the type of printer used, different layer or droplet sizes may be 

achieved due to the differences in deposition mechanisms. In general, 3DP of tissue-

engineered constructs produces architectures with a high level of porosity as compared to 

other processing techniques, and a resolution of less than 250µm may be achieved [294]. 

In commercial inkjet printers, nozzle sizes range from 20 – 30µm and can produce 

droplet sizes in the range of 10-20 pL [35]. While smaller nozzle sizes can produce fiber 

sizes with higher resolution [35], it is important to match the extrusion area of the nozzle 

to the viscosity of the material to ensure proper injectability [57]. For printers that use 

syringe-based deposition tools, tip diameters range from about 0.8 mm for hydrogels to 

1.5 mm for ceramic pastes and produce fiber sizes of less than 2 mm in width and height 

[57, 294]. Additionally, diameters ranging from 80-140µm have been achieved for LAB-

printed droplets [177]. Overall, it has been shown that bioprinting creates an appropriate 

resolution for proper cellular response in a printed pattern [36]. 

Although precise resolutions may be achieved, there is some difficulty 

maintaining porous structures when stacking multiple layers, specifically the fusion of 

layer contact points without scaffold collapse [89, 288, 294]. For instance, although the 

vertical pores may remain intact after stacking, transverse pores in hydrogel scaffolds 

have the propensity to collapse due to the material softness [89]. Depending on the 

rigidity of the material used, there are height limitations for printing 3D scaffolds that 

may be mitigated by additional structural support [333]. For instance , Schuurman et al. 

constructed a hybrid scaffold design that alternated the printing of a structural 

thermoplastic polymer and a cell-laden hydrogel [321]. On the other hand, biodegradable 

or bioinert structural inserts may be added to guide printing and be later removed upon 

cellular remodeling of the matrix. Consequently, the loss of pore definition and collapse 

of fused layers are among the main sources of resolution error for a printed scaffold. 

Resolution error may readily occur during the printing process due to mechanical 

vibrations, slight movements of the printer head, or micrometer discrepancies in distance 

between the printer deposition tool and the substrate [21]. Furthermore, as fibers are 

extruded or droplets are deposited, the act of falling from the deposition tool to the 
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substrate may have an impact on the material morphology and create inconsistencies in 

the design. Additionally, some types of printed cell-based hydrogel scaffolds that have 

been cultured in media for several weeks, such as collagen and pluronic-F127, have 

shown shrinkage or swelling, respectively, over time [58]. All of these sources of error 

are important to consider when printing tissues that have a low error tolerance.  

To determine if resolution and porosity have been maintained after the scaffold 

has been printed, adherence to design geometry may be analyzed via micro-computed 

tomography (µCT) scanning [1, 294] or using a charge coupled device (CCD) camera 

[32, 57, 167]. While µCT is the more time-efficient process, the use of a CCD camera 

appears to be a more precise method of error analysis because of the ability to evaluate 

each layer after it is printed [57]. A CCD camera may be used to create highly defined, 

low noise, real-time images of the material deposition process on the work space of the 

3D printer. The use of a CCD camera for real-time visualization has several advantages. 

This mechanism serves as a primary method – in addition to secondary analysis with a 

laser distance sensor – for evaluating proper spatial resolution of each layer [57] and 

positioning throughout the printing process [167]. It can be used to measure parameters 

involving z-positioning of the nozzle over the substrate, extrusion force on the material, 

fusion time between printed layers, sag length of the material over time, and work life of 

the material before the extrusion force is no longer adequate [57, 88, 167]. Because this 

camera allows for real-time imaging of the working area at an appropriate scale, the need 

for troubleshooting is much more apparent between layers, and geometric fidelity may be 

maintained with greater ease.  

To further support CCD imaging in evaluating resolution and design flaws, a laser 

distance sensor may be employed as a primary mode of error analysis [16]. This sensor, 

as a measure of geometric conformity, has the ability to raster the sample layers post-

printing in order to compare the actual resolution to the desired construction based on the 

computer input. As it scans the workspace, it can identify X-Y and height resolution to a 

certain range and measure of error. Previous work achieved a range of 104 mm and a 

distance measurement resolution of 0.12 mm height and 0.3 mm X-Y distance [57]. In 

order to achieve this high level of detection, laser placement is an important aspect in 

order to optimize the sensing range and to most accurately depict the printing resolution. 
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An investigation was conducted on the sensing efficacy of a laser placed between the Y-

axis carriage and the printing syringe, but it is unclear how well this placement enables 

optimal error analysis [57]. Ideally, the sensing mechanism should be designed to 

properly identify areas of heterogeneous surface texture, as well as point defects of 

missing or excess material. Through analysis of several determined points of each layer, 

it is possible to convert this information into a three-dimensional solid and export the 

information into an error-calculation program, such as Qualify® V11 (Geomagic Inc., 

Research Triangle Park, NC, USA), to compare the printed solid to the intended 

geometric model [57]. 

Error analysis of each scaffold is helpful in determining the reproducibility of the 

printing system by comparing error among a number of scaffolds of the same geometry 

and sample population and correlating these results with the intended computer model 

[16]. To extend printed tissue applications beyond the laboratory and into the clinic, it has 

been suggested to compare the calculated error to standard surgical tolerances for each 

respective defect in an effort to improve implant technologies [57]. Cohen et al. 

evaluated the efficacy of in situ printing in meniscal defects between the tibia and femur, 

as well as in osteochondral defects in a calf femur [57]. A laser sensor was then used to 

determine points at which the scaffold showed inconsistencies with the CAD model, in 

which the error was calculated and found to comply with acceptable surgical standards 

[57]. This result shows the ability to apply 3DP technologies to surgical procedures in 

order to produce highly defined, customized tissue engineered constructs. Overall, 

comparison of error values from the CT image and the printing process to the surgical 

tolerance for defect implantation allows investigators to quantify the printing accuracy 

and gain a greater sense of the optimal resolution. Using simple, effective technologies 

such as CCD imaging and laser sensing, basic printing deposition may be transformed 

into a translatable technique for designing surgical-grade defect replacements tuned 

specifically for each patient. 

  



50 

 

 

2.6 Printing applications: Vascularity and organ fabrication 

While the idea of printing whole organs is still in its infancy, much work is being 

conducted to address this new field. When first developing tissue-engineered scaffolds, 

one of the most important aspects of the design is to incorporate vascularity to promote 

oxygen, nutrient, and waste transport throughout the tissue. Several groups have 

investigated vascular printing using inkjet-based printers [63, 288] and syringe-based 

printers [333, 334]. Another experimental model coupled development of entire vascular 

networks via bioprinting and self-assembly with computer simulations of tissue fusion 

[249]. Further investigation has also shown promise in developing tubular structures from 

functionalized hyaluronan-gelatin hydrogels [333]. It has also been shown that it is 

possible to print vascular architectures that support physiological flow conditions present 

in cardiovascular microvessels [288], which is a great improvement in the field of 

bioprinting and tissue engineering. Once the elements of vascularity can be implemented 

with printing tissues, steps toward printing whole organs will be more feasible. 

In addition to work on developing vascular structures, several laboratories have 

also developed preliminary models toward whole and partial organ printing, including 

heart valves [218], skin [21], bladder [96], liver [328, 389], neuroregenerative tissue 

[332], bone [18, 120, 168], and osteochondral tissue [57]. Some of these studies 

incorporate additional rapid prototyping (RP) techniques that may be later translated to 

3DP applications. Using the Fab@Home printer, educational models of a heart and aorta 

have been fabricated using clear silicone, and alginate has been used to print an ovine 

construct for meniscal repair [333]. Bioprinting has also been suggested as a method for 

printing tissues with zonal architecture, such as the articular cartilage model depicted in 

Figure 2.5 [175]. Taking a step beyond printing scaffolds and implanting them after cell 

culture, some efforts have been made toward in situ printing for meniscal repair [57], 

calvarial defects [36, 167], and skin replacement [21], which may provide benefits for 

more efficient surgical technologies. One drawback to in situ printing is that the scaffolds 

would not be primed via mechanical stimulation prior to implantation, which may result 

in improper cell differentiation and subsequent difficulties in tissue regeneration. 
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However, it is still unclear whether scaffold stimulation or pre-loading is necessary to 

promote desired tissue formation at the defect site.  

To determine if the printed tissues actually match the form and function of 

biological organs, it is necessary to identify or design specific characterization techniques 

that detect cell-cell and cell-material interactions for in vitro and in vivo conditions. As 

tissues and organs are printed with varying materials, GFs, cells, and other molecules, a 

collective library of these 3DP scaffolds would initially allow rapid screening of optimal 

parameters for tissue-engineered constructs and identify factors that are crucial for cell  

growth and proper function [301]. Because 3DP allows construction of scaffolds with 

repeatable porous architectures, processing with this method has implications of better 

screening of the scaffolds themselves and in flow perfusion conditions [400]. However, 

current methods of evaluating 3D tissue formation are time-intensive and inaccurate. For 

instance, individual separation of cell pellets into wells may be achieved in a more rapid 

manner with 3DP, but these small wells do not represent the functionality and cell-

material interactions found in a full-sized tissue [400]. High-throughput scaffold arrays 

could also be used to identify proper microenvironments for specific tissue regeneration. 

One dimensional assays – such as polymer blends with varying compositions – as well as 

2D assays involving polymer composition and processing temperature or surface energy 

and hydrophobicity may be used to characterize the effect of the material on expression 

of cell lineage markers [419]. Furthermore, it would be desirable to develop or utilize 

currently available non-destructive techniques to image and characterize the scaffold 

prior to implantation [32]. Although progress has been made to address the biological 

functionality of scaffold processing via 3DP, current technologies have yet to develop 

methods to increase the scaffold output for 3DP. Further modification of the printing 

process is necessary to meet the annual clinical demand for manufacturing artificial 

implants. 
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Figure 2.5 Zonal 3D printing for articular cartilage 

Printing of constructs with zonal architecture in A. Printed hydrogel constructs in B and 

D show spatial and porosity control, respectively. Fluorescent images in C and E show 

cell confinement within zones. Used with permission from [175]. 

 

2.7 Conclusions 

Polymer processing via three-dimensional printing is an emerging technology 

designed to address tissue replacement needs for individual patients. Common issues in 

the area of 3DP include limited scaffold size and sample number. Because this 

technology was originally designed to create prototypes, few efforts have been made to 

scale-up the manufacturing process of scaffold samples. There have also been few 

successes in the ability to increase scaffold size due to structural instability of the 

materials used, which are usually natural hydrogels. Furthermore, the process of 3DP is 

still time intensive due to a lack of archived patient data and the ability to create a 

customizable scaffold library. In addition to the time needed to create a 3D computer 

model of the scaffold prior to printing, the actual printing process may take hours to days, 

depending on the size and complexity of the construct. For printing applications that 

require culturing each layer before stacking, fabrication time may be even more 

laborious. In order to overcome this obstacle, printing materials with encapsulated cells 

may be more beneficial than cell seeding post-printing. Additionally, although initial 

development of a computer-aided design is time-consuming, a scaffold library created by 

high-throughput combinatorial methods would enable the printing process to run much 
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more quickly in the future and allow patient-specific modifications of implants. After 

optimizing characterization and scaling up the design beyond prototypes, 3DP will 

become a highly viable processing method for tissue engineering applications. 
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TISSUE ENGINEERING SCAFFOLDS FOR 
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Abstract 

Drug delivery through tissue-engineered scaffolds provides a composite approach 

to address the regenerative limitations of simple material implantation, providing 

expanded avenues for therapeutic tissue repair strategies in the clinic. Both nano- and 

microfibrous scaffolds generated by a variety of techniques have been investigated for 

their potential in drug delivery applications. While nanofibers mimic the structure and 

organization of natural extracellular matrix, microfibers provide more sustained release 

of drugs, larger pores to facilitate cell infiltration, and improved mechanical support. 

Various methods exist to embed drugs within the fiber matrix in order to modulate the 

release kinetics specific to the tissue engineering application. The current article reviews 

the established and emerging fabrication methods for drug-loaded fiber-based scaffolds 

and addresses how further combination into composite scaffolds can enhance drug 

delivery and tissue regeneration. 

                                                 

2
 Published as: Trachtenberg, J. E.; Mountziaris, P. M.; Kasper, F. K.; Mikos, A. G. Fiber-based composite 

tissue engineering scaffolds for drug delivery. Israel Journal of Chemistry 2013, 53, 646-654. DOI: 

10.1002/ijch.201300051. 
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3.1 Introduction: Drug delivery from fiber-based scaffolds 

 One area of tissue engineering that carries large importance is the ability to 

deliver drugs to a wound or defect site in a controlled manner. Drug delivery through 

tissue engineering scaffolds expands the possibility of therapeutics, as it provides a 

composite approach to address the regenerative limitations of simple material 

implantation [15]. Since it is often employed as an acellular approach, this minimizes the 

need for donor tissue and possible immune rejection or disease transmission. The use of 

drug delivery as a mechanism in tissue engineering is beneficial for signaling to native 

tissue, which may include the promotion of cell migration into the scaffold or the 

influence of cell proliferation, differentiation, or adhesion. Furthermore, the interactions 

between the drug and the scaffold can have an impact on the drug release kinetics, and 

these interactions can be further tailored to optimize delivery to the in vivo site [194]. To 

this end, drugs may be released in a controlled manner to elicit a time-sensitive response 

from the tissue. This technique is advantageous in promoting a more sustained release of 

the drug, as local injection is delivered as a bolus and thus requires repeated, invasive 

administration to achieve a steady state. 

 While many strategies exist for the incorporation of drugs into scaffolds, the 

inclusion of fibers enhances the mechanical support and provides porous structure with 

high surface area for cell adhesion. Depending on the application, the fiber size and 

orientation can be modified to optimize drug release and mechanical properties [347]. 

Both nanofibers and microfibers have been investigated for their beneficial properties in 

tissue engineered scaffolds for drug delivery. Nanofibers have been investigated due to 

their ability to model collagen and other natural fiber orientation in the ECM [150]. In 

addition to size, fiber orientation can be used to control cell phenotype [264], as the tissue 

matrix provides cues to the cells via mechanical stress and concentration of certain 

factors. Cells use these cues to remodel the matrix and develop a more mature tissue. In 

addition to ECM mimicry, nanofibers have a high surface area to volume ratio, which 

allows increased surface modification and drug loading, as well as numerous other 

benefits that have been detailed previously [119, 121, 150, 230]. Microfibers have also 
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been investigated for their capacity to serve as tissue engineering scaffolds [71, 194, 258, 

259, 352]. Another benefit of microfibers is that they provide more robust mechanical 

support than nanofibers. Additionally, the presence of microfibers in scaffolds tends to 

improve cell migration due to enhanced porosity. Furthermore, if drugs are embedded, 

microfibers allow a longer-term release. Nano- and microfiber hybrid scaffolds have also 

been investigated to utilize the benefits from both fiber sizes [255, 287, 314]. 

 Fiber-based tissue engineering scaffolds can be generated by a variety of methods. 

Established methods of producing fiber-based scaffolds include phase separation, 

electrospinning, and self-assembly [370, 429]. Emerging methods have also been 

described, including several RP strategies. Among RP techniques, 3DP is a favorable 

candidate for fiber-based scaffolds in drug delivery. While most 3DP systems are limited 

to producing microfibrous scaffolds, this technique is promising for precisely controlling 

scaffold architecture and incorporating drug delivery [62, 265, 365]. To overcome the 

limitations of a single method in a given application, various techniques have also been 

combined for the fabrication of composite scaffolds, which are capable of more 

adequately mimicking the complexities of native tissue [121].  

 This review includes a comparison of materials used for drug delivery and fiber-

based scaffolds, with a focus on synthetic and natural polymers. The current challenges 

with respect to material choice and fabrication method will be discussed, as well as novel 

approaches to overcome these limitations. Both emerging and established fiber-based 

processing methods for fabricating fibrous scaffolds will be reviewed and compared in 

terms of feasibility, resulting fibrous structure, and mechanical properties. We will also 

discuss strategies that combine these methods to generate multi-functional composite 

structures. The goal of this review is to inspire further exploration of novel strategies for 

improved drug delivery in fiber-based tissue engineered scaffolds for research and 

clinical use. 

3.2 Materials for fiber-based scaffolds and drug delivery 

 A variety of materials have been described for the generation of fiber-based 

scaffolds, including ceramics, metals, as well as natural and synthetic polymers. 
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Ceramics, such as HA [253], bioactive glass [402], and tricalcium phosphate (TCP),[65] 

have been incorporated into composite materials to improve scaffold mechanical strength 

and osteoconductivity, and have also been used on their own to promote bone formation. 

Titanium fiber meshes have been used alone and in conjunction with ceramic materials 

for bone tissue engineering [260, 371, 373, 374]. Titanium meshes have also been coated 

with pregenerated bone-like ECM to confer osteoinductive properties, and such 

composites have been shown to stimulate the in vitro osteogenic differentiation of adult-

derived mesenchymal stem cells (MSCs) [40, 70, 71, 145, 194, 330]. This review will 

primarily focus on fibrous polymeric materials.  

 Natural and synthetic polymers have been used for fiber-based scaffolds due to 

their mechanical properties, biocompatibility, degradation behavior, and relative ease of 

processing [255]. Natural polymers, such as collagen [95, 350, 394], gelatin [240, 408], 

chitosan [418], fibrin [204], and hyaluronic acid [303], are often used because they mimic 

the native ECM of surrounding tissue. However, the anisotropic nature of the ECM can 

also be replicated using synthetic polymers, such as PCL [212, 217, 278, 315], 

poly(lactide)-poly(ethylene glycol) tri-block copolymer (PELA) [216, 410], poly(lactic-

co-glycolic acid) (PLGA) [315, 350, 394], poly(L-lactic acid) (PLLA) [149, 162, 413], 

poly(urethane) (PU) [426], and poly(glycolic acid) (PGA) [179]. Fibrous polymeric 

structures have also been incorporated into composite scaffolds with hydrogels to 

improve their mechanical properties and capitalize on the drug-carrying capabilities of 

hydrogels [75, 76, 90, 121, 143, 154, 210, 212, 240, 256, 274, 276, 341, 394, 433, 434]. 

For instance, a recent study reported the application of poly(propylene) (PP) and ultra-

high molecular weight poly(ethylene) (UHMWPE) fibers to reinforce a poly(vinyl 

alcohol) (PVA) hydrogel and mimic the largely random orientation of fibers within the 

cartilage of the meniscus [143]. Another group described a composite that incorporated 

alternating layers of fibrous polyurethane with a fibrin hydrogel to mimic both the ECM 

structure and complex mechanical properties of the coronary artery [239]. Alternative 

strategies to generate composite scaffolds for drug delivery have also been developed, 

including combining polymeric fibers with microparticles (MPs) [162] and coating 

polymeric fibers with pregenerated ECM to guide adult stem cell differentiation into 

cartilage [206-209] and bone [259, 352].  
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 Selection of the material and process used to generate fibrous tissue engineering 

scaffolds is dictated by the application, including the target tissue and the release profile 

desired for the drug. Table 3.1 summarizes several established and emerging fiber-based 

fabrication methods in terms of suitable materials, physical properties of the resulting 

fibrous scaffold, and limitations of each technique. These methods are also reviewed in 

detail below, with specific regard to their capacity for drug delivery in tissue engineering 

applications. 

 

Table 3.1 Fabrication techniques for generation of fiber-based scaffolds for drug 

delivery  

Fabrication 

technique 
Materials Fiber size Pore size 

Method of 

drug loading 
Drawbacks  

Phase 

separation 

Synthetic 

polymers, 

e.g., 

polyhydroxy-

alkanoates, 

PLLA, PLGA 

[47, 369, 423] 

Nanofibers, 

microfibers 

[148] 

Microscale 

[23, 38]  

Direct 

loading; 

composite 

with MPs  

Organic 

solvents; high 

temperatures 

Electro-

spinning 

Synthetic and 

natural 

polymers, 

e.g., PCL, 

PEO, PEG, 

PEI, PVA, 

PU, collagen, 

silk, 

polyesters[13, 

369] 

Nanofibers, 

microfibers 

[208, 264] 

Microscale,  

nanoscale 

[13, 208] 

Direct 

loading; 

physical 

adsorption; 

surface 

conjugation; 

composite 

with MPs 

Organic 

solvents;  

high voltage 

apparatus 

Self-

assembly 

Specialized 

amphiphilic 

polymers and 

peptides [61, 

118, 127, 

326, 357] 

Nanofibers, 

microfibers 

[118, 411] 

N/A 

Direct 

loading; 

surface 

conjugation 

Limited size, 

complex 

functionalizat

ion 

3D Printing 

(3DP) 

Synthetic and 

natural 

polymers, 

ceramics, 

metals [62, 

87, 265, 358, 

365, 421] 

Microfibers 

[247, 348] 

Microscale 

[287, 348]  

Direct 

loading 

May require 

high 

temperature, 

high pressure  
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3.3 Methods for fiber-based fabrication 

Phase separation 

In thermally-induced phase separation (TIPS), a polymer solution is placed in a 

thermally insulated mold and subjected to a temperature gradient to separate solid-liquid 

or liquid-liquid phases [37]. A variety of polymers have been used to create fibrous 

structures with both nano- and micro-scale features, as shown in Table 3.1 [23, 37, 38, 

47, 148, 369, 423]. The solution temperature can be modulated, so that one phase is 

leached or sublimed to achieve scaffolds with anisotropic, channel-like porosity [72]. The 

method of temperature control can also be adjusted. Directional freezing and phase 

separation have also been described to generate unidirectional microtubules on the scale 

of 100 μm [47]. In addition to the temperature, the type of polymer selected, as well as 

the ratio between polymer and solvent, may be modified to achieve different pore 

structures and sizes [37, 38, 47, 369, 423]. 

TIPS has several limitations that are highlighted in Table 3.1. The necessity for 

organic solvents in TIPS is a major challenge because it limits biocompatibility and the 

incorporation of drugs. Furthermore, while this is a relatively simple process that allows 

fabrication of pores in varying orientations, there is ultimately little control over the 

uniformity or inter-connectivity of the pores. The effect of pore orientation on deposited 

tissue orientation has been investigated for meniscal tissue engineering [72]. When 

compared to isotropic, solvent leached scaffolds, anisotropic scaffolds fabricated via 

phase separation guided the formation of vascular structures [72]. In terms of mechanical 

stability, one study reported that TIPS scaffolds made from PLGA exhibited a higher 

Young’s modulus during degradation than salt leached scaffolds, resulting in improved 

mechanical integrity and structure during degradation over 6 weeks [38]. This result may 

be promising for composite applications that require enhanced mechanical strength. 

Several recent reports have described strategies to integrate drugs and control 

their delivery from scaffolds generated via phase-separation. As summarized in Table 

3.1, drug delivery from such scaffolds is typically achieved by direct loading of drugs 

into the polymer phase. The incorporation of structural particles, such as HA, can 
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modulate the release of drugs, which is beneficial when a sustained release is desired 

[423]. A recent study reported that  dual drug delivery of  bone morphogenetic protein-2 

(BMP-2) and a bisphosphonate from TIPS-generated scaffolds enhanced in vivo bone 

formation [423]. Another recent report described the encapsulation of a wide variety of 

anti-inflammatory drugs encapsulated in nanofibrous PLLA scaffolds fabricated via TIPS 

[432]. Several parameters were modulated to achieve various release profiles, including 

the type of drug incorporated, the polymer concentration, and the processing temperature 

had an effect on the morphological outcome of the scaffold and subsequent drug release 

[432].  

TIPS has been combined with 3DP to generate nanofibrous scaffolds for bone 

tissue engineering [48]. A negative 3DP mold was combined with phase separation 

techniques to achieve nanofibrous surface features on highly precise microscale fiber 

architectures [48]. This hybrid method enables nanoscale control of RP scaffold 

morphology, which would otherwise not be feasible with RP alone. In this manner, 

scaffolds with highly precise microscale pore geometries can also contain nanoscale 

features to mimic ECM structure, and surface features can be modified at multiple length 

scales to improve cell adhesion and matrix production.  

 Composite scaffolds incorporating phase separation have been employed to 

address some of the drawbacks of the processing technique itself. Several groups have 

reported methods to overcome the typically required high processing temperatures. 

Biphasic composite scaffolds have been fabricated for osteochondral tissue engineering 

using computer-controlled low-temperature deposition manufacturing and TIPS and 

validated in an in vivo model [65]. The bone component contained a fiber matrix 

consisting of a PLGA/β-TCP core wrapped in a type I collagen sheath, while the cartilage 

component of the osteochondral construct consisted of a collagen-rich sponge derived 

from bovine ECM [65]. Another report has described the combination of TIPS with 

freeze drying to generate unidirectional microfibers for the chondral phase [160]. 

Although these methods are advantageous because fabrication does not require high 

processing temperatures, freeze drying could adversely impact the activity of 

encapsulated drugs, particularly GFs. One method to address this limitation is to generate 

composites consisting of a TIPS-generated fibrous scaffold and drug-loaded MPs, which 
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protect GF bioactivity. For instance, BMP-2 loaded in chitosan MPs that were 

incorporated into composite PLLA/HA TIPS-generated scaffolds was shown to maintain 

in vivo bioactivity when implanted into a bone defect, while the polymer/ceramic scaffold 

provided a structurally robust pore network to guide bone ingrowth [279].  

Electrospinning 

 Electrospinning is widely used due to its low cost, ease of setup, system 

flexibility, and versatility with respect to suitable polymers [69, 93, 208, 209, 241, 242, 

258, 259, 352-354]. To fabricate an electrospun mesh, a polymer solution is extruded at a 

controlled rate through an electrostatic field. The variation of extrusion rate and voltage 

affects the whipping motion of the polymer fiber and eventual deposition onto a collector 

plate. Several other parameters, including distance from the collector, viscosity, polymer 

concentration, and ambient humidity, also affect the fiber diameter, which can range from 

nano- to micro-scale [272, 296]. The electrospinning technique can be varied to achieve 

various fiber morphologies, including mixtures of nano- and micro-fibers, aligned fibers, 

and hollow fibers for drug-loading applications [13, 208, 295, 296]. The electrospun mat 

thickness is limited due to charge buildup from the high voltage apparatus.[369] 

However, the major limitation of electrospinning, as listed in Table 3.1, is the frequent 

necessity for the use of organic solvents, which may compromise biocompatibility. 

Fortunately, several strategies have been reported to improve biocompatibility and drug 

delivery [159, 194, 273, 420]. For instance, composite scaffolds consisting of nanofibers 

made of poly(ethyleneimine) (PEI) and PVA within a PLLA membrane have been 

generated, where the PEI/PVA fibers serve as drug delivery vehicles [76]. The 

combination of cationic PEI and anionic degradation products from the PLLA was 

intended to neutralize the scaffold microenvironment to enhance in vivo biocompatibility 

[76]. 

 Several strategies have been developed to integrate drugs and control their 

delivery from electrospun scaffolds, as summarized in Table 3.1. Drugs can be 

physically adsorbed onto an electrospun scaffold. Although this simple technique is 

commonly employed, it provides limited control over release because the drugs are not 
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protected or embedded within the fibers [159, 194, 275, 420]. Direct loading of the fibers 

can be achieved by dissolving the desired therapeutic agent within the polymer solution. 

Coaxial electrospun constructs consisting of a PEG core encapsulating plasmid DNA and 

a PCL sheath encapsulating a non-viral gene delivery vector have been shown to 

effectively transfect cells cultured on these three-dimensional (3D) constructs [319]. 

Core-shell electrospinning has also been implemented to incorporate multiple proteins in 

a biphasic, PEG-PCL scaffold [53]. While this is a more complex method of drug 

delivery, release is better controlled. Chemical conjugation of drugs to the fiber surface 

can also provide controlled release [159]. In one report, such surface immobilization 

resulted in a slower release profile than encapsulated drugs from coaxial electrospinning 

[53]. In another report, drugs encapsulated in MPs were dispersed throughout an 

electrospun scaffold and showed decreased encapsulation efficiency when compared to 

direct fiber embedding [405]. 

Numerous composites incorporating electrospun meshes have been described. For 

instance, composite scaffolds have been generated by dual electrospinning such that 

drug-loaded MPs are embedded in sacrificial poly(ethylene oxide) (PEO) fibers within an 

electrospun mesh consisting of slow-degrading PCL fibers as structural support [154]. 

Electrospun PCL microfiber meshes coated with pregenerated ECM have been shown to 

guide the in vitro differentiation of adult-derived stem cells into cartilage [208, 209] and 

bone [40, 70, 71, 146, 330]. To improve mechanical stability, fused deposition modeling 

(FDM) has been combined with electrospinning for cartilage tissue engineering [255]. 

The electrospun mats were used to entrap drugs and promote ECM production, while the 

FDM network provided structural support in the scaffold. Conversely, electrospun fibers 

have also been used to reinforce weaker materials. For instance, composite scaffolds have 

been described where PVA nanofibers loaded with liposomes were used as mechanical 

support for natural hydrogels loaded with different small molecules and GFs [90].  

Self-assembly 

 Self-assembly is a bottom-up approach that involves the integration of small 

structures, such as peptide amphiphiles (PAs), into larger structures that are oriented in a 
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particular fashion [305]. PAs are composed of both amphiphilic surfactants, which are 

important for fiber assembly, and bioactive peptides, which are instrumental for drug 

functionalization and cell signaling. Based on a variety of cues, including temperature, 

pH, and ionic strength [7], the PAs can be directed to self-assemble into nanofibers [61] 

or microfibers [411]. These cues can be modulated to mimic the natural self-assembly of 

ECM moieties [230]. Since self-assembly is a spontaneous process driven by 

thermodynamics, fine-tuning the chemical structure of the molecules alters their 

hydrophobic interactions, hydrogen bonding, and electrostatic interactions, and can be 

used to control assembly [230], Additionally, phase transition behavior of the peptide 

assembly through hydrophobic interactions can enhance control over fiber length and 

drug entrapment [8]. This approach has been shown to successfully form hierarchical 

bone-like structures at the nano- and microscale [127]. However, as summarized in Table 

3.1, this fabrication method has several limitations, including complex functionalization, 

limited scaffold size, and the need for specialized amphiphilic polymers and PAs capable 

of undergoing self-assembly. Scaffold size is limited because of the complexity of 

achieving a precise order over the scale needed to generate larger 3D structures. 

Furthermore, there is limited control over the process and outcome, as the assembly is 

free-energy driven and it is difficult to control amphiphile interactions in a precise way 

[54, 305]. Uncontrolled aggregation and degradation have been reported [313]. and may 

adversely affect controlled release of therapeutics.  

Several methods have been reported for incorporating drugs and small molecules 

within self-assembled nano- and microfibers, as shown in Table 3.1, including peptide 

surface functionalization and direct drug loading by encapsulation [357]. For instance, 

PA nanofibers have been functionalized with the biological adhesion peptide Arg-Gly-

Asp-Ser (RGDS) to encapsulate pyrene within the nanofibers [118]. Another study 

utilized surface functionalization to stabilize the drug of interest, ellipticine, as part of a 

nanofibrous therapeutic material for lung carcinoma [313]. Surface functionalization of 

self-assembling nanofibers with binding sites has been shown to slow the release of GFs 

for cartilage tissue engineering [326]. 

Several publications have described direct encapsulation of drugs within self-

assembling materials, particularly for cancer and gene therapy applications, due to the 
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fact that drugs can be encapsulated in a material that targets diseased tissue and can 

protect healthy tissue from a potentially adverse immune response. For instance, 

nanoscale fibrous and spherical micelles loaded with chemotherapeutics, such as 

paclitaxel, have been shown to target tumors in vivo when injected systemically [102]. 

Another study described microfibers generated from a mixture of peptides and DNA that 

successfully encapsulated a viral gene vector for delivery in vivo [411].  

While self-assembly is a novel and promising approach in the field of fiber-based 

scaffolds for tissue engineering, there has been a limited investigation on incorporating 

self-assembled fibers into macro-scale, implantable scaffold structures [304, 331]. 

Fibrous self-assembling materials have been utilized to enhance the mechanical 

properties of bulk materials, such as epoxy resins, where the addition of filamentous 

block copolymer micelles reduced crack propagation and brittleness [74]. Generally, self-

assembly has mainly been investigated regarding direct injection of fiber solutions for 

minimally invasive applications [326], but continual research is being conducted for 

scaffold fabrication and drug delivery [99, 221]. For instance, scaffold patterning using 

soft lithography and air spraying techniques has been investigated using an “ink” of self-

assembled chitin nanofibers to create films [431]. This provides one potential example of 

a scaffold fabrication technique that can achieve microscale and nanoscale features. 

3D printing 

3DP uses a computer-generated design to extrude fibers or droplets of material in 

a finely controlled, layer-by-layer fashion. As summarized in Table 3.1, a wide variety of 

polymeric and other materials can be 3D printed. 3DP provides excellent spatial control 

over fiber shape and diameter, as well as overall scaffold porosity and architecture [62, 

87, 265, 358, 365, 421]. In general, high porosity and microscale fiber diameters can be 

achieved with this method [247, 348]. The viscosity of the printed material, as well as 

operating temperature, pressure, and printing (material deposition) speed, can be varied to 

generate a scaffold with the desired fiber size and properties [87, 365].  

A limitation of 3DP is the interdependence of the operating parameters, such that 

the selection of a particular material may necessitate high temperature and/or pressure in 



66 

 

 

order to extrude a continuous fiber. In turn, the material choice is limited depending on 

the capabilities of the printing system [87, 365]. While one benefit of 3DP is that 

processing can be performed at polymer melting temperatures without the use of 

solvents, solvent dissolution is an option if room temperature printing is desired. 

Additional versatility can be introduced into the computer code controlling the 3DP 

apparatus, e.g., in the case where printed fibers require extra cooling time, it is possible to 

introduce pauses in the printing process to allow solidification of individual layers [307].  

Fiber diameter, layer thickness, and fiber spacing can be modified to control 

scaffold porosity [344]. In this manner, 3DP allows independent control over fiber 

diameter and pore size, which is not possible with other fiber fabrication techniques. This 

advantage allows further control over fiber degradation and subsequent drug release. In 

one study, bone scaffolds were fabricated with radially distributed drugs, in which it was 

possible to specify the sequence of drug loading with the computer design [403]. Through 

inkjet-based printing, drugs have also been deposited as nanoliter droplets [310] and on 

various biopapers [104] to evaluate control over drug deposition. 3DP has been shown to 

enable a high level of tailoring and control over the release kinetics of water-soluble 

drugs [103].  

3DP has also been incorporated into composite strategies for even greater 

versatility. In one composite 3DP application, printed PLGA structural barriers of 

controlled thickness were used to modulate the release of an anti-inflammatory 

corticosteroid from PVA fibers, the drug carrier material [307]. 3DP scaffold composites 

have also addressed the need for structural support and drug carrier materials. One study 

described a hybrid scaffold fabricated by simultaneous printing of a physical blend of 

PCL/PLGA to form structural fibers together with a natural hydrogel as a carrier material 

[328]. The composite was printed at body temperature and without the use of organic 

solvents, underscoring its potential for the incorporation of bioactive therapeutics and 

even cells [328]. In general, these composite methods further address the clinical need for 

highly complex tissue structures with controlled architectures.  
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3.4 Guidelines for drug delivery from fibrous scaffolds 

 In order for fiber-based scaffolds to be successful as drug delivery vehicles for 

tissue engineering, they must have an optimal release profile and a suitable pore structure 

to properly direct tissue formation through the scaffold. The appropriate fiber size should 

be chosen based on desired morphological structure, mechanical properties, and drug 

loading efficiency. For improved ECM mimicry and higher loading efficiency, nanofibers 

would be ideal, but microfibers provide the benefit of greater mechanical strength and 

improved drug release. When fabricating most of the scaffolds described herein, it is 

necessary to account for the degradation of the scaffold, as mechanical properties are 

subsequently lost over time, as well as the release mechanism of the drug, which has an 

impact on whether a burst or sustained release will be achieved.  

 We have discussed several methods of drug inclusion into scaffolds such as 

encapsulation in MPs, coaxial loading, direct embedding, surface adsorption, and 

functionalization/conjugation to the surface. While these are all viable strategies, the 

appropriate method of drug inclusion depends on its compatibility with the fiber-

processing technique, as operating parameters including temperature, solvents used, and 

pH, may adversely affect drug solubility or even inactivate some drugs during fabrication 

[429]. These obstacles can be mitigated by adding pre-loaded MPs or other drug carrying 

materials with suitable biocompatibility that protect encapsulated drugs from potentially 

damaging fabrication conditions.  

 It is also important to choose an appropriate material for the desired tissue 

engineering application, as mechanical properties, such as stiffness, will direct soft or 

hard tissue formation, and scaffolds must have adequate mechanical strength for load-

bearing applications. Moreover, the material solvents and degradation products should 

both be biocompatible and compatible with the drug itself, as well as the delivery 

mechanism. Strategies to control drug release have also been discussed to this end, as the 

addition of structural particles, for example, can modulate drug release due to physical or 

chemical interactions. In order to control drug release, scaffold degradation must be 

optimized. 
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 Drug choice will depend on the target tissue and the desired effect on the 

surrounding native environment in vivo. For instance, different types of GFs may be 

beneficial in stimulating various stages of cell differentiation or proliferation depending 

on time of release. Furthermore, it is important to consider inhibitory or synergistic 

interactions when using a combination of drugs, as simultaneous release can have an 

impact on early and late stage effects of tissue formation. This may also play a role in 

ECM production and remodeling, in which drugs could play a role in directing cell 

signaling and behavior. Additionally, in the case where drug delivery is targeted to a 

specific site, such as a tumor, consideration must be made in regard to protecting healthy 

cells from a high systemic dose and any other unnecessary toxicity. Thus, drug 

interactions in vivo should be inhibited or protected until the drug reaches its target. 

3.5 Conclusions 

 When considering the drug delivery applications for these established and 

emerging techniques, it is important to assess their clinical benefit and feasibility of 

fabrication. Phase separation is a relatively simple processing technique compatible with 

various synthetic polymers. Limitations include the use of organic solvents and high 

temperatures, which may affect scaffold bioactivity. Electrospinning uses a wide variety 

of materials and provides better control over fiber size and orientation than phase 

separation. Organic solvents and high voltage settings are limitations of the technique. 

Self-assembly has the capacity to produce fibers with intricate morphologies mimicking 

the natural ECM and is amenable to systemic drug delivery applications. Some 

limitations to overcome include complex functionalization and scaffold size. 3DP is a 

promising candidate for fiber-based drug delivery, as it allows excellent control over 

fiber diameter and pore size, and mechanical properties can be tuned during processing. 

3DP scaffolds are limited to microscale fibers, which may be undesirable in applications 

requiring nanoscale features. The challenges of these individual techniques for fiber-

based scaffolds for drug delivery underscore the potential benefits of composite materials 

capitalizing on the synergy of multiple fabrication techniques to achieve desirable fiber 

sizes and optimal drug release. 
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CHAPTER 4: IN VITRO TECHNIQUES FOR 

BIOMATERIAL EVALUATION IN BONE AND 

CARTILAGE TISSUE ENGINEERING
3
 

 

 

 

 

 

 

 

 

Abstract 

Tissue engineering of bone and cartilage is a widely investigated field that aims to 

develop biological substitutes capable of complete morphological and functional tissue 

regeneration. To accelerate their translation to the clinic, there is a need for non-invasive 

and non-destructive methodologies to objectively monitor engineered tissue development 

spatially and in real-time. Such technologies would provide improved screening, 

enhanced quality assurance, and increased product development. In this review, the use 

of various modalities for the in vitro evaluation of biomaterials for bone and cartilage 

tissue engineering will be discussed, with an emphasis on technologies that allow for 

comprehensive, non-invasive, and real-time monitoring of morphological changes and 

tissue development. Additionally, the role of computational modeling in providing low-

cost and highly predictive analysis of the performance of tissue engineered constructs 

will be considered. 
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4.1 Introduction 

Advancements in the field of tissue engineering and regenerative medicine have 

spurred the development of novel technologies to repair, restore, and ultimately, 

regenerate native tissue morphology and function [192, 220, 228]. Current efforts 

primarily focus on the use of an appropriate biomaterial as a three-dimensional (3D) 

biodegradable scaffold, synthetic extracellular matrix (ECM), and bioactive and 

mechanically stable substrate for stem cell differentiation and neotissue formation. 

Additionally, these biomaterial scaffolds can be designed for local and controlled 

delivery applications to modulate and direct host or encapsulated stem cell activity.  

Two tissue types that have been widely investigated are bone and cartilage. Over 700,000 

surgeries are performed each year for bone and cartilage defects, which current 

treatments such as autologous grafting or arthroplastic procedures inadequately repair 

[202]. Tissue engineering strategies that can promote and direct the appropriate cell 

response, maintain the correct cell phenotype, and encourage the deposition of ECM are 

viable alternatives that potentially address the existing challenges of donor availability, 

pathogen transfer, immune rejection and surgical complications [151]. There are several 

general design criteria for biomaterial scaffolds in bone and cartilage applications. The 

scaffold must be biocompatible, preferably integrating with and mimicking the local 

tissue architecture and mechanics, and degrade at the rate of tissue ingrowth. With 

growth factor delivery, the system must provide controlled, local release of bioactive 

factors. Cellular encapsulation and delivery must be mild and support normal cell 

activity, particularly attachment, proliferation and ECM deposition. In the specific case of 

bone tissue engineering, the mechanical strength, capacity for mineralization, and 

porosity for bone ingrowth and vascularization should be tuned for the intended 

application. For cartilage, the spatial control of cells, incorporated growth factors or 

scaffold properties to mimic the micro-organization and gradient properties of cartilage 

are important considerations. A number of different materials have been employed for 

both bone and cartilage tissue engineering applications including metals, ceramics, 

natural and synthetic polymers, as discussed in other reviews [193, 380]. These materials 

can be combined into composites and blends, or fabricated via different methods such as 
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electrospinning, rapid prototyping, and bioprinting to create scaffolds with the desired 

physicochemical and biological properties [67, 140, 359, 360]. 

Despite the tremendous progress made in these areas, few tissue engineering 

products have been translated from the laboratory to the clinic [270]. This is partly due to 

the lack of comprehensive and objective methods for characterizing biomaterials-based 

tissue engineered constructs in vitro [10, 114]. Current techniques for biomaterials 

characterization include biochemical assays and histological staining, which necessitate 

harsh processing and sample destruction to evaluate biomaterial performance, growth 

factor release, and cell behavior. Also, few of these techniques provide quantitative and 

longitudinal information regarding the physical properties, functional status, or 3D spatial 

resolution of tissue development over time. Another challenge is the inability to 

recapitulate the complex signaling and healing processes in vitro and accurately assess 

how a material may perform in vivo. Therefore, there is a great need for novel techniques 

that allow for high throughput and accurate screening of tissue engineered constructs to 

accelerate development, reduce costs at the preclinical and clinical testing stages, 

enhance quality assurance, and improve clinical translation. This review discusses the 

recent developments in non-invasive and quantitative in vitro imaging and biomaterial 

characterization techniques, as well as the advances in computational and finite element 

modeling (FEM), for bone and cartilage tissue engineering.  

4.2 In vitro characterization of biomaterials 

Although a biomaterial’s ultimate properties are defined by the physical and 

biological properties of the envisioned therapeutic application, biomaterials can be 

evaluated in vitro in accordance to two categories: 1) the physicochemical characteristics 

of the biomaterial itself, and 2) the interaction of the biomaterial with growth factors or 

cells. The following section will provide a brief discussion of select current technologies 

for in vitro characterization with emphasis on more comprehensive techniques.  
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Evaluating biomaterial characteristics 

The success of tissue engineered constructs relies on the fundamental 

physicochemical characteristics of the biomaterial to, among many other features, 

provide sufficient mechanical support, enable a suitable environment for tissue growth 

and mass transport, and biodegrade on a physiologically relevant timeframe [28]. Thus, 

there are number of scaffold parameters that need to be evaluated, including, but not 

limited to, the material composition, scaffold morphology and architecture, mechanical 

strength, thermal and flow properties, swelling, degradation kinetics, and 

cytocompatibility. Although discussion of all possible techniques is not within the scope 

of this paper, Table 4.1 provides a list of relevant standards from ASTM International 

and the International Organization for Standardization (ISO) by which to properly 

conduct in vitro experiments and evaluate scaffolds for bone and cartilage tissue 

engineering. Specifically, two parameters of particular interest – scaffold morphology 

and architecture and degradation kinetics – will be elaborated upon below.  

 

Table 4.1 Active and working standards for in vitro evaluation of biomaterials for 

tissue engineering 

Standard  Title  

ASTM F 2027  
Standard Guide for Characterization and Testing of Raw or Starting 

Biomaterials for Tissue-Engineered Medical Products  

ASTM F 2150  
Standard Guide for Characterization and Testing of Biomaterial 

Scaffolds Used in Tissue-Engineered Medical Products  

ASTM F 2064  

Standard Guide for Characterization and Testing of Alginates as 

Starting Materials Intended for Use in Biomedical and Tissue 

Engineered Products Application  

ASTM F 2212  

Standard Guide for Characterization and Testing of Type I Collagen 

as Starting Materials for Surgical Implants or Substrates for Tissue 

Engineered Medical Products  

ASTM F 2347  

Standard Guide for Characterization and Testing of Hyaluronan as 

Starting Materials Intended for Use in Biomedical and Tissue 

Engineered Products Application  

ASTM F 2103  

Standard Guide for Characterization and Testing of Chitosan Salts as 

Starting Materials Intended for Use in Biomedical and Tissue 

Engineered Products Application  

ASTM F 2883  

Standard Guide for Characterization of Ceramic and Mineral Based 

Scaffolds used for Tissue-Engineering Medical Products and as 

Device for Surgical Implant Applications  
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Standard  Title  

ASTM F 2900 
Standard Guide for Characterization of Hydrogels used in 

Regenerative Medicine 

ASTM F 2312  
Standard Terminology Relating to Tissue Engineered Medical 

Products  

ASTM F 2603 
Standard Guide for Interpreting Images of Polymeric Tissue 

Scaffolds  

ASTM F 2450  
Standard Guide for Assessing Microstructure of Polymeric Scaffolds 

for Use in Tissue Engineered Medical Products  

ASTM F 2739  
Standard Guide for Quantitating Cell Viability Within Biomaterial 

Scaffolds  

ASTM F 1983  
Standard Practice for Assessment of Compatibility of 

Absorbable/Resorbable Biomaterials for Implant Applications  

ISO 10993  Biological Evaluation of Medical Devices  

WK37592  
New Guide for In Vitro Release of Biomolecules from Matrices for 

Tissue Engineered Medical Products  

i. Scaffold morphology and architecture 

Scaffold morphology and architecture provide the structure and organization of a 

biomaterial and dictate many of the final degradation, mechanical properties, and mass 

transport characteristics of a tissue engineering construct. For both bone and cartilage 

tissue engineering, the scaffold parameters of interest are porosity, pore interconnectivity, 

and pore architecture. Porosity is defined as the percentage of void space in a solid [164]. 

Pore interconnectivity is loosely defined as the ratio of pore volume accessible to outside 

to total void volume [252] with the pore interconnects defined as the open space 

connecting adjacent pores [163]. Pore architecture refers to the pore geometry, size, 

hierarchal scale and heterogeneity. Pores have been shown to influence cell migration 

into the scaffold and ECM deposition, and the pore size has been shown to influence 

certain differentiation processes including osteogenesis, chondrogenesis, and 

angiogenesis [205]. Pores also allow for mechanical interlocking between the host tissue 

and neotissue, improving scaffold stabilization and integration [164]. Improved tissue 

healing in highly porous poly(methylmethacrylate) space maintainers compared to non-

porous scaffolds has also been demonstrated [339]. Pore sizes of 100-250 µm have been 

shown to improve osteoblastic deposition of mineralized ECM in vitro, while larger pore 

size ranges (250-500 µm) demonstrate maintenance of the chondrogenic phenotype and 

enhanced chondrocyte proliferation and glycosaminoglycan (GAG) production [213, 
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282]. In the case of pore gradients to mimic the zonal architecture of the osteochondral 

(OC) interface, gradients also promote anisotropic tissue growth in the different zones 

[401]. 

Although there are numerous methods to evaluate porosity, pore 

interconnectivity, and pore architecture, these properties have been most commonly 

evaluated through a combination of gravimetry, mercury porosimetry, and SEM imaging, 

as discussed in other reviews [164, 220, 235]. Gravimetry is a non-destructive technique 

that measures the total porosity of scaffold based on its apparent density and density of 

the material [164, 220]. Although it is simple, gravimetry provides only a rough 

estimation of the actual porosity, since the calculation is based on an approximation of 

the scaffold volume [360]. Mercury porosimetry, on the other hand, measures total pore 

volume fraction, average pore diameter and pore size distribution through mercury 

intrusion under high pressure. Pore characteristics are obtained using the Washburn 

equation with the assumption of cylindrical pore geometry and knowledge of the material 

contact angle with mercury [164]. The technique cannot distinguish isolated pores and 

provides limited information about pore interconnectivity, although the open porosity can 

be calculated [164]. Since it is a destructive technique, some caution must be taken when 

measuring easily compressible samples. The cost and toxicity of handling mercury must 

also be observed. Scanning electron microscopy (SEM) uses a focused electron beam to 

interact with a specimen under vacuum and collects scattered secondary electrons to 

generate high resolution images. The pore size distribution and porosity can be analyzed 

via computer analysis using programs such as ImageJ or SEMAfore [220]. However, the 

pore characteristics are obtained on a two-dimensional (2D) plane and thus, pore 

interconnectivity can only be analyzed qualitatively. Since samples must be dry and 

electroconductive, the use of SEM for imaging hydrated materials such as hydrogels is 

difficult, since the drying and sputtering process may distort the original pore 

morphology. Advances in SEM technology such as cyroSEM or environmental SEM now 

allow for imaging of samples in a frozen state or in wet environments, respectively [235, 

243]. Additionally, the use of other modalities such as magnetic resonance microscopy in 

tandem with SEM [66] allow for non-invasive imaging of porosity and pore 

interconnectivity. 
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Micro-computed tomography (μCT) is an x-ray based imaging modality that is 

being increasingly used for in vitro characterization of three-dimensional (3D) scaffolds. 

In comparison to other techniques, μCT represents a high resolution, quantitative, and 

non-invasive 3D reconstruction of 2D slices based on a specified region of interest (ROI) 

within the sample. Since μCT is a non-destructive technique, longitudinal analysis of 

scaffolds can be performed to evaluate porosity, pore interconnectivity, and pore 

architecture [19, 39, 129, 327, 340]. Additionally, scaffold segmentation for in-depth 

analysis and computational fluid modeling for permeability and biological performance 

in tandem with high resolution μCT provides predictive qualities [163, 252]. 

Furthermore, μCT may be coupled with computational modeling to evaluate scaffold 

mechanical properties, as described later. The primary limitations for μCT are that low 

contrast materials such as non-opaque hydrogels or high attenuating materials such as 

metal-containing scaffolds cannot be imaged, long data-acquisition times, and the 

quantifiable pore characteristics are more accurate for high porosity scaffolds than low 

porosity [136, 220].  

ii. Scaffold Degradation 

Elucidating the degradation kinetics of a scaffold is vital for estimating the rate 

and quality of neotissue formation, as well as growth factor release. Since biomaterials 

act as physical barriers to tissue regeneration, it is important that a scaffold’s degradation 

rate be tuned to match the rate of tissue ingrowth but also provide the necessary 

mechanical stabilization and correct release kinetics. Although the definitions for 

degradation and erosion are varied, in this review degradation is considered as molecular 

changes in the polymer chains, and erosion is defined as the loss of mass from the bulk 

material [49, 351]. Therefore, scaffolds typically exhibit two kinds of erosion – surface or 

bulk – which is facilitated by a passive hydrolytic-based or active enzyme-mediated 

degradation process [111]. Current methods for evaluating degradation are typically by 

measuring polymer mass loss over time of multiple scaffolds under accelerated or 

simulated physiological conditions. Accelerated conditions usually consist of one or more 

extreme conditions such as high temperature, highly acidic or basic solutions that can 

speed the reactions leading to degradation, allowing for the study of these materials on a 
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more reasonable timescale. However, accelerated studies do not extensively reflect the 

conditions in vivo, and as some studies have shown, the degradation mechanism also can 

differ [186]. Simulated physiological conditions provide a more accurate representation 

of the in vivo environment; however, the definition of this condition varies from study to 

study. For instance, it may include immersion in solutions of phosphate buffered solution 

or simulated body fluid at the correct physiological pH, temperature, and dynamic flow 

conditions [81, 222, 379]. However, without the addition of enzymes and other catalysts 

in the in vitro environment, these studies likely provide inaccurate measures of the 

degradation timescale, even if degradation is primarily controlled by hydrolysis. Thus, a 

number of studies evaluate degradation in tissue culture media with serum, or solutions 

with a preset amount of an effective enzyme such as matrix metalloproteinases, esterases, 

proteases, and alkaline phosphatase (ALP) [139, 188, 228]. However, due to the 

complexity of solutions and cellular cross-talk in vivo, it is difficult to model these 

conditions in vitro. Furthermore, the ability to evaluate the degradation of the same 

scaffold over multiple time points (i.e. the duration of the degradation period) in a non-

destructive manner is limited.  

A number of novel technologies are currently being employed to track 

degradation of scaffolds non-invasively and in real time, allowing for longitudinal studies 

of the same set of scaffolds. Fluorescent tagging of scaffold components has proven to be 

successful in tracking material degradation [11, 64]. Decay of total material fluorescence 

was measured to evaluate erosion in model hydrolytically and enzymatically degradable 

materials with varying formulations and shapes [11]. The in vitro erosion profiles of the 

fluorescein- and Texas Red-tagged scaffolds were able to more closely mimic, but not 

fully recapitulate, the in vivo profiles of implanted scaffolds in a subcutaneous, 

intraperitoneal, and intramuscular mouse models as compared to traditional gravimetric 

analysis. The accuracy of fluorescent tagging was improved for visualizing degradation 

in vivo by engineering a near-infrared (NIR) fluorophore with more in vivo 

physiochemical stability and minimal autofluorescence [173]. It was additionally 

demonstrated that clearance and biodistribution of degraded scaffolds could be imaged 

using NIR imaging [284]. Radiolabeling has also been successfully investigated [109], 

although the method is comparatively more expensive and time-consuming than 
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fluorescent tagging. Other imaging modalities have also been used to track degradation. 

Volumetric photoacoustic microscopy using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) formazan as a contrast agent was capable of 

monitoring degradation and structural changes of poly(lactic-co-glycolic acid) inverse 

opal scaffolds for up to 6 weeks in vitro and in vivo [428]. The main limitations with this 

technique include low penetration depth and difficulty of imaging bony or air-filled 

tissues. In a feasibility study, ultrasound elasticity imaging with phase-sensitive speckle 

tracking has been shown to provide morphological and functional changes in poly(1,8-

octanediol-co-citrate) scaffolds temporarily embedded in a gelatin phantom [172].  

Evaluating biomaterial interaction with cells and growth factors 

In order for tissue engineered constructs to successfully regenerate tissue, the 

most important characteristic that selected scaffolds should display beyond their 

fundamental properties is the ability to direct an appropriate biological response. This 

means that scaffolds acting as vehicles for therapeutic agents such as growth factors and 

drugs should provide controlled delivery of the correct dose, timing, and location; and 

scaffolds should support overall cell migration, proliferation, differentiation, and ECM 

production for the intended tissue type. 

Methods for evaluating growth factor delivery from scaffolds are relatively 

straightforward, typically using radiolabeling or fluorescent labeling to quantify 

cumulative and daily release of growth factors over time [139, 174, 257, 268]. These 

measurements determine the release profile, kinetics, and effective concentrations 

achieved by the scaffold design and provide a gauge on the potential activity in vivo. 

However, the use of these particular techniques becomes more difficult with the newer 

strategies that aim to recapitulate the natural signaling cascades through multiple growth 

factor delivery or gradient formation. Although evaluation of multiple growth factor 

release in a single system has been observed [173, 387], there are few technologies to 

generate and quantify a sustained soluble gradient over time. The development of such a 

tool would provide valuable insight for this developing field. 

To determine if the biomaterial can support and direct cell activity such as 

proliferation, differentiation, migration, viability, ECM production, and mineralization, a 
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combination of imaging techniques, biochemical assays, gene expression profiling, 

histology, and immunocytochemistry can be used. More thorough investigative 

techniques such as protein database profiling and metabolic assays enable more in-depth 

and quantitative analysis regarding cell behavior and tissue development and circumvent 

some of the primary concerns with established techniques such as assay specificity, 

sample processing/artifacts, and qualitative data. One method to obtain more detailed 

protein and mineral composition is to use liquid chromatography in tandem with mass 

spectrometry. Analysis of the resulting spectra in conjunction with protein database 

profiles, Mascot scoring system, and an exponentially modified protein abundance index 

provided precise information and quantification of the type, distribution, and relative 

abundance of different proteins and minerals in the matrix than could be achieved with 

several histological and biochemical assays [353]. 

While generally successful together in assessing scaffold performance, many of 

previously described techniques separately still provide only a snapshot of in vitro tissue 

development at a singular point in time. Recent technological developments have been 

examined for non-invasive and real-time monitoring of the properties of tissue 

engineered constructs including cell viability and distribution [10, 78, 335]. Tracking cell 

migration, viability, and distribution can be performed using fluorescent or luminescent 

cells, either genetically modified [24] or via traditional dyes, in conjunction with optical 

coherence microscopy (OCM) or confocal microscopy [29, 105, 335, 349, 412]. Both are 

optical imaging modalities that are being increasingly used for characterizing tissues due 

to their high resolution and representation of 3D spatial distribution in a non-invasive and 

real-time manner. In contrast to standard microscopy, which detects scattered light from 

multiple planes in a sample, confocal microscopy provides depth-resolved images by 

emitting high intensity light from a point source and detecting the scattered light through 

a pinhole set at the focal point of illumination [10, 105]. By eliminating scattered light 

from planes above and below the focal point, images achieved by confocal microscopy 

have enhanced resolution and can penetrate distances up to 500 µm. Additionally, since 

images can be acquired at different planes, confocal microscopy allows for the 3D 

reconstruction of multiple optical sections, which is beneficial for visualizing 3D tissue 

engineering constructs [29, 392]. One downside of confocal microscopy is the difficulty 
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in visualizing large constructs in 2D or 3D with high magnification or resolution. On the 

other hand, greater penetration depth of 2-3 mm may be achieved with OCM, which 

generates images based on the amount of time low-coherence light takes to travel through 

a specimen back to the detector [105, 335]. Image resolution is then subject to the 

refractive index of the specimen, wavelength of light, and numerical aperture of the lens. 

OCM imaging of MG63 bone or NIH3T3 fibroblasts cell lines seeded in porous poly(L-

lactic acid) (PLLA) or chitosan scaffolds, respectively, has demonstrated that OCM could 

successfully evaluate scaffold morphological changes and microarchitecture, 3D cell 

distribution, and near-surface functional characteristics without the use of contrast agents 

[349, 412]. Advances in OCM, such as full-field OCM, have shown potential to provide 

almost enough resolution to image individual cell morphology [412]. Other modalities 

such as magnetic resonance imaging (MRI) [185] and nuclear magnetic resonance 

imaging [59, 342] have also been investigated for this purpose. 

Many of the same modalities can also be used to monitor cell differentiation, 

ECM deposition, functional properties, and mineralization, which are described in Table 

4.2. Briefly, osteogenesis has been observed using electrochemical impedance 

spectroscopy [134], time-resolved laser-induced fluorescence microscopy [14], MRI 

[292] and two- and multi-photon microscopy [309]. Dual luciferase labeling has also 

been used to measure chondrogenesis from stem cells [377]. Due to the molecular 

structure of ECM, deposition of certain ECM proteins such as collagen can be monitored 

non-invasively over time using magnetic resonance microscopy, multiphoton 

microscopy, and ultrasound [182, 308, 320, 406]. The quantifiable nature of these 

imaging techniques provides powerful ways to non-invasively measure the mechanical 

properties of tissues as well, which has further simulated in combination with 

computational modeling. Two studies demonstrated the use of quantitative MRI and 

photoacoustics to successfully correlate relaxation time with the biomechanical properties 

of engineered cartilage [155, 250]. Lastly, mineralization of bone tissue engineering 

scaffolds has been successfully evaluated with μCT. In contrast to traditional calcium 

biochemical assay and von Kossa and Alizarin Red staining, μCT allows for quantitative 

analysis and visualization of mineralization distribution. A method using ultrasound (US) 

has one distinct advantage over μCT in that mineralization of scaffolds can be 
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consistently monitored in real-time without scaffold manipulation or handling [114]. 

However, these two methods do not provide information regarding the type of 

mineralization occurring. It is important then to consider the use of other technologies 

such as X-ray diffraction, Fourier transform infrared spectroscopy, and inductively 

coupled plasma optical emission spectroscopy to provide clearer understanding of 

underlying mechanisms [77, 122]. The variety and flexibility of the modalities mentioned 

demonstrates the potential for these technologies for comprehensive evaluation, but also 

highlights the strong need to validate and standardize these technologies so that they can 

be widely adopted. 
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Table 4.2 Methods for evaluation of biomaterial-cell interactions in vitro 

Modality Capabilities 
Material / 

Substrate 
Factors Key Results Reference 

Fluorescence/ 

Luminescence  

Cell 

visualization, 

cell 

quantification,  

cell 

differentiation  

OPF hydrogels 

and titanium 

mesh scaffolds  

Rat fibroblast 

cell line with 

green fluorescent 

protein and 

luciferase 

reporter genes  

Dual detection of luminescence 

and fluorescent enabled cell 

visualization, quantification, 

and viability status 7 d in vitro 

and 28 d in a rat subcutaneous 

defect  

 

Blum et al., 

2004. [24] 

2D layer and 

demineralized 

bone matrix 

scaffolds  

Mouse bone 

marrow stromal 

cell line (CL1) 

transduced with 

procollagen II 

promoter driving 

a firefly 

luciferase gene 

reporter and 

renilla luciferase 

gene driven by 

cytomegalovirus 

promoter  

Chondrogenesis observed by 

increases in light production by 

induced cells two weeks in vitro 

or up to 6 weeks in a SCID 

mouse subcutaneous model, 

which correlated with gene 

expression and histology  

Vilalta et al., 

2009. [377] 

Confocal 

microscopy  

Cell tracking, 

cell viability, 

cell distribution  

Rat tail Type I 

collagen and 

Matrigel  

C2C12 mouse 

myoblasts 

stained with 

CellTracker 

Green and 

propidium iodide  

Living and dead cells 

successfully visualized in real-

time over 13 h without loss of 

fluorescence  

Breuls et al., 

2003. [29] 
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Modality Capabilities 
Material / 

Substrate 
Factors Key Results Reference 

Optical 

coherence 

microscopy 

(OCM)  

Cell tracking, 

cell viability, 

cell distribution, 

scaffold 

morphology, 

functional 

characteristics, 

individual cell 

morphology, 

3D volume 

rendering  

Porous 

PLLA/tricalcium 

phosphate  

MG63 human 

bone cell line  

Overall pore and cell 

distribution and detailed cell 

morphology over 5 weeks 

monitored by  

time-domain and whole-field 

OCM  

Yang et al., 

2006. [412] 

Freeze-dried 

chitosan  

NIH3T3 

fibroblasts 

transfected with 

GFP-vinculin  

Cell behavior, morphological 

changes, and viability detected 

and correlated with histology 

over 9 d culture  

Tan et al., 

2004. [349] 

Magnetic 

Resonance 

Imaging (MRI) 

Cell tracking, 

cell 

differentiation, 

construct 

biomechanics  

Gas-foamed 

pullulan/dextran 

and agarose gels  

hADSCs with 

USPIO-

rhodamine 

nanoparticles  

Clustering of hADSCs observed 

within scaffolds after 8h; 

tracked cells in subcutaneous 

implant for 28 d 

Lalande et al., 

2011. [185] 

Gelatin sponge  hMSC  

Osteogenic differentiation 

correlated with decrease in T1 

and T2 relaxation times and 

apparent diffusion coefficient 

over 5 weeks and proportional 

to cell seeding density  

Peptan et al., 

2006. [292] 

Agarose gel  
Bovine calf 

chondrocytes  

Equilibrium Young’s moduli of 

engineered cartilage increased 

with decreased T1 relaxation 

time and water self-diffusion 

coefficient  

Miyata et al., 

2007. [250] 
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Modality Capabilities 
Material / 

Substrate 
Factors Key Results Reference 

Water 

suppressed 

Proton Nuclear 

Magnetic 

Resonance 

Spectroscopy 

Viable cell 

number 
Agarose disks  

Mouse 

insulinoma β3T3 

cells  

Viable cell number of disks 

with different seeding densities 

was accurately assessed over 13 

d through measurement of total 

choline resonance at 3.2 ppm 

and MTT assay  

Stabler et al., 

2005. [342] 

Two/Multi-

photon 

microscopy  

Cell 

differentiation, 

ECM 

microstructure 

and 

biomechanics  

2D monolayer  hMSCs  

Osteogenic differentiation 

monitored using intrinsic 

cellular fluorophores: 

NAD(P)H, flavoproteins, and 

lipofuschin  

Rice et al., 

2010. [309] 

Collagen 

hydrogel with 

differing fiber 

structure and 

crosslink density  

None  

Differences in collagen gel 

mechanical properties led to 

changes in optical properties 

that could be measured  

Raub et al., 

2007. [308] 

Ultrasound  

ECM 

deposition, 

mineralization  

Collagen 

hydrogels with 

three sizes of 

hydroxyapatite 

particles  

None  

Ultrasound imaging enabled 

real-time, non-invasive imaging 

of mineral deposition, 

distribution, density, and 

morphology in constructs over 

time  

Gudur et al., 

2012. [114] 

Fibrin hydrogel  

Ovine carotid 

artery-derived 

myofibroblasts  

Ultrasound successfully 

correlated increased gray-scale 

value with increased ECM 

density to measure collagen 

content over 18 d  

Kreitz et al., 

2011. [182] 
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Modality Capabilities 
Material / 

Substrate 
Factors Key Results Reference 

Magnetic 

resonance 

microscopy  

Cell 

differentiation  

Gelatin 

hydrogels  
hMSCs  

Osteogenesis marked by 

significant decreases in T1 and 

T2 relaxation times and 

apparent diffusion coefficient 

over 4 weeks  

Xu et al., 2006. 

[406] 

Electrochemical 

impedance 

spectroscopy  

Cell 

differentiation  

2D monolayer 

and 3D 

spheroids  

hMSCs  

Osteogenic differentiation was 

marked by significantly higher 

magnitudes in resistance, which 

correlated with ALP and von 

Kossa staining  

Hildebrandt et 

al., 2010. [134] 

Time-resolved 

laser induced 

fluorescence 

spectroscopy 

(TR-LIFS)  

Extracellular 

matrix 

composition  

2D monolayer  

Human adipose-

derived putative 

stem cells  

Types and ratios of collagen 

within deposited extracellular 

matrix of osteogenically 

differentiating cells over 5 

weeks successfully 

distinguished with TR-LIFS 

non-invasively 

Ashjian et al., 

2004. [14] 

Photoacoustic 

imaging  

Construct 

biomechanics  

Atelocollagen 

honeycomb with 

membrane seal  

Rabbit 

chondrocytes  

Photoacoustic measurements 

determined viscoelastic 

properties of engineered 

cartilage and ECM density over 

12 weeks by measuring 

relaxation times  

Ishihara et al., 

2005. [155] 

Microcomputed 

tomography 

(μCT) 

Mineralization, 

scaffold 

morphology, 

3D 

reconstruction 

Salt-leached silk 

fibroin  
hMSCs  

Bone volume, bone density, 

mineral density, surface-to-

volume ratio over 44 d 

successfully monitored and 

quantified in situ 

Hagenmuller et 

al., 2007. [122] 
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4.3 Computational modeling  

Computational modeling has been used extensively to delineate the mechanistic 

behavior of scaffold implantation at a defect site, material degradation, and host 

interactions and remodeling. Using knowledge from in vitro [184] and in vivo 

experiments, computational modeling may be applied to create low-cost predictions for 

biomaterial-host behavior and enable the development of more robust therapeutics for 

clinical applications [106]. Models allow the selective inclusion or exclusion of any 

number of variables applicable to the experiment – including but not limited to changes 

in biomaterial mechanical properties, composite material degradation, interactions from 

multiple cell types, and heterogeneous tissue remodeling – and allow investigation of 

mechanisms that may not be feasible to recreate in a conventional experimental setting. 

Additionally, modeling aids in selective isolation and control of variables for a more 

direct effects analysis of biomaterials and their environment [33, 123].  

One example demonstrating the benefit of computer modeling is the ability to 

quantify and localize mechanical stimuli throughout the entire scaffold, which is a 

technical challenge with experimental methods alone. This approach seeks to bridge the 

gap between understanding in vitro stimulus on a biomaterial and how the distribution of 

the stimulus in every portion of the scaffold promotes a biological response by the cells 

inside [123]. Regardless of the scaffold size or heterogeneity, it is possible to model 

activity in every portion of the matrix based on key assumptions for improved predictions 

of cell behavior. Design requirements of the scaffold must be considered to mimic the 

target tissue [142], including pore morphology [2], scaffold composition and shape [329], 

mechanical symmetries [141], elastic properties [33], degradation mechanism [49], and 

limits on cell migration [283]. As an example, modeling may enable analysis of 

biomaterials with highly irregular geometries. For instance, intrinsic implant 

heterogeneity can be accounted for using rule of mixtures [33], as well as pore 

morphology, overall shape, and organization of surrounding native tissue, whereas 

biomaterial symmetries, including uniform distribution of polymer chains [49], may 

allow modeling of a smaller percentage of the implant. In addition to assumptions, the 

establishment of boundary conditions allows modeling behavior in the scaffold as a 

whole or as the sum of its parts. Conditions on the initial mechanical and biological 
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environment of the native tissue may be included to evaluate integration with the host 

tissue [366]. Additionally, it may be assumed that the scaffold has an initially uniform 

loading condition [2], or that the scaffold aspect ratio exhibits an effect on mechanical 

properties [183]. For fluid and bioreactor-based experiments, it is important to establish 

the initial saturation [49, 234] or tissue filling [302] of the matrix, as well as governing 

diffusion coefficients for oxygen, nutrients, cells, and other factors [280]. 

Degradation and mechanical integrity  

Before considering tissue remodeling in vivo, it is necessary to characterize the 

biomaterial degradation rate and mechanism, which has been modeled for bone and 

cartilage tissue repair (Table 4.3), as well as for drug delivery applications [215]. As the 

biomaterial undergoes degradation in the case of bulk erosion, pore interconnectivity 

increases, allowing exploration of fluid flow dynamics in static or bioreactor conditions 

in vitro. Material degradation has a direct impact on implant mechanical properties, 

which can be modeled to elucidate the effect on stress shielding (in the case of bone), cell 

phenotype, and tissue regeneration. A combination of these factors may be considered in 

computer models for tissue infiltration and differentiation within the scaffold [33]. 

Bone regeneration and degradation have been modeled in vivo, assuming that a 

biodegradable polymer comprises the continuous phase of the implant and degrades by 

bulk erosion, accounting for accelerated diffusion as the bulk degrades and the surface 

area to volume ratio increases [2]. The model accounts for molecular weight, which may 

be linearly or non-linearly related to the material property (i.e. Young’s modulus), 

depending on the desired complexity of the model [2]. While the scaffold is degrading in 

vivo, it is also important to model cellular infiltration and tissue remodeling, which takes 

place upon exposure of pores [49] and mechanical stimulus [2] to the regenerative tissue 

surface. A first-order rate equation was applied to describe local changes in average 

molecular weight of a bulk polymer with microparticles, and the effect of degradation 

products on pH was evaluated based on its potential to enhance degradation rate [49]. 

Various degradation mechanisms of drug delivery systems may also be modeled to 

evaluate the release of drugs and growth factors from a bulk material [214, 215, 329]. 

Degradation may also be simplified by modeling scaffolds fabricated by solid freeform 
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fabrication due to their highly regular pore architecture, allowing predictions of cellular 

differentiation (fibrous, cartilage, bone) when exposed to circular and rectangular pores 

[50]. Furthermore, biphasic modeling of a linear elastic material has been proposed to 

predict cell differentiation state in scaffolds with pore gradients, in which fluid shear 

stress versus octahedral shear strain are quantified to distinguish among fibrous, cartilage, 

and bone tissues [283]. While extensive analysis has been performed on biomaterial 

degradation, most models do not often account for kinetics beyond hydrolysis due to the 

complexity of interactions in vivo, which may not provide a full picture of the biomaterial 

properties. 

The mechanical loading environment and subsequent biomaterial response are 

important in understanding the underlying biological mechanism of tissue repair. For 

example, in order to determine if stress and strain distribution within a biomaterial are 

sufficient for inducing osteogenesis in vitro, a computational model representing a linear 

relationship between Young’s modulus and porosity has been proposed to evaluate stress 

and strain distribution of injectable and non-injectable calcium phosphate-based ceramics 

[183]. Additionally, constitutive models for materials with viscoelastic or poroelastic 

properties have been developed to predict the stiffness of scaffolds with complex porous 

SFF architectures [141]. For modeling complex tissue mechanics, such as ECM 

organization in cartilage, several finite element models have been proposed to account for 

multiple phases and non-linear mechanical responses [94]. A finite element model has 

also been investigated to evaluate the effect of implant depth on mechanical behavior of 

surrounding tissue in vivo for full-thickness cartilage defects [234], and a similar model 

has been proposed to be patient-specific for increased predictive power of defect size and 

severity [285]. Integration of the implant with the host tissue has also been modeled to 

evaluate the likelihood of implant failure to repair partial and full-thickness cartilage 

defects [366]. To improve the 3D representation of in vivo tissue repair, bone tissue 

engineering applications have also shown the benefit of using μCT-based FEM [156] to 

evaluate the effect of mechanical loading on osteogenesis. In this investigation, a model 

was customized to each animal based on the defect morphology and native surrounding 

tissue, which would have immense clinical impact with the ability to non-invasively 
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personalize implant specifications for cancer patients or those suffering from other 

degenerative bone diseases or injuries.  

Tissue infiltration and remodeling 

Modeling of tissue regeneration within the scaffold may also incorporate flow and 

tissue infiltration from a bioreactor [50]. For cartilage tissue engineering, a diffusional 

transport model has been proposed to evaluate the effect of oxygen concentration and 

availability on GAG deposition of chondrocytes in a bioreactor model [280]. On the other 

hand, simulating osteogenic differentiation in a bioreactor may also be evaluated, where 

varying fluid flow conditions (inlet velocities and directions and medium viscosity) may 

be evaluated to optimize the compressive load on the cells within the biomaterial [316]. 

Important considerations in bioreactor experiments include understanding of non-

homogenous mechanical (stress, strain) and subsequent flow (pressure, shear stress) 

distribution in a scaffold and if the model may be simplified to assume steady-state and 

Newtonian fluid conditions [316]. For static culture for cartilage tissue engineering, a 

model has been proposed to predict time-dependent changes in scaffold mechanical 

properties, with the mechanistic understanding such as the secretion of soluble factors 

and cell-cell interactions of chondrocyte metabolism being the ultimate goal to optimize 

tissue engineering biomaterials [398].  

Cell behavior, whether from seeded cells on a tissue engineering construct or 

from stem cells in a neighboring tissue in vivo, may be included in the computational 

model to predict and validate biomaterial-host interactions. An extensive review has been 

provided illustrating algorithms to simulate cell movement, viability, differentiation, 

angiogenesis, and matrix production within a tissue engineering scaffold [302]. Cell 

migration and differentiation within an implant in vivo has been modeled using a random-

walk algorithm, which can account for motility and proliferation rates of different cell 

populations, as well as the effect of shear strain and fluid flow on cell fate [33]. Further 

ECM production may be modeled once cells have localized to a desirable niche, and 

predictions may be made on the quality and type of neo-tissue ingrowth in vitro and in 

vivo. 
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Table 4.3 Summary of computer models for bone and cartilage tissue engineering  

Tissue Model Measurements Key Results Reference 

Bone 

Linear rate equation, 

voxel finite element 

meshing 

Scaffold 

degradation, 

bone infiltration 

Degradation and tissue repair coupled 

Pore geometry affected mechanical properties 

Stress non-uniformities found to drive tissue 

repair or breakdown 

Only unit models used, so complex pore 

structures not accounted for 

Adachi et al, 2006. 

[2] 

Bone 

Mechanoregulation 

algorithm, 3D random 

walk modeling of cells, 

FEM 

Cell 

differentiation, 

bone repair 

Porosity, rate of degradation, Young’s 

modulus, and loading conditions found to play 

an interconnected role in bone regeneration 

and cell differentiation 

Cell death or oxygen gradients not accounted 

for 

Byrne et al, 2007. 

[33] 

Bone, 

cartilage 

First order rate kinetics, 

stochastic hydrolysis, 

mechano-regulation, 

FEM, topology 

optimization 

Scaffold 

degradation, 

tissue infiltration 

Double-symmetry in effective stiffness and 

permeability tensors found in a randomized 

degradation model 

Degradation mediated by diffusive transport 

and autocatalysis 

Degradation found dependent on a 

combination of rate of hydrolysis, scaffold 

architecture and size 

Chen et al, 2011. 

[49, 50] 

Cartilage 
FEM, poroviscoelastic 

model 

Principle stresses 

and axial strains, 

collagen fibril 

orientation in a 

human knee joint 

Von Mises stresses during dynamic loading 

(gait cycle) affected by fibril orientation 

Halonen et al, 

2013 [124] 

Bone 

Image-based 

homogenization (FEM), 

voxel modeling, 

MATLAB 

Stiffness of 

scaffolds with 

varying pore 

architectures 

Scaffold stiffness affected by fiber 

morphology 

Mass transport and scaffold stiffness was 

difficult to optimize simultaneously 

Hollister et al, 

2002, 2005, 2007. 

[141, 142] 
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Tissue Model Measurements Key Results Reference 

Bone μCT, FEM 

Stiffness and 

strain of 

biomaterial 

Apparent stiffness and material strain modeled 

native bone 

Mechanical strain and subsequent bone 

remodeling in the scaffold affected by cell 

seeding 

Jaecques et al, 

2004 [156] 

Bone μCT, FE mesh 

Porosity and 

mechanical load 

transfer 

Regions of cell compression and tension 

distribution in the scaffold observed when 

subjected to mechanical stimulus 

Lacroix et al, 

2006. [183] 

Cartilage 
FEM, biphasic 

poroelastic model 

Contact pressure, 

stress, implant 

displacement 

Joint stress impacted by implant position 

Femoral and tibial cartilage found to undergo 

differing levels of compression and expansion 

due to surrounding fluid flow 

Manda et al, 2011 

[234] 

Cartilage 

Diffusional transport 

model, Michaelis-

Menten kinetics 

GAG production 

as a function of 

local oxygen 

concentration 

Model observed that oxygen availability was 

more necessary in early stages of GAG 

production 

Obradovic et al, 

2000 [280] 

Bone, 

cartilage 

Biphasic model (solid 

and fluid) 

Axial strain, cell 

differentiation 

profiles 

Bone and cartilage tissue phenotypes exhibited 

different axial strain profiles depending on the 

pore structure, axial compressive strain, and 

inlet fluid velocity 

Olivares et al, 

2009 [283] 

Bone, 

cartilage 
FEM, CT, MRI 

Defect size, 

stress and load 

distribution 

(defect and edge) 

CT scan values could be translated to scaffold 

mechanical properties for critical-sized defects 

Papaioannou et al, 

2010 [285] 

Bone, 

cartilage 
FEM 

Cell fate, 

angiogenesis, 

ECM production 

Higher mechanical loading found to improve 

chondrocyte proliferation 

Prendergast et al, 

2010 [302] 

Bone μCT, FEM 

Fluid velocity, 

pressure, shear 

stress 

Model observed non-uniform distribution of 

fluid and solid mechanical profiles in scaffolds 

with heterogeneous pores 

Sandino et al, 

2008. [316] 
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Tissue Model Measurements Key Results Reference 

Bone, 

cartilage 
μCT, FEM 

Scaffold 

porosity, 

interconnectivity, 

imaging 

threshold for 

tissue ingrowth 

Thresholding created artifacts that may or may 

not be a part of model 

Maintaining a consistent ROI for scaffold 

model and native OC defect was difficult 

Tuan et al, 2005 

[364] 

Cartilage 
FEM, cohesive zone 

model 

Implant size, 

thickness, 

modulus, 

friction, 

Poisson’s ratio 

Likelihood and severity of implant failure 

increased with implant size, compliance, and 

surface coefficient of friction 

Vahdati et al, 2013 

[366] 

Cartilage 
First-order kinetic 

model 

ECM deposition 

(collagen and 

GAGs), polyester 

hydrolysis 

Inverse correlation found between GAG 

synthesis rate and concentration 

Cell number remained constant with culture 

time 

Higher porosity scaffolds had better fit 

Wilson et al, 2002 

[398] 
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The ability to model tissue ingrowth at continuous intervals from pre-implantation 

to post-harvest, as well as developing models for composite materials with complex 

mechanical and pore properties is crucial for understanding biomaterial degradation and 

tissue infiltration and remodeling [142]. Most models proposed are linear and do not 

account for complex boundary conditions, such as scaffold dimensions beyond a unit cell 

[2, 50], complex degradation kinetics [49], batch-to-batch variability [183], or cell 

transdifferentiation or death [33]. However, some models have accounted for complex 

interactions, such as oxygen gradients [280], angiogenesis [302], and integration and host 

influence on tissue repair [156]. Furthermore, it is important to be able compare 

simulation results with experimental data in the literature to support mechanistic 

interpretations. Additionally, computation modeling may increase experimental 

predictive power by allowing high-throughput modeling of in vitro and in vivo outcomes. 

However, current computing capacity, including long meshing time, may limit the 

feasibility of analyzing many combinations [183] and entire samples [316], which calls 

for improvements and simplification in programming code to enable faster modeling 

times. 

4.4 Conclusions 

To improve the clinical translation of bone and cartilage tissue engineered 

products, there is a need for non-invasive and non-destructive techniques that provide 

comprehensive and objective evaluation and rapid screening. Historically, a combination 

of techniques such as imaging, histology, and biochemical assays were used to gauge a 

material’s suitability and performance; however, with the advent of more advanced 

imaging modalities and computer modeling, new technologies allow for the non-

destructive and quantitative evaluation of tissue engineered constructs with improved 

predictive power of in vivo performance. Various technologies have been shown to be 

versatile and useful in the detection of not only fundamental biomaterial characteristics 

such as scaffold porosity and architecture and degradation, but also evaluating growth 

factor delivery, cell migration and differentiation, ECM composition and 

microarchitecture, and mineralization from biomaterial scaffolds. Advances in 

computational modeling are particularly exciting, as more basic models simulating single 



92 

 

 

interactions like scaffold biomechanics, degradation, or microarchitecture have 

progressed to simulate more complex and dynamic interactions, and their effect on tissue 

growth and ECM deposition. 

While the new technologies such as μCT and computer-aided design/FEM 

provide more rapid ways to preliminarily evaluate a scaffold’s behavior and screen 

various materials and geometries for a particular application, no combination of in vitro 

studies can provide a complete image of how a material will perform in the in vivo 

environment. Since the physiological environment cannot be fully recapitulated in vitro, 

in vitro studies can only provide a limited perspective on a material’s performance and 

hence, preclinical animal studies are the next necessary step. However, the advancements 

in 3D non-invasive imaging and more experimental in vitro and in vivo studies to validate 

and improve computer simulations will ultimately provide better ways for scientists to 

develop and rapidly screen tissue engineered constructs and accelerate their translation to 

the clinic. 
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CHAPTER 5: OPEN-SOURCE THREE 

DIMENSIONAL PRINTING OF 

BIODEGRADABLE POLYMER SCAFFOLDS 

FOR TISSUE ENGINEERING
4
 

 

 

Abstract 

The fabrication of scaffolds for tissue engineering requires elements of 

customization depending on the application and is often limited due to the flexibility of 

the processing technique. This investigation seeks to address this obstacle by utilizing an 

open-source three-dimensional printing (3DP) system that allows vast customizability 

and facilitates reproduction of experiments. The effects of processing parameters on 

printed poly(ε-caprolactone) scaffolds with uniform and gradient pore architectures have 

been characterized with respect to fiber and pore morphology and mechanical properties. 

The results demonstrate the ability to tailor the fiber diameter, pore size, and porosity 

through modification of pressure, printing speed, and programmed fiber spacing. A 

model was also used to predict the compressive mechanical properties of uniform and 

gradient scaffolds, and it was found that modulus and yield strength declined with 

increasing porosity. The use of open-source 3DP technologies for printing tissue 

engineering scaffolds provides a flexible system that can be readily modified at a low 

cost and is supported by community documentation. In this manner, the 3DP system is 

more accessible to the scientific community, which further facilitates the translation of 

these technologies toward successful tissue engineering strategies. 

                                                 

4
 Published as: Trachtenberg, J. E.; Mountziaris, P. M.; Miller, J. S.; Wettergreen, M.; Kasper, F. K.; 

Mikos, A. G. Open-source three-dimensional printing of biodegradable polymer scaffolds for tissue 

engineering. Journal of Biomedical Materials Research, Part A 2014, 102, 4326-4335. DOI: 

10.1002/jbm.a.35108. 
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5.1 Introduction 

Polymers have been widely used in the fabrication of scaffolds for tissue 

engineering applications due to their desirable mechanical properties and ease of 

processing [80, 92, 178]. Depending on the fabrication method, several processing 

parameters are known to have an impact on the polymer scaffold morphology. For 

instance, the effects of tunable parameters associated with electrospinning techniques, 

including voltage, collection distance, and polymer concentration, on the fiber diameter 

of poly(ε-caprolactone) (PCL) meshes have been investigated [272, 296]. Furthermore, 

the melting temperature of the material, polymer viscosity, operating pressure, and 

deposition speed are some parameters in three-dimensional printing (3DP) that can be 

modulated to create scaffolds of varying fiber diameter and pore size [88, 365].  

The characterization of appropriate scaffold architecture to encourage cell 

attachment, proliferation, migration, and differentiation is of primary importance [208]. 

Moreover, it is beneficial to identify the range of pore sizes that is suitable to promote 

cell infiltration into the scaffold and allow nutrient and waste transport [336, 337]. The 

effects of fabrication parameters on pore size and porosity can then be evaluated to 

facilitate production of scaffolds with optimal architecture for a particular tissue 

engineering application.  

3DP has been introduced as a promising rapid prototyping (RP) technique, as it 

enables the production of scaffolds with high pore interconnectivity and precise control 

over scaffold architecture [358, 359]. Several investigators have looked to expand the 

tissue engineering applications of RP to fabricate scaffolds with heterogeneous properties 

[266, 321, 344] and drug delivery components [307]. However, most of these proposed 

systems are either commercially available at a high cost or are custom-made, which limit 

the feasibility of replication of 3DP methods across the tissue engineering community.  

In this investigation, a previously available open-source technology is applied, 

which greatly reduces production costs in terms of printer assembly and maintenance, as 

well as provides user support for those who seek to build similar systems. Additionally, 

open-source systems allow great flexibility in the material choice and scaffold design, 



95 

 

 

enabling the fabrication of scaffolds with a wide variety of shapes and pore organizations. 

In the established system investigated herein, any CAD/CAM file can be uploaded to the 

printer software and printed with an open-source 3D printer. As an added benefit to the 

scientific community, the nature of the open-source technology allows any user to build 

an identical machine and repeat the same experiments at a relatively low cost. 

This work utilizes an open-source system for the fabrication of 3DP PCL 

scaffolds. PCL is both biocompatible and biodegradable, acting as a mechanically robust 

support material with a low melting temperature to accommodate printing capabilities 

[152, 425]. In the first study, 3DP scaffolds were fabricated based on varying printing 

parameters to characterize the effects of printing speed, fiber spacing, and pressure on 

overall porosity and pore and fiber morphology. Optimal parameters were then used in 

the second study to print scaffolds for mechanical testing to determine the effects of fiber 

spacing and porosity on compressive mechanical properties.  

5.2 Materials and methods 

Fabrication of uniform pore scaffolds for pore and fiber analysis 

PCL (Mn = 10,000, Aldrich, St. Louis, MO) pellets were poured into a 50mL 

syringe-based extruder and heated above the melting temperature at 75
o
C for 3min. Once 

the PCL was melted, the temperature was lowered to 60
o
C for the remainder of the 

printing. The extruder (Figure 5.1) (BariCUDA, Thingiverse.com) [247] and the RepRap 

Mendel 3D printer (MendelMax 1.5, Maker’s Tools Works, Oklahoma City, OK) were 

built using open-source electronics  (RAMBo, Ultimachine, South Pittsburg, TN). The 

grid-shaped scaffolds were fabricated with varying programmed parameters (printing 

speed, F (mm/min); pressure, P (psi); fiber spacing, s (mm)) using custom Python scripts 

via open-source Pronterface software. Python scripts are provided in the supplemental 

materials section. PCL scaffolds were printed at 60
o
C through an 18-gauge (0.84mm 

inner diameter) stainless steel nozzle, and fiber extrusion was controlled pneumatically 

under nitrogen pressure (8-20psi). Each PCL layer was allowed to cool for a programmed 

amount of time (30s after a 0
o
 layer (0

o
), 120s after a 90

o
 layer (90

o
)) before the 
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subsequent layer was printed (Figure 5.2). Samples were stored in petri dishes at room 

temperature before analysis. 

 

Figure 5.1 Photograph of BariCUDA extruder 

with schematic representations of heating and PCL components superimposed. Nitrogen 

gas is used to pneumatically control extrusion through a syringe-based extruder. 

Nichrome wire acts as a heating element around the entire surface of the syringe and 

melts the PCL pellets for facilitated extrusion. No solvents are needed for polymer 

extrusion in this system. 

 

In this study, scaffolds of uniform pore architecture (n = 4 per group) were 

fabricated following a full factorial design at varying pressures (8 < P < 20psi), printing 

speeds (300 or 400mm/min), and with varying fiber spacing (1.8, 2.0, 2.5mm) as 

described in Table 5.1. Printed layers were deposited in a 0-90
o
 fashion as 20x20mm 

grids with 6 layers (3 of 0
o
 and 3 of 90

o
) total. Figure 5.2 shows a schematic of the 

printing process, which details the parameters varied, as well as the architectures 

achieved with the custom code.  
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Table 5.1 3D printing processing conditions for uniform PCL scaffolds in a full factorial design  

Factor 
Print head speed 

(F, mm/min) 

Fiber 

spacing 

(s, mm) 

Temperature 

(T, oC) 

Operating 

pressure 

(P, psi) 

Delay time 

between 

layers 

(D, sec)* 

Layer 

height 

(z, mm) 

# 

Levels/Factor 
2 3 1 7 1 1 

Levels 300, 400 
1.8, 2.0, 

2.5 
60 

8, 10, 12, 14, 

16, 18, 20 

30 (0o), 120 

(90o) 

0.2 (0o), 

0.6 (90o) 

Total printing formulations tested 42 

* (0
o
): after a 0

o
 layer is printed, (90

 o
): after a 90

 o
 layer is printed 

 

 

Table 5.2 3D printing processing conditions for uniform and gradient PCL scaffolds in a full factorial design 

Factor 

Print head 

speed 

(F, mm/min) 

Fiber spacing (s, mm) 

Temperature 

(T, 
o
C) 

Operating 

pressure 

(P, psi) 

Delay 

time 

between 

layers  

(D, sec) 

Layer 

height 

(z, mm) 

** 

Uniform Gradient 

# 

Levels/Factor 
1 4 3 2* 1 1 1 1 

Levels 400 
1.2, 1.5, 

2.0, 2.5 

1.5/2.0, 

1.5/2.5, 

2.0/2.5 

(Pa), 

(Pb) 
60 16 

30 (0
o
),  

120 (90
o
) 

0.2 (0
o
),  

0.6 (90
o
) 

Total printing formulations tested 10*** 

*  (Pa) Scaffold was tested with smaller pore size on bottom 

(Pb) Scaffold was tested with smaller pore size on top 

** (0
o
): 0

o
 layer, (90

o
): 90

o
 layer 

*** 4 + 3 x 2 = 10 formulations 
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Figure 5.2: Schematic of 3D printing 

Programmed fiber spacing (s, mm), printing speed (F, mm/min), and operating pressure 

(P, psi) are specified in the Python code to print 0o and 90o PCL layers. One 0o and one 

90o layer are considered to be a complete grid with square pores. Pore size (dp, mm) and 

fiber diameter (df, mm) can be measured using optical microscopy and later used to 

calculate the experimental fiber spacing to compare to its corresponding programmed 

value (s). 

i. Porosity measurements 

According to previous methods [296], the porosity of the 3DP scaffolds for both 

the first and second studies was measured using gravimetry. Scaffold length (L), width 

(W), and thickness (T) were measured using micro-calipers in order to calculate the 

scaffold volume. Scaffolds were weighed (wscaffold) to determine the total porosity (ε) 

according to Equation 5.1, where ρscaffold is the scaffold density, and ρmaterial is the density 

of PCL (1.146 g/mL) (Mn = 10,000, Aldrich, St. Louis, MO):   

 

𝜀 =  1 –
𝜌𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
= 1 −

𝑤𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝐿𝑊𝑇𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
         

Equation 5.1 (Scaffold porosity) 

ii.  Fiber diameter and pore size measurements 

3DP PCL scaffolds were imaged with a stereomicroscope (MZ6, Leica 

Microsystems, Wetzlar, Germany), and representative images are shown in Figure 5.3. 

Fiber diameter and pore size measurements were made digitally by placing a caliper with 
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a known span separation adjacent to the sample in the field of view – establishing a scale 

– and were recorded in the x and y direction. x and y measurements were combined and 

are reported as a total mean + standard deviation. 

 

 

Figure 5.3 Representative optical micrograph 

of a top view of a 3DP PCL scaffold with (A) s = 1.8mm, (B) s = 2.0mm, (C) s = 2.5mm. 
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iii. Fiber spacing measurements 

With the pore size and fiber diameter known, it was possible to calculate the 

experimental fiber spacing, sexp in Equation 5.2, and compare it to the programmed 

(theoretical) pore spacing, where dp is the pore size, and ∑df is the sum of the two 

neighboring fiber diameters. 

 

𝑠𝑒𝑥𝑝 = 𝑑𝑝 +
∑ 𝑑𝑓

2
.           

Equation 5.2 (Fiber spacing) 

 

Fabrication of uniform and gradient pore scaffolds for mechanical testing 

Uniform PCL scaffolds were printed as described above. However, scaffolds with 

gradient pore architectures were also printed according to the factorial design in Table 

5.2. Both uniform (s = 1.2, 1.5, 2.0, 2.5mm) and gradient (s = 1.5/2.0, 1.5/2.5, 2.0/2.5) 

fiber spacings were investigated. Scaffolds with two pore sizes were printed with the 

smaller pore size (Pore A) on the bottom and the larger pore size (Pore B) on the top. 

Based on results from the pore and fiber analysis in the first study, scaffolds were printed 

(n = 3 per group) with a speed of F = 400mm/min at 60
o
C and 16psi. Scaffold dimensions 

were programmed as 20 x 20mm square grids with 8 total layers (4 layers each of Pore A 

and Pore B; approximately 3mm thickness). Since limited data exist providing the bulk 

compressive properties of PCL [82], a value of s = 1.2mm was selected as the standard 

fiber spacing that would result in a solid scaffold (based on fiber diameter results from 

the first study for scaffolds with F = 400mm/min, P = 16psi), which would allow for 

comparison of mechanical results to porous scaffolds.  

i. Compressive mechanical measurements 

Scaffold mechanical properties were measured to evaluate the influence of pore 

size and organization (gradient vs. uniform scaffolds) on compressive modulus and yield 

strength. Samples were subjected to compressive loading using a mechanical testing 

system (MTS, 858 Mini Bionix, Eden Prairie, MN) equipped with a 10kN load cell. 
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Samples were compressed along their short axis (height) between two parallel fixed steel 

platens at a cross-head speed of 0.5mm/min after a preload of 25N was applied. Force 

and displacement were measured during compressive testing and later converted to stress 

and strain based on the initial dimensions of the scaffold [130]. The compressive modulus 

and compressive yield strength were analyzed using the TestStar 790.90 mechanical data 

analysis package (MTS), where the modulus was calculated as the slope of the linear 

(elastic) region of the stress-strain curve. A parallel line was drawn to the linear region 

and was offset at 0.2% strain to calculate the compressive yield strength, which was 

applicable in cases where the offset line intersected with the stress-strain curve [397].  

Statistical analysis 

All measurements are represented as the mean + standard deviation. For statistical 

analysis, the means were compared using a one-way analysis of variance for each F/s 

combination (n = 4 for each pressure tested for the 6 groups in the first study, n = 3 for 

mechanical samples in the second study). Data were tested on a normal distribution and a 

p-value < 0.05 was considered to indicate significance, in which statistical differences 

were determined using Tukey’s Honestly Significant Differences test. Calculations were 

performed in Microsoft Excel.  For mechanical testing, a linear regression was fit to the 

data using JMP Pro 10 software. For a best fit to the experimental data, natural logarithm 

transformations were applied to both the dependent and independent variables, 

corresponding to a power-law relationship. For theoretical predictions, the same natural 

logarithm transformations were applied, but the slope was fixed to m = 2 and n = 1.5 for 

compressive modulus and yield strength, respectively. 

5.3 Results 

Pore and fiber morphology of uniform pore scaffolds 

In this study, the 3DP of PCL scaffolds was investigated using open-source 

technology. The effect of processing parameters (printing speed, pressure, and fiber 

spacing) on porosity, pore size, and fiber diameter was evaluated. In general, faster 
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printing speeds required a higher operating pressure to achieve repeatable fabrication. It 

was found that at some pressures, it was not possible to print certain F/s combinations, 

which is indicated in Figure 5.4-Figure 5.6. Consequently, statistical comparisons 

among F/s combinations were not performed at a given pressure. Printing was possible 

for all combinations at 14psi, which was the mid-range pressure (8 < P < 20psi) tested in 

this study.  

i. Porosity measurements 

At printing speeds of 300 and 400mm/min, it was possible to fabricate scaffolds 

with a minimum porosity of 19+3% and 20+1% and a maximum of 60+0% and 55+1%, 

respectively. Average porosities for F = 300 and 400 were 40+13% and 36+12%, 

respectively. As shown in Figure 5.4a and b, porosity generally decreased with 

increasing pressure. Furthermore, for scaffolds with s = 2.5mm, a change in pressure 

resulted in a significant difference in porosity for both groups (F = 300 and 400).  
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Figure 5.4 Comparison of the porosities of 3DP scaffolds 

printed at a) F = 300mm/min and b) 400mm/min measured using gravimetry. The data 

represent means of four samples with the error bars representing the standard 

deviations. One-way ANOVA was used to determine significant differences within each 

F/s combination (p < 0.05). Significance in (#) s = 1.8 group, (*) s = 2.0 group, (†) s = 

2.5 group. A-B Values marked with same letter do not differ. Note: It was not possible to 

print all F/s combinations at P = 8, 10, 12, 16, 18, 20psi (where bars are absent). 

Fiber diameter and pore size measurements 

For scaffolds printed at speeds of 300 and 400mm/min (Figure 5.5a and b, 

respectively), results demonstrate a minimum fiber diameter of 0.69+0.13mm and 

0.74+0.08mm and a maximum of 1.22+0.10mm and 1.47+0.14mm, respectively. 

Average fiber diameters for F = 300 and 400 were 0.97+0.17mm and 1.02+0.22mm, 

respectively, with some significant differences for F/s combinations (F/s: 300/2.0, 

300/2.5, 400/2.0, 400/2.5). Significant differences were observed at all pressures for the F 

= 400mm/min, s = 2.5mm group. Additionally, a minimum pore size of 0.60+0.10mm 

and 0.49+0.15mm and a maximum of 1.66+0.14mm and 1.77+0.14mm were measured 

for scaffolds printed at speeds of 300 and 400mm/min, respectively. Average pore sizes 

for F = 300 and 400 (Figure 5.5c and d, respectively) were 1.13+0.34mm and 
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1.09+0.39mm, respectively. For F = 300, s = 2.0 and 2.5mm groups, and F = 400, s = 1.8 

and 2.5mm groups, significant differences in pore size were observed at all pressures.  

ii. Fiber spacing measurements 

While significant differences (p < 0.05) were observed for some of the F/s 

combinations (F/s: 300/1.8, 300/2.0, 300/2.5, 400/2.0), experimental fiber spacing stayed 

constant overall with varying pressure (Table 5.3). Figure 5.6a and b show the 

experimental values for F = 300 and 400mm/min, respectively, as compared to the 

programmed spacing, which is indicated by the dashed line for each respective s.  

 

Table 5.3 Average fiber spacing of 3DP PCL scaffolds  

using the conditions described in Table 5.1
a
 

Programmed 

fiber spacing 

(mm) 

Experimental fiber 

spacing, F = 300 

(mm) 

Experimental fiber 

spacing, F = 400 

(mm) 

Total experimental 

fiber spacing (mm) 

1.8 1.72 + 0.02 1.72 + 0.09 1.72 + 0.07 

2 1.95 + 0.03 1.96 + 0.04 1.96 + 0.03 

2.5 2.47 + 0.07 2.56 + 0.03 2.51 + 0.07 
a
Measurements represent the means and standard deviations of 5 X and 5 Y fiber 

spacings on the top of each scaffold (n = 4 per programmed fiber spacing group). Total 

experimental fiber spacing measurements represent the means and standard deviations 

for both printing speeds (F = 300 and 400). 
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Figure 5.5 Fiber diameter and pore sizes of 3DP PCL scaffolds 

Comparison of the a), b) fiber diameters and c), d) pore sizes of 3DP scaffolds printed at 

a), c) F = 300mm/min and b), d) 400mm/min measured using optical microscopy. The 

data represent means of four samples with the error bars representing the standard 

deviations. One-way ANOVA was used to determine significant differences within each 

F/s combination (p < 0.05).  Significance in (#) s = 1.8 group, (*) s = 2.0 group, (†) s = 

2.5 group. A-C Values marked with same letter do not differ. Note: It was not possible to 

print all F/s combinations at P = 8, 10, 12, 16, 18, 20psi (where bars are absent).
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Figure 5.6 Comparison of the fiber spacings of 3DP scaffolds 

printed at a) F = 300mm/min and b) 400mm/min. The data represent means of four 

samples with the error bars representing the standard deviations. One-way ANOVA was 

used to determine significant differences within each F/s combination (p < 0.05).  

Significance in (#) s = 1.8 group, (*) s = 2.0 group, (†) s = 2.5 group. A-B Values 

marked with same letter do not differ. Note: It was not possible to print all F/s 

combinations at P = 8, 10, 12, 16, 18, 20psi (where bars are absent). 

Mechanical testing of uniform and gradient scaffolds 

In this study, uniform and gradient scaffolds were fabricated and tested 

mechanically. Processing parameters, such as printing speed, pressure, and temperature 

were kept constant to evaluate the effect of fiber spacing on compressive modulus and 

yield strength. The effect of porosity on these mechanical properties was also evaluated 

based on previous analysis in our laboratory [355]. In general, it was more feasible to 

print scaffolds with smaller pore sizes on the bottom (Pa) than on the top (Pb). It was 

possible to repeatably print scaffolds with layers comprising distinct pore sizes in this 

manner. For the 1.5/2.5mm (Pa) and (Pb) groups, only two of the three samples exhibited 

a point of intersection with the offset line and the stress strain curve (i.e., the point of 

compressive yield strength). Thus, Tukey’s HSD was modified to consider comparisons 

of unequal sample size in appropriate cases. 
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i. Porosity measurements 

At a printing speed of 400mm/min and pressure of 16psi, it was possible to 

fabricate scaffolds with porosities ranging from 15+9% to 40+9%. As shown in Figure 

5.7, porosity was not significantly different for (Pa)/(Pb) pairs (gradient scaffolds with the 

same pore morphology but tested with opposite pore sizes facing up) except for the s = 

2.0/2.5mm group. Again, a general increase in porosity was observed with increasing 

fiber spacing.  

 

 

Figure 5.7 Comparison of the porosities of uniform and gradient 3DP scaffolds 

printed at F = 400mm/min, P = 16psi. (solid) indicates a fiber spacing that produces 0% 

theoretical porosity at the given F and p values. Groups with dashed lines are printed in 

the same manner as their solid counterpart. (Pa) Scaffold was tested with smaller pore 

size on bottom. (Pb) Scaffold was tested with smaller pore size on top. The data represent 

means of three samples with the error bars representing the standard deviations. One-

way ANOVA was used to determine significant differences among groups (p < 0.05). A-E 

Values marked with the same letter do not differ.  
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ii. Compressive mechanical properties 

Figure 5.8a and b show the effect of fiber spacing (which accounts for pore size 

and fiber diameter) on mechanical properties. Some significant differences were present 

for both compressive yield strength and modulus with respect to the 1.2mm and 1.5mm 

groups, but no differences were present among the other groups. Furthermore, Figure 

5.9a and b, respectively, illustrate trends for compressive yield strength (fc) and 

compressive modulus (E) versus volume fraction (1 – ε). Table 5.4 also summarizes the 

mechanical properties reported as mean + standard deviation, as well as the experimental 

power law relationship as determined by linear regression. 

 

 

Figure 5.8 Mechanical testing of 3DP PCL scaffolds 

Compressive testing a) yield strength, b) modulus, of porous 3DP scaffolds (uniform and 

gradient) printed at F = 400mm/min, P = 16psi. (solid) indicates a fiber spacing that 

produces 0% theoretical porosity at the given F and p values. Groups with dashed lines 

are printed in the same manner as their solid counterpart. (Pa) Scaffold was tested with 

smaller pore size on bottom. (Pb) Scaffold was tested with smaller pore size on top. † and 

# indicate statistical significance (p < 0.05, n = 3) within compressive yield strength and 

modulus values, respectively. 
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Table 5.4 Summary of mechanical results and experimental power law relationships  

for uniform and gradient PCL 3DP scaffolds using the conditions described in Table 5.2 

Property Min (MPa) 
Max 

(MPa) 

Average ± 

SD (MPa) 

Power Law 

Equation 

Compressive Yield 

Strength 
3.3 15.2 8.6 ± 4.1 fc = 25.0 (1-ε)

3.64
 

Compressive 

Modulus 
23.6 87.9 42.0 ± 20.7 E = 97.0 (1-ε)

2.91
 

5.4 Discussion 

The results from this investigation demonstrate the ability to print scaffolds with 

varying architectures and optimize scaffold fabrication at desired settings. Specifically, 

porosity, pore size, and fiber diameter can be tuned with operating pressure, printing 

speed, and programmed fiber spacing. Furthermore, open-source printing can be 

employed to fabricate PCL scaffolds with uniform and gradient pore architectures. While 

a main effects analysis for pore and fiber morphology would have been a powerful tool to 

interpret the results, performing this analysis on the present data would eliminate a 

majority of the groups from consideration, limiting the usefulness and impact of the 

interpretation. Important information can be gleaned, however, by qualitatively 

comparing results between the two printing speeds and among groups printed at the same 

speed. 

Macroscopically, individual fibers could be observed. Optical microscopy 

provided aid in visualizing individual layers (Figure 5.3) and identifying any areas of 

fiber fusion. Microscopic imaging also showed fibers that were slightly tapered. During 

the printing process, this tapering became more noticeable as scaffold height increased, 

while the first layers tended to have more uniformly cylindrical fibers. This tapering may 

have been circumvented by printing at a lower printing speed or using a syringe tip with a 

smaller cross-sectional area (gauge > 18G). While there were some irregularities with the 

fiber morphology, fiber diameter and pore size were measured in the center and a 

uniform morphology was assumed in order to standardize and simplify measurements.  

Assuming that the molten PCL is viscous and non-compressible (Newtonian) and 

exhibits a laminar flow profile, its flow rate can be characterized by Equation 5.3, 
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𝑄 =
𝜋∆𝑃

128𝐿𝜂
𝑑4           

Equation 5.3 (Hagen-Poiseuille, flow rate) 

 

where ΔP is the pressure differential, d is the nozzle inner diameter, L is the nozzle 

length, and η is the polymer viscosity [399]. The observation that porosity decreased with 

increasing pressure (Figure 5.4) is in agreement with both Equation 5.3, since flow rate 

and pressure are directly proportional, and the fact that printing temperature and scaffold 

dimensions remained constant throughout the study. When comparing porosity results for 

the same fiber spacing (s), scaffolds printed at F = 400mm/min generally exhibited a 

higher porosity than F = 300mm/min groups, an observation which could be strengthened 

by an analysis of main effects. The results in Figure 5.5 demonstrate that fiber diameter 

increased with increasing pressure, which agrees with Equation 5.3 as well, since flow 

rate is directly proportional to pressure and nozzle diameter, and nozzle diameter 

remained constant. A decrease in fiber diameter was generally observed at a higher 

printing speed when comparing F = 300 and 400mm/min groups at the same fiber 

spacing, which is consistent with previous results using the same printing system [247]. 

However, this observation could be supported by additional testing at different printing 

speeds with the same fiber spacing combinations and pressure ranges, which was beyond 

the scope of this study. Figure 5.5 also demonstrates that pore size decreased with 

increasing pressure, which agrees with both decreasing porosity and increasing fiber 

diameter. To achieve pore sizes smaller than 400µm, slower printing speeds could be 

investigated, since slower speeds facilitate printing at lower operating pressures. As with 

porosity, an increase in pore size was generally observed for F = 400 groups as compared 

to F = 300 groups with the same fiber spacing. When comparing F = 300 and 400 groups, 

experimental fiber spacing corresponded to its theoretical value (programmed fiber 

spacing) despite varying printing speed (Figure 5.6). These results confirm the accuracy 

and repeatability of the printer at different speeds and pressures. 

With respect to mechanical properties, scaffolds subjected to compressive loading 

exhibit a higher compressive modulus and yield strength when they contain a lower 

overall porosity (Figure 5.9). The compressive mechanical properties of the scaffolds 

may be predicted based on governing equations of porous materials. Juxtaposition of the 
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two relationships on the same graph allows comparison between the theoretical 

prediction and experimental fit. Experimental results indicate a power law relationship 

consistent with theoretical predictions of an isotropic cubic cell [108, 355]. These 

equations relate the compressive modulus (E) (Equation 5.4) or the yield strength (fc) 

(Equation 5.5) to the volume fraction (1 – ε), 

 

𝐸 = 𝐶1(1 − 𝜀)𝑚          

Equation 5.4 (Power law, compressive modulus) 

 

𝑓𝑐 = 𝐶2(1 − 𝜀)𝑛           

Equation 5.5 (Power law, yield strength) 

 

where slopes m and n are predicted as 2 and 1.5, respectively, and C1 and C2 are 

constants [355]. The power law relationship demonstrates a decline in compressive 

properties with increased porosity (ε). These results indicate that while porosity (ε) had 

an effect on mechanical properties, pore size did not, which is consistent with previous 

mechanical results in our laboratory [355]. As a primary method of analyzing the effect 

of pore size on mechanical properties, it was assumed that all pores were isotropic for 

both uniform and gradient scaffolds. While distinct pores of the gradient scaffolds were 

considered to be isotropic, a more rigorous model could be applied to predict 

compressive properties of these scaffolds by considering an anisotropic pore morphology.  
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Figure 5.9: Mechanical properties of both uniform and gradient scaffolds. 

a) Scaffold compressive yield strength and b) compressive modulus as a function of 

volume fraction, where ε = porosity and both axes are on a logarithmic scale (base 10). 

Predicted values for dotted line (Theory) a) slope = 1.5 and b) = 2, follow a power law 

relationship of an isotropic cubic cell. Experimental values follow a best fit power law 

relationship as stated in Table 5.4. 
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5.5 Conclusions 

The objective of this investigation was to characterize the effects of fabrication 

parameters on printed PCL scaffold architecture for tissue engineering. The novelty of 

this approach incorporates the use of an established open-source printing system that 

allows vast customizability and facilitates reproduction of experiments to manufacture 

PCL scaffolds with uniform and gradient pore architectures. An investigation has been 

performed on 3DP scaffolds regarding the effect of key processing parameters on 

scaffold fiber and pore morphology and mechanical properties. While the ability to 

provide an analysis of main effects was hindered due to fabrication limitations, a 

qualitative difference in porosity, fiber diameter, and pore size between groups with two 

different printing speeds and the same fiber spacing could be reported. Upon evaluating 

the compressive yield strength and modulus of uniform and gradient scaffolds, these 

results demonstrated the ability to print PCL as a mechanically robust support material 

with varied structure. Furthermore, the use of open-source 3DP technologies allows 

flexibility in the fabrication of scaffolds for tissue engineering, as the printing apparatus 

can be adapted based on the application at a low cost, and further modification can be 

provided and supported by the open-source community to produce optimal technologies 

for the laboratory and the clinic. 
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CHAPTER 6: EXTRUSION-BASED 3D 

PRINTING OF POLY(PROPYLENE 

FUMARATE) IN A FULL-FACTORIAL 

DESIGN
5
 

 

 

 

Abstract 

3D printing has emerged as an 

important technique for fabricating 

tissue engineered scaffolds. However, 

systematic evaluations of biomaterials 

for 3D printing have not been widely 

investigated. We evaluated poly(propylene fumarate) (PPF) as a model material for 

extrusion-based printing applications. A full-factorial design evaluating the effects of 

four factors (PPF concentration, printing pressure, printing speed, and programmed fiber 

spacing) on viscosity, fiber diameter, and pore size was performed layer-by-layer on 3D 

scaffolds. We developed a linear model of printing solution viscosity, where 

concentration of PPF had the greatest effect on viscosity, and the polymer exhibited shear 

thinning behavior. Additionally, linear models of pore size and fiber diameter revealed 

that fiber spacing and pressure had the greatest effect on pore size and fiber diameter, 

respectively, but interplay among the factors also influenced scaffold architecture. This 

study serves as a platform to determine if novel biomaterials are suitable for extrusion-

based 3D printing applications. 

                                                 

5
 Published as: Trachtenberg, JE; Placone, JK; Smith, BT; Piard, CM; Santoro, M; Scott, DW; Fisher, JP; 

Mikos, AG. Extrusion-Based 3D Printing of Poly(propylene fumarate) in a Full-Factorial Design. ACS 

Biomaterials Science & Engineering. In press. DOI: 10.1021/acsbiomaterials.6b00026 
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6.1  Introduction 

The development of a scaffold has to fulfill many requirements for promoting 

tissue regeneration. Biocompatibility, balanced degradation with tissue ingrowth, 

maintained integrity during degradation, interconnected porosity for mass transport, and 

relevant pore size for cell migration and vascularization are important scaffold 

requirements for bone tissue engineering [164, 298]. Traditional fabrication techniques 

are limited in their ability to fabricate scaffolds with highly connected, uniform 

architectures and suitable pore sizes for bone tissue ingrowth [164]. 3D printing can be 

utilized for its scaffold design versatility and its precision in fabricating scaffolds with 

highly interconnected and reproducible architectures. Additionally, 3D printing 

approaches like fused-deposition modeling (FDM) reduce the amount of harsh solvents 

used, which improves scaffold biocompatibility [360].  

Many synthetic polymers, such as acrylonitrile butadiene styrene (ABS) [395], 

polycarbonate (PC) [395], poly(ε-caprolactone) (PCL) [52, 360, 395], poly(L-lactic acid) 

(PLA) [52, 226], poly(L-lactic-co-glycolic acid) [52, 298], poly(vinyl alcohol) [60, 358, 

359], and poly(ethylene glycol) (PEG) [137, 298], have been used for 3D printing. 

Natural materials have also been investigated due to their ease of handling and attractive 

crosslinking properties, but few have been implemented commercially or in the clinic 

[298]. In order to characterize novel materials for 3D printing applications, it is important 

to compare their performance to that of established printing materials. Although 3D 

printing techniques have been introduced widely in the literature for tissue engineering 

applications, many reports lack methodical analysis on evaluating synthetic or natural 

biomaterials for their printing capabilities. A thorough, systematic printing model, for 

example, has been provided for optimizing printing of hollow alginate hydrogels [101]. 

We have also systematically characterized the effect of printing parameters on PCL 

resolution [360].  

Within this context, we have investigated poly(propylene fumarate) (PPF) for its 

3D printing applications in bone tissue engineering. PPF has been investigated with 

stereolithography (STL) due to its structural and mechanical stability via crosslinking of 
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the polymer with ultraviolet (UV) light [166, 198]. Fiber-based printing of PPF, however, 

has not been investigated in great detail. When considering extrusion of a biomaterial 

controlled by applied pressure, the extruded fiber must be able to retain its shape after 

being deposited – including immediately upon extrusion, during printing of subsequent 

layers, and after printing has completed. 3D fiber extrusion also requires evaluation and 

optimization of the printing viscosity (balanced between inherent solution viscosity and 

viscosity at the operating temperature), which will mitigate fiber spreading to some 

degree [4, 51, 322]. Thermal manipulation by heating or cooling the printing material or 

printing platform is another important component to consider. Compared to STL 

techniques, FDM has the capability of heating a high viscosity material to improve 

extrusion, which reduces the amount of solvent or diluent needed, and subsequently, the 

amount of non-degradable components in the scaffold [51]. If the material does not 

solidify due to viscosity or temperature alone, other methods must be considered, such as 

chemical or light-sensitive crosslinking, in order to maintain structural integrity of the 

fibers during printing. PPF, in particular, can be crosslinked thermally or with UV light 

using a photoinitiator [356]. We chose to utilize the photocrosslinking mechanism of PPF 

for this study due the availability of a UV curing head with the 3D printing system and 

previous rapid prototyping success with photoinitiators [383-385]. Moreover, the ability 

to tune the degradation of PPF into excretable byproducts[131, 132, 384]  allows 

manipulation of the polymer for optimal implantation in a bone defect [52].  

The work detailed herein serves as a platform for optimizing 3D fiber extrusion of 

PPF to demonstrate control over fiber deposition and pore and fiber architecture within a 

3D tissue engineered scaffold. This study also develops models to predict scaffold 

architecture based on the printing conditions of the system. We characterized both the 

accuracy of the printing technique, as well as the inherent ability of the material to be 

processed in a reproducible fashion. We also evaluated the pore and fiber resolution of 

each layer, instead of the scaffold as a whole, in order to optimize scaffold architecture. 

We present a layer-by-layer analysis of printing PPF scaffolds under varying processing 

conditions (wt% PPF, pressure, printing speed, programmed fiber spacing) in order to 

identify which conditions have the greatest impact on printing viscosity and fiber and 

pore morphology, as well as successful conditions overall for printing robust scaffolds. 



117 

 

 

6.2 Materials and methods 

Materials  

PPF was synthesized in a two-step reaction as described previously [166]. Briefly, 

propylene glycol (Sigma Aldrich) and diethyl fumarate (DEF, Aldrich) were combined in 

a 3:1 molar ratio. Zinc chloride (Sigma Aldrich) and hydroquinone (Sigma Aldrich) were 

added in a 0.01:0.002 molar ratio to act as catalyst and radical inhibitor, respectively. The 

solution was reacted under a flow of nitrogen gas, producing ethanol as a byproduct and 

bis(hydroxypropyl) as the intermediate. The second step was a transesterification of the 

intermediate, performed under a vacuum, to produce PPF with propylene glycol as a 

byproduct. Gel permeation chromatography (GPC) was used to calculate the number 

average molecular weight (Mn, 2380 ± 20Da) and polydispersity index (PDI, 1.87 ± 

0.01) of the purified PPF. DEF was used to reduce the viscosity of the printing solution in 

two ratios (PPF:DEF 85:15 and 90:10 wt/wt%), and 1 wt% phenylbis (2,4,6-

trimethylbenzoyl)-phosphine oxide (BAPO, BASF) was added to the printing solution as 

a photocrosslinking agent according to previous methods [384]. Table 6.1 outlines the 

quantities used for each polymer ratio.  

 

Table 6.1 Preparation of PPF:DEF printing solutions  

based on density of PPF [384] (Mn 2530) = 1.27 g/cm3, and density of DEF (Mn 172) = 

1.05 g/cm3 (Sigma Aldrich). 

PPF:DEF PPF (g) DEF (mL) BAPO (mg) 

85:15 15 2.52 178 

90:10 15 1.59 168 

Scaffold printing 

3D printing models were designed (SolidWorks, Waltham, MA) and sliced into 

layers, 200 μm slicing thickness (Bioplotter RP, EnvisionTEC), and printing solutions 

were heated at 55
o
C for 30 min prior to printing. Square scaffolds (10x10 mm, up to 10 

layers, n = 4 per group) were printed (3D Bioplotter, EnvisionTEC) with a 250 μm (inner 

diameter) syringe tip following a full-factorial design (Table 6.2), which includes 
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printing parameters used and settings for UV crosslinking (Supplemental Table 6.5). 

Scaffolds were printed under several parameters, including varying wt% PPF (85, 90), 

pressure (2-4 bar), printing speed (5-10 mm/s), and fiber spacing from center-to-center of 

two neighboring fibers (0.8-1.2 mm). Speeds and spacings beyond the factorial design 

were also evaluated and are detailed in results. Prior to printing scaffolds, straight lines of 

fibers were printed to serve as an initial evaluation of fiber diameter as a function of 

printing speed (fiber diameter test), as well as to characterize printing viscosity. To print 

scaffolds, fibers of PPF:DEF:BAPO were deposited layer-by-layer in a 0
o
 and 90

o
 

alternating fiber pattern, each layer was crosslinked with UV light, and images were 

acquired for every layer. Scaffolds were printed concurrently on cardstock. Printed 

scaffolds were then post-processed in a UV box for 2000 flashes (Frequency 50/60 Hz, 

flashed lamp power 200 W, spectral distribution 300-700nm with max 400-500, rate 10 

flashes/s) (Otoflash, EnvisionTEC) in order to fully crosslink scaffolds. Images were 

used to quantify pore size and fiber diameter in each scaffold layer (ImageJ, NIH) based 

on previous methods [360].  

 

Table 6.2 3D printing conditions for PPF scaffolds in a full factorial design.  

Factor 
PPF:DEF 

ratio (wt%) 

Fiber spacing 

(mm)* 

Print head 

speed 

(mm/s)** 

Pressure 

(bar) 

# Levels/factor 2 3 3 4 

Levels 85:15, 90:10  0.8, 1.0, 1.2 5, 7.5, 10,  2, 2.5, 3, 4 

Total printing 

formulations tested 
72 

*0.4, 0.5, 0.6, 0.7mm fiber spacings were tested beyond factorial study for 90% PPF 

only. **15, 20mm/s print head speeds were tested beyond factorial study for 85% PPF 

only. ***Refer to Supplemental Table 6.5 for additional printer settings. 

 

Viscosity 

By treating the 3D printer extruder as a capillary die rheometer [229], the 

apparent viscosity of the printing solutions (Equation 6.1) was calculated based on an 

initial fiber diameter test, where flow rate (Q) is determined from the cross-sectional area 
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of the fiber and the printing speed (F). Pressure drop (∆P = P – Patm = P – 1.01 bar), fiber 

diameter (d), and F varied based on factorial parameters, while syringe diameter (ds, 

0.250 mm) and syringe length (L, 12.7 mm) were kept constant. Apparent (Newtonian) 

shear rate at the wall (�̇�𝑎𝑤) and shear stress at the wall (𝜏𝑤) were used to estimate 

apparent viscosity. 

 

𝜂𝑎 =
𝜏𝑤

�̇�𝑎𝑤
=

𝜋∆𝑃(
𝑑𝑠
2

)
4

8𝑄𝐿
  where   𝜏𝑤 =

𝑑𝑠

2
 
∆𝑃

2𝐿
,  �̇�𝑎𝑤 =

4𝑄

𝜋(
𝑑𝑠
2

)
3,  𝑄 =

𝑉

∆𝑡
= 𝜋 (

𝑑

2
)

2

𝐹  

Equation 6.1 (Apparent viscosity of PPF, capillary die rheometer) 

Fiber and pore measurements  

Each layer of the 3DP PPF scaffolds was imaged after UV crosslinking 

(Bioplotter, EnvisionTEC). Image dimensions (0.009 mm/pixel, 1032 x 776 pixels) were 

used to establish a scale, and fiber and pore size measurements were quantified per layer 

with imaging software (ImageJ, NIH). Average fiber and pore size per layer and per 

scaffold are reported as a total mean ± standard deviation (n = 5 measurements each per 

image). Based on measurements of fiber diameters (Df) and pore size (Dp), fiber spacing 

(sexp) (Equation 6.2) could then be quantified and compared to the programmed fiber 

spacing (the distance between the centers of two neighboring fibers) to determine 

machine precision of the 3D printing system. Furthermore, material accuracy (resolution 

of the printing material) could be evaluated by comparing the initial fiber width measured 

as a function of printing speed to the measured fiber diameter in each layer of the 

scaffold. 

 

𝑠𝑒𝑥𝑝 = 𝐷𝑝 + 𝐷𝑓           

Equation 6.2 (Fiber spacing) 

Statistical analysis 

A one-way analysis of variance (ANOVA) was used to compare the means of all 

factorial combinations (n = 4 scaffolds per group, 10 layers per scaffold, 5 measurements 
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per layer), in which a p-value of < 0.05 was considered significant. Statistical differences 

were determined using Tukey’s Honestly Significant Difference (HSD) test. Next, the 

main effects and interactions among factors (wt% PPF, speed, pressure, spacing) were 

evaluated using both a linear and quadratic full-factorial regression model using SAS 

JMP Pro 10 software following previous methods [130, 133, 188]. Differences were 

deemed significant if the p-value was < 0.01, and all other factors were removed from the 

model if they were not considered significant based on a backward stepwise regression 

model. The model was re-run after non-significant factors were removed to produce the 

final model. Significant effects (p < 0.01) are ordered based on the magnitude of the t-

value, which accounts for standardized independent variables (i.e. zero mean and unit 

variance for wt% PPF, speed, pressure, spacing). When analyzing main effects and 

interactions, high and low levels of each factor are analyzed. When the magnitude of the 

slope of either the high or low level is smaller than the other level, it is considered to 

increase/decrease slightly. An interaction is noted when crossed factors have a significant 

p-value (0.01), and levels of a factor intersect in the interaction profile. Supporting 

Information includes all detailed reports of raw statistical analysis. 

6.3 Results 

Fiber-based extrusion of PPF was evaluated in this study. Fiber diameter as a 

function of printing speed was initially evaluated with 3D-Bioplotter software in order to 

quantify the viscosity of the PPF printing solutions. A full-factorial design was 

implemented to evaluate the effect of PPF concentration, printing speed, pressure, and 

fiber spacing on fiber diameter and pore size of 3D printed scaffolds. Printing 10 layers 

was not possible for all combinations of factors; most notably, faster speeds beyond the 

factorial study were evaluated for 85% PPF, and smaller fiber spacings were evaluated 

for 90% PPF to achieve connected, uniform layers. Effects are ranked according to the 

magnitude of the t-value, which has been confirmed by running the models with 

standardized independent variables. A positive t-value indicates a direct effect (an 

increase of the effect results in an increased response) while a negative t-value indicates 

an inverse effect (an increase of the effect results in a decreased response). 
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Regression models of viscosity and fiber diameter 

Initial evaluations of the printing material were performed, including fiber 

diameter optimization (Figure 6.1a) and evaluation of solution viscosity (Figure 6.1b). 

To provide an initial prediction of fiber diameter, a test was performed in which single 

fibers were extruded at varying pressures and printing speeds, and the printer software 

(EnvisionTEC, 3D-Bioplotter) measured individual fiber diameters (Figure 6.1a). The 

apparent viscosity was based on a Newtonian model in order to simplify the behavior of 

the printing material, but development of this model is not limited to Newtonian fluids. In 

fact, the polymer melt behaved in a non-Newtonian manner based on the plot of apparent 

viscosity versus shear rate in Figure 6.1b, which demonstrates shear thinning, or a 

decrease in viscosity with increasing shear rate. A natural logarithm scale was applied to 

the viscosity model based on previous literature [386]. Supplemental Table 6.6 includes 

a summary of ANOVA and fit of each model, and all constants (k1…n, m1…n) are taken 

from Supplemental Table 6.7. Fiber diameter (Equation 3, Df, model) and viscosity 

(Equation 4, ln(ηmodel)) are defined in terms of wt% PPF (W), print head speed (F), and 

pressure (P). 

 

𝐷𝑓,𝑚𝑜𝑑𝑒𝑙 =  𝑘1 + 𝑘2(𝑊) + 𝑘3(𝐹) + 𝑘4(𝑃) 

Equation 6.3 (Linear model, fiber diameter test) 

 

ln(𝜂𝑚𝑜𝑑𝑒𝑙) =  𝑚1 + 𝑚2(𝑊) + 𝑚3(𝐹) + 𝑚4(𝑃) 

Equation 6.4 (Linear model, viscosity) 

 

Table 6.3 provides interpretations of how each factor (wt% PPF, speed, and pressure) 

affects fiber diameter and viscosity. According to the linear regression analysis, effects of 

factors on fiber diameter are ranked as follows: fiber diameter decreased with increasing 

PPF content, increasing printing speed, and decreasing pressure (Supplemental Table 

6.7), which is consistent with previous studies on PCL 3D printing [360]. In general, the 

PPF fibers had larger fiber diameters than syringe diameter (0.250 mm) and layer 

thickness (0.200 mm) (mean of 0.602 ± 0.164 mm for 85% PPF, 0.190 ± 0.068 mm for 

90% PPF). However, the fiber diameter of the 90% PPF formulation more closely 
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matched that of the syringe tip diameter when compared to the 85% PPF formulation 

(Figure 6.1a). Additionally, the printing viscosity of both formulations (at an operating 

temperature of 55
o
C) was measured based on initial fiber diameter test. One-way 

ANOVA indicated that the 90% PPF formulation had a higher viscosity than 85% PPF 

for most of the factors (Page S16-S25), which is corroborated by analysis of PPF/DEF 

solutions in previous literature [195, 386]. Linear logarithmic regression analysis 

indicated that viscosity tended to increase with increasing PPF content, decreasing 

pressure, and increasing speed (Supplemental Table 6.7).  
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Figure 6.1 Initial fiber diameter test and viscosity of 3DP PPF fibers 

(a) Initial analysis of single fibers extruded at varying print head speeds. Fiber diameter 

measurements of PPF:DEF for constant pressure and varied speed, reported as mean ± 

standard deviation (n = 3). Dotted horizontal line indicates syringe tip diameter (0.250 

mm). (b) Apparent viscosity of PPF:DEF formulations as a function of shear rate for 

varying pressures. Calculated based on mean fiber diameter from initial analysis of 

single fibers in (a).  
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Table 6.3 Summary of fiber diameter test and viscosity main effects 

Main effects analysis of wt% PPF, pressure, and speed on fiber diameter and viscosity of 

PPF printing solutions (linear models). Interpretation based on main effects profiles.  

Factor Level Effect  on fiber diameter Effect on ln(viscosity)* 

wt% PPF Low (85%) Speed ↓, pressure ↑ Speed ↑, pressure ↓ 

High (90%) Speed ↓, pressure ↑ Speed ↑, pressure ↓ 

Pressure 

(bar) 

Low (2.5 bar) Wt% PPF ↓, speed ↓ Wt% PPF ↑, speed ↑ 

High (4 bar) Wt% PPF ↓, speed ↓ Wt% PPF ↑, speed ↑ 

Speed 

(mm/s) 

Low (5 mm/s) Wt% PPF ↓, pressure ↑ Wt% PPF ↑, pressure ↓ 

High (10 mm/s) Wt% PPF ↓, pressure ↑ Wt% PPF ↑, pressure ↓ 

*Abbreviations: ↑ = at (low, high) level of factor, response increases (fiber diameter, 

ln(viscosity)) as factor increases (speed, pressure, wt% PPF), ↓ = at (low, high) level of 

factor, response decreases (fiber diameter, ln(viscosity)) as factor increases (speed, 

pressure, wt% PPF). 

 

Regression models of pore size and fiber diameter 

With these initial indications of printing characteristics, scaffolds were then 

printed and imaged layer-by-layer following the factorial design in Table 6.2. Figure 6.2 

shows a representative scaffold and a layer-by-layer analysis of pore size and fiber 

diameter. The factors evaluated (wt% PPF, programmed fiber spacing, print head speed, 

and pressure) did not exhibit pronounced effects (statistical significance) on pore size or 

fiber diameter when analyzing via one-way ANOVA (Page S10-S15). While initial 

analysis of single, uncrosslinked fibers indicated a decrease in fiber diameter with 

increasing PPF content, decreasing pressure, and increasing speed (Figure 6.1a), these 

isolated effects were not observed in individual scaffold layers or in scaffolds as a whole 

(Figure 6.3). This indicates that effects cannot be isolated to determine differences, but 

rather interplay among printing conditions affects fiber and pore morphology in general. 

Thus, a full factorial model of up to four degrees of interaction was run in JMP software 

to analyze all possible main effects and interactions among the data set. Factors that did 

not show statistical significance were removed from the model in a backward stepwise 

fashion until the model only included significant factors, resulting in models with main 

effects and up to two-degree interactions. Both quadratic (factorial to degree two to 

include squared factors) and linear models were applied to predict fiber diameter and 

pore size response. The following includes regression model equations for predicting 
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pore size (Dp) and fiber diameter (Df) response. Supplemental Table 6.8 includes a 

summary of ANOVA and fit of each model, and all constants (a1…n,b1…n, …dn, F1..n,P1…n, 

S1…n, W1…n) are taken from Supplemental Table 6.9. Pore size (Equations 5 and 7, Dp, lin 

and Dp, quad) and fiber diameter (Equations 6 and 8, Df, lin and Df, quad) are defined in terms 

of wt% PPF (W), print head speed (F), and pressure (P), and fiber spacing (s). 

 

𝐷𝑝,𝑙𝑖𝑛 =  𝑎1 + 𝑎2(𝑠) + 𝑎3(𝐹 − 𝐹1)(𝑃 − 𝑃1) + 𝑎4(𝑊) + 𝑎5(𝑃) + 𝑎6(𝐹 − 𝐹1)(𝑊 −

𝑊1) + 𝑎7(𝐹) + 𝑎8(𝑠 − 𝑠1)(𝑃 − 𝑃1) + 𝑎9(𝑊 − 𝑊1)(𝑃 − 𝑃1)     

Equation 6.5 (Linear model, pore size) 

 

𝐷𝑓,𝑙𝑖𝑛 =  𝑏1 + 𝑏2(𝑃) + 𝑏3(𝐹 − 𝐹2)(𝑃 − 𝑃2) + 𝑏4(𝑊) + 𝑏5(𝑊 − 𝑊2)(𝑃 − 𝑃2) +

𝑏6(𝐹) + 𝑏7(𝑊 − 𝑊2)(𝐹 − 𝐹2) + 𝑏8(𝑠 − 𝑠2)(𝑃 − 𝑃2) + 𝑏9(𝑠 − 𝑠2)(𝐹 − 𝐹2) + 𝑏10(𝑠)  

Equation 6.6 (Linear model, fiber diameter) 

  

𝐷𝑝,𝑞𝑢𝑎𝑑 = 𝑐1 + 𝑐2(𝑠) + 𝑐3(𝑊) + 𝑐4(𝐹) + 𝑐5(𝑃 − 𝑃1)2 + 𝑐6(𝑃 − 𝑃1)(𝐹 − 𝐹1) +

𝑐7(𝑊 − 𝑊1)(𝑃 − 𝑃1) + 𝑐8(𝑃) + 𝑐9(𝑠 − 𝑠1)(𝑃 − 𝑃1) + 𝑐10(𝐹 − 𝐹1)2 + 𝑐11(𝑠 − 𝑠1)(𝐹 −

𝐹1)  

Equation 6.7 (Quadratic model, pore size) 

 

𝐷𝑓,𝑞𝑢𝑎𝑑 = 𝑑1 + 𝑑2(𝑊) + 𝑑3(𝐹) + 𝑑4(𝑃 − 𝑃2)2 + 𝑑5(𝐹 − 𝐹2)(𝑃 − 𝑃2) + 𝑑6(𝑃) +

𝑑7(𝑊 − 𝑊2)(𝑃 − 𝑃2) + 𝑑8(𝐹 − 𝐹2)2 + 𝑑9(𝑠 − 𝑠2)(𝑃 − 𝑃2) + 𝑑10(𝑠 − 𝑠2)(𝐹 − 𝐹2) +

𝑑11(𝑠)  

Equation 6.8 (Quadratic model, fiber diameter) 

 

When comparing linear and quadratic models, both models fit the data similarly despite a 

higher R
2
 value for the quadratic models (Figure 6.4). Up to 4

th
 order polynomials were 

also evaluated, but linear and quadratic models were chosen due to their simplicity, good 

predictive power (R
2
), and meaningful representation of results, which is summarized in 

Supplemental Table 6.8. In Figure 6.5, linear and quadratic model equations were used 

to predict values of pore size (Equation 6.5 and Equation 6.7), fiber diameter 

(Equation 6.6 and Equation 6.8), and spacing (Equation 6.2) under each factorial 

condition and distributed according to their predicted values to compare to respective 
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experimental data (mean fiber diameter, mean pore size, and mean fiber spacing). The 

box-and-whisker plots in Figure 6.5 show that both models provide a good prediction of 

the median and upper/lower quartiles, which helps elucidate which model (linear or 

quadratic) best fits the experimental data. The quadratic models have a slightly larger 

range of minimum and maximum predictions, but neither model predicts these values 

with accuracy compared to experimental data. Following Equation 6.2, Figure 6.5c 

represents the sum of the respective linear and quadratic models to predict fiber spacing. 

Overall, the linear model is simpler and predicts experimental data with similar accuracy 

to the quadratic model, which makes it more appropriate to predict the pore size, fiber 

diameter, and the fiber spacing. In order to rank effects independent of units (%, mm, 

mm/s, bar), independent factors (wt% PPF, spacing, speed, and pressure) were ranked by 

standardized t value, which is summarized in Supplemental Table 6.9. Supplemental 

Figure 6.6 and Supplemental Figure 6.7 provide interaction profiles of fiber diameter 

and pore size, respectively, for the linear models, which were chosen as the best 

representative models for the data. Table 6.4 provides interpretations of how each factor 

(wt% PPF, speed, pressure, and spacing) and their interactions affect pore size and fiber 

diameter for the linear models.  
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Figure 6.2 Layer-by layer analysis of 3DP PPF scaffolds 

(a) Representative image of a 10-layer 3D printed PPF scaffold (85:15 PPF:DEF, fiber 

spacing: 1.2 mm, print head speed: 5 mm/s, pressure: 2.5 bar, slicing thickness: 200 µm), 

scale bar = 1 mm. (b) Fiber diameter and pore size represented as mean ± standard 

deviation, n = 4 scaffolds with 10 layers each.   
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Table 6.4 Summary of pore size and fiber diameter main effects 

Significant main effects and interactions analysis of wt% PPF, fiber spacing, pressure, 

and speed on pore size and fiber diameter of 3D printed PPF scaffolds (linear models). 

Interpretation based on interaction profiles in Figures S1-S2.  

Factor Level Effect  on pore size Effect on fiber 

diameter* 

wt% PPF Low (85%) Spacing ↑, speed ↑, 

pressure ~↑ 

Spacing ~↓, speed ↓, 

pressure ~↓ 

High (90%) Spacing ↑, speed ↓, 

pressure ↑ 

Spacing ~↓, speed ↑, 

pressure ↓ 

Spacing 

(mm) 

Low (0.4 mm) Wt% PPF ~↑, speed ~↑, 

pressure ↑ 

Wt% PPF ↓, speed ↓, 

pressure ↓ 

High (1.2 mm) Wt% PPF ~↑, speed ~↑, 

pressure ~↑ 

Wt% PPF ↓, speed ~↓, 

pressure ~↓ 

Speed 

(mm/s) 

Low (5 mm/s) Wt% PPF ↑, spacing ↑, 

pressure ~↓ 

Wt% PPF ↓, spacing ~↓, 

pressure ~↑ 

High (20 mm/s) Wt% PPF ↓, spacing ↑, 

pressure ↑ 

Wt% PPF ↑, spacing ~↑, 

pressure ↓ 

Pressure 

(bar) 

Low (2 bar) Wt% PPF ~↑, spacing ↑, 

speed ↓ 

Wt% PPF ~↓, spacing 

~↓, speed ↑ 

High (4 bar) Wt% PPF ↑, spacing ↑, 

speed ↑ 

Wt% PPF ↓, spacing ~↑, 

speed ↓ 

*Abbreviations: ↑ = at (low, high) level of factor, response increases (pore size, fiber 

diameter) as factor increases (spacing, speed, pressure, wt% PPF), ↓ = at (low, high) 

level of factor, response decreases (pore size, fiber diameter) as factor increases 

(spacing, speed, pressure, wt% PPF), ~ = at (low, high) level of factor, response slightly 

increases/decreases (pore size, fiber diameter) as factor increases (spacing, speed, 

pressure, wt% PPF). Bold/italic text signifies a significant interaction coefficient (p < 

0.01). 
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Figure 6.3 Scatterplot matrix of 3D printed PPF scaffolds 

with each data point reported as mean of 5 measurements per layer in one scaffold for a 

total of 40 data points per factorial group (10 layers per scaffold, 4 scaffolds per group). 

For instances where data points are missing for the factorial study design (eg. pressure = 

4bar for 85% PPF and print head speed = 10mm/s for 90% PPF), it was not possible to 

print distinct fibers at this factorial condition. 0.4, 0.5, 0.6, 0.7mm fiber spacings were 

tested beyond factorial study for 90% PPF only. 15, 20mm/s print head speeds were 

tested beyond factorial study for 85% PPF only. Blue solid squares indicate 85% PPF 

formulation; red hollow triangles indicate 90% PPF formulation. X axis includes control 

parameters in factorial design, while y axis indicates measured fiber diameter, pore size, 

and fiber spacing.   
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Figure 6.4 Linear and quadratic regression models of pore size and fiber diameter 

(a, c) Goodness of fit of linear model (solid diagonal line with dashed diagonal 

confidence bands) and (b, d) quadratic model based on parameter estimates. Each data 

point represents a mean of 5 measurements per layer in one scaffold for a total of 40 data 

points per factorial group (10 layers per scaffold, 4 scaffolds per group). Blue solid 

squares indicate 85% PPF formulation; red hollow triangles indicate 90% PPF 

formulation. Dashed horizontal line is the mean of response. Abbreviations: P = p-value, 

RSq = R squared value, RMSE = root mean square error.  
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Figure 6.5 Box-and-whisker plots of regression models 

Theoretical linear model compared to quadratic model for (a) fiber diameter, (b) pore 

size, and (c) fiber spacing (sum of pore size and fiber diameter), where mean pore and 

fiber plots represent distributions from experimental data, and mean spacing is the sum 

of pore and fiber data. Box and whisker plots are represented by values in decreasing 

order: maximum, 3rd quartile, median, 1st quartile, minimum. 
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Determination of successful print  

Success in printing was determined by both visual inspection of the layers (ability 

to print 10 layers and production of a scaffold with connected fibers) and analysis of the 

error in experimental versus programmed center-to-center fiber spacing (machine 

precision) and experimental vs initial fiber diameter model (material accuracy). The % 

error for machine precision (Equation 6.9) and material accuracy (Equation 6.10) was 

distributed on a normal curve (Pages S44-S53) and the mean error of the distribution for 

each level of the factor is summarized in Supplemental Table 6.10. 

 

% 𝑒𝑟𝑟𝑜𝑟 = |
𝑠𝑒𝑥𝑝−𝑠𝑝𝑟𝑜𝑔𝑟𝑎𝑚𝑚𝑒𝑑

𝑠𝑝𝑟𝑜𝑔𝑟𝑎𝑚𝑚𝑒𝑑
| ∗ 100%      

Equation 6.9 (Machine precision) 

 

% 𝑒𝑟𝑟𝑜𝑟 = |
𝑚𝑒𝑎𝑛 𝑓𝑖𝑏𝑒𝑟𝑒𝑥𝑝−𝑑𝑚𝑜𝑑𝑒𝑙

dmodel
| ∗ 100%    

Equation 6.10 (Material accuracy) 

 

Overall, machine precision among the layers was high using the employed FDM system 

with a mean error of 4.861% (max and min were 8.53% and 1.73%, respectively, with 

one outlier of 91.3%, which was removed). Material accuracy of PPF was lower with a 

mean error of 105% (max and min were 2080% and 0.104%, respectively, with 2 outliers 

of 2150% and 2160%, which were removed). Points were deemed outliers if the absolute 

value of the z score ((data point – mean)/standard deviation) was greater than 3. When 

reviewing the standard deviation of fiber diameter (Fiber SD) and pore size (Pore SD), it 

was observed that standard deviations below 0.1mm resulted in successful scaffolds. 

Factors that resulted in low distribution means of Fiber SD and Pore SD (i.e. <0.1mm) 

and low distribution means of machine precision and material accuracy (% error) were 

considered successful. 
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Optimal printing conditions  

Upon comparison of percent error by factor (Supplemental Table 6.10), success 

was considered at levels where the standard deviation among layers for pore and fiber 

measurements was lower and where levels had lower % error for machine precision and 

material accuracy. Success in printing (i.e. optimal printing conditions) was seen at 

higher weight % PPF, lower speeds, higher pressures, and smaller fiber spacing. Results 

were confirmed both semi-quantitatively via visual inspection of the scaffold layers 

(optical images) and quantitatively via Supplemental Table 6.10. The ability to print 10 

layers served as an initial indication of a successful print, since scaffold thickness would 

be appropriate for translating to a full-thickness defect (2-3 mm) based on previous in 

vivo studies performed in our laboratory [138, 189, 223]. In general, scaffold 

measurements that exhibited fiber diameter and/or pore size standard deviations among 

layers > 0.10 mm had either disconnected fibers or were solid (neighboring fibers 

touching or overlapping with no presence of pores).  

For the 85% PPF formulation, lower pressures and higher speeds were better for 

extrusion (Supplemental Table 6.10). Additional speeds beyond the factorial design 

were evaluated (15, 20 mm/s) in an attempt to minimize fiber spreading. 85% PPF was 

considered less successful overall as a printing formulation because of higher percent 

error for layer-by-layer standard deviation, machine precision, and material accuracy 

(Supplemental Table 6.10). However, printing 85% PPF fibers was achievable for more 

levels of the factorial study than for the 90% PPF formulation. The 90% PPF formulation 

was generally considered more successful, but the levels investigated in the factorial 

study may not be suitable for optimal printing conditions at this concentration. The 90% 

PPF formulation generally exhibited smaller fiber diameters and, consequently, larger 

pore sizes (Figure 6.3). In order to achieve connected fibers and successful printing, it 

required printing at higher pressures and lower speeds (Supplemental Table 6.10). 

Printing scaffolds with larger fiber spacing usually resulted in extrusion of disconnected, 

blob-like fibers with poor integrity. As an additional test, smaller fiber spacings (0.4, 0.5, 

0.6, 0.7 mm) were evaluated with this formulation, which exhibited better fiber and pore 

uniformity (Supplemental Table 6.10). For both 85% PPF and 90% PPF formulations, 
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mean fiber spacing, determined by the sum of fiber diameter and pore size, was found to 

be consistent with the programmed fiber spacing controlled in the 3D printing software, 

as summarized by the machine precision (% error) in Supplemental Table 6.10 and one-

way ANOVA (Supplemental Figure 6.8).  

6.4 Discussion 

In this study, we have evaluated PPF for its compatibility with a fiber-based 

printing technique based on a full-factorial design. Evaluation of the effects of material 

properties (wt% PPF) and printing parameters (programmed fiber spacing, printing speed, 

operating pressure) on viscosity and fiber and pore morphology has given a 

comprehensive model of the printing resolution of this biomaterial in 3D scaffolds. FDM 

has been used with a wide variety of polymers for tissue engineering [358, 359], and it is 

a beneficial processing method for biomaterials because automated regulation of 

temperature, pressure, speed, and X, Y, and Z deposition allow precise control over 

material extrusion characteristics as well as final scaffold architecture [360]. The 

advantages of PPF, including injectability[130, 133] and robust crosslinking for structural 

stability [198], make it an attractive candidate for FDM fabrication methods. While PPF 

is highly viscous at room temperature, the addition of the monomer DEF decreases the 

viscosity to improve injectability [386] or in this case, extrusion. Further addition of a 

photosensitive crosslinker, BAPO, allows crosslinking of the polymer with UV light 

[166, 198], and this technique has been used with rapid prototyping applications [52]. 

Furthermore, the mechanical integrity [198] and tunable degradation characteristics [131, 

132, 384] are advantageous for bone tissue engineering.  

Linear regression models of initial fiber diameter (Equation 6.3) and printing 

solution viscosity (Equation 6.4) were developed to predict the fiber diameter and 

characterize the printing solutions prior to fabricating 3D PPF scaffolds. Based on a 

linear model, wt% PPF had the greatest effect on viscosity (Supplemental Table 6.7). 

Our results demonstrate that the 3D printing processing conditions caused the material to 

behave in a shear thinning manner, which is likely due to high shear stresses during 

extrusion [4]. Other factors may have influenced the viscosity model in this study, 
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including interactions between speed and pressure, temperature and molecular weight 

dependency of viscosity, and pressure drops in the extruder barrel or due to gravity [4, 

229, 386]. Wt% PPF also had the greatest effect on fiber diameter, which is most likely 

due to the difference in printing solution viscosity. While 90% PPF fibers tended to 

maintain their shape during printing, 85% PPF fibers tended to pool upon extrusion on 

the printing platform (i.e. the swell ratio of fiber diameter to syringe tip diameter was 

greater than 1). This is likely due to the interaction between viscosity and surface tension 

of the polymer solution. Because of this result, the apparent viscosity was also modeled 

for an elliptical cross-section, which showed similar rheological behavior and main 

effects (Page S57-62). Based on prior literature, fiber pooling may also result in 

anisotropic compressive mechanical properties, which would be pertinent for load-

bearing applications [84]. Some reports have looked at drawing fibers smaller than the 

syringe diameter (i.e. strain hardening) [247], however, the goal of this study intended to 

evaluate success in extruding fibers to match the syringe diameter. Further work could be 

done to evaluate several solutions with known viscosity and the effect of viscosity on 

fiber morphology in 3D printed scaffolds.  

Regression models were also developed to predict the fiber diameter and pore size 

of 3D PPF scaffolds (Equation 6.5-Equation 6.8). For pore size, programmed fiber 

spacing had the greatest effect, while for fiber diameter, pressure had the greatest effect. 

This was not observed in the initial fiber diameter test or in previous studies with PCL 

[360], but it is likely that interactions between two factors (spacing, speed, pressure, wt% 

PPF) may have balanced direct effects on pore and fiber morphology. Furthermore, 

factors had different effects on pore and fiber morphology depending on if the level of 

the factor was high or low (Supplemental Table 6.10). For example, for low levels of 

wt% PPF (i.e. 85%), increasing speed resulted in an increasing pore size, while at high 

levels (i.e. 90%), increasing speed resulted in a decreasing pore size. This represents an 

interaction between two factors – speed and wt% PPF. These results indicate that material 

and printing parameters must be systematically balanced in order to fabricate scaffolds 

with ideal architectures. Because our proposed models best predict scaffold architecture 

within the lower and upper quartiles of the median, optimal printing conditions would be 

considered where pore size and fiber diameter fall between those values (0.279-0.634 mm 
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and 0.347-0.548 mm, respectively). Otherwise, a broader range of parameters may need 

to be evaluated to improve predictions of material behavior.  

Layer-by-layer analysis allowed quantification of both the machine precision and 

material accuracy of the printing system, which can be directly compared to that of other 

materials and FDM systems. Comparison to the performance of other systems and 

polymers allows understanding of both the machine precision of our 3D printing system, 

as well as the material accuracy of PPF. Recent work with surface-modified PCL and a 

custom printing system observed an error in pore sizes and fiber diameters ranged from 

~10-30% (standard deviation/mean), with mean pore sizes and fiber diameters ranging 

between 0.18-0.43 mm and 0.20-0.25 mm, respectively [3]. Another report for PCL 

observed errors of ~8-18% (fiber) and ~8-30% (pore), with mean measurements of 0.50-

1.50 mm (fiber) and 0.50-1.90 mm (pore) [360]. Error for PLA and chitosan scaffolds 

using a commercial printing system were reported as 6.7% and 12%, respectively, with 

respective fiber diameters of about 0.075 mm and 0.25 mm [6]. When we compare work 

performed with this printing system, we can directly compare the reliability of PPF as an 

extrusion-based printing material to other materials. A recent report with poly(ethylene 

oxide)-terephthalate (PEOT) and polybutylene-terephthalate (PBT) block co-polymers 

using the EnvisionTEC printing system reported errors of 9-12% (fiber) and 0-3% (fiber 

spacing) for their printed scaffolds with syringe diameters of 0.20 mm and 0.40 mm 

[254]. Other studies provided some comparison but did not report error for fiber or pore 

measurements [86, 236]. This demonstrates our ability to fabricate highly reproducible 

structures with a polymer that is not as well characterized for fiber extrusion both when 

compared to other printing systems and to the same printing system. 

When comparing the extrusion conditions of PPF to other polymers, it is notable 

that printing PPF requires lower or similar printing temperatures and pressures to PCL [3, 

360, 378], PLA [6], and polymer composites, such as PLA/PEG [322], starch/PCL [236], 

and PEOT/PBT [254], and the material can be used to print scaffolds of comparable 

resolution. Based on our work in this study, PPF is compatible with extrusion-based 

printing systems. Compared to other printing techniques, it is likely that lower molecular 

weight PPF used for STL (i.e. below 2000Da) [52, 198, 383-385] would not be ideal for 

extrusion due to lower viscosity [386]. Alternatively, higher molecular weights may 
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exacerbate fiber pooling due to higher relaxation times upon extrusion [4] and would also 

require an increase in the printing temperature or the DEF content in order to decrease 

printing viscosity. The interplay between relaxation time – longer for higher molecular 

weight polymer – and concentration of polymer – relating to viscosity and surface tension 

– will have an impact on the fiber diameter and would require a balance to maintain fiber 

integrity and a diameter similar to that of the syringe tip diameter. In this study, it is 

likely that the cooled platform dramatically increased the viscosity but did not fully 

solidify the printing material. Since the glass transition temperature (Tg) of PPF is 

dependent upon molecular weight and cooling rate [386], the printing material (heated at 

55
o
C) may or may not have transitioned to a glass state upon contact with the platform, 

which was cooled at 12
o
C. Cooling the plate at a lower temperature, however, was 

undesirable due to condensation on the plate and warping of the 3D printed scaffolds. In 

order to ensure fiber solidification, UV crosslinking was necessary as an extra measure. 

Longer syringe needles could potentially improve fiber pooling, but a higher operating 

pressure would be required to extrude the material. The impact of syringe geometry 

(length and diameter) on scaffold resolution is another important parameter that could be 

addressed in a future factorial design to strengthen the models presented in this study. 

Additionally, micro- or nanoparticles could be incorporated into the mixture to enhance 

shear thinning behavior, which would likely improve fiber extrusion [4]. In future work, 

it would be important to consider how changing molecular weight, composition, and UV 

curing would affect crosslinking density and subsequent mechanical properties and 

degradation of the scaffold [198, 356]. It should also be noted that for printing solutions 

with different viscosities, fiber spacing plays an important role in the successful printing 

of a scaffold. For solutions that produce larger fibers, a larger spacing is needed to 

prevent fibers from merging, while smaller fibers require a smaller fiber spacing to 

promote fiber connectivity. Depending on the printing solution viscosity and fiber 

pooling upon extrusion, fiber spacing will limit the pore size range achievable in a 3D 

scaffold. 

From this factorial study, we have summarized a large body of data with a 

predictive model of scaffold architecture that can be similarly applied to other 

biomaterials for extrusion-based printing. We have demonstrated the ability to print PPF 
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scaffolds with a wide range of pore sizes, which may be relevant for both bone and 

cartilage tissue engineering. Extensive evidence detailed in a relatively recent review 

[164] shows that pore sizes in our demonstrated range of 0.10-1 mm are ideal for 

promoting osteogenesis, and pore sizes under 0.30 mm may be important for stimulating 

endochondral ossification, which would be relevant for load-bearing applications. While 

outside the scope of this work, it would be beneficial to characterize the pore 

interconnectivity, porosity, and surface morphology of a successful subset of printed 

scaffolds with in vitro imaging modalities, such as scanning electron microscopy (SEM) 

and micro-computed tomography (μCT) [198, 381], in order to demonstrate that the 

scaffold has desirable characteristics for promoting osteogenesis [164]. Biocompatibility, 

degradation effects on cell response, and cell-produced extracellular matrix and gene 

expression could be evaluated both in vitro and in vivo in a load-bearing defect. Future 

work could also demonstrate that the scaffold mechanical properties are not compromised 

by the high porosity and degree of connectivity before investigating in a clinical setting 

[362].  

6.5 Conclusions 

While rapid prototyping techniques have been investigated for PPF, including 

STL, few have investigated the fiber extrusion of this polymer. A full-factorial design 

evaluating the effects of four factors (PPF concentration, printing pressure, printing 

speed, and programmed fiber spacing) on viscosity, fiber diameter, and pore size was 

performed. A linear model of printing solution viscosity was developed, where 

concentration of PPF had the greatest effect and the polymer exhibited shear thinning 

behavior. Further linear models of pore size and fiber diameter revealed that fiber spacing 

and pressure had the greatest effect on pore size and fiber diameter, respectively. 

Analysis of main effects and interactions for pore size and fiber diameter demonstrates 

the interplay among the factors during the printing process. Using a FDM-based system, 

it is possible to print high viscosity PPF solutions with precise control over fiber diameter 

and pore size. Future directions of this work envision 3D printed scaffolds that 

incorporate bioactive molecules, composites, and cells, in which FDM holds the 
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advantage over STL techniques. When comparing printing times and required material 

volumes for the two techniques, FDM may be more amenable to fabrication of larger 

scaffolds that would be beneficial in critical-sized defect models for bone tissue 

engineering. The work detailed herein provides statistical models for evaluating the 3D 

printing compatibility of novel biomaterials and for optimizing extrusion of these 

materials for fabricating 3D scaffolds with predictable architectures. 
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6.6 Supplemental tables and figures 

Supplemental Table 6.5 3D printing parameters of PPF:DEF and composite 

PPF/DEF/HA scaffolds 

with the EnvisionTEC Bioplotter printing system. Image settings were adjusted until the 

fiber was detected by the 3D-Bioplotter, indicated by horizontal lines outlining the top 

and bottom of the fiber. Blank spaces indicate same settings. 

Printing parameters 85: 15 PPF/DEF 90:10 PPF/DEF 

Extruder temperature  55
 o
C  

Bed temperature  12
 o
C  

Needle z offset  0.2 mm  

Slicing thickness  0.2 mm  

Speed  5-20 mm/s 5-10 mm/s 

Pressure  2-4 bar  

Fiber spacing  0.8-1.2 mm 0.4-1.2 mm 

Pre-flow delay  0.4 s  

Post-flow delay  -0.7 s  -0.30 s 

Wait time between layers 0  

Minimum length 3 mm  

Cleaning   

Purge time 1.5 s  

Cleaning process Thread strip  

Automatic cleaning interval After each layer  

Calibration   

Calibration station Light background  

Pressure 2 bar  

Dispense time 2 s  

Needle z offset 0.4 mm  

UV Program   

UV beam brightness  65.9 mW/cm
2
  

UV beam diameter  18.3 mm  

UV beam height 14.8 mm  

Aperture 7 mm  

Aperture length 14.5 mm  

Projection type Continuous  

Height from last layer  14.8 mm  

Movement speed  1 mm/s  

Spot diameter  18.3 mm  

Beam overlap  50 %  

Image setting   

Ring light (%) 50 49 

Coax light (%) 0 6 

Contrast (%) 28 21 

Brightness (%) 1 4 

Exposure (%) 3 3 
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Supplemental Table 6.6 Analysis of variance (ANOVA) of linear regression models for fiber diameter and viscosity 

Model Source DF SS 

 

Mean 

square 

F ratio 

 

Summary of fit 

RSquare Adj RMSE MR SW 

Fiber 

width 

 

Model 3 6.078 2.026 439.879 0.920 0.068 0.387 115 

Error 111 0.511 0.005 Prob > F     

C. Total 114 6.589  <.0001*     

 

Ln 

(Viscosity) 

 

Model 3 167.75810 55.9194 1157.158 0.968 0.220 1.043 115 

Error 111 5.36405 0.0483 Prob > F     

C. Total 114 173.12214  <.0001*     

*Abbreviations: C. Total: Corrected total; DF: Degrees of freedom; SS: Sum of squares; RMSE: Root mean square error; 

MR: Mean of response; SW: Sum of weights (observations). 

 

 

Supplemental Table 6.7 Sorted main effects for linear models of fiber width and viscosity 

Term* Constant 

term 

Constant 

estimate 

Std Error Standardized 

t-value 

Prob>|t| Main effects, in order 

of appearance 

Fiber diameter 

Intercept k1 7.661827 0.224913 34.07 <.0001* -                              + 

W k2 -0.084028 0.002539  -33.10 <.0001* 

 

F k3 -0.042957 0.00358  -12.00 <.0001* 

P k4 0.1271393 0.011566 10.99 <.0001* 

Ln (Viscosity) 

Intercept m1  -40.8835 0.728524  -56.12 <.0001* -                              + 

W m2 0.4791736 0.008223 58.27 <.0001* 

 

F m3 0.0958261 0.011596 8.26 <.0001* 

P m4  -0.239842 0.037463  -6.40 <.0001* 

Ranked by magnitude of t-ratio and confirmed with standardized independent variables. *Abbreviations: F = speed (mm/s), P 

= pressure (Pa), W = wt% PPF. Constant terms used to represent constant estimates (eg. k1 = 7.661827). 
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Supplemental Table 6.8 Analysis of variance (ANOVA) of linear and quadratic regression models for pore size and 

fiber diameter 

Model Source DF SS Mean 

square 

F ratio Summary of fit 

RSquare Adj RMSE MR SW 

Pore - 

Linear 

 

Model 8 70.092557 8.76157 734.0023 0.758 0.109 0.489 1873 

Error 1864 22.250021 0.01194 Prob > F     

C. Total 1872 92.342578  <.0001*     

 

Fiber - 

Linear 

 

Model 9 19.276653 2.14185 162.6832 0.443 0.115 0.454 1828 

Error 1818 23.935383 0.01317 Prob > F     

C. Total 1827 43.212036  <.0001*     

 

Pore - 

Quadratic 

 

Model 10 73.391657 7.33917 721.1009 0.794 0.101 0.459 1873 

Error 1862 18.950921 0.01018 Prob > F     

C. Total 1872 92.342578  <.0001*     

 

Fiber - 

Quadratic 

 

Model 10 22.133797 2.21338 190.7992 0.510 0.108 0.454 1828 

Error 1817 21.078239 0.01160 Prob > F     

C. Total 1827 43.212036  <.0001*     

* Abbreviations: C. Total: Corrected total; DF: Degrees of freedom; SS: Sum of squares; RMSE: Root mean square error; 

MR: Mean of response; SW: Sum of weights (observations). 
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Supplemental Table 6.9 Sorted main effects and interactions for linear and quadratic models of pore size and fiber 

diameter 

Term* Constant 

term 

Constant 

estimate 

Std 

Error 

Standardized t-

value 

Prob>|t| Main effects, in order 

of appearance 

Pore - Linear 

Intercept a1  -3.01441 0.228702  -13.18 <.0001* -                              + 

s a2 0.9900394 0.014296 69.25 <.0001* 

 

(F – F1)(P – P1) a3 0.0282955 0.002564 11.04 <.0001* 

W a4 0.0261718 0.002587 10.12 <.0001* 

P a5 0.0662773 0.006701 9.89 <.0001* 

(F – F1)(W – W1) a6  -0.006791 0.000957  -7.10 <.0001* 

F a7 0.0073289 0.001487 4.93 <.0001* 

(s – s1)(P – P1) a8  -0.085488 0.019023  -4.49 <.0001* 

(W – W1)(P – P1) a9 0.012442 0.002961 4.20 <.0001* 

Fiber - Linear 

Intercept b1 3.1745585 0.255655 12.42 <.0001* -                              + 

P b2  -0.07846 0.007089  -11.07 <.0001* 

 

(F – F2) (P – P2) b3  -0.030355 0.002776  -10.94 <.0001* 

W b4  -0.027579 0.002901  -9.51 <.0001* 

(W – W2)( P – P2) b5  -0.016977 0.003227  -5.26 <.0001* 

F b6  -0.008471 0.001611  -5.26 <.0001* 

(W – W2)(F – F2) b7 0.0050961 0.001043 4.89 <.0001* 

(s – s2)(P – P2) b8 0.1114099 0.022949 4.85 <.0001* 

(s – s2)(F – F2) b9 0.0128161 0.004422 2.90 0.0038* 

s b10  -0.039278 0.015475  -2.54 0.0112* 

Ranked by magnitude of t-ratio and confirmed with standardized independent variables. *Abbreviations: F = speed (mm/s), s 

= spacing (mm), P = pressure (Pa), W = wt% PPF. Interactions (eg. (F – F1)*(P – P1)) represent interplay between two 

variables, where subtracted constants are given by the statistical model and account for units of each variable. Subtracted 

constants for 1) pore models: F1 = 8.25013, P1 = 2.73118, s1 = 0.9614, W1 = 86.4976, 2) fiber models: F2 = 8.31373, P2 = 

2.72484, s2 = 0.96909, W2 = 86.4934. Constant terms represent constant estimates (eg. a1 = -3.01441). 
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Ranked by magnitude of t-ratio and confirmed with standardized independent variables. *Abbreviations: F = speed (mm/s), s 

= spacing (mm), P = pressure (Pa), W = wt% PPF. Interactions (eg. (F – F1)*(P – P1)) represent interplay between two 

variables, where subtracted constants are given by the statistical model and account for units of each variable. Subtracted 

constants for 1) pore models: F1 = 8.25013, P1 = 2.73118, s1 = 0.9614, W1 = 86.4976, 2) fiber models: F2 = 8.31373, P2 = 

2.72484, s2 = 0.96909, W2 = 86.4934. Constant terms represent constant estimates (eg. a1 = -3.01441). 

Term* Constant 

term 

Constant 

estimate 

Std 

Error 

Standardized t-

value 

Prob>|t| Main effects, in order 

of appearance 

Pore - Quadratic 

Intercept c1  -5.465567 0.138327  -39.51 <.0001* -                              + 

s c2 0.9979495 0.013161 75.83 <.0001* 

 

W c3 0.0525258 0.001571 33.43 <.0001* 

F c4 0.026279 0.001333 19.72 <.0001* 

(P – P1)
2 

c5 0.3117737 0.016263 19.17 <.0001* 

(P – P1)(F – F1) c6 0.0363949 0.002372 15.35 <.0001* 

(W – W1)(P – P1) c7  -0.083008 0.005687  -14.60 <.0001* 

P c8 0.0755708 0.006209 12.17 <.0001* 

(s – s1)(P – P1) c9  -0.093412 0.0202  -4.62 <.0001* 

(F – F1)
2 

c10  -0.000571 0.00014  -4.06 <.0001* 

(s – s1)(F – F1) c11  -0.013437 0.003905  -3.44 0.0006* 

Fiber - Quadratic 

Intercept d1 5.3032973 0.15325 34.61 <.0001* -                              + 

W d2  -0.050514 0.001737  -29.08 <.0001* 

 

F d3  -0.026078 0.001462  -17.84 <.0001* 

(P – P2)
2 

d4  -0.275057 0.017415  -15.79 <.0001* 

(F – F2)(P – P2)
 

d5  -0.038401 0.002592  -14.81 <.0001* 

P d6  -0.083144 0.006662  -12.48 <.0001* 

(W – W2)(P – P2) d7 0.066176 0.006113 10.83 <.0001* 

(F – F2)
2 

d8 0.0008632 0.000152 5.67 <.0001* 

(s – s2)(P – P2) d9 0.0984184 0.021591 4.56 <.0001* 

(s – s2)(F – F2) d10 0.017737 0.004197 4.23 <.0001* 

s d11  -0.043895 0.014533  -3.02 0.0026* 
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Supplemental Table 6.10 Layer-by-layer distribution means of fiber diameter 

standard deviation, pore size standard deviation, machine precision, and material 

accuracy 

 Distribution mean 

(mm) 

Distribution mean  

(% error) 

Factor Level Fiber 

SD 

Pore SD Machine 

precision 

Material 

accuracy 

Wt% PPF 85% PPF 0.087 0.087 6.983 237.453 

90% PPF 0.066 0.066 5.659 65.600 

Speed* 5 mm/s 0.074 0.079 9.414 35.124 

7.5 mm/s 0.067 0.060 5.986 49.920 

10 mm/s 0.089 0.089 4.525 48.313 

15 mm/s 0.107 0.109 3.080 233.300 

20 mm/s 0.108 0.095 2.298 2130.805 

Pressure 2 bar 0.084 0.081 4.215 104.242 

2.5 bar 0.089 0.092 4.638 398.056 

3 bar 0.082 0.078 10.405 61.003 

4 bar 0.042 0.041 6.107 35.092 

Spacing** 0.4 mm 0.052 0.027 4.306 30.912 

0.5 mm 0.020 0.014 7.098 36.794 

0.6 mm 0.035 0.026 6.339 78.260 

0.7 mm 0.041 0.034 7.507 118.227 

0.8 mm 0.076 0.075 10.145 199.560 

1 mm 0.088 0.087 4.740 193.238 

1.2 mm 0.090 0.096 4.866 189.728 

Means sorted by level of each factor. Machine precision compares percent error 

(Equation 6.9) between programmed fiber spacing and experimental fiber spacing. 

Material accuracy compares percent error (Equation 6.10) between predicted fiber 

diameter from speed tuning and experimental mean fiber diameter from 3DP scaffolds. 

*Grayed levels for speed are for 85% PPF only. **Grayed levels for spacing are for 90% 

PPF only.  
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Supplemental Figure 6.6 Interaction profiles for linear model of fiber diameter 

(x axis effect on right y axis level). Blue and red lines indicate respective high and low 

values for each parameter (wt% PPF, spacing, speed, and pressure) tested. 

Interpretation based on effect of column parameter on high or low value of row 

parameter. * Indicates a significant interaction coefficient (p < 0.01). 
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Supplemental Figure 6.7 Interaction profiles for linear model of pore size 

(x axis effect on right y axis level). Blue and red lines indicate respective high and low 

values for each parameter (wt% PPF, spacing, speed, and pressure) tested. 

Interpretation based on effect of column parameter on high or low value of row 

parameter. * Indicates a significant interaction coefficient (p < 0.01). 
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Supplemental Figure 6.8 Mean fiber spacing 

reported as mean ± standard deviation. Groups marked with differing letters (A-F) 

indicate significant differences (p < 0.05). R2 = 0.98. 
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CHAPTER 7: FABRICATION AND IN VITRO 

CHARACTERIZATION OF 3D PRINTED 

HA/PCL COMPOSITE SCAFFOLDS FOR 

BONE TISSUE ENGINEERING
6
 

 

 

 

 

 

 

 

 

 

Abstract 

In this study, we used extrusion-based printing techniques to fabricate 3D scaffolds with 

poly(ε-caprolactone) (PCL) and hydroxyapatite (HA). We then evaluated the effect of 

HA particle size and concentration on printing solution viscosity, scaffold architecture, 

and compressive mechanical properties. We were able to quantify the amount of HA in 

each printed composite with thermal analysis. We found that lower concentrations of HA 

result in higher printing viscosities but similar shear thinning behavior to higher 

concentrations or PCL alone. Furthermore, porosity and HA concentration have an 

interrelated role in determining compressive modulus. This study demonstrates the ability 

to fabricate composite scaffolds using a low cost, open-source 3D printing system, which 

can be used for bone applications and other complex tissue engineering approaches. 

                                                 

6
 This chapter was prepared in collaboration with Dr. Paul Hatten and Harriet Drouin at the University of 

Sheffield. 
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7.1 Introduction 

Polymers and composites are currently being investigated to minimize the need 

for autologous or allogeneic tissue replacements. Furthermore, the use of acellular 

composite scaffolds that contain elements from natural bone extracellular matrix may 

enhance the osteogenic potential of bone tissue engineering scaffolds [352], while also 

minimizing the risk of immune rejection to foreign cells. 

In this study, we sought to harness the osteogenic potential of hydroxyapatite 

(HA) found in native bone and the good extrusion properties and biocompatibility of 

poly(ε-caprolactone) (PCL). Low molecular weight (Mn 10,000) PCL has been used in 

this study due to its low melting temperature and viscosity conducive to printing, as well 

as its structural integrity and known biocompatibility in vivo [152, 425].  HA has been 

used in applications for bone tissue engineering and has been successfully incorporated 

with PCL for conventional [410, 422] and rapid prototyping (RP) applications [27, 125, 

161, 286, 404]. Furthermore, nanoscale HA has been indicated to more closely mimic 

natural apatite morphology and potentially have improved osteoconductivity in polymer 

composites than microscale HA [125, 293, 424]. Our laboratory has also investigated HA 

and polymer composites for bone tissue engineering in vitro [147, 170, 269, 353, 355]. 

Although surface coating of the PCL with apatites is possible and has been demonstrated 

in previous studies [196, 410], we intended to validate the ability to print composite 

materials with our low cost, open-source 3D printing system.  

As 3D printing becomes a more prevalent technique for scaffold fabrication, we 

were interested in characterizing the effect of hydroxyapatite content and particle size on 

the rheological properties of the printing solutions, as well as on the architecture and 

compressive mechanical properties of 3D printed scaffolds. Several studies in the 

literature have noted the difficulty of preparing and characterizing composites containing 

hydroxyapatite nanoparticles due to particle aggregation and thus have incorporated 

surfactants and ultrasonication to improve particle dispersion in solution [169, 211, 346, 

393, 424]. Additionally, we selected a surfactant – sodium dodecyl sulfate (SDS) – that 

would have compatible solubility when mixed with PCL and appropriate solvents [26, 

367] and that would minimize cytotoxicity [346]. We hypothesized that increasing HA 
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concentration would result in increased compressive mechanical properties, as well as 

have an effect on fiber and pore morphology and viscosity. We further hypothesized that 

the porosity of 3D printed scaffolds would have an effect on the compressive modulus 

and yield strength.  

The overall objective of this study was to fabricate 3D printed composite 

scaffolds with varying HA content, demonstrating the ability to print ceramic and 

polymer composites at low temperature and pressure with a low cost, open-source 3D 

printing system. We have constructed an open-source, temperature and pressure-driven 

extruder, which is capable of heating polymers and carbohydrate glass with low melting 

temperatures (below 120
o
C) and can extrude material at pressures below 40psi [247, 

360]. In previous work, we have demonstrated the ability to print PCL scaffolds under 

various printing conditions, and have characterized scaffolds by optical microscopy to 

evaluate pore size, porosity, and fiber diameter, as well as by compressive mechanical 

testing [360].  

In this study, we have validated the ability to print PCL with high loading of HA 

at lower temperature and pressure than commercial systems, but with similar resolution 

[158, 244]. We have compared the effects of particle size and concentration on printing 

solution viscosity, scaffold architecture, and compressive mechanical properties. We have 

then discussed the potential for these scaffolds to repair bone tissue in vitro and in vivo. 

7.2 Materials and methods 

Hydroxyapatite (HA) synthesis and characterization 

A 1M potassium hydroxide (KOH) (ACS reagent, ≥85%, pellets; Sigma Aldrich) 

solution (~pH 14) was prepared by adding 11.2g KOH pellets to 200mL deionized (DI) 

water, stirring for several minutes until dissolved. Separate solutions of calcium nitrate 

tetrahydrate (11.8g) (99+%, ACS reagent; Acros Organics, New Jersey) and ammonium 

phosphate (3.96 g) (reagent grade,  ≥98.0%; Sigma Aldrich) were prepared by adding 

250mL DI water, stirring to dissolve, and equilibrating to pH 10 by adding the KOH 

solution in a dropwise manner (~5 drops to calcium solution and ~20mL to ammonium 

phosphate solution). While stirring continuously, the phosphate solution was added to the 
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calcium solution, where the two colorless solutions created a milky white mixture. The 

mixture was stirred for 2hrs and allowed to settle overnight. The solution was rinsed 

(drained water, added 500mL fresh DI water, settled 1-2hrs) 3 times before placing in an 

oven at 80
o
C until dry (~2-3 days). The dried HA was ground to a fine powder with a 

mortar and pestle and stored in a desiccator prior to mixing with PCL. The size of the HA 

particles was verified with transmission electron microscopy (TEM), and composition 

was verified with x-ray diffraction (XRD). 

HA powders were ground using a mortar and pestle. A small quantity of powder 

was added to 1 ml of chloroform in an Eppendorf tube, which was sonicated for 1 minute 

to break up any aggregates. Two to three drops of the solution were pipetted onto a 

carbon grid (Agar Scientific, Standsted, UK) using a 1 ml Pasteur pipette and dried at 

room temperature. The TEM used for this work was the Philips CM100 (Philips, 

Eindhoven, Netherlands).
 7

 

XRD was used to analyze the synthesized HA (HA20) powders. An acetate disk 

was placed on a steel sample preparation plate and a small amount of Elmer’s glue was 

added and mixed with a small quantity of sample to make a slurry. The glue was spread 

so that it covered the whole visible area of the acetate evenly and dried using a hot air 

blower. Once dried, the disk was mounted in a specimen holder and placed in the XRD 

machine. The sample was run for 28 minutes. A scan speed of 2°/minute was used, 

within a range of 5 – 80 ° at every 0.02 °, using Cu Kα with a wavelength of 0.15406 nm, 

generated at 40 kV and 40 mA. The XRD machine used for this work was the STOE 

STADI P (CuIP) (STOE, Darmstadt, Germany). Results were analyzed using WinXPOW 

software (STOE, Darmstadt, Germany). 

HA/PCL composite fabrication, 3D printing, and scaffold characterization 

Low molecular weight PCL (Mn 10,000; Sigma Aldrich) and HA20 or 

commercial HA (HA200) (nanopowder, <200 nm particle size; Sigma Aldrich) were 

dissolved in a 5:1 ratio of chloroform: methanol (20mL chloroform per 5 g total solid) 

and stirred overnight. In order to minimize particle aggregation, solutions were sonicated 

                                                 

7
 The TEM and XRD analysis were performed by our collaborators at the University of Sheffield. 
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for 4 min before and after addition of 120μL of 0.1M sodium dodecyl sulfate (SDS) 

solution per 1g HA. SDS was used as a surfactant to further minimize particle 

aggregation. A composite of PCL and SDS was prepared – using the highest 

concentration evaluated in the study – to evaluate effects on compressive mechanical 

properties. The preparation of composite groups is summarized in Table 7.1.  

 

Table 7.1 Preparation of HA/PCL composites 

Formulation 
HA 

(g) 

PCL 

(g) 

0.1M SDS 

(μL) 

Chloroform 

(mL) 

Methanol 

(mL) 

Pure PCL 0 8 0 0 0 

PCL + SDS 0 8 640.8 53.33 10.66 

10wt% 

HA/PCL 
1.27 11.375 152.4 50.56 10.11 

20wt% 

HA/PCL 
2.56 10.25 307.2 51.25 10.25 

40wt% 

HA/PCL 
5.33 8 640.8 53.33 10.66 

  

Solutions were stirred again for 10min and then poured uniformly on aluminum foil to 

allow solvent evaporation overnight in a fume hood. Dried composites were then ground 

into flakes with a mortar and pestle prior to printing. Printing of composites followed 

printing described in previous methods [360] but at higher temperature (75-100
o
C) and 

pressure (20-25psi) settings, as indicated in Table 7.2. After printing, composite 

scaffolds were evaluated separately by thermogravimetric analysis (TGA) and scanning 

electron microscopy (SEM) to characterize HA content and scaffold morphology, 

respectively, following established methods [209, 246]. 
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Table 7.2 3D printing parameters for HA/PCL composite scaffolds 

Formulation* F (mm/min) P (psi) T (
o
C) B (

o
C) s (mm) 

Zo, Zh 

(mm) 

PCL 200 6 65 32 2 0.3, 1.0 

PCL + SDS 100 8 58 34 2.2 0.3 

10% PCL/HA20 100 8 57 43 2 0.3 

20% PCL/HA20 100 8 63 38 1.7 0.3 

40%  PCL/HA20 (1) 75 14 108 45 1.7 0.3 

40%  PCL/HA20 (2) 75 14 108 45 1.6 0.3 

40%  PCL/HA20 (3) 75 18 108 48 1.6 0.3 

10%  PCL/HA20 200 8 52** 35 2.2 0.3 

20%  PCL/HA200 200 8 57 35 1.9 0.3 

40%  PCL/HA200 (1) 75 8 102 42 1.7 0.3 

40%  PCL/HA200 (2) 75 8 90 42 1.7 0.3 

40%  PCL/HA200 (3) 75 8 102 42 1.7 0.3 

*40wt% formulations were printed in 3 sets due to issues with repeatability 

**Printing solution was heated up to 70
o
C between runs for 5 min, stirred, and then 

lowered to 52oC for printing scaffold 

Viscosity of printing solution 

Based on previously reported methods [229, 361], the apparent viscosity of the 

printing solutions (Equation 7.1) was calculated based on the weight (m) of material 

extruded over time (i.e. flow rate, Q). Pressure drop (∆P = Patm – Papp = 14.696psi – 8psi), 

syringe diameter (d, 838μm), and syringe length (L, 6.35mm) were kept constant. 

Apparent (Newtonian) shear rate at the wall (�̇�𝑎𝑤) and shear stress at the wall (𝜏𝑤) were 

used to estimate apparent viscosity. ρmaterial is the density of the linear combination (0, 

0.1, 0.2 HA: 1, 0.9, 0.8 PCL, respectively) of HA (3.140 g/cm
3
, Sigma) and PCL (1.146 

g/cm
3
, Sigma). It was not possible to extrude the 40 wt% HA formulation at these 

conditions and was thus not included in the analysis. 

 

𝜂𝑎 =
𝜏𝑤

�̇�𝑎𝑤
=

𝜋∆𝑃(
𝑑

2
)

4

8𝑄𝐿
  where   𝜏𝑤 =

𝑑

2
 
∆𝑃

2𝐿
,  �̇�𝑎𝑤 =

4𝑄

𝜋(
𝑑

2
)

3,  𝑄 =
𝑉

∆𝑡
=

𝑚

𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙∆𝑡
  

Equation 7.1 (Apparent viscosity of PCL/HA, capillary die rheometer) 
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Thermogravimetric analysis (TGA) 

TGA was employed (TGA Q50, TA Instruments; New Castle, DE) to quantify the 

relative amounts of PCL and HA within composite 3DP scaffolds based on previous 

techniques [246]. Briefly, 25mg of material (n = 3 per formulation) was heated from 

room temperature to 95
o
C at a constant ramping rate of 20

o
C/min, equilibrated at 100

o
C 

for 10 min, ramped to 550
o
C at 20

o
C/min, and equilibrated for 10min. Nitrogen flow 

rates of the balance and sample were 40 and 60mL/min, respectively. Results were 

analyzed with TGA software (TA Universal Analysis; TA Instruments). The normalized 

sample weight (expressed as a fraction of the initial weight at room temp) was measured 

versus temperature. The normalized weight at 550
o
C was considered to be equal to the 

HA weight fraction of the 3DP HA/PCL composite scaffold.  

Pore and fiber morphology analysis 

Composite scaffolds (n = 5 per formulation) were imaged with a USB microscope 

(Opti-TekScope OT-V1, Opti-Tek, Chandler, AZ), and fiber (~18 fibers measured per 

sample) and pore (~40 per sample) measurements were analyzed digitally with LabView 

software (National Instruments, Austin, TX). 

Porosity measurements 

Porosity was quantified  (n = 5 per formulation) using gravimetric analysis 

following previous methods [360]. Briefly, sample dimensions (length, L; width, W; 

thickness, T) and weight (wscaffold) were measured and used to calculate the porosity 

according to Equation 7.2, where ρscaffold is the scaffold density and ρmaterial is the density 

of the material as previously described. 

 

𝜀 = 1 −
𝜌𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  
= 1 −

𝑤𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝐿𝑊𝑇𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 

Equation 7.2 (Scaffold porosity) 
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Compressive mechanical testing 

The compressive mechanical properties (n = 10 per formulation) of the composite 

were evaluated (MTS, 858 Mini Bionix, Eden Prairie, MN) to determine the effect of HA 

concentration on compressive modulus. 10mm length x 10mm width x 2.5mm height 

(approximate scaffold thickness) scaffolds were compressed perpendicular to their short 

axis at a cross-head speed of 0.5mm/min after an initial pre-load of 25N, following 

previous work [360]. The compressive modulus (elastic region between a fixed strain of 

1-5%, Poisson ratio = 0.5) was calculated using a Python script (see supplemental 

material) [363, 427]. 

Scanning electron microscopy (SEM) 

The surface morphology of the 3D printed scaffolds was imaged using SEM prior 

to cell seeding to characterize the fiber morphology, roughness, and pore 

interconnectivity. Samples (n = 1 per formulation) were sputter-coated with 20nm of gold 

(Denton Desk V, Moorestown, NJ) and SEM (FEI Quanta 400 ESEM FEG, FEICo, 

Hillsboro, OR) images were obtained at 1.00 kV (high voltage, HV) with 50, 100, and 

1000x magnification following previous methods [209].  

Statistical analysis 

All measurements are expressed as a mean + standard deviation. A one-way 

analysis of variance (ANOVA) was used to calculate differences between groups, with 

post-hoc analysis performed via Tukey's Honestly Significant Difference (HSD) with a 

significance level of p < 0.05. Statistical analysis was performed with Microsoft Excel 

and SAS JMP Pro 10 software. 

7.3 Results 

Composite scaffolds containing 0, 10, 20, and 40wt% HA in PCL were printed 

using an open-source 3D printing system described in previously reported methods [360]. 

Representative images are depicted in Figure 7.1. Both synthesized HA (characterized by 
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XRD and TEM) and commercial HA (<200nm particle size) were used to evaluate the 

effect of particle size on scaffold properties. Printing parameters (printing speed, F 

(mm/min); pressure, P (psi); extruder temperature, T (
o
C); bed temperature, B (

o
C); fiber 

spacing, S (mm); and layer height, Z (mm)) were varied in order to print scaffolds with 

the same pore size of 600μm, which has been investigated as a relevant pore size for bone 

tissue engineering [164, 281, 336, 337, 401].  Previously in the methods, we noted the 

difficulty of repeatably printing the 40wt% formulations. Three separate trials were 

required (at different printing conditions) in order to print these scaffolds. They have 

been reported in the figures based on their respective trials noted in Table 7.2. 

We characterized the effect of hydroxyapatite content and particle size on the 

following: printing solution viscosity via capillary die rheometry, ceramic quantification 

via thermal analysis, scaffold architecture via optical microscopy, and compressive 

modulus via mechanical testing of 3D printed scaffolds. We attempted to print 

composites using several other surfactants (Supplemental Table 7.4), but SDS was 

chosen because it allowed the most repeatable fabrication of 3D printed scaffolds, and we 

experienced the least nozzle clogging with high concentrations of HA. 

Characterization of synthesized HA via x-ray diffraction and transmission electron 

microscopy 

The particle size of synthesized HA was evaluated with TEM, demonstrating an 

approximate particle size of 29.4 ± 8.2nm length and 10.9 ± 3.4nm width (n = 50 

measurements) (Figure 7.2a). The XRD analysis matched the diffraction pattern of HA 

9-432 from the software database, demonstrating successful synthesis of HA (Figure 

7.2b).  
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Figure 7.1 Representative micrographs 

of A) PCL, B-D) HA20, E) PCL + SDS, F-H) H200 composites. Samples from D) were imaged from the bottom of the scaffold 
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Figure 7.2 TEM image and XRD analysis of synthesized HA (HA20) 

a) TEM image of hydroxyapatite nanoparticles and b) XRD analysis: Red curve indicates 

sample diffraction peak. Sharp vertical peaks in XRD analysis represent HA index card 

9-432found in the materials database in the WinXPOW software. The TEM and XRD 

analysis were performed by our collaborators at the University of Sheffield. 

a) 

b) 
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Characterization of printing solutions and 3D printed PCL/HA scaffolds 

Viscosity 

The 3D printer extruder was used as a simple capillary die rheometer based on 

previous work [361]. The incorporation of hydroxyapatite in the printing solution 

increases apparent viscosity during printing (run in triplicate). Interestingly, solutions 

with lower amounts of HA (10wt% compared to 20wt%) had a significantly higher 

viscosity when extruded at the same printing conditions. Solutions with smaller particles 

had a significantly higher apparent viscosity than solutions with larger particles (Figure 

7.3b). It was not possible to print PCL/HA20 or PCL/HA200 40wt% formulations at 

these printing conditions, so they were not included in the analysis. 

HA has also been reported to influence the shear thinning behavior of composite 

mixtures [417], which is important for extrusion-based printing applications and analysis 

of the rheological properties [361]. We found that all solutions exhibited shear thinning 

behavior, which is demonstrated by a decrease in apparent viscosity as shear rate 

increases (Figure 7.3c).  
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Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was used to quantify the amount of HA in 

each scaffold (run in triplicate, Figure 7.4). It was observed that the type of HA and the 

quantity of SDS did not have an effect on the measured HA content in the scaffold 

(Table 7.3). Based on random sampling from printed scaffolds (n = 3), composites 

contained a uniform distribution of HA. These results demonstrate the ability to fabricate 

HA/PCL composites with proportional concentration of up to 40wt% HA and quantify 

the amount of ceramic within the composite. 

 

Figure 7.4 Thermogravimetric analysis of HA/PCL composites 

 

  



163 

 

Pore size 

Pore size was generally maintained at around 600μm (Figure 7.5), but significant 

differences were observed between 40 and 20wt% HA20 scaffolds and HA particle size 

(HA20 vs HA200) for 20wt% scaffolds (summarized in Table 7.3). PCL and 40wt% 

scaffolds exhibited the smallest pore sizes. 

 

 

Figure 7.5 Pore size analysis for HA/PCL scaffolds 

Dashed line indicates target pore size of 600μm. Values marked with the same letter do 

not differ statistically (p > 0.05). 
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Porosity 

In general, scaffold porosity increased with increasing HA concentration (Table 

7.3). PCL and PCL + SDS had the lowest porosity of around 20%, while the highest 

porosity was observed for 20wt% and 40wt% PCL/HA20 and 40wt% PCL/HA200 

formulations (Figure 7.6). For composites containing 10wt% HA, samples exhibited 

significantly reduced porosity when compared to 20wt% or 40wt% HA composites. 

Additionally, scaffolds with synthesized HA (HA20) exhibited significantly higher 

porosity than composites with commercial HA (HA200) for the 20wt% and some of the 

40wt% trials.  

 

 

Figure 7.6 Porosity of HA/PCL composites. 

Values marked with the same letter do not differ statistically (p > 0.05) 
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Fiber diameter 

Scaffolds with greater HA content generally exhibited smaller fiber diameters 

(Table 7.3 and Figure 7.7). Furthermore, composites containing 10% and 20% HA20 

had smaller fiber diameters than their respective HA200 counterparts (i.e. scaffolds with 

smaller HA particle size have smaller fiber diameter). Also, composites containing 

10wt% HA exhibited a larger fiber diameter when compared to 20 or 40wt% HA 

composites. Compared to the syringe tip diameter (0.84 mm inner diameter), PCL, PCL + 

SDS, and the 10wt% formulations exhibited a large degree of fiber spreading during 

printing. The 20wt% PCL/HA20 and 40wt% formulations produced fibers much closer to 

the diameter of the syringe. This pooling during printing could have also impacted the 

pore interconnectivity [227, 361]. 

 

 

Figure 7.7 Fiber diameter of HA/PCL composites 

Values marked with the same letter do not differ statistically (p > 0.05). 
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Compressive modulus 

Based on raw comparison among groups, a general trend was not observed with 

respect to compressive modulus and HA concentration or particle size (Figure 7.8). 

While it was expected that an increased compressive modulus would be associated with 

increased HA concentration, the lack of trend may have been confounded by the porosity. 

We also plotted compressive modulus as a function of porosity (Supplemental Figure 

7.11).  

 

 

Figure 7.8 Compressive modulus of HA/PCL composites 

Values marked with the same letter do not differ (p > 0.05) 
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Table 7.3 Summary of characterization of HA/PCL scaffolds  

wt%*, porosity, pore size, fiber diameter, and compressive modulus 

Formulation % HA* Pore size (μm) Porosity (%) Fiber diameter (μm) 
Compressive 

modulus (MPa) 

PCL 0.38 + 0.43
A 

470.68 + 55.16
D 

19.23 + 2.96
E 

1531.64 + 103.62
A 

134.40 + 38.96
A 

PCL + SDS 1.21 + 0.81
A 

666.46 + 43.94
A, B, C 

19.36 + 3.24
E 

1577.07 + 44.37
A 

88.72 + 34.09
B, C 

10% PCL/HA20 8.46 + 0.06
B 

668.14 + 146.58
A, B, C 

31.21 + 3.74
C, D 

1324.03 + 122.58
B 

63.58 + 15.00
C, D 

20% PCL/HA20 18.12 + 0.27
C 

788.20 + 56.46
A 

50.73 + 1.98
A 

906.09 + 51.33
E, F 

88.05 + 22.41
B, C 

40%  PCL/HA20 (1) 

35.83 + 1.02
D 

571.00 + 54.70
C, D 

42.15 + 4.12
B 

1165.51 + 20.22
B, C, D 

119.08 + 51.55
A, B 

40%  PCL/HA20 (2) 563.83 + 38.24
C, D 

52.76 + 4.62
A 

1028.13 + 76.22
D, E, F 

40%  PCL/HA20 (3) 591.94 + 79.42
C, D 

52.22 + 3.71
A 

1053.52 + 87.69
C, D, E 

10%  PCL/HA20 9.32 + 0.34
B 

629.78 + 94.90
B, C 

25.67 + 5.55
D, E 

1569.81 + 111.26
A 

49.79 + 16.57
C, D 

20%  PCL/HA200 17.53 + 3.34
C 

621.37 + 59.52
B, C, D 

34.32 + 3.41
B, C 

1272.50 + 62.57
B 

49.95 + 17.88
C, D 

40%  PCL/HA200 (1) 

36.45 + 0.64
D 

511.74 + 82.76
C, D 

37.13 + 3.88
B, C 

1227.11 + 63.40
B, C 

79.64 + 24.19
B, C, D 

40%  PCL/HA200 (2) 586.67 + 27.41
B, C, D 

40.68 + 0.48
B 

1088.20 + 45.09
C, D 

67.00 + 29.64
C, D 

40%  PCL/HA200 (3) 751.18 + 24.64
A, B 

51.86 + 2.49
A 

862.31 + 49.13
F 

39.07 + 12.52
D 

*As measured by thermogravimetric analysis (TGA).  

** Values marked with the same letter do not differ significantly (p > 0.05) 



168 

 

 

 

 

Scanning electron microscopy 

3D printed scaffolds had limited pore interconnectivity despite stratification of layers (Figure 7.9). Upon imaging of 

fiber surface morphology (Figure 7.10), it was observed that PCL and PCL/HA composite fibers had a generally rough surface 

except for the PCL/SDS samples. 

 

 

Figure 7.9 Representative SEM cross-sectional images 

of A) PCL, B-D) HA20, E) PCL + SDS, F-H) H200 composites. Samples from D) were imaged from the bottom of the scaffold. 
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Figure 7.10 Representative SEM pore images 

of A) PCL, B-D) HA20, E) PCL + SDS, F-H) H200 composites. Samples from D) were imaged from the bottom of the scaffold. 
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7.4 Discussion 

3D printing parameters and printing solution composition are interrelated and can 

have an interacting effect on scaffold architecture [360, 361], as well as resulting porosity 

and mechanical properties. However, it is difficult to maintain the same printing 

parameters for different composite solutions, as demonstrated by their varying viscosities 

and extrusion behaviors. In comparison to previous work [361], the 10 and 20wt% 

PCL/HA20 solutions were too viscous for optimal extrusion, so an elevated temperature 

and printing speed were used to decrease viscosity and facilitate extrusion. It was 

interesting that the 10% PCL/HA formulations had the highest viscosity for both HA20 

and HA200 when compared to the 20% PCL/HA and PCL only. This could be due to the 

dispersion of the particles, which may have been less uniform at lower HA 

concentrations. Although dispersion was not directly measured, the presence of 

aggregates was apparent, even with the addition of a surfactant. As the concentration of 

HA increased, it became more difficult to extrude the composite solutions, and repeatable 

extrusion was not possible for the 40wt% HA formulations. It is possible that the use of 

other surfactants would promote better dispersion [46, 169]; however, we did investigate 

the use of other surfactants (Supplemental Table 7.4) and found them to be less 

favorable for this application. Alternatively, we could have mixed the surfactant and HA 

in the solvent mixture prior to adding PCL, which may have also improved dispersion 

and further prevented aggregates from clogging the printer nozzle [169, 346]. 

In terms of scaffold architecture, while pore size remained relatively constant, 

fiber diameter was dictated by HA concentration and particle size. The fact that the 

10wt% formulations exhibited a larger fiber diameter than the formulations with 20% or 

40% could be due to the dispersion of particles, as stated previously, as well as 

diminished surface tension attributed to the lower concentration of HA and surfactant, 

SDS [267]. Particle size could have also played a role in the surface tension within the 

fibers. Specifically, HA20 formulations generally produced smaller fibers than the 

respective HA200 formulations likely due to the greater surface area of the smaller 

particles. Although the surfactant acts to decrease surface tension (i.e. causing fibers to 

spread), it is likely that increased HA concentration dominated adhesion of the fibers, 
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resulting in a lower surface area [271]. Fiber spreading could have also affected the pore 

interconnectivity [227, 361]. Based on SEM, we found that fibers were fused in the z-

direction, which could have impacted compressive mechanical properties. Similar results 

were found in other reports, where fibers appeared fused in the z-direction and required 

0
o
/0

o
/90

o
/90

o
 layer printing to improve pore interconnectivity [227]. This could be 

incorporated into the printing code to improve pore interconnectivity and facilitate cell 

migration in vitro or in vivo. 

Of great interest in this study was the significant change in scaffold porosity with 

HA concentration and particle size, which we hypothesized to have an impact on 

compressive mechanical properties. Again, HA particle size and concentration dictated 

porosity, with higher porosity observed in scaffolds with smaller particle sizes (HA20) 

and greater HA concentrations (20 and 40wt%). While it was expected that an increased 

compressive modulus would be associated with increased HA concentration, the lack of 

trend may have been confounded by the porosity. Specifically, composites exhibited 

increased scaffold porosity with increased HA content, and an increase in scaffold 

porosity has been shown to cause a decrease in compressive modulus [360]. Based on a 

theoretical model established in previous work [360], high concentrations of small 

nanoparticles (40wt% HA20) significantly increase compressive modulus with 

comparable porosities of around 50%. Additional reports have demonstrated that scaffold 

porosity and HA concentrations both have an impact on compressive modulus in sintered 

PLA/HA films [107]. Another group found that increased HA concentration in PLLA/HA 

composites increases compressive modulus in scaffolds with similar porosities [393]. 

Furthermore, a group demonstrated that HA incorporation improves tensile mechanical 

properties in PCL/HA composites [169]. Although a main effects and interactions 

analysis could not be performed, the results suggest a decrease in compressive modulus 

with decreasing HA content or increasing porosity but also an increase in modulus with a 

decrease in HA particle size. If an effects analysis was performed, we would expect that 

porosity, HA particle size, and HA concentration would have interacting effects on 

compressive modulus.   

For future in vitro culture of these scaffolds, an analysis of surface chemistry and 

cell interaction with HA should be performed. Since cells attach preferentially to 



172 

 

 

 

 

hydrophilic surfaces, the hydrophobicity of the surface could be measured by contact 

angle measurements. Furthermore, hydrophobicity could be reduced by plasma treatment 

or pre-wetting of the samples. Based on previous work with electrospun PCL seeded with 

MSCs for bone tissue engineering [352], we would expect that alkaline phosphatase 

(ALP) activity would be higher in groups containing HA. Based on these hypotheses, it 

would thus be beneficial to characterize the exposure of HA to the surface. While there 

have been reports that the incorporation of nanoHA in electrospun nanofibers improves 

osteogenesis and mineralization [100, 341, 375], and increasingly with the addition of 

SDS to HA/PCL composites [346], the exposure of HA to the surface may be more 

difficult within microfibers than nanofibers. One group noted that apatite formation can 

occur on the surface of PCL/HA fibers after a 2 week incubation period in simulated 

body fluid (SBF) [306]. Another report found that increasing nanoscale HA concentration 

and increasing incubation time improved protein adsorption in PLLA/HA composites 

[393]. The amount of protein adsorbed to the surface, however, did reach a threshold at 

greater incubation times [393], but this could be tuned to optimize the hydrophilicity of 

the polymer phase on the scaffold surface and promote greater initial cell attachment 

[100]. Otherwise, surface modification may also beneficial to improve the interfacial 

interactions between HA and PCL [409]. Surface modification may also promote more 

cell interactions with the HA [341, 346], improve the surface roughness, and increase the 

compressive mechanical properties [391]. In the case where smaller fibers are desired, 

direct writing approaches may be used to combine the benefits of 3D printing and 

electrospinning [378]. This approach has also demonstrated improved surface roughness 

and water absorption of PCL scaffolds for bone tissue engineering applications [3]. 

Additionally, nano HA and PCL have been used to print thin fibers (<50μm) using direct 

writing approaches [306]. However, the ability to fabricate thick scaffolds (> 1mm) with 

direct writing is currently a limitation, so this application may be more relevant for thin, 

complex tissues, such as cartilage.  

It is also important to address how this 3D composite printing approach would be 

translated clinically to treat bone and osteochondral defects. 3D printed PCL/HA 

scaffolds have been used recently for cartilage tissue engineering by combining the 

benefits with bone marrow clots to improve seeding efficiency and proliferation in vitro 
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and in vivo [416] and have been used to create complex bone implants for a rabbit model 

[415]. Another group used an open-source stereolithography (STL) platform to fabricate 

heterogeneous scaffolds loaded with HA and growth factors to mimic the complexity of 

osteochondral tissue [42]. However, the group did not detail how they facilitated the 

dispersion of HA or growth factors within the printing solutions. Furthermore, the in vivo 

implantation of 3D printed 20wt% PCL/HA scaffolds (~500μm pore size) demonstrated 

that the addition of demineralized bone matrix (DBM) within the printed composite 

improved osteointegration when implanted at load-bearing bone and ectopic muscle sites 

[244]. However, the inherent osteogenic potential of PCL/HA was diminished without 

the presence of DBM, especially for ectopic bone formation. SEM images showed 

micron-sized aggregates of HA, which were only initially dispersed within the PCL 

matrix by ultrasonication [244]. Another study combined extrusion-based 3D printed 

PCL scaffolds (~0.8mm pore size) with nano-porous PCL achieved by thermal-induced 

phase separation (TIPS) [158]. Although 3D printed/TIPS scaffolds showed better 

osteogenesis in vitro, unmodified 3D printed PCL performed better in vivo, 

demonstrating that scaffolds with neutral in vitro results may still have relevance for in 

vivo implantation [158].  

7.5 Conclusions 

We have evaluated the rheological, architectural, and mechanical properties of 3D 

printed PCL/HA composite scaffolds for bone tissue engineering applications. We used a 

low cost, open-source printer to extrude composite solutions of PCL with high 

concentrations of HA. We evaluated the effects of HA particle size and concentration on 

the viscosity of the printing solution in real time, as well as their effects on pore size, 

fiber diameter, porosity, and compressive mechanical properties. From this work, we 

have demonstrated the ability to quantify ceramic concentrations within the scaffolds 

using thermal analysis, which would be beneficial for future applications in evaluating 

3D printed gradient structures. Furthermore, we found that lower concentrations of HA 

resulted in higher printing viscosities but similar shear thinning behavior to solutions with 

higher HA concentrations or PCL alone. Additionally, porosity and HA concentration 
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had an interrelated role in determining compressive modulus. This study demonstrates the 

ability to use a low cost, open-source 3D printing system to fabricate scaffolds that mimic 

the properties of complex tissues. 
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7.6 Supplemental tables and figures 

 
Supplemental Figure 7.11 Compressive modulus as a function of porosity 
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Supplemental Table 7.4 3D printed scaffold architectures using different surfactants to disperse HA  

The scaffolds printed with the commercial HA had the smallest fibers. The PCL + SDS scaffolds had small pores because the 

fibers spread more than the pure PCL scaffolds, which was caused by the addition of the surfactant since they were printed 

with the same parameters. n = 8 for all measurements.  

PCL 

(wt%) 

HA 

(wt%) 

 

HA type* Surfactant Sonication 

(Y/N) 

Average 

fiber width 

(x) (µm) 

Average 

fiber width 

(y) (µm) 

Average 

pore width 

(x) (µm) 

Average 

pore width 

(y) (µm) 

100 0 - - N 1100 ± 140 1140 ± 220 430 ± 100 650 ± 60 

100 0 - SDS Y 1380 ± 110 1370 ± 70 360 ± 80 370 ± 90 

80 20 HA200 - N 690 ± 200 650 ± 100 490 ± 60 940 ± 120 

80 20 HA20 - Y 1220 ± 820 410 ± 570 180 ± 60 260 ± 100 

80 20 HA20 SDS Y 800 ± 140 1000 ± 110 490 ± 110 390 ± 70 

80 20 HA20 Triton X-100 Y 970 ± 130 1120 ± 180 430 ± 260 550 ± 100 

80 20 HA20 Tween 80 Y 880 ± 95 950 ± 130 530 ± 110 450 ± 80 

60 40 HA20 SDS Y 720 ± 150 1320 ± 280 960 ± 170 540 ± 90 

*commercial (HA 200), synthesized (HA20)
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CHAPTER 8: EXTRUSION-BASED 3D 

PRINTING OF POLY(PROPYLENE 

FUMARATE) SCAFFOLDS WITH 

HYDROXYAPATITE GRADIENTS
8
 

 

 

 

Abstract 

 The ability to create complex tissues with control and repeatability is becoming 

increasingly relevant in the tissue engineering community. For bone tissue engineering 

applications, this work demonstrates the ability to use extrusion-based printing 

techniques to control the spatial deposition of hydroxyapatite (HA) nanoparticles in a 3D 

composite scaffold. In doing so, we combined the benefits of synthetic, degradable 

polymers, such as poly(propylene fumarate) (PPF), with osteoconductive HA 

nanoparticles that provide robust compressive mechanical properties. Furthermore, the 

final 3D printed scaffolds consisted of well-defined layers with interconnected pores, two 

critical features for a successful bone implant. To demonstrate a controlled gradient of 

HA, thermogravimetric analysis was carried out to quantify HA on a per-layer basis. 

Moreover, we non-destructively evaluated the tendency of HA particles to aggregate 

within PPF using micro-computed tomography (μCT). This work provides insight for 

proper fabrication and characterization of composite scaffolds containing particle 

gradients and has broad applicability for future efforts in fabricating complex scaffolds 

for tissue engineering applications.  

                                                 

8
 Published as: Trachtenberg, JE; Placone, JK; Smith, BT; Fisher, JP; Mikos, AG. Extrusion-based 3D 

printing of poly(propylene fumarate) scaffolds with hydroxyapatite gradients. Submitted to J Biomat Sci 

Polymer Ed.  
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8.1 Introduction 

Bone is a complex tissue comprised of both compositional and structural 

gradients [41]. Recent work in the tissue engineering community has sought to 

recapitulate the complexities of musculoskeletal tissues by fabricating scaffolds with 

gradients of extracellular matrix (ECM) [20], bioactive molecules [42], and pore size 

gradients [277, 336]. Specifically, polymer scaffolds with a compositional gradient of 

ceramic nanoparticles are interesting from both a mechanical and bioactivity standpoint. 

It is commonly known that nanoparticles have a greater surface area to volume ratio than 

microparticles, providing better mechanical reinforcement in a composite. Additionally, 

hydroxyapatite (HA) nanoparticles have been shown to improve bone tissue formation 

and have more biological relevance than HA microparticles [125, 293, 424].  

There are, however, inherent challenges associated with the fabrication and 

characterization of compositional gradients. The uniform mixing of polymer and ceramic 

composites is known to be challenging, often due to opposing physical and chemical 

interactions. Additionally, when working with nanoparticles, it is often difficult to 

achieve uniform particle dispersion and prevent particle aggregation, which can diminish 

the effectiveness of the nanoparticles to improve composite mechanical properties [376]. 

Many strategies have been employed to understand and improve the interfacial 

interactions of polymers and ceramics [180, 338, 414], including the incorporation of 

surfactants, modification of surface chemistry, and application of magnetic fields. Yet, 

for the purposes of tissue engineering, it is important to use approaches that are simple, 

are clinically relevant, and minimize cytotoxicity. Furthermore, few investigations have 

evaluated the effects of composition on the fabrication of gradients, specifically the 

rheological properties and how those affect scaffold architecture. In order to successfully 

incorporate compositional gradients, material properties and composite interactions 

should be considered during the fabrication of fibrous scaffolds.  

From a materials standpoint, poly(propylene fumarate) (PPF) has been used 

previously as a bone implant material [91, 372]. In recent work, PPF was a successful 

candidate for extrusion-based printing [361]. The in vitro osteogenic potential has been 
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characterized by both PPF-HA scaffolds fabricated by salt leaching [170] and PPF 

scaffolds fabricated by stereolithography (STL) [171]. HA improved cell-material 

interactions and osteogenic gene expression in vitro [170], underlining the 

osteoconductive properties of HA. Additionally, STL scaffolds with interconnected pores 

promoted enhanced osteogenic gene expression as compared to salt leached scaffolds 

[171], demonstrating that scaffolds prepared by additive manufacturing methods promote 

bone tissue formation due to improved mass transport. 

Extrusion-based 3D printing, in particular, allows for direct fabrication of 

scaffolds with interconnected pores and pore sizes relevant for bone tissue engineering 

[164, 361]. Extrusion-based printing systems allow printing of multiple materials 

simultaneously, which facilitates the fabrication of scaffolds with compositional 

gradients. A few reports have explored extrusion-based printing of scaffolds with 

multiple material compositions [126, 135, 157, 181, 312], but the printing behavior of 

each material and the effect of graded composition on printing uniformity have not been 

characterized extensively. Due to the scarce material analysis available for multi-material 

printing, we systematically characterized extrusion-based printing of PPF scaffolds with 

HA nanoparticle gradients, which better mimic the native tissue environment in bone. 

Once a gradient is fabricated, it is often difficult to effectively characterize its 

spatial properties within the scaffold. Specifically, the ability to quantitatively and 

qualitatively evaluate the dispersion of particles and prove the presence of a gradient can 

be a challenge when working with nanoparticles. Micro-computed tomography (μCT) is a 

non-destructive technique that provides a full 3D reconstruction of the scaffold and gives 

a better summary of particle distribution and aggregation [362, 381] than techniques that 

primarily characterize the surface, such as atomic force microscopy (AFM) [200] or 

Fourier transform-infrared spectroscopy (FTIR) [17]. This can also be coupled with 

quantitative techniques like thermogravimetric analysis (TGA) to quantify concentrations 

within scaffold layers or within cross-sections to prove the presence of a gradient or a 

uniform particle distribution. 

The aim of this work is to generate biologically relevant scaffolds with defined 

and controlled compositional gradients, robust mechanical properties, and interconnected 

pores to facilitate mass transport in vitro and in vivo for bone tissue applications. We first 
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investigated the effect of incorporating surfactant on particle distribution and scaffold 

properties, including printing solution viscosity, fiber diameter, porosity, pore size and 

interconnectivity, and compressive mechanical properties. We then demonstrated the 

ability to fabricate scaffolds with a HA gradient, evaluated the nanoparticle distribution, 

and quantitatively evaluated the HA concentration within each layer of the scaffold.  

8.2 Materials and methods 

Synthesis and characterization of PPF 

PPF was synthesized as previously described using a two-step condensation 

reaction [166]. The number average molecular weight (Mn) and polydispersity index 

(PDI) were characterized by gel permeation chromatography in triplicate following 

previous methods [361]. Mn and PDI were, respectively, 2980 ± 30 Da and 2.06 ± 0.01 

for the surfactant study and 2280 ± 20 Da and 1.72 ± 0.02 for the bilayer and gradient 

study. 

Polymer/Ceramic Composite Preparation 

Synthesized PPF (Mn 2000-3000 Da) was mixed with a solution of diethyl 

fumarate (DEF, Sigma, St. Louis, MO) – used to reduce the viscosity of the printing 

solution – and phenylbis(2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO, BASF, 

Florham Park, NJ), used as a photoinitiator for polymer crosslinking. For scaffolds 

containing surfactant, a 0.1 M solution of sodium dodecyl sulfate (SDS, Sigma, St. Louis, 

MO) in dimethyl sulfoxide (DMSO ACS reagent, Sigma, St. Louis, MO) (0.144 g SDS in 

5 mL DMSO) was prepared and mixed with HA (<200 nm particle size, Sigma-Aldrich, 

St. Louis, MO) (120 μL per 1 g HA) prior to ultrasonication. HA was ultrasonicated with 

or without surfactant for 2 min before being mixed into the PPF:DEF:BAPO solution. 

Solutions were prepared following Table 8.1 and loaded into a 30 mL plastic syringe 

barrel (Optimum® Syringe barrel; Nordson EFD; East Providence, RI) with a high 

viscosity piston (SmoothFlow
TM

 piston; Nordson EFD; East Providence, RI) and a 0.840 

mm (inner diameter, 18 gauge) plastic tapered syringe tip (Dispense tips; Nordson EFD; 
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East Providence, RI). For the PPF-HA bilayer and gradient scaffolds, solutions were 

prepared following Table 8.2. More BAPO was added to solutions containing HA due to 

their optical properties, as they tend to disperse UV light and diminish crosslinking [73, 

83].  

 

Table 8.1 Preparation of PPF/HA printing solutions with and without surfactant 

*Considering PPF density (Mn 2530) ρPPF = 1.27 g/cm3 [386], and DEF density (Mn 

172) ρDEF = 1.05 g/cm3 (Sigma Aldrich) at 25 oC. mPPF = PPF mass, VDEF = DEF 

volume, wt% reported as 
𝐱

𝐱+𝐦𝐏𝐏𝐅+𝐕𝐃𝐄𝐅∗𝛒𝐃𝐄𝐅
∗ 𝟏𝟎𝟎% 

PPF:DEF mPPF (g) VDEF (mL) DMSO/SDS (mL) 
HA (g) 

(10 wt%) 

BAPO (mg) 

(2 wt%) 

85:15 10 1.512 0.157 1.3072 240 

85:15 10 1.669 - 1.3072 240 

 

 

Table 8.2 Preparation of PPF/HA printing solutions for bilayer and gradient 

scaffolds 

*Considering PPF density (Mn 2530) ρPPF = 1.27 g/cm3 [386], and DEF density (Mn 

172) ρDEF = 1.05 g/cm3 (Sigma Aldrich) at 25oC. mPPF = PPF mass, VDEF = DEF 

volume, wt% reported as 
𝐱

𝐱+𝐦𝐏𝐏𝐅+𝐕𝐃𝐄𝐅∗𝛒𝐃𝐄𝐅
∗ 𝟏𝟎𝟎% 

mPPF (g) VDEF (mL) 
HA BAPO 

(g) (wt%) (mg) (wt%) 

10 1.677 0 0 118.8 1 

10 1.677 0.1489 1.25 240.1 2 

10 1.677 0.3017 2.5 240.1 2 

10 1.677 0.6192 5 240.1 2 

10 1.677 1.3072 10 240.1 2 

Scaffold printing 

All scaffolds were fabricated using a commercial 3D printing system (3D 

Bioplotter, EnvisionTEC, Gladbeck, Germany) capable of printing multiple materials at a 

wide range of temperatures (2 – 250 ºC) and pressures (0 – 9 bar). PPF and PPF-HA 

solutions were loaded into separate print heads and were heated to their respective 

temperatures (Table 8.3) for 30 min prior to printing. After printing one layer, a UV 

curing head was used to crosslink the layer for a specified duration (Supplemental Table 

8.5), and images were taken after each layer was printed. The center-to-center spacing 
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between adjacent fibers for all scaffolds was 1.2 mm. Scaffolds were printed concurrently 

on cardstock with EnvisionTEC software (BioplotterRP, EnvisionTEC, Gladbeck, 

Germany). Printing settings are specified in Supplemental Information. 

For the PPF-HA scaffolds with or without SDS (containing 10 wt% HA), a 10 x 

10 mm square was designed (SolidWorks, Waltham, MA) and sliced into 9 layers 

(Figure 8.1a, Supplemental Figure 8.11) (0.5 mm slicing thickness) using 

BioplotterRP. For the PPF/PPF-HA bilayer scaffolds, a 10 x 10 mm square composed of 

6 layers (0.3 mm slicing thickness) was designed, and layers were printed following the 

schematic in Figure 8.1b (also refer to Supplemental Figure 8.12). It was necessary to 

reduce the slicing thickness for bilayer and gradient scaffolds because solutions 

containing lower concentrations of HA tended to spread during printing. For the PPF-HA 

gradient scaffolds, each 10 x 10 mm scaffold contained 8 layers (0.3 mm slicing 

thickness) with 2 layers each of the 4 concentrations (1.25, 2.5, 5, and 10 wt% HA). 

Scaffolds were printed in ascending and descending concentration (descending schematic 

in Figure 8.1c and Supplemental Figure 8.13. Two concentrations were loaded into the 

printer at one time to print the first 4 layers, after which the second set of concentrations 

was loaded and printed on top of the first two with a vertical offset of 0.4 mm from the 

top of the 4
th

 layer. In order to fully crosslink the polymer, all scaffolds were post-

processed in a flash box (Otoflash, EnvisionTEC, Gladbeck, Germany) following 

previous methods [361]. 
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Table 8.3 3D printing settings for printing PPF-HA gradient scaffolds and printing solution properties 

All other print settings are as follows: Syringe tip inner diameter (ds, 0.840 mm), fiber spacing, (s, 1.2 mm). Refer to Table S1 for the 

detailed list of print settings. Values marked with the same letter (A-E) do not differ statistically (p ≥ 0.05). 

 Formulation 
Temperature, 

T (
o
C) 

Pressure, 

P (bar) 

Print head 

 speed,  

F (mm/s) 

Layer  

thickness, 

 z (mm) 

Experimental 

fiber diameter, 

d (mm) 

Apparent 

viscosity,  

ηa (Pas) 

Surfactant 

PPF-HA with SDS 65 0.8 1.5 0.5 0.752 ± 0.003
C 

30.8 ± 0.3
A 

PPF-HA without 

SDS 
65 0.8 1.5 0.5 0.682 ± 0.024

C 
37.5 ± 2.6

B 

Bilayer 
PPF 50 0.3 12 0.3 

0.794 ± 0.067
B, 

C 11.7 ± 2.1
C, D 

PPF-HA 55 0.8 8 0.3 0.779 ± 0.093
C 

5.5 ± 1.2
E 

Gradient 

HA 1.25 55 0.4 10 0.3 
0.931 ± 0.045

A, 

B 8.7 ± 0.9
D, E 

HA 2.5 55 0.5 8 0.3 0.941 ± 0.023
A 

8.9 ± 0.4
D, E 

HA 5 55 0.5 8 0.3 0.709 ± 0.055
C 

15.8 ± 2.5
C 

HA 10 55 0.5 8 0.3 0.734 ± 0.015
C 

14.6 ± 0.6
C 
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Figure 8.1 Schematic of printed scaffolds. 

(a) PPF-HA (10 wt%) scaffold with or without SDS. (b) PPF-HA bilayer scaffold 

containing PPF and PPF-HA (10 wt%). (c) PPF-HA gradient scaffold containing layers 

of 1.25, 2.5, 5, and 10 wt% HA. Respective SEM cross-sections of (d) a PPF-HA scaffold 

with or without SDS, (e) a PPF-HA bilayer scaffold, and (f) a PPF-HA gradient scaffold. 

Pore interconnectivity is lost with the addition of multiple materials. Scale bars in (d)-(f) 

represent 0.5 mm. Rotated views of (d)-(f) are presented in their respective supplemental 

figures, Supplemental Figure 8.11-Supplemental Figure 8.13. 

Scaffold characterization 

Viscosity of printing solution 

Based on previously reported methods [229, 361], the apparent viscosity of the 

printing solutions (Equation 8.1) was calculated based on the volume of material 

extruded over time (i.e. flow rate of a fiber with circular cross-section, Qc). A single fiber 

was extruded (initial fiber diameter test), and the fiber diameter (d) was measured based 

on previous methods [361] and compared to a power relationship described previously 

[247]. The pressure drop (∆P = Patm – Papp = 1.013 bar – Papp) and fiber diameter varied 
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depending on the printing solution (Table 8.3), while syringe diameter (ds, 0.840 mm) 

and syringe length (Ls, 12.7 mm) were kept constant. Apparent (Newtonian) shear rate at 

the wall (�̇�𝑎𝑤) and shear stress at the wall (𝜏𝑤) were used to estimate apparent viscosity.  

 

𝜂𝑎 =
𝜏𝑤

�̇�𝑎𝑤
=

𝜋∆𝑃(
𝑑𝑠
2

)
4

8𝑄𝑐𝐿𝑠
  where   𝜏𝑤 =

𝑑𝑠

2
 

∆𝑃

2𝐿𝑠
,  �̇�𝑎𝑤 =

4𝑄𝑐

𝜋(
𝑑𝑠
2

)
3,  𝑄𝑐 =

𝑉

∆𝑡
= 𝜋 (

𝑑

2
)

2

𝐹  

Equation 8.1 (Apparent viscosity of PPF-HA, capillary die rheometer) 

 

Pore and fiber morphology analysis of PPF-HA10 scaffolds with or without SDS 

Pore size, fiber diameter, and fiber spacing were measured based on previous 

methods [361]. Briefly, a scale was set based on image dimensions (0.009 mm/pixel, 

1032 x 776 pixels), and imaging software (ImageJ, NIH) was used to take measurements 

(n = 5 measurements each per layer, 4 scaffolds per group – PPF-HA with SDS, PPF-HA 

without SDS, bilayer, gradient descending). 

Porosity measurements of PPF-HA10 scaffolds with or without SDS 

Porosity was quantified  (n = 5 per formulation) using gravimetric analysis 

following previous methods [360]. Briefly, sample dimensions (length, L; width, W; 

thickness, H) and mass (mscaffold) were measured and used to calculate the porosity 

according to Equation 8.2, where ρscaffold is the scaffold density and ρmaterial is the density 

of the material. The respective densities of PPF (1.267x10
-3 

g/mm
3
) [386], DEF 

(1.052x10
-3 

g/mm
3
) (Sigma), HA (3.14x10

-3 
g/mm

3
) (Sigma), SDS (0.370x10

-3 
g/mm

3
), 

BAPO (1.19x10
-3 

g/mm
3
) (BASF), and DMSO (1.10x10

-3 
g/mm

3
) (Sigma) were used to 

estimate ρmaterial for each printing solution following quantities in Table 8.1, Table 8.2, 

and layers within each scaffold type.    

 

𝜀 = 1 −
𝜌𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  
= 1 −

𝑤𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝐿𝑊𝑇𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 

Equation 8.2 (Scaffold porosity) 
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Compressive mechanical testing of PPF-HA10 scaffolds with or without SDS 

The compressive mechanical properties (n = 10 per formulation) of the composite 

were evaluated (MTS, 858 Mini Bionix, Eden Prairie, MN) to determine the effect of 

SDS on compressive modulus. 10 mm length x 10 mm width x 2.5 mm height 

(approximate scaffold thickness) scaffolds were compressed perpendicular to their short 

axis at a cross-head speed of 0.5 mm/min after an initial pre-load of 25 N, following 

previous work [360]. The compressive modulus (elastic region between a fixed strain of 

0.20-0.30 %, Poisson ratio = 0.5) was calculated using a Python script (see APPENDIX 

III:) [363, 427]. 

Scanning electron microscopy (SEM) of scaffolds 

The surface morphology of the 3D printed scaffolds was imaged using scanning 

electron microscopy (SEM) to characterize the fiber morphology, roughness, and pore 

interconnectivity. Samples (n = 1 per formulation) were sputter-coated with 20 nm of 

gold (Denton Desk V, Moorestown, NJ) and SEM (FEI Quanta 400 ESEM FEG, FEICo, 

Hillsboro, OR) images were obtained at 2.00 kV (high voltage, HV) with 30 or 50x 

magnification following previous methods [209].  

Micro-computed tomography (μCT) analysis to evaluate HA distribution within scaffolds  

3D printed scaffolds were scanned using a Skyscan 1172 μCT (Skyscan, 

Aartsellar, Belgium). Scans were performed with Skyscan 1172 software (v. 1.5) (Bruker, 

Billerica, MA) at an X-ray voltage of 40 kV and a current of 250 μA. PPF-HA images 

were taken with a step angle of 0.2
o
 and a nominal resolution of 13.52 μm/pixel (no 

filter). PPF-HA gradient images were taken with a step angle of 0.25
o
 and a resolution of 

12.49 μm/pixel (no filter). NRecon (v. 1.6.9.18), CTAn (v.1.15.4.0), and CTVox (v.3.0.0) 

software were used to reconstruct and analyze scans (Bruker, Billerica, MA).  
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Thermogravimetric analysis (TGA) 

Single printed layers containing 0, 1.25, 2.5, 5, or 10 wt% HA in PPF were 

analyzed via TGA (TGA Q50, TA Instruments; New Castle, DE) to confirm HA content 

following established methods [246]. Briefly, 20 mg of printed material (n = 3 per 

formulation) was heated from room temperature to 95 
o
C at a constant ramping rate of 20 

o
C/min, equilibrated at 100 

o
C for 10 min, ramped to 500 

o
C at 20 

o
C/min, and 

equilibrated for 10 min. Oxygen flow rates of the balance and sample were 40 and 60 

mL/min, respectively. Results were analyzed with TGA software (TA Universal 

Analysis; TA Instruments). The normalized sample weight (expressed as a fraction of the 

initial weight after evaporation of water at 100 
o
C) was measured versus temperature. The 

normalized weight at 500 
o
C was considered to be equal to the HA weight fraction of the 

3D printed PPF-HA composite scaffold.  

Statistical analysis 

All measurements are expressed as a mean + standard deviation. A one-way 

analysis of variance (ANOVA) was used to calculate differences among groups, with 

post-hoc analysis performed via Tukey's Honestly Significant Difference (HSD), where 

p-values (p < 0.05) were considered statistically significant. Statistical analysis was 

performed using Microsoft Excel (Microsoft Corporation, Redmond, WA) and JMP Pro 

10 software (SAS Institute Inc., Cary, NC) following previous methods [360, 361].  

8.3 Results 

A commercial printing system was used to print PPF-HA composite scaffolds. 

First, we investigated how incorporation of a surfactant, SDS, affects HA particle 

dispersion, printing solution viscosity, scaffold architecture (pore size, fiber diameter, and 

fiber spacing), porosity, and compressive mechanical properties of 3D printed 

composites. We then explored the spatial deposition of different HA concentrations 

within the same scaffold by printing bilayered composites – half composed of PPF and 

half composed of PPF with 10 wt% HA – and then by printing gradient scaffolds – 

containing layers with PPF and a range of 1.25-10 wt% HA. The printing solution 
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viscosity, scaffold architecture, and porosity were characterized for these scaffolds. We 

did not evaluate the compressive mechanical properties of the bilayer and gradient 

scaffolds due to their lack of pore interconnectivity. HA particle dispersion was also 

evaluated non-destructively via μCT to both identify large HA aggregates and 

demonstrate the fabrication of an HA gradient. For the gradient scaffold layers, we also 

quantified the HA content in each layer using thermal analysis, demonstrating the 

presence of a gradient. Representative images of the scaffolds are depicted in 

Supplemental Figure 8.11-Supplemental Figure 8.13. Printing parameters (printing 

speed, F (mm/s); pressure, P (bar); extruder temperature, T (
o
C); and layer thickness, z 

(mm)) were varied in order to print continuous fibers with similar diameters to that of the 

syringe inner diameter (0.840 mm) (refer to Table 8.3). Table 8.3 also summarizes 

statistical comparisons among groups for the initial fiber diameter test and apparent 

viscosity. 

Characterization of surfactant effects on printing solution viscosity and scaffold 

porosity, architecture, and compressive mechanical properties 

Fiber diameter of single strands and viscosity of printing solutions 

When printed at the same settings (Table 8.3), PPF-HA solutions containing SDS 

exhibited similar fiber diameter to solutions without SDS (Figure 8.2a) but had a 

significantly lower apparent viscosity (Figure 8.2b). Both solutions exhibited shear 

thinning behavior, which is represented by a decrease in apparent viscosity with an 

increase in shear rate. The printer software limits the maximum layer thickness to 0.5 mm 

(i.e. maximum fiber height). Considering this limitation, the fibers were ultimately 

elliptical in shape, and so we also modeled the viscosity of the printing solutions in 

consideration of an elliptical cross-section (Equation 8.3). The flow rate (Qe) is a 

function of fiber diameter (d), slicing thickness (z), and printing speed (F) and can be 

used to estimate apparent viscosity in Equation 8.1. Solutions containing SDS had a 

lower viscosity than solutions without SDS, but viscosity for both solutions was higher 

when compared to their respective circular cross-section models. 
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𝑄𝑒 = 𝜋 (
𝑑

2
) (

𝑧

2
) 𝐹  

Equation 8.3 (Flow rate, elliptical cross-section) 

 

 

Figure 8.2 Fiber diameter and viscosity measurements for PPF-HA10 with or 

without surfactant 

Fiber diameter measurements (a) and apparent viscosity (b) of PPF-HA (10 wt%) 

solutions with or without surfactant (SDS) printed at constant pressure, constant 

temperature, and varied speed. Printing solutions extruded with a 0.840 mm (inner 

diameter) syringe tip. Measurements reported as mean ± standard deviation (n = 3). 
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Representative images of PPF-HA10 scaffolds with or without SDS 

 During scaffold printing, the printer took sequential images of each layer. The 

representative images in Supplemental Figure 8.11 demonstrate that both printing 

solutions with and without SDS produced scaffolds with continuous fibers, uniform 

layers, and fully interconnected pores. The uniformity of fibers diminished in higher 

layers. Although the layer-by-layer images in Supplemental Figure 8.11 only represent 

PPF-HA scaffolds with SDS, comparative images of scaffolds without SDS had almost 

identical fiber morphology, connectivity, and uniformity in each layer. From the cross-

sectional image in Supplemental Figure 8.11d, the fibers appeared relatively spherical 

in shape. Similar results were observed for scaffolds without SDS. 

Scaffold architecture, porosity, and compressive mechanical properties  

After printing multi-layer scaffolds, we were interested in understanding the 

effect of surfactant on scaffold architecture, including fiber diameter, pore size, and the 

spacing between neighboring fibers within each layer. Figure 8.3 confirmed results from 

imaging, demonstrating a better uniformity of fibers and pores in initial layers (Layers 1-

3) than in higher layers (indicated by smaller standard deviations). Additionally, the 

incorporation of surfactant did not appear to affect layer uniformity (indicated by 

comparable standard deviations in each layer), which also confirms results from the 

images. APPENDIX IV:IV.3 for this work includes all of the statistical analysis for 

Figure 8.3, which compares each layer by ANOVA. 
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Figure 8.3 Layer-by-layer analysis of 3D printed PPF-HA10 scaffolds with and 

without surfactant 

(a) Pore size, (b) fiber diameter, and (c) fiber spacing measurements are reported as 

mean + standard deviation. Each datum represents 8 scaffolds with 5 measurements per 

layer (n = 40 measurements per datum). 
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However, when we compare scaffold architecture as a whole (Figure 8.4a), the 

incorporation of SDS significantly decreased fiber diameter (SDS = 0.63 ± 0.14 mm and 

without SDS = 0.70 ± 0.13 mm, p < 0.0001) and increased pore size (SDS = 0.52 ± 0.13 

mm and without SDS = 0.45 ± 0.12 mm, p < 0.0001). The center-to-center spacing 

between neighboring fibers (which was set by the printing software to be 1.2mm), was 

also greater for scaffolds without SDS (SDS = 1.14 ± 0.19 mm and without SDS = 1.15 ± 

0.19 mm, p = 0.0122). Additionally, the porosity of scaffolds containing SDS was 

significantly higher (SDS = 0.49 ± 0.02 and without SDS = 0.36 ± 0.01, p < 0.0001) 

(Figure 8.4b). Upon comparison of compressive mechanical properties, both 

formulations exhibited similar compressive moduli (SDS = 49.2 ± 4.2 MPa and without 

SDS = 48.9 ± 5.6 MPa, p = 0.9408) (Figure 8.4c). 

 

 
Figure 8.4 Summary of mean pore and fiber measurements, porosity, and 

compressive mechanical properties of PPF-HA (10 wt%) scaffolds with and without 

surfactant (SDS). 

 (a) Pore size, fiber diameter, and fiber spacing of scaffolds. Each datum represents the 

mean of layer-by-layer data points from Figure 3. (b) Porosity determined via 

gravimetric analysis and (c) compressive modulus. Data reported as mean + standard 

deviation (n = 4). *Asterisk indicates statistical significance between groups with SDS 

and without SDS, p < 0.05. 
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Fabrication of 3D printed bilayer and gradient scaffolds containing PPF and HA 

Fiber diameter of single strands and viscosity of printing solutions 

From these results, we have demonstrated the ability to print PPF-HA composite 

scaffolds with fully interconnected pores and found that the incorporation of SDS did not 

improve overall HA dispersion, layer uniformity, or compressive mechanical properties. 

Thus, we continued fabrication of PPF-HA composite scaffolds without the use of 

surfactant for the remaining studies in this work.  

Upon moving forward with the fabrication of scaffolds with complex 

compositions, however, we observed complications when combining printing solutions 

with varying HA concentrations. Specifically, HA concentration drastically affected 

printing solution viscosity and subsequent scaffold properties. The PPF printing solution 

had a significantly lower viscosity than the PPF-HA solution (Table 8.3), which caused 

fibers to spread more during printing (Figure 8.5a). Consequently, the printing settings 

(temperature, pressure, and printing speed detailed in Table 8.3) had to be changed in 

order to extrude fibers with similar diameters since the syringe tip diameter remained 

constant. This was also true for printing solutions with four different concentrations of 

HA. More fiber spreading was observed for solutions containing smaller quantities of HA 

(1.25 and 2.5 wt%), while the most concentrated solutions (5 and 10 wt%) exhibited the 

least spreading (Figure 8.6a). All solutions exhibited shear-thinning behavior (Figure 

8.5b and Figure 8.6b).  Based on Table 8.3, the printing solution viscosities are ranked 

statistically from high to low as follows: 1) PPF only and PPF-HA 5 wt%; 2) PPF only, 

PPF-HA 1.25 wt% and 2.5 wt%; and 3) PPF-HA 1.2 5wt% and 2.5 wt%, PPF-HA. 
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Figure 8.5 Fiber diameter and viscosity measurements for PPF/PPF-HA10 bilayers 
Fiber diameter measurements (a) and apparent viscosity (b) of PPF and PPF-HA (10 

wt%) solutions printed at varied temperature, pressure, and speed to print fibers with 

similar diameters. Printing solutions extruded with a 0.840 mm (inner diameter) syringe 

tip. Measurements reported as mean ± standard deviation (n = 3). 

840um 

syringe tip 
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Figure 8.6 Fiber diameter and viscosity measurements for PPF-HA gradient 

scaffolds 

Fiber diameter measurements (a) and apparent viscosity (b) of PPF-HA solutions 

(containing 1.25, 2.5, 5 and 10 wt% HA) printed at varied temperature, pressure, and 

speed to print fibers with similar diameters. Printing solutions extruded with a 0.840 mm 

(inner diameter) syringe tip. Measurements reported as mean ± standard deviation  

(n = 3). 
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Representative images of PPF-HA bilayer and gradient scaffolds 

From the representative images in Supplemental Figure 8.12-Supplemental 

Figure 8.13, fiber fusion and sagging were observed to the point that pores were no 

longer interconnected as compared to the PPF-HA scaffolds with uniform HA 

concentration (i.e. with or without SDS). We observed that bilayer scaffolds had more 

continuous fibers in each layer (Supplemental Figure 8.12) than gradient scaffolds 

(Supplemental Figure 8.13), which is evident in the layer-by-layer images. 

Scaffold architecture and porosity of bilayer and gradient scaffolds 

Compared to PPF-HA scaffolds with or without SDS, the bilayer scaffolds had a 

significantly lower porosity (0.23 ± 0.05 for bilayer, 0.49 ± 0.02 for PPF-HA with SDS, 

0.36 ± 0.01 for PPF-HA without SDS, p < 0.05) (Figure 8.7). Gradient scaffolds had a 

comparable porosity to PPF-HA scaffolds without SDS, regardless of whether they were 

printed in descending concentration (0.33 ± 0.11) or ascending concentration (0.33 ± 

0.02). We also measured the pore size, fiber diameter, and fiber spacing for bilayer and 

descending gradient scaffolds (Figure 8.8). The mean scaffold fiber diameter was 

significantly smaller for PPF-HA 10 wt% and PPF-HA 5 wt% layers in gradient scaffolds 

(statistical analysis in APPENDIX IV:IV.6). On the other hand, the largest pore sizes 

were found in layers containing PPF-HA 5 wt%, 10 wt% or PPF only. The fiber diameter 

stayed constant regardless of layer or HA concentration (statistical analysis in 

APPENDIX IV:IV.6). As before with the PPF-HA scaffolds with or without SDS, the 

layer uniformity declined within higher layers. It should be noted that the standard 

deviations for the bilayer and gradient scaffolds increased when compared with the PPF-

HA scaffolds (with and without SDS), which indicating a diminished uniformity for these 

scaffolds. 
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Figure 8.7 Porosity of bilayer and gradient scaffolds compared to uniform PPF-

HA10 scaffolds 

Porosity of bilayer and gradient scaffolds compared to uniform PPF-HA scaffolds. 

Porosity data for PPF-HA scaffolds (with SDS, without SDS) taken from Figure b. Data 

reported as mean + standard deviation (n = 4). Gradient descend scaffolds were printed 

with 10 wt% HA solution on bottom (descending order). Gradient ascend scaffolds were 

printed with 1.25 wt% HA solution on bottom (ascending order). Values with the same 

letter (A-C) are not statistically different (p ≥ 0.05). 
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Figure 8.8 Pore size, fiber diameter, and fiber spacing measurements for bilayer and 

gradient scaffolds 

a) Pore size, (b) fiber diameter, and (c) fiber spacing measurements organized by 

scaffold type (bilayer or gradient descending), layer number (1-6 or 1-8), and HA 

concentration (0-10 wt%). (n = 4 scaffolds per group, 5 measurements per layer for a 

total of 20 measurements per datum). Data reported as mean + standard deviation (n = 

4). 
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μCT analysis of HA aggregates and distribution within composite scaffolds 

Previous work demonstrated the ability to evaluate HA distribution within a 

polymer composite scaffold via μCT [323]. We were interested in qualitatively 

investigating the distribution of HA nanoparticles within the PPF matrix and compared 

PPF-HA scaffolds with and without SDS. At this resolution (~10 µm), it was difficult to 

identify the dispersion of HA nanoparticles within the polymer, but it was possible to 

visualize large aggregates (Figure 8.9). Similar aggregates were apparent regardless of 

the presence of SDS, meaning that the surfactant did not effectively facilitate uniform 

dispersion of the particles within the scaffold. Additionally, we used μCT to visually 

represent the HA distribution in gradient scaffolds. We observed similar HA aggregates 

within the gradient scaffolds but had difficulties distinguishing a gradient of 

nanoparticles due to the scanning resolution (Figure 8.9b). 

Thermogravimetric analysis (TGA) to confirm HA gradient 

 Thermal analysis enabled confirmation of an HA gradient within 3D printed 

layers (Error! Reference source not found.). In general, it was possible to distinguish the 

ollowing distinct concentrations: PPF only; PPF-HA 1.25 wt% or 2.5 wt%; PPF-HA 5 

wt%; and PPF-HA 10 wt%. Quantitative measurements were more accurate for 

formulations with greater HA concentration (Table 8.4). It should be noted that there was 

an uncharacteristic behavior between 400-500 
o
C. We analyzed PPF and PPF-HA (10 

wt%) up to 700 
o
C under oxygen and nitrogen atmospheres and plotted their profiles 

(temperature vs. time and weight % vs. time in Supplemental Figure 8.11). Between 

400-500 
o
C, we recognized a sharp peak – related to mass loss of PPF – under an oxygen 

atmosphere that was absent under the nitrogen atmosphere (Supplemental Figure 8.14). 

This behavior was observed for both for both PPF and PPF-HA (Supplemental Figure 

8.14a and b). 
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Figure 8.9 μCT reconstruction of PPF-HA scaffolds 

Cross-sectional images of (a) a PPF-HA scaffold without SDS (containing a uniform 

concentration of HA) and (b) a PPF-HA gradient scaffold. Images generated from a 3D 

reconstruction via μCT. Scale bars in both images = 2 mm. Arrows point to noticeable 

aggregates of HA, which are apparent as white, opaque clusters within dark gray PPF 

matrix. 
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Figure 8.10 Thermogravimetric analysis of HA gradient in PPF/HA composites 

Thermogravimetric analysis (TGA) of HA gradient in PPF-HA composites for 0, 1.25, 

2.5, 5, and 10 wt% HA. Data are normalized to the initial weight after the evaporation of 

water at 100 oC. Peak at ~450 oC for all samples indicates a combustion peak for PPF, 

a drastic change that causes a sudden decrease and subsequent increase in temperature 

within the TGA furnace. See Figure S4 for TGA profile of PPF and PPF-HA as a 

function of time. 

 

Table 8.4 Summary of TGA results 

 
% HA* 

PPF only -0.02 ± 0.42 
D 

1.25 wt% HA 3.90 ± 0.54 
C
  

2.5 wt% HA 4.48 ± 0.27
 C 

5 wt%  HA 7.47 ± 0.64 
B 

10 wt%  HA 12.22 ± 0.02
 A 

*Formulations marked with the same letter (A-D) are not statistically different (p ≥ 0.05).  
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8.4 Discussion 

For PPF-HA scaffolds, the fiber diameter was not affected by the presence of 

SDS. However, SDS lowered apparent viscosity for both circular and elliptical cross-

section models. When the fibers were modeled with elliptical cross-sections, apparent 

viscosity increased for both groups, which is understandable because the estimated flow 

rate of material decreases with an elliptical cross-sectional area. In both scaffolds with 

and without SDS, we found that each layer contained continuous fibers and fully 

interconnected pores. Pore sizes were between 0.600-0.800 mm, which is a relevant range 

for bone tissue engineering [164, 199, 281, 336, 337, 401]. We also observed a decline in 

uniformity with higher layers, which is common for 3D printed scaffolds. If the z height 

(layer thickness) is too high or too low, layer detachment or fusion, respectively, is 

propagated in an additive manner. Interestingly, we found that SDS did not affect the 

fiber morphology or the uniformity within layers. However, SDS did affect fiber 

diameter, pore size, and porosity, which is likely due its role in decreasing surface tension 

[271].  

Due to the difference in porosity, we expected a difference in compressive 

mechanical properties based on reported work [355, 360]. Contrary to these reports, 

however, it appears that the differences in pore size and fiber diameter also affected the 

mechanical properties. The compressive modulus for both scaffolds with and without 

SDS was about 50 MPa, which is greater than or comparable to previous reports with 3D 

printed polymers (20-90 MPa) [360], 3D printed composites (30-100 MPa) [323], and 

non-porous PPF-HA composites (20-60 MPa [200] and 135-150 MPa [17]). Our PPF-HA 

scaffolds also showed similar porosity and scaffold architecture to PPF-HA composites 

prepared via STL [197]; however, our results showed an improvement in compressive 

modulus with extrusion-based printing techniques. After comparing our results to other 

literature, it is notable that the incorporation of fully interconnected pores does not 

dramatically compromise mechanical properties, and the scaffolds fabricated in this work 

would facilitate waste and nutrient transport much more effectively in vitro and in vivo 

than non-porous composites.  

Based on guidelines from previous work, the PPF-HA scaffolds would constitute 

successful prints [361]. However, the bilayer and gradient scaffolds exhibited higher 
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variability in the layer-by-layer analysis and did not have interconnected pores, which 

would limit their effectiveness for mass transport in vivo. The importance of molecular 

weight should also be mentioned, since the molecular weight used for PPF-HA scaffolds 

was higher than for the bilayer and gradient scaffolds. Although mechanical properties 

were not evaluated for bilayer and gradient scaffolds, scaffolds prepared with a lower 

molecular weight would likely have lower compressive moduli [386]. The higher 

molecular weight PPF would have also increased the viscosity of the printing solutions 

[361, 386], which would consequently have an impact on scaffold architecture.  

Non-destructive analysis methods were also used to evaluate the scaffold 

architecture and distribution of composite phases. Large aggregates of HA were observed 

throughout the PPF matrix via μCT. Although μCT gives qualitative information about 

HA particle distribution, the resolution of most instruments is not precise enough (~10 

µm) to identify individual nanoparticles in 3D reconstructions. Therefore, scaffolds with 

gradient HA content could not be distinguished from scaffolds with uniform HA content. 

Other reported strategies to characterize dispersion include Raman spectroscopy [376] 

and FTIR [17], which are also relevant for quantitatively analyzing nanoparticle 

distribution. It is likely, however, that the 3D printed scaffold geometry would 

complicate analysis using these techniques, which are primarily performed on non-porous 

films. It is notable that HA aggregation and nanoparticle concentration not only affected 

the rheological behavior of printing solutions, but aggregation also physically occluded 

small orifices, limiting the syringe diameters that could be used for extrusion. The ability 

to extrude fibers smaller than 0.500 mm is limited with this preparation. Some reports 

have offered alternatives to improve dispersion, including modifying the PPF chemistry 

with carboxy- termination to facilitate surface attachment of the HA to the polymer 

chains [376]. Conductive coatings have also been used to modify the PPF surface [311]. 

Other authors prepared a colloidal dispersion of HA in PPF for STL by first dispersing 

nanoparticles in ethanol, mixing with DEF, and then mixing with PPF and evaporating 

the ethanol [83]. However, particle settling and spatial dispersion of the particles was not 

evaluated, and these are important considerations for successfully printing monodisperse 

scaffolds with STL and extrusion-based 3D printing. 
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Although μCT analysis primarily served as a qualitative measure of particle 

aggregation, TGA can quantify the amount of HA in gradient layers if they are separated. 

The machine sensitivity was not able to detect the differences between 1.25 wt% and 2.5 

wt% HA. However, we have performed TGA on scaffolds containing a greater difference 

in concentration (10 wt% increments) that provide distinctions with much greater 

accuracy (data not shown). Our initial degradation profiles were similar to those reported 

in previous reports [83, 200, 311]. In this study, we chose to use oxygen gas instead of 

nitrogen in order to burn off the excess PPF residue remaining in the sample pan, leaving 

only the ceramic phase at the end of the sample run. Since nitrogen gas is inert, the 

combustion of polymer is prevented during the ramping to high temperature, as indicated 

by the drastic mass loss at around 40 min for the oxygen environment and the lack of 

mass loss for the nitrogen environment (Supplemental Figure 8.14). Because of this 

behavior, the use of oxygen gas allowed us to more accurately quantify the HA within 

each layer. Other work performed with nitrogen gas reported a thermal degradation 

temperature of 400 
o
C for PPF-co-poly(ε-caprolactone) (PCL), which is consistent with 

our results [17].  

For future in vitro applications, we would anticipate that the incorporation of HA 

would improve cell attachment and proliferation based on previous reports [17, 200]. The 

exposure of HA to the surface plays an important role in promoting cell adhesion and can 

be difficult to achieve in scaffolds with micro- and macro-scale fibers.  However, 

previous work demonstrated enhanced exposure of HA to the surface of PPF-co-PCL 

films with increased HA concentration (up to 30 wt%) via SEM and FTIR [17]. HA 

exposure depends both on the method of scaffold fabrication and the efforts made to 

disperse the nanoparticles. Another report used flow perfusion and surface coating of PPF 

with HA to improve cell attachment on scaffolds fabricated via STL [311].  

For future in vivo implantation, 3D printed PPF-HA scaffolds can provide 

improved mechanical support for load-bearing implants as compared to PPF-HA 

scaffolds fabricated via indirect casting [5], molds [200], or STL [198, 199]. 

Furthermore, the osteoconductive properties of HA would allow bone to form within the 

scaffold’s pores and integrate with the surface. The molecular weight used for this study 
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would mechanically support tissue infiltration during scaffold degradation based on 

reports from other work [34, 384, 386]. 

8.5 Conclusions 

In this work, we have provided a systematic characterization of composite 

polymer/ceramic scaffolds with HA gradients. We have quantitatively evaluated the HA 

content in each layer using thermal analysis and qualitatively assessed the particle 

aggregation within the polymer matrix using μCT. Additionally, we have characterized 

the effects of adding a surfactant, SDS, to improve the dispersion of HA nanoparticles. 

We observed that SDS affected scaffold architecture and porosity. However, architecture 

and porosity balanced each other in a way that SDS did not impact compressive 

mechanical properties, and we were able to print scaffolds that would serve as 

mechanically robust implants. Upon printing complex scaffolds with multiple printing 

solutions, it is notable that solution viscosity determines scaffold architecture within each 

layer and drastically affects scaffold uniformity. This is a crucial consideration for 

printing slurries of a variety of components, including polymer/ceramic solutions, metal 

slurries, and hydrogel/cell solutions, among others. This work provides insight for proper 

fabrication and characterization of composite scaffolds containing nanoparticle gradients 

and is important for future efforts in fabricating complex scaffolds for tissue engineering 

applications.



206 

 

 

8.6 Supplemental tables and figures 

Supplemental Table 8.5 3D printing parameters for PPF and PPF-HA printing 

solutions 

Printing Parameters PPF PPF-HA (1.25-10 wt%) 

Extruder temperature  50 
o
C 55 or 65 

o
C  

Bed temperature  12 
o
C 12 

o
C 

Needle z offset  0.3 mm 0.3 or 0.5 mm  

Slicing thickness  0.3 mm 0.3 or 0.5 mm 

Speed  12 mm/s 1.5-10 mm/s 

Pressure  0.3 bar 0.4-0.8 bar 

Fiber spacing  1.2 mm 1.2mm 

Pre-flow delay  0.4 s 0.4 s 

Post-flow delay  0 s 0 s 

Wait time between layers 0 0 

Minimum length 3 mm 3 mm 

Cleaning 

Purge time 1.5 s 1.5 s 

Cleaning process Thread strip Thread strip 

Automatic cleaning interval After each layer After each layer 

Calibration 

Calibration station Light background Dark background 

Pressure 2 bar 2 bar 

Dispense time 2 s 2 s 

Needle z offset 0.4 mm 0.33 mm 

UV Program 

UV beam brightness  65.9 mW/cm
2
 65.9 mW/cm

2
 

UV beam diameter  18.3 mm 18.3 mm 

UV beam height 14.8 mm 14.8 mm 

Aperture 7 mm 7 mm 

Aperture length 14.5 mm 14.5 mm 

Projection type Continuous Continuous 

Height from last layer  14.8 mm 14.8 mm 

Movement speed  1 mm/s 1 mm/s 

Spot diameter  18.3 mm 18.3 mm 

Beam overlap  50 % 50 % 

Image Setting 

Ring light (%) 50 50 

Coax light (%) 0 50 

Contrast (%) 28 20 

Brightness (%) 1 20 

Exposure (%) 3 5 
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Supplemental Figure 8.11 Representative images of PPF-HA (10 wt%) scaffolds 

with or without surfactant (SDS).  

PPF-HA scaffolds comprise 9 layers (a) with fully interconnected pores (b), observed via 

optical microscopy. Represented (c) top and (d) cross-section (rotated view in Figure 1d) 

views obtained via SEM. (a)(b)(d) with SDS, (c) without SDS. Scale bars in (a, Layers 1-

9) represent 1 mm and in (b) represent 2 mm. 
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Supplemental Figure 8.12 Representative images of PPF/PPF-HA (10 wt%) bilayer 

scaffolds. 

(a) PPF/PPF-HA bilayer scaffold comprises 6 layers, obtained via optical microscopy. 

Representative (b) top and (c) cross-section views (rotated view in Figure 1e) obtained 

via SEM. Scale bars in (a, Layers 1-6) represent 1 mm. 
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Supplemental Figure 8.13 Representative images of PPF-HA gradient scaffolds 

(a) PPF-HA gradient scaffold comprises 8 layers, with 10 wt% HA printed within the bottom layer (descending order), obtained via 

optical microscopy. Representative (b) top and (c) cross-section (rotated view in Figure 1f) views obtained via SEM. Scale bars in (a, 

Layers 1-8) represent 1 mm. 
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Supplemental Figure 8.14. Representative TGA profiles 

of (a) PPF and (b) PPF-HA (10 wt%) under oxygen (O2) and nitrogen (N2) atmospheres 

(up to 700 oC). Small inflection at ~40 min (under O2 atmosphere between 400 and 500 

oC) indicates a large mass loss of the PPF polymer due to combustion of the remaining 

carbon residue. Weight % data are normalized to the initial weight after the evaporation 

of water at 100 oC. Similar behavior was observed for both (a) PPF and (b PPF-HA.) 
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CHAPTER 9: EFFECTS OF SHEAR STRESS 

GRADIENTS ON EWING SARCOMA CELLS 

USING 3D PRINTED SCAFFOLDS AND FLOW 

PERFUSION
9
 

Abstract 

In this work, we combined three-dimensional (3D) scaffolds with flow perfusion 

bioreactors to evaluate the gradient effects of scaffold architecture and mechanical 

stimulation, respectively, on tumor cell phenotype. As cancer biology strategies elucidate 

the relevance of 3D in vitro tumor models within the drug discovery pipeline, it has 

become more compelling to model the tumor microenvironment and its impact on tumor 

cells. In particular, permeability gradients within solid tumors are inherently complex and 

difficult to accurately model in vitro. However, 3D printing can be used to design 

scaffolds with complex architecture, and flow perfusion can simulate mechanical 

stimulation within the tumor microenvironment. By modeling these gradients in vitro
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with 3D printed scaffolds and flow perfusion, we can identify potential diffusional 

limitations of drug delivery within a tumor. Ewing sarcoma (ES), a pediatric bone tumor, 

is a suitable candidate to study heterogeneous tumor response due to its demonstrated 

shear stress-dependent secretion of ligands important for ES tumor progression. We 

cultured ES cells under flow perfusion conditions on poly(propylene fumarate) (PPF) 

scaffolds fabricated via extrusion-based 3D printing. 3D printing was employed to design 

PPF scaffolds with a defined pore size gradient. Computational fluid modeling confirmed 

the presence of a shear stress gradient within the scaffolds and estimated the average 

shear stress that ES cells experience within each layer. Subsequently, we observed 

enhanced cell proliferation under flow perfusion within layers supporting lower 

permeability and increased surface area. Additionally, the effects of shear stress gradients 

on ES cell signaling transduction of the insulin-like growth factor-1 (IGF-1) pathway 

elicited a response dependent upon the scaffold gradient orientation and the presence of 

flow-derived shear stress. Our results highlight how 3D printed scaffolds, in combination 

with flow perfusion in vitro, can effectively model aspects of solid tumor heterogeneity 

for future drug testing and customized patient therapies. 

9.1 Introduction 

The convergence of tissue engineering and cancer biology has given a precedent 

toward the development of 3D in vitro models [12, 190, 219]. In support of these recent 

reviews, 3D scaffolds can better recapitulate the tumor microenvironment than 

conventional monolayer cultures, where cells cultured in 2D systems are intrinsically 

unable to capture the complex 3D interactions present within the native tumor niche [93]. 

Both hydrogels and synthetic fiber-based scaffolds have been used as 3D models to 

culture cancer cells. Fiber-based 3D scaffolds for bone tumor modeling are primarily 

fabricated by conventional processing methods, such as electrospinning [190]. 

Electrospun scaffolds have been successfully used for tumor modeling, as they mimic the 

microarchitectural cues present in vivo [31]. However, the small pore size and the limited 

diffusion of nutrients prevent cell migration within these systems [31]. These 

shortcomings have been recently overcome by using 3D electrospun scaffolds in concert 
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with a flow perfusion bioreactor, resulting in higher cell proliferation and more 

homogeneous cell distribution when compared with static conditions [317, 318]. Yet, the 

ability to control the architecture of traditionally-fabricated scaffolds, including pore size, 

pore interconnectivity, and regularity of pores and fibers, is somewhat limited [358].  

3D printing, however, is an ideal processing technique to control scaffold 

architecture and incorporate complex internal geometries and interconnected pores. In 

order for our scaffolds to model the Ewing sarcoma (ES) tumor, we used a polymer, 

poly(propylene fumarate) (PPF), which can represent the bone tumor niche due to its 

suitability for bone-related applications [5, 45, 52, 91, 128, 132, 133, 171] and robust 

mechanical properties [92]. In addition to providing a suitable material for bone tissue 

engineering, the combination of this polymer with extrusion-based printing has enabled 

the fabrication of scaffolds with controlled pore sizes [361]. 3D printing technologies can 

regulate the pore size within each layer of a scaffold, permitting fabrication of 3D 

gradient structures [27, 336, 360]. Scaffolds with 3D printed pore size gradients can then 

be combined with flow perfusion to model the complex heterogeneity of ES tumors. 

Solid tumors are highly heterogeneous structures, owing in part to their complex 

organization of cells and varying intratumoral permeability, which can create diffusional 

barriers for mass transport and drug delivery [289]. By modeling physiological levels of 

biomechanical stimulation present in the bone tumor niche, a recent study has 

demonstrated a shear stress-dependent drug response in the 3D culture of ES cells under 

flow perfusion [317]. Although most cancer biologists emphasize genetic mutations and 

protein expression as key markers for tumor progression and response to therapy, we 

recognize that the interaction of tumor cells with their microenvironment can impact their 

phenotype and drug response, as seen in previous work [232, 317, 318]. Furthermore, the 

factors of fluid shear stress and macro-scale architecture, both of which represent cues 

from the in vivo microenvironment, may have synergistic effects on tumor phenotype, 

protein expression, and cell proliferation.  

In this study, we have leveraged the benefits of flow perfusion and extrusion-

based 3D printing to mimic the microenvironmental cues within a bone tumor. 3D printed 

scaffolds with pore size gradients can mimic the heterogeneous permeability of solid 

tumors and subsequent organization of tumor cells in response to varying mass transport 
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conditions within a single 3D model. Instead of impeding cell migration with small pore 

sizes, we intended to model larger pore sizes (0.2-1 mm) found commonly in cortical and 

trabecular bone [164], which is a common site for primary ES tumors [224]. Depending 

on the location of the solid tumor, pore sizes within the long bones can range between 

0.01-0.5 mm for compact bone [388] and up to 1 mm for trabecular bone [164]. By 

controlling the scaffold architecture using 3D printing techniques, we can also control the 

shear stress environment that the cells experience under flow perfusion.  

 In this work, we hypothesized that a 3D gradient scaffold could be used to elicit a 

shear stress gradient and affect the overall tumor phenotype. Specifically, ES cells would 

experience different shear stress depending on 1) their location within the scaffold and 2) 

the orientation of the pore size gradient. The goal of this study is to use 3D printing in 

order to control the in vitro microenvironment and effectively direct ES cell phenotype, 

which would have tremendous benefits for modeling intratumoral heterogeneity in cancer 

patients [263] and performing high-throughput drug testing of cancer therapeutics [225].  

9.2 Materials and Methods 

Experimental design 

We designed 3D printed PPF scaffolds with three different gradient 

configurations (LMS, MMM, and SML), as shown in Figure 9.1. Pore size gradients 

were obtained by combining three individual 3D printed PPF layers (two arrays per layer) 

with large (L), medium (M), or small (S) pore size. Computational modeling was used to 

estimate the shear stress gradients experienced by cells cultured under flow perfusion 

conditions. Scaffolds seeded with ES cells were cultured under static conditions or within 

a flow perfusion bioreactor. Half of the medium was replaced on days 3, 6, and 8 of 

culture. Samples were harvested and analyzed for DNA content, protein expression, and 

cumulative IGF-1 release at day 10. 
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Figure 9.1 Cross-sectional view of gradient scaffold orientations 

(3 layers with 2 arrays per layer) with the following pore sizes: large (L) = 1 mm, 

medium (M) = 0.6 mm, small (S) = 0.2 mm. 

PPF fabrication and scaffold printing 

PPF was synthesized in a step-growth polymerization reaction as previously 

described [166, 361]. The number average molecular weight (Mn, 2280 ± 23 Da) and 

polydispersity index (PDI, 1.72 ± 0.02) were characterized by gel permeation 

chromatography after purification (n = 3). The PPF printing solution was prepared 

following previous work [361]. Briefly, PPF was mixed with diethyl fumarate (DEF, 

Sigma, St. Louis, MO) in an 85:15wt % ratio. First, a photoinitiator, phenylbis(2,4,6-

trimethylbenzoyl)-phosphine oxide (BAPO, BASF, Florham Park, NJ), was dissolved in 

DEF (with 1wt % BAPO) by vortexing and was mixed with warm PPF (~70
o
C) to permit 

UV crosslinking.  

10 x 10 x 0.54 mm square prisms were designed (SolidWorks, Waltham, MA), 

sliced into two layers (Bioplotter RP, EnvisionTEC, Gladbeck, Germany), and printed at 

the following conditions: extruder temperature (55 
o
C), platform temperature (5 

o
C), print 

head speed (5 mm/s), needle offset (0.25 mm), and syringe tip diameter (0.34 mm). 

Pressure was varied (0.8-1.6 bar) in order to produce fibers with diameters of 0.320-0.360 

mm, which corresponds to an approximate 6 % error compared to the syringe tip 

diameter. The spacing between fibers was adjusted to achieve pore sizes of 0.2 mm 

(small, S), 0.6 mm (medium, M), and 1 mm (large, L). Each printed layer was crosslinked 

with UV light (single projection, 10 s exposure, 70 mm height) following previous 

methods [361]. Scaffolds were printed on plastic tape (Scotch, Long Lasting Moving & 

Storage Packaging Tape) to allow adhesion to the build plate during printing and easy 

removal after post-curing (Otoflash, EnvisionTEC, Gladbeck, Germany). Post-curing was 
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required to fully cross-link scaffolds and was performed as previously described [361]. 

Previous work also details the settings used in the Bioplotter software [361]. Images of 

scaffolds were taken with a stereomicroscope (MZ6, Leica Microsystems, Wetzlar, 

Germany) and used to quantify pore size and fiber diameter (n = 12 scaffolds per group, 5 

measurements per image) (ImageJ, NIH) following previously reported methods [360, 

361].  

Porosity measurements 

Porosity was quantified (n = 12 per group) using gravimetric analysis following 

previous methods [360]. Briefly, sample dimensions (length, L; width, W; thickness, T) 

and weight (wscaffold) were measured and used to calculate the porosity according to 

Equation 9.1, where ρscaffold is the scaffold density and ρmaterial is the density of the 

material. The respective densities of PPF (1.267 g/mL) [386], DEF (1.052 g/mL) 

(Sigma), and BAPO (1.19 g/mL) (BASF) were used to estimate ρmaterial. 

 

𝜀 = 1 −
𝜌𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙  
= 1 −

𝑤𝑠𝑐𝑎𝑓𝑓𝑜𝑙𝑑

𝐿𝑊𝑇𝜌𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 

Equation 9.1 (Scaffold porosity) 

Scanning electron microscopy (SEM) 

The surface morphology of the 3D printed scaffolds was imaged using SEM prior 

to cell seeding to characterize the fiber and pore morphology. Samples (n = 1 per 

formulation) were sputter-coated with 10 nm of gold (Denton Desk V, Moorestown, NJ). 

SEM (FEI Quanta 400 ESEM FEG, FEICo, Hillsboro, OR) images were obtained at 5.00 

kV (high voltage, HV), 6 μs dwell time, and 2.0 mm spot size with 50, 100, and 1000x 

magnification following previous methods [209].  

Computational modeling of shear stress in 3D printed scaffolds 

Each layer of the scaffolds (L, M, S) was scanned non-destructively with micro-

computed tomography (μCT) using a commercial system to obtain 2D image slices 
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(Quantum FX, Perkin Elmer, Waltham, MA; L10101, Hamamatsu Photonics, Japan; 

PaxScan 1313, Varian Medical Systems, Palo Alto, CA). The images of sequential layers 

were then filtered, thresholded, and stacked (LMS, MMM, SML) using the open-source 

visualization software 3D Slicer (slicer.org) to form the 3D reconstructions. For each 

scaffold configuration, slices were excised from the edges of the reconstruction to avoid 

edge effects in the computational fluid dynamic (CFD) simulations. The exact size of the 

resulting digital scaffold was different for each case; however, the typical size was 10 x 

10 x 1.2 mm (length x width x height). 

Simulations were then conducted with flat velocity profiles based on a flow rate of 

0.6 mL/min, no-slip boundary conditions imposed at the walls, and also an outlet with 

constant static pressure [55, 231]. The culture medium was modeled as an incompressible 

Newtonian fluid with a dynamic viscosity of 1 cP, according to previous studies [317]. In 

order to avoid any unwanted entrance effects and allow for fully developed laminar flow, 

we added a 4.8 mm long inlet channel in front of the scaffolds (Figure 9.2A), which 

satisfies the conditions for laminar flow in a non-circular pipe [22, 144]. Hydraulic radius 

(Dh), cross-sectional area (A), perimeter of the channel (m
2
), Reynolds number (Re), 

average velocity (〈𝑣〉), medium density (ρ), medium viscosity (μ), and entrance length 

(EL) and are defined in (Equation 9.2-Equation 9.4): 

 

𝐷ℎ =
4𝐴

𝑃
= 10 𝑚𝑚 

      Equation 9.2 (Hydraulic radius) 

 

𝑅𝑒 =
2𝐷ℎ〈𝑣〉𝜌

𝜇
≪ 1 

  Equation 9.3 (Reynolds number) 

 

𝐸𝐿 = 0.06𝑅𝑒 ∙ 𝐷ℎ ≪ 4.8 𝑚𝑚 

       Equation 9.4 (Entrance length) 

 

Simulations were performed using multiple methods to insure the accuracy of the 

results – (Fluent 16.2 (ANSYS, Inc.) and a custom in-house code utilizing the lattice 
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Boltzmann method) – both of which have been extensively utilized for computed surface 

shear stresses on μCT reconstructions [55, 231, 300, 382]. 

Bioreactor cassette design 

Bioreactor cassettes were designed (SolidWorks) (Figure 9.2B) and custom 

machined (708580 JBM-5, Jet, La Vergne, TN; and Shapeoko 2, Inventables.com) from a 

½ x 12 x 12 in polycarbonate sheet (8574K32, McMaster Carr, Douglasville, GA). 

Cassettes were placed in an integrated medium reservoir and flow chamber developed in 

previous work [68]. In order to prevent scaffolds from floating during flow perfusion, a 

stainless steel mesh was placed in between the O-rings and the top of the cassette, as 

previously reported [209]. 

 

Figure 9.2: Bioreactor cassette design and boundary conditions. 

(A) Side-view of bioreactor cassette (one scaffold (yellow) at the bottom of a channel and 

boundary conditions used for computational simulations). The channel below the scaffold 

is a cylinder with diameter = 7 mm. (B) Top view of the bioreactor cassette (3D CAD 

model, diameter = 11.1 cm), showing all six scaffold channels. Each multi-layer scaffold 

(indicated in yellow in panel A) has dimensions of approximately 10 x 10 x 1.2 mm 

(length x width x height) and are press-fit into the bottom of each of six scaffold channels. 
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Expansion, seeding, and culture of ES cells on 3D printed scaffolds in static and flow 

perfusion conditions 

The human ES cell line (TC71) was available from our institution (MDACC) and 

has been previously characterized [317]. ES cells were cultured in Roswell Park 

Memorial Institute (RPMI) medium 1640 (Mediatech, Houston, TX). RPMI medium 

1640 was supplemented with 10 % FBS (Gemini Bioproducts, West Sacramento, CA) 

and antibiotics (100 IU/mL penicillin and 100 μg/mL streptomycin; Gibco, Waltham, 

MA) (referred to as “complete medium”). At the beginning of the experiment, cells were 

detached with 0.05 % trypsin-EDTA (Gibco, Waltham, MA), and counted with a 

hemocytometer. 

3D printed scaffolds were sterilized in 24-well ultra-low attachment plates 

(Costar®, Corning, Corning, NY)  in a 12 hr ethylene oxide cycle (Anderson Sterilizers, 

Haw River, NC) and allowed to de-gas for 24 hr prior to cell culture. The scaffolds were 

then pre-wet in a sterile gradient of ethanol (100, 75, 50, 25, 0 %), followed by 3 washes 

of phosphate-buffered saline (PBS, Gibco, Waltham, MA) and were incubated on a 

rotating shaker overnight in 1 mL complete medium. On the following day, 200,000 cells 

were seeded on each scaffold in 1 mL complete medium (ultra-low attachment plates) 

and placed on a rotating table in an incubator overnight to facilitate cell adhesion.  

Cassettes were sterilized in ethylene oxide and pre-wet in sterile deionized water 

prior to cell culture as described above. All other bioreactor components were sterilized 

with a 20 min autoclave cycle. After 12 hr of incubation, seeded layers were press-fit into 

cassettes in an orientation following Figure 9.1 in either static (400 mL beaker, 40 mL 

complete medium added with spacers on the bottom) or perfusion (50 mL complete 

medium added) conditions. The bioreactor setup has been described in previous work 

[68]. Cassettes under perfusion were subject to a flow rate of 0.6 mL/min and incubated 

at 37 
o
C and 5 % (vol/vol) CO2 (HeraCell 150i; ThermoScientific, Waltham, MA).  

DNA assay 

A DNA assay was conducted (n = 6 samples per group) with a Quant-iT 

PicoGreen dsDNA kit (Thermo Scientific, Waltham, MA) following previous protocols 
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[317]. Each layer was separated and frozen in 1 mL deionized water prior to processing 

for the assay. Samples were subjected to three freeze/thaw cycles (15 min each), 

vortexed, and sonicated for 10 min. Eight lambda DNA standards were prepared by serial 

dilution (0-2 μg/mL). 100 μL TE buffer solution, 50 μL sample, and 150 μL PicoGreen 

solution were added to a black 96 well plate, and fluorescence was measured with a 

fluorescent plate reader (FLx800 Fluorescence Microplate Reader; BioTek Instruments, 

Winooski, VT). DNA content was calculated based on the standard curve.  

Flow cytometry  

At the end of the experiment, cassettes were disassembled. The top, middle, and 

bottom layers of each scaffold were separated for flow cytometry analysis. Two layers 

were pooled together to achieve three biological replicates (n = 6 total layers per 

formulation). Layers were placed in 300 μL of PBS during separation. The PBS solution 

was aspirated into a 96-well plate and centrifuged at 2000 rpm for 1 min to collect any 

immediately dissociated cells. Cells were then dissociated from the scaffolds by 

alternating two incubations (20 and 10 min) in Accutase buffer (BD Biosciences, San 

Jose, CA) with centrifugation. Then, cell pellets were re-suspended in PBS and 

centrifuged twice before staining with antibody. Cells were stained with phycoerythrin 

(PE)-conjugated mouse anti-human CD221 antibody (BD Pharmingen™; BD 

Biosciences, San Jose, CA) in order to characterize expression of insulin-like growth 

factor-1 receptor (IGF-1R). TC71 cells from 2D culture flasks were used as controls, 

which included unstained and single stained IGF-1R samples. Stained cells were 

evaluated using a flow cytometer (FACSCanto II; BD Biosciences, San Jose, CA), and 

data were analyzed using CytoBank software (Cytobank.org; Mountain View, CA).   

Enzyme-linked immunosorbent assay (ELISA) 

After 3, 6, 8, and 10 days of culture, medium from each group was harvested (n = 

3 per group) to quantify the concentration of IGF-1 ligand following the manufacturer’s 

instructions (ELISA kit DuoSet; R&D Systems, Minneapolis, MN). Cumulative release 

was calculated in terms of the amount of soluble IGF-1 per scaffold, taking into account 
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the volume of media and number of scaffolds for each time point and assuming negligible 

surface adsorption. The optical density of each sample was measured using a microplate 

reader (DTX880; Beckman Coulter, Brea, CA).  

Statistical analysis 

A one-way analysis of variance (ANOVA) was used to compare mean ± standard 

deviation of pore and fiber measurements, in which Tukey’s Honestly Significant 

Difference (HSD) test was performed to identify significant differences (p-value < 0.05). 

One-way ANOVA and Tukey’s HSD were used to compare: 1) top, middle, and bottom 

layers within each gradient orientation (LMS, MMM, SML) and 2) all top (middle, and 

bottom) layers across gradient orientations. DNA content and protein expression data 

were compared using a full-factorial analysis within static and bioreactor conditions 

following previously reported methods [130, 188], and statistical differences were 

validated with Tukey’s HSD. Factors included scaffold orientation (LMS, MMM, SML) 

and scaffold layer (top, middle, bottom). In order to compare results within specific 

scaffold layers across culture conditions (e.g., LMS – top layer under static vs flow 

perfusion), pairwise comparisons were made using Student’s t-test (p < 0.05). For ELISA 

data, a one-way ANOVA was used to compare groups within time points for either static 

or bioreactor conditions with post-hoc Tukey’s HSD (p < 0.05). Student’s t-test was used 

again to make pairwise comparisons between static and bioreactor conditions for specific 

scaffold/time point combinations. All statistical analysis was performed using JMP Pro 

10 software (SAS Institute Inc., Cary, NC). 
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9.3 Results 

Characterization of 3D printed scaffold architecture and porosity  

SEM imaging shows representative images of different pore sizes (0.2-1 mm) in 

our engineered scaffold layers (Figure 9.3A-C). Pore size (Figure 9.3D) can be 

controlled and demonstrated a statistical significance (L = 0.729 ± 0.040 mm, M = 0.550 

± 0.109 mm, S = 0.296 ± 0.053 mm), but pore sizes were smaller than their programmed 

values for L and M layers. However, the fiber diameter (Figure 9.3E) stayed constant 

with varying pore size (L = 0.275 ± 0.033 mm, M = 0.339 ± 0.087 mm, S = 0.338 ± 

0.041 mm) and was similar to the syringe tip diameter (0.34 mm). Gravimetric analysis 

indicated that the porosity (Figure 9.3F) was the same for large and medium sized 

scaffolds and significantly lower for small layers (L = 0.495 ± 0.083, M = 0.408 ± 0.152, 

S = 0.277 ± 0.161).   
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Figure 9.3: Gradient scaffold layers and layer measurements. 

(A) Large, L; (B) medium, M; and (C) small, S; pore sizes were 3D printed. Scale bar = 

1 mm. Scaffold layers were analyzed optically to measure (D) pore size and (E) fiber 

diameter (n = 60). (F) Gravimetric analysis was performed to measure the porosity of 

each layer (n = 12). In panels (D)-(F), data are reported as mean + standard deviation, 

and A-C groups marked with the same letter are not statistically different (p < 0.05). 
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Computational modeling of shear stress 

 After generating shear stress profiles under several flow rates (up to 6 mL/min 

tested), the flow rate was adjusted to 0.6 mL/min to achieve physiologically relevant 

shear stresses within scaffold layers based on previous work [317]. We compared the 

average wall shear stress in each layer of the 3D printed PPF scaffolds (Figure 9.4), 

which were scanned via μCT to generate a 3D reconstruction. Computational modeling 

indicated that the average shear stress was higher in the top layer compared to middle and 

bottom layers, regardless of the configuration (p<0.05). While no statistical significance 

was found among layers in the LMS configuration, in both MMM and SML 

configuration the top layers registered the highest values of wall shear stress. 

Computational models of average wall shear stress within the scaffolds layers for 

LMS, MMM, and SML configurations are represented in Figure 9.5. In a few instances, 

localized regions of higher shear stress were observed near the edges (e.g., SML top 

layer) and near defects within the 3D printed scaffolds (e.g., MMM middle layer). 

Despite some localized differences, however, the shear stress distributions were similar in 

the majority of the scaffold layers, as shown in Supporting Figure 9.9.  

 

Figure 9.4: Average shear stress (cPa) per layer 

in each scaffold configuration and layer for a flow rate of 0.6 mL/min. Data reported as 

mean + standard deviation (n = 3). Groups within each gradient orientation (LMS, 

MMM, SML) marked with the same letter A-B do not differ by one-way ANOVA (p > 

0.05). No statistical differences were observed across respective top, middle, and bottom 

layers. 
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Figure 9.5: Top view of scaffold layers. 

Average wall shear stress per layer (top, middle, and bottom) for all gradient 

orientations (LMS, MMM, and SML). Wall shear stress is mapped as a color distribution 

(heat map) on the top surface of each layer. Heat map indicates distribution of high (red, 

8 cPa) to low (blue, 0 cPa) shear stresses. Heat map legend applies to all layers. 

Characterization of ES cell response to gradient shear stress 

Effect of shear stress gradient on ES cell proliferation 

A full-factorial model was used to compare the main effects of gradient 

orientation and layer location on DNA content for ES cells cultured under static 

conditions. The MMM orientations exhibited a significantly higher cell proliferation than 

the LMS and SML orientations under static conditions (Figure 9.6A), demonstrating a 

significant effect of scaffold orientation on DNA content (p < 0.0001). The same 

behavior was true for top layers as compared to middle and bottom layers, demonstrating 

a significant effect of layer location on DNA content (p = 0.0145). Additionally, the 
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MMM top layer demonstrated significantly higher proliferation than all other groups 

under static conditions. Depending on the gradient orientation and the layer location, 

different responses in cell proliferation were observed, indicating a significant interaction 

between gradient orientation and layer location (p = 0.0034).  

A full-factorial model was then used to compare the main effects of gradient 

orientation and layer location on DNA content for ES cells cultured under flow perfusion 

conditions. Under flow perfusion conditions (Figure 9.6B), cells within the top layers 

also exhibited significantly higher proliferation compared to medium and bottom layers 

(p = 0.0330). There was also a significant interaction between gradient orientation and 

layer location (p = 0.0399). LMS bottom, MMM top, and SML top layers exhibited 

significantly higher proliferation than the other groups (p < 0.05). Pairwise comparisons 

(confirmed by Student’s t-test) between individual layers under static and flow perfusion 

conditions demonstrated that flow perfusion resulted in higher proliferation than static 

conditions for the LMS and SML gradient orientations (as indicated by asterisks in 

Figure 9.6A-B, p < 0.05). 

Flow cytometry analysis was used to identify the fraction of living cells within 

each layer of SML, MMM, and LMS scaffolds. Live cell populations were first gated 

using 2D unstained controls in order to remove debris and apoptotic cells. In general, 

flow perfusion enhanced the percentage of live cells within the scaffolds (Figure 9.6C 

and D), with the exception of the MMM orientation under static conditions, which 

exhibited a comparable fraction of live cells. The percentage of live cells does not reflect 

the viability within the scaffolds during culture conditions, but rather the cell viability 

after processing for flow cytometry. We thus expect that viability within the scaffolds 

was greater for all groups. Considering this processing limitation, all samples were 

processed under the same conditions, allowing us to compare cell viability under static 

and flow perfusion. 



227 

 

 

 

 

 

Figure 9.6: Effect of shear stress gradient on Ewing sarcoma (ES) cell proliferation 

after 10 days of static and flow perfusion culture. DNA content after 10 days of cell 

culture in static (A, n = 6) and flow perfusion conditions (B, n = 3). Percentage of live 

cells measured via flow cytometry in static (C, n = 3) and flow perfusion conditions (D, n 

= 3). Data reported as mean + standard deviation. * indicates statistical significance 

between static and flow perfusion conditions within each configuration/layer tested (p < 

0.05) by Student’s t-test. In panels (A-B) and (C-D), groups marked with the same letter 

are not statistically different (p > 0.05) by full-factorial analysis within static or flow 

perfusion conditions. 

Effect of shear stress gradient on ES cell signaling transduction of IGF-1/IGF-1R 

pathway 

Flow cytometry analysis was then used to identify populations of cells expressing 

IGF-1R within each layer of LMS, MMM, and SML scaffolds. 2D controls stained for 

IGF-1R (conjugated to PE) were used to identify IGF-1R
+
 cells within the live cell 

populations. We employed a full-factorial analysis to evaluate the main effects of 

gradient orientation (LMS, MMM, SML) and layer location (top, middle, or bottom) on 
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fluorescent intensity of PE (IGF-1R histograms), for both static and flow perfusion 

conditions.  

As shown in Figure 9.7, IGF-1R is strongly expressed in all groups regardless of 

the configuration and/or culture conditions. Under static conditions, IGF-1R expression 

in group MMM was significantly lower than in group SML or LMS (p = 0.0443). Yet, > 

80 % of the cells tested positive for IGF-1R (Figure 9.7A).  

 

 

Figure 9.7: Effect of shear stress gradients on Ewing sarcoma (ES) cell signaling 

transduction of insulin-like growth factor-1 receptor (IGF-1R). 

Live ES cells expressing total insulin-like growth factor-1 receptor (IGF-1R) under static 

(A, n = 6) and flow perfusion conditions (B, n = 3). Data reported as mean + standard 

deviation. A-B Groups marked with the same letter do not differ (p > 0.05) by full-

factorial analysis within static or bioreactor conditions. 

 

The IGF-1R pathway activation is ligand-dependent; that is, the presence of IGF-

1 ligand is required in order to have phosphorylated (and thus active) IGF-1R within the 

ES cell culture. Consequently, we analyzed the cell culture medium in all groups at 

different time points via ELISA in order to quantify the IGF-1 ligand concentration 

(Figure 9.8). Gradient orientation had a minimal effect on IGF-1 secretion under static 

conditions. On the contrary, groups LMS and MMM exhibited significantly higher IGF-1 

levels than group SML from day 6 onward, as shown in Figure 9.8B. The transition from 

static to flow perfusion conditions resulted in an increased IGF-1 production for all 

scaffold orientations (LMS, MMM, SML), mirroring previous data from our laboratory 

that demonstrated shear stress-mediated IGF-1 secretion in ES cells [317].  
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Figure 9.8: Effect of shear stress gradient on Ewing sarcoma (ES) cell signaling 

transduction of the insulin-like growth factor-1 (IGF-1) pathway. 

Cumulative release of IGF-1 over time under static (A) and flow perfusion conditions (B). 

Data reported as mean + standard deviation (n = 3). *indicates statistical significance 

between static and flow perfusion conditions within each configuration tested, while & 

indicates significance within each time point (p < 0.05, n=3). 

9.4 Discussion 

Tissue-engineered scaffolds with defined architecture and porosity can describe 

microarchitectural cues present in the native bone as well as in the bone tumor 

microenvironment [93, 110, 164]. In particular, pore morphology and porosity can impact 

cell attachment, alter the permeability of media and nutrients, and facilitate cell migration 

[368]. Additive manufacturing techniques, such as extrusion-based 3D printing, can 

further facilitate the design of complex scaffolds with spatial gradients in porosity and 

pore size, which are able to mimic the architecture of cortical and trabecular bones [336, 

360]. When coupled with scaffolds that model the complex geometry of bone, flow 

perfusion bioreactors can expose bone tumor cells in vitro to physiologically relevant 

levels of shear stress normally found in vivo in the bone niche [317, 318]. However, few 

studies have investigated the combination of scaffolds composed of pore size gradients 

with flow perfusion bioreactors to achieve complex, intra-scaffold shear stress 

environments, which we hypothesized would elicit a gradient phenotypic response in the 

tumor cells. 

In this work, we tested this hypothesis by culturing ES cells on 3D printed PPF 

scaffolds with three different pore size gradients (LMS, MMM, and SML) under static or 

flow perfusion conditions. ES is a pediatric bone sarcoma that has been shown to exhibit 
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shear stress-dependent protein expression [317], serving therefore as a model cell type for 

our purposes. Scaffold analyses showed that the porosity of each layer was comparable to 

that of bone tissue engineering scaffolds in previous studies (ranging from 19-60 %) 

[164], thus demonstrating that 3D printed scaffolds can suitably model primary bone 

malignancies. Notably, the fiber diameter and surface roughness of the fibers are known 

to contribute to cell phenotype, spreading, and attachment [359]. We focused on 

mimicking the macro-porous structure of bone, but micro- and nano-scale porosity within 

the scaffold fibers would likely influence cell attachment, cytoskeletal organization, and 

cell proliferation [359].  

Consistent with other investigations, the enhanced nutrient supply provided by 

flow perfusion promoted cell proliferation in all experimental groups cultured under flow 

perfusion conditions compared to static cultures [317, 318]. Interestingly, scaffold 

porosity affected cell growth under flow perfusion, with higher cell content in S layers 

than in either M or L layers. This phenomenon can be ascribed to the smaller pore size 

and, hence, the higher surface area, available to cell growth. These results corroborate 

previous reports with the same seeding efficiency and similar pore sizes, where scaffolds 

with smaller pore size had better seeding due to their lower permeability [368].  

In a flow perfusion bioreactor under constant flow rates, scaffold architecture 

(e.g., pore size and porosity) and anisotropy dramatically impact the shear stress profile 

within scaffolds [300, 318, 382]. Indeed, we found in this study that the average shear 

stress in 3D printed layers depended on both pores size, as well as layer configuration. In 

each configuration, cells in the top layer experience the highest level of shear stress, and 

the pressure drop within lower layers likely caused a decline in shear stress. At the same 

time, wall shear stress should increase with decreasing porosity (i.e., increasing hydraulic 

resistance to flow), and, hence, be maximized in S layers compared to M and L layers. 

These conflicting phenomena resulted in homogeneous levels of shear stress in 

configuration LMS, where the lower layers have smaller pores and, thus, constant shear 

stress was maintained, despite the loss in kinetic energy. The same was not true for the 

MMM configuration, where the homogeneous pore size distribution resulted in lower 

shear stress levels in the lower two layers – again, due to the pressure drop. Conversely, 

we expected differences in shear stress to be exacerbated in the SML configuration 
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because the S layer is exposed to the highest kinetic energy. The lack of a clear statistical 

significance among layers in configuration SML can be explained by the presence of 

edge effects, closed or misaligned pores, and other manufacturing defects that have been 

shown to affect the shear stress profiles under flow perfusion conditions [382]. The same 

manufacturing defects contributed to heterogeneous shear stress distribution within single 

layers, as shown in Figure 9.5. We observed that scaffold imperfections influenced the 

shear stress distribution to the extent that they may also affect cell migration, 

proliferation, and differentiation. While beyond the scope of this study, it would be 

beneficial to image live cells on the scaffolds over time to see if the cells preferentially 

migrate to regions of high or low shear stress. 

Remarkably, the LMS and MMM configurations resulted in higher IGF-1 content 

than the SML configuration, suggesting that not only the presence of a gradient but also 

its direction (LMS vs. SML) can affect IGF-1 secretion. It is worth emphasizing how 

both the SML and LMS configurations share the same scaffold porosity and similar 

levels of shear stress, as shown in Figure 9.4 and Supporting Figure 9.9. Yet, IGF-1 

cumulative release in the LMS group was higher than in the SML group, suggesting that 

further mechanisms regulate IGF-1 production differently in these two gradient 

orientations. Previous work demonstrated that IGF-1 manifests a feed-forward behavior 

that stimulates ES cells to secrete more IGF-1 in an autocrine fashion (i.e., activating the 

IGF-1R pathway) [165, 317]. Although it remains to be proven, we contend that a similar 

mechanism might have taken place in the lower layer of the LMS and MMM 

configurations, where shear stress-mediated IGF-1 secretion from the upper layer 

promoted an enhanced autocrine release of IGF-1 ligand. ES cells preferentially grew on 

layers with lower permeability (i.e., S layers), and so the gradient cell distribution within 

LMS configuration potentially intensified the auto-catalytic secretion of IGF-1 as 

compared to the SML configuration, which had a lower concentration of cells in the 

bottom layer.  

Overall, the combination of 3D printed scaffolds and flow perfusion can be 

leveraged to model heterogeneous porosity (and permeability) of solid tumors [97, 289], 

which results in the presence of shear stress gradients. Although we could not discern any 

clear layer-dependent effect in our model, we observed that cell response depended on 
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the overall pore configuration selected. A possible explanation for this lack of 

significance among S, M, and L layers in each configuration can be ascribed to the 

manufacturing defects among layers and among different scaffolds, as well as the lack of 

significance in porosity between the M and L layers. Together with the fluctuations in 

biological response that might occur, these confounding effects might have prevented the 

isolation of specific layer-dependent (and, thus, shear stress-dependent) phenomena. We 

envision that optimizing the scaffold fabrication process and limiting scaffold-to-scaffold 

variability would improve the significance of future findings. Scaffold variability could 

be reduced by printing all layers within a single scaffold, and it may also promote more 

uniform shear stress distributions and enhance cell migration and proliferation due to the 

increased connectivity (i.e., fusion) of layers. However, building a single scaffold would 

further complicate the separation of sequential layers and maintenance of cell viability 

and attachment during flow cytometry and biochemical analysis. After minimizing 

scaffold variability, we envision extending this work to investigate scaffolds with more 

complex pore size gradients and varying flow perfusion strategies to enhance the 

biomimicry of our proposed tumor model. 

In order to mimic various biomechanical cues in vivo, flow perfusion conditions 

could be adjusted to investigate cell adaptation [343] and attachment [9] under 

oscillatory, pulsatile, or turbulent flows, which would provide other important models for 

understanding maintenance and progression of tumor phenotype. Previous work has also 

modeled the effects of flow perfusion rates and scaffold morphology on cell bridging and 

detachment [238], which, when applied to ES and other tumor cells, may offer insights 

about cell extravasation and metastasis [289]. Although it was beyond the scope of this 

study, we expect that drug testing against IGF-1R would also depend on the layer 

configuration selected. Additionally, the use of 3D printed scaffolds with gradients in 

porosity and shear stress under flow perfusion would allow observation of a wide 

spectrum of drug responses [93] within a single scaffold. This design strategy would 

eliminate the need for multiple experimental groups with different scaffold designs, 

resulting in a high-throughput platform for preclinical drug screening. To this end, the 

effects of pore size and flow rate on drug resistance would be an interesting direction for 

this work. 
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9.5 Conclusions 

3D printing was used to fabricate multi-layered scaffolds with pore size gradients 

that mimic the complex heterogeneity of solid tumors. We seeded ES cells on scaffolds 

with pore size gradients and subjected the cells to physiologically relevant shear stress 

gradients under flow perfusion. Cell proliferation, protein expression, and ligand 

secretion were both shear-stress-dependent and scaffold-dependent. The coupled 

observations that both flow perfusion and gradient orientation promote activation of the 

IGF-1R signaling pathway via IGF-1 ligand secretion demonstrate that both culture 

conditions and scaffold architecture play an interdependent role in directing phenotypic 

response. Remarkably, local crosstalk among tumor cells exposed to different mechanical 

stimuli affected overall cell response in terms of ligand production and pathway 

activation. We envision extending this work to investigate scaffolds with more complex 

pore size gradients and larger dimensions to enhance the biomimicry of our proposed 

tumor model. The combination of 3D printed scaffolds with bioreactors offers a unique 

platform to study cancer biology and high-throughput drug testing. 
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9.6 Supplemental figure 

 

Supporting Figure 9.9 Wall shear stress distributions [cPa] 

based on gradient orientation (LMS, MMM, and SML) and layer location (top, middle, 

and bottom). Frequency (%) data come from the computational simulations and 

represent the probability that the wall shear stress is a specific value within a specific 

layer of the scaffold. 
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CHAPTER 10: CONCLUSIONS AND FUTURE 

DIRECTIONS 

10.1 Conclusions 

In this thesis, we have implemented both low-cost and commercial extrusion-

based 3D printing systems with synthetic biomaterials to create 3D scaffolds for tissue 

engineering and tumor models. During the foundations of this work, we have developed 

systematic strategies to characterize the printing behavior of biomaterial solutions in 

order to optimize the architecture and composition of 3D printed scaffolds. The ability to 

control the scaffold architecture and composition is relevant to both the investigation of 

cell-scaffold interactions in vitro, as well as tissue remodeling in vivo. Specifically, we 

have provided a platform to evaluate the compatibility of biomaterials with extrusion-

based 3D printing for bone implants. We have also investigated the effects of 3D printed 

gradient architectures and flow perfusion for in vitro tumor modeling, which has the 

potential for enhancing our understanding of the role of intratumoral heterogeneity on the 

overall tumor response. It is with these results that future work can be performed in order 

to further our understanding of tissue engineering and cancer biology.  

10.2 Future directions 

Overcoming the technical challenges of 3D printed implant fabrication 

There are still obstacles to overcome in terms of optimizing 3D printing 

techniques for the fabrication of complex tissues. Although we have the ability to control 

scaffold composition, further investigations are warranted in order to achieve better layer 

uniformity and mitigate particle aggregation in printed composites, both for future 

applications with nano- and microparticles. Specifically for PPF-HA scaffolds, we are 

able to fabricate scaffolds containing HA (Figure 10.1), characterize scaffold architecture 

(Figure 10.2), demonstrate that the 3D printing processing conditions do not have an 



236 

 

 

 

 

impact on the particle orientation (Figure 10.3a), quantify the concentration within the 

scaffold (Figure 10.3b), and reconstruct models of the 3D composites (Figure 10.4). 

However, the ability to computationally model shear stresses within scaffolds containing 

HA remains a challenge due to large variability in scaffold architecture and nanoparticle 

aggregation. Both of these challenges contribute to substantial irregularities in the 

computational models, making it difficult to map the shear stresses with accuracy. Future 

work could be done to improve HA distribution in order to facilitate shear stress 

modeling.  

The development of a repository of optimal printing conditions for a variety of 

biomaterials and extrusion-based systems would provide an immense impact to the tissue 

engineering community. As we further explore the possibilities of fabricating complex 

tissues with both soft and hard materials, improved histological processing and imaging 

methods should also be considered in order provide options for visualizing tissue 

remodeling. Currently, the ability to section scaffolds with antipodal mechanical 

properties remains a substantial challenge, especially for in vitro characterization of cell 

migration, growth factor diffusion, and particle dispersion. 
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Figure 10.1 Representative SEM images of PPF and PPF-HA layers 
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Figure 10.2 Scaffold architecture of PPF and PPF-HA layers 

a) Pore size, b) fiber diameter, c) and porosity reported as mean ± standard deviation. 

Each bar represents measurements from 12 scaffolds. Pore size and fiber diameter 

measurements represent 5 measurements per scaffold for a total of 60 measurements per 

bar. 
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Figure 10.3 Summary of XRD and TGA results 

a) XRD analysis  of PPF and PPF-HA 3D printed scaffolds compared to powder HA 

reference material (hydroxylapatite, # 01-089-4405). Scan speed = 1
o
/min, step size = 

0.05, high limiting slit = 10mm, divergent slit = 1
o
, scattering slit = 1

o
, receiving slit = 

0.6mm, diffraction measurements integrated and plotted using XRD software (PDXL2, 

Rigaku). b) TGA analysis (30mg, n = 3) with a ramping rate of 20
o
C/min from room 

temperature to 95
o
C and 100

o
C to 700

o
C. Oxygen flow rates for balance (40) and sample 

(60mL/min). 
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Figure 10.4 Average shear stress within PPF scaffold layers 

Representative μCT reconstructions of a) LMS and b) MMM scaffolds containing 

PPF-HA. Top and cross-sectional views represented. Red arrows point to HA 

aggregates. 

Investigation of 3D printed scaffolds for osteochondral implants 

Osteochondral tissue comprises a complex microarchitecture with zonal 

organization of mechanical properties, ECM, and cell populations. After overcoming 

some of the main technical challenges of 3D printing complex tissues, it would be of 

great interest to investigate the spatial deposition of various gradients, including cell co-

cultures, bioactive ceramics, and osteogenic and chondrogenic growth factors. For 

example, the ability to control the spatial deposition of MSCs and chondrocytes would 

allow us to create and evaluate a model of the complex osteochondral interface. 

Furthermore, the incorporation of degradable molecules, such as β-tricalcium phosphate 

(TCP), could be leveraged to investigate the effect of degradation on scaffold structure 

and mechanical properties, as well as encouragement of osteogenic or chondrogenic cell 
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differentiation in regions of high or low concentration of soluble calcium phosphate. 

Lastly, the ability to fabricate and control the release of growth factor gradients would 

enable us to stimulate osteogenic and chondrogenic differentiation in a biologically-

relevant manner. For instance, the ability to 3D print gradients of early and late stage 

chondrogenic growth factors, such as transforming growth factor-β1 (TGF- β1) and 

insulin-like growth factor-1 (IGF-1), respectively, would be beneficial to study the effects 

on cartilage repair in vivo. We have demonstrated the ability to quantify the presence of a 

gradient using fluorescent beads in a gelatin hydrogel (Figure 10.5), which could be 

applied toward tracking and quantifying fluorescently-labeled migrating cells or growth 

factor diffusion. 

 

 

Figure 10.5 Quantification of fluorescent gradient  

of polystyrene beads (diameter ~2μm) in gelatin using confocal microscopy and imaging 

software (ImageJ, NIH), reported as known weight %. Excitation: 488nm, n = 5, 20x 

magnification 

Investigation of in vitro bone tumor progression and drug sensitivity on 3D printed 

composite scaffolds 

Proof-of-concept studies have been performed in this thesis that demonstrate the 

ability to impart a shear stress gradient on tumor cells within a 3D scaffold, which 

suitably describes the variable levels of mechanical stimulation that occur within the 

tumor microenvironment. To build upon this work, it would be interesting to investigate 
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the effects of higher flow rates under perfusion and varying scaffold compositions on 

tumor cell adhesion, proliferation, and phenotype. We found that both MSCs derived 

from rat bone marrow and ES cells showed improved cell attachment on PPF-HA 

scaffolds versus PPF scaffolds after one day of culture (Figure 10.6).  We have also 

observed enhanced cell attachment and proliferation on small scaffold layers when 

combining high flow rates with PPF-HA scaffolds (Figure 10.7). After optimizing the 

HA distribution and minimizing batch-to-batch variability within 3D printed PPF-HA 

composites, computational modeling of the shear stress in each layer could be analyzed 

and more extensive flow perfusion studies could be performed. 
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Figure 10.6 Cell attachment on PPF versus PPF-HA scaffolds 

a) Total DNA content after one day of culturing ES cells and MSCs on PPF and PPF-HA 

(10wt%) scaffolds. Pore size (L),seeding density (200,000 cells/scaffold). b) 

Representative SEM images of cells seeded on scaffolds, which demonstrate more cell 

spreading on PPF-HA scaffolds for both cell types. Scale bar represents 500μm. 
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Figure 10.7 PPF-HA scaffolds cultured with ES cells in a bioreactor 

PPF-HA scaffolds (SML configuration) cultured for 10 days under static and flow 

perfusion (5.2mL/min) conditions. Scale bar = 1mm.
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APPENDIX I:  PYTHON SOURCE CODE FOR 

PRINTING PCL SCAFFOLDS CHAPTER 5 

Printing source code in Python 

The following Python code will output a file in GCode format, which can then be directly 

imported into Pronterface or another open-source 3DP (Repetier, etc) software and 

printed. 

 

Code 

#Parametric GCode: Build multiple (n x m) grids (builds one whole bilayer gradient 

scaffold at a time) 

 

#G1 Code Object 

class G1Code: 

 def __init__(self, X=0, Y=0, Z=0, F=0): 

  self.X = X 

  self.Y = Y 

  self.Z = Z 

  self.F = F 

 

 def __str__(self): 

  string = "G1 X" + str(self.X) + " Y" + str(self.Y) + " Z" + str(self.Z) + " F" 

+ str(self.F) 

  return string 

 

 

filename = "GridTest.gcode" 

Zsteps = 0 

#Length and width must be evenly divisible by the pore size!! 

#These variables may be changed depending on user preferences and printer capabilities 

length = 20 

width = 20 

poreSizeA = 1.5 

poreSizeB = 2.0 

pauseHoriz = 30 

pauseVert = 120 

zHeightVertA = 0.2 
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zHeightVertB = 0.2 

zHeightGrid = 0.6 

temp = 60 

pressure = 8 #only defined for purposes of file definitions at the top of the GCode file. 

not used in any equations below. 

 

#These parameters will account for the vertical and horizontal displacements 

#to print multiple scaffolds 

scaffold = 1 

xcounter = 0 

ycounter = 0 

xshift = 20 

yshift = 10 

n = 1 

m = 1 #grid of scaffolds (n x m) 

ThisGCode = G1Code(X=0, Y=0, Z=0, F=1000) 

 

#Open the output file and paste on the "headers" 

FILE = open(filename,"w") 

FILE.writelines("; File generated by Jordan Trachtenberg, Mikos Lab\n") 

FILE.writelines(str("; Length = ") + str(length) + "mm" + "\n") 

FILE.writelines(str("; Width = ") + str(width) + "mm" + "\n") 

FILE.writelines(str("; Pore size A (bottom) = ") + str(poreSizeA) + "mm" + "\n") 

FILE.writelines(str("; Pore size B (top) = ") + str(poreSizeB) + "mm" + "\n") 

FILE.writelines(str("; Horizontal pause = ") + str(pauseHoriz) + "s" + "\n") 

FILE.writelines(str("; Vertical pause = ") + str(pauseVert) + "s" + "\n") 

FILE.writelines(str("; Grid of ") + str(n) + " x " + str(m) + " scaffolds" + "\n") 

FILE.writelines(str("; Z height of grid = ") + str(zHeightGrid) + "mm" + "\n") 

FILE.writelines(str("; Z height between horiz and vert layers, Pore A = ") + 

str(zHeightVertA) + "mm" + "\n") 

FILE.writelines(str("; Z height between horiz and vert layers, Pore B = ") + 

str(zHeightVertB) + "mm" + "\n") 

FILE.writelines(str("; Temperature = ") + str(temp) + "oC" + "\n") 

FILE.writelines(str("; Pressure = ") + str(pressure) + "psi" + "\n") 

FILE.writelines("\n") 

 

FILE.writelines("M103\n")#Turn all extruders off/extruder retraction 

FILE.writelines("M105\n")#Get extruder temperature 

FILE.writelines("M104 S" + str(temp) + "\n") #Set extruder temperature (max = 140oC 

for BariCUDA) 
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#FILE.writelines("M252 S140.0\n") #Set max extruder temperature (to 140?) to avoid 

overheating (Note: PCL burns at temps over 180C) 

FILE.writelines("G28\n") #Home all axes 

FILE.writelines("M109 S" + str(temp) + "\n") #Wait for temperature to reach defined 

temp 

FILE.writelines("M106\n")#Turn on solenoid (max pressure, should be 35psi, CANNOT 

go over 40psi with BariCUDA!!) 

FILE.writelines("G90\n") #Absolute distance mode 

FILE.writelines("G21\n") #Want to measure in mm units (G20 will measure in inches) 

FILE.writelines("G92 E0\n") #Reset extrusion distance 

FILE.writelines("M82\n") #Absolute distance mode for extrusion 

FILE.writelines("M101\n") #Turn extruder 1 on forward/Undo extruder retraction 

 

#Want to move extruder away from home once it's ready to print 

ThisGCode.X = 10 

ThisGCode.Y = 10 

ThisGCode.Z = 0 

ThisGCode.F = 1000.00 

FILE.writelines(str(ThisGCode)+ "\n") 

 

#Multiple scaffolds 

#ycounter = # scaffolds in y direction 

#xcounter = # scaffolds in x direction 

for ycounter in range(0, n): 

        W = (width + yshift) * ycounter 

        for xcounter in range(0, m): 

                L = (length + xshift) * xcounter 

                                 

                #Single scaffold: Step through the Z range of the object.  This loop 

                #is the only truly mandatory part of it. The Zsteps tell 

                #you how many paths that it will print (outline of one layer). 

                FILE.writelines(str("; Scaffold #") + str(scaffold) + "\n") 

                scaffold = scaffold + 1 

                for Zsteps in range(1, 3): 

                        #Horizontal stripes of grid (from bottom left corner to upper right corner) 

                        counter = 0 

                        FILE.writelines(str(" ; horizontal")+ "\n") 

                        ThisGCode.F = 1000.00 

                        while counter * poreSizeA <= width: 

                                #Hop up to the next level, staying put 
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                                ThisGCode.Z = Zsteps * zHeightGrid + (Zsteps - 1) * zHeightVertA 

#Noticed that horizontal and vertical layers were at the same Zheight. Changed so that 

stage would move up after each layer instead of each grid. 

                                #ThisGCode.X = 10 + 0 + L 

                                ThisGCode.Y = 10 + counter * poreSizeA + W                 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                ThisGCode.X = 10 + length + L 

                                ThisGCode.Y = 10 + counter * poreSizeA + W 

                                ThisGCode.F = 400.00 

                                FILE.writelines(str(ThisGCode)+ "\n") 

 

                                #Going around a curve of the grid 

                                counter = counter + 1 

                                if counter * poreSizeA > width: 

                                        continue 

                                ThisGCode.X = 10 + length + L 

                                ThisGCode.Y = 10 + counter * poreSizeA + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                ThisGCode.X = 10 + 0 + L 

                                ThisGCode.Y = 10 + counter * poreSizeA + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                 

                                counter = counter + 1                         

                        FILE.writelines(str("; pause for") + str(pauseHoriz) + str(" Sec")+ "\n") 

                        FILE.writelines(str("M106 S0")+ "\n") 

                        FILE.writelines(str("G04 P")+ str(pauseHoriz) + str("000")+ "\n") 

                        FILE.writelines(str("M106")+ "\n") 

                         

                        #Vertical stripes (from upper right corner to bottom left corner) 

                        counter = length                         

                        FILE.writelines(str(" ; vertical")+ "\n") 

                        pCounter = 0 

                        ThisGCode.F = 1000.00 

                        while length - pCounter * poreSizeA >= 0: 

                                ThisGCode.Z = Zsteps * zHeightGrid + Zsteps * zHeightVertA  

                                ThisGCode.X = 10 + (length - pCounter * poreSizeA) + L 

                                ThisGCode.Y = 10 + width + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                ThisGCode.X = 10 + (length - pCounter * poreSizeA) + L 

                                ThisGCode.Y = 10 + 0 + W 
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                                ThisGCode.F = 400.00 

                                FILE.writelines(str(ThisGCode)+ "\n") 

 

                                #Going around a curve of the grid 

                                pCounter = pCounter + 1 

                                if length - pCounter * poreSizeA <= 0: 

                                        continue 

                                ThisGCode.X = 10 + (length - pCounter * poreSizeA) + L 

                                ThisGCode.Y = 10 + 0 + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                ThisGCode.X = 10 + (length - pCounter * poreSizeA) + L 

                                ThisGCode.Y = 10 + width + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                 

                                pCounter = pCounter + 1 

                        FILE.writelines(str("; pause for") + str(pauseVert) + str(" Sec")+ "\n") 

                        FILE.writelines(str("M106 S0")+ "\n") 

                        FILE.writelines(str("G04 P")+ str(pauseVert) + str("000")+ "\n") 

                        FILE.writelines(str("M106")+ "\n")  

                for Zsteps in range(3, 5): 

                        #Horizontal stripes of grid (from bottom left corner to upper right corner) 

                        counter = 0 

                        FILE.writelines(str(" ; horizontal")+ "\n") 

                        ThisGCode.F = 1000.00 

                        while counter * poreSizeB <= width: 

                                #Hop up to the next level, staying put 

                                ThisGCode.Z = Zsteps * zHeightGrid + (Zsteps - 1) * zHeightVertB 

#Noticed that horizontal and vertical layers were at the same Zheight. Changed so that 

stage would move up after each layer instead of each grid. 

                                ThisGCode.Y = 10 + counter * poreSizeB + W                 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                ThisGCode.X = 10 + length + L 

                                ThisGCode.Y = 10 + counter * poreSizeB + W 

                                ThisGCode.F = 400.00 

                                FILE.writelines(str(ThisGCode)+ "\n") 

 

                                #Going around a curve of the grid 

                                counter = counter + 1 

                                if counter * poreSizeB > width: 

                                        continue 
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                                ThisGCode.X = 10 + length + L 

                                ThisGCode.Y = 10 + counter * poreSizeB + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                ThisGCode.X = 10 + 0 + L 

                                ThisGCode.Y = 10 + counter * poreSizeB + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                 

                                counter = counter + 1                         

                        FILE.writelines(str("; pause for") + str(pauseHoriz) + str(" Sec")+ "\n") 

                        FILE.writelines(str("M106 S0")+ "\n") 

                        FILE.writelines(str("G04 P")+ str(pauseHoriz) + str("000")+ "\n") 

                        FILE.writelines(str("M106")+ "\n") 

                         

                        #Vertical stripes (from upper right corner to bottom left corner) 

                        counter = length                         

                        FILE.writelines(str(" ; vertical")+ "\n") 

                        pCounter = 0 

                        ThisGCode.F = 1000.00 

                        while length - pCounter * poreSizeB >= 0: 

                                ThisGCode.Z = Zsteps * zHeightGrid + Zsteps * zHeightVertB 

                                ThisGCode.X = 10 + (length - pCounter * poreSizeB) + L 

                                ThisGCode.Y = 10 + width + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                ThisGCode.X = 10 + (length - pCounter * poreSizeB) + L 

                                ThisGCode.Y = 10 + 0 + W 

                                ThisGCode.F = 400.00 

                                FILE.writelines(str(ThisGCode)+ "\n") 

 

                                #Going around a curve of the grid 

                                pCounter = pCounter + 1 

                                if length - pCounter * poreSizeB <= 0: 

                                        continue 

                                ThisGCode.X = 10 + (length - pCounter * poreSizeB) + L 

                                ThisGCode.Y = 10 + 0 + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                ThisGCode.X = 10 + (length - pCounter * poreSizeB) + L 

                                ThisGCode.Y = 10 + width + W 

                                FILE.writelines(str(ThisGCode)+ "\n") 

                                 

                                pCounter = pCounter + 1 
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                        FILE.writelines(str("; pause for") + str(pauseVert) + str(" Sec")+ "\n") 

                        FILE.writelines(str("M106 S0")+ "\n") 

                        FILE.writelines(str("G04 P")+ str(pauseVert) + str("000")+ "\n") 

                        FILE.writelines(str("M106")+ "\n")  

                         

                if ycounter == n - 1 and xcounter == m - 1: 

                        continue 

                #This last part pulls the nozzle up so that you can remove the part 

                FILE.writelines("; Finished scaffold\n") 

                FILE.writelines("M106 S0\n")#Turn off solenoid (pressure = 0) 

                ThisGCode.Z = ThisGCode.Z + 20 

                FILE.writelines(str(ThisGCode)+ "\n") 

                ThisGCode.X = 10 + length * (xcounter + 1) + (xshift/2) * (2 * xcounter + 1) 

                FILE.writelines(str(ThisGCode)+ "\n") 

                ThisGCode.Z = 0 

                FILE.writelines(str(ThisGCode)+ "\n") 

                ThisGCode.X = 10 + (length + xshift) * (xcounter + 1) 

                FILE.writelines(str(ThisGCode)+ "\n") 

                 

#This part tells the printer to stop printing (turn off pressure, heater, etc) 

FILE.writelines("; Finished scaffold\n") 

FILE.writelines("M106 S0\n")#Turn off solenoid (pressure = 0) 

ThisGCode.Z = ThisGCode.Z + 20 

FILE.writelines(str(ThisGCode)+ "\n") 

 

FILE.writelines("M104 S0\n") #Set extruder temperature (to 0?) 

FILE.writelines("M103\n") # turn all extruders off 

FILE.writelines("G28 X0\n") # home X axis 

FILE.writelines("M84\n") # disable motors 

 

FILE.close 
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APPENDIX II: STATISTICAL ANALYSIS FOR 

CHAPTER 6  

Supplemental information includes SI Table 1-6, SI Figure 1-3, as well as detailed reports 

of raw statistical analysis. This material is available free of charge via the Internet at 

http://pubs.acs.org (DOI: 10.1021/acsbiomaterials.6b00026). The following list includes 

file names and a brief description of the analysis included: 

 

 Supplemental Table 6.5-Supplemental Table 6.10 and Supplemental Figure 6.6-

Supplemental Figure 6.8 (Pages S1-S9) 

 One-way ANOVA for pore size and fiber diameter measurements (Pages S10-

S15) 

 One-way ANOVA for initial fiber diameter test and viscosity measurements 

(Pages S16-S25) 

 Fiber SD and Pore SD distribution profiles for Supplemental Table 6.10 (Pages 

S26-S43) 

 Machine precision and material accuracy distribution profiles for Supplemental 

Table 6.10 (Pages S44-S53) 

 Distribution profiles for Supplemental Figure 6.8 (Pages S54-S56) 

 Main effects and interactions analysis for initial fiber diameter test and viscosity 

(Pages S57-S62) 

 Main effects and interactions analysis (linear and quadratic) for pore size and 

fiber diameter (Pages S63-S70) 

http://pubs.acs.org/
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APPENDIX III: PYTHON SOURCE CODE FOR 

MECHANICAL TESTING OF HA/PCL AND 

HA/PPF SCAFFOLDS FOR CHAPTERS 7 AND 

8 

 

#!/bin/env python 

 

############################################ 

# Script to process compression data for Jordan Trachtenberg from Mikos Lab MTS 

tester. 

# Written by Dan Puperi, Dr. Jane-Grande Allen Lab, Rice University Dept. of 

Bioengineering 

# 

# - uses .txt file or .csv file output with time, displacement, and load data to calculate the 

relevant 

#    mechanical properties of the material 

# 

# Dependencies: 

#   Python2,7  32-bit 

# 

# Python Packages 

#   Matplotlib  v1.2.0  32-bit 

#   Numpy  v1.6.2  32-bit 

#   Scipy v0.13.2 32-bit 

# 

############################################ 

import sys, os, getopt, glob, re 

from math import * 

import matplotlib.pyplot as plt 

import matplotlib 

import numpy as np 

from matplotlib.backends.backend_pdf import PdfPages 

 

ERR = sys.stderr.write 

OUT = sys.stdout.write 

 

# For diagnostic purposes 
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DIAG = 0 

 

############################################ 

# Define the data to summarize in a table 

TABULATE = [ 'modulus', 'modulus_R2'] 

 

############################################ 

# Define which plots to show 

STRESS_STRAIN_MODULUS_PLOT = 1 

SAVE_PLOTS_TO_FILE = 1 

SHOW_PLOTS = 0 

# 

# End of plots 

############################################ 

 

############################################ 

# Define all the constants 

# 

# How much displacement (mm) is required to define the start of the test 

START_DELTA_TOL = 0.001 

# Define whether to calculate modulus using fixed strains, or by finding maximum slope 

before slope over a minimum strain range 

MODULUS_USE_FIXED_STRAINS = 0 

MODULUS_MIN_STRAIN = 0.025 

MODULUS_MAX_ITERATIONS = 100 

# Define the fixed start and end strains to use for the modulus calculation when fixed 

strain rates are used 

MODULUS_STRAIN_START = 0.01 

MODULUS_STRAIN_END = 0.05 

# Type of stress calculation to apply 

#     0 = just use initial area  (engineering stress) 

#     1 = constant volume (adjust cross sectional area by strain term) 

#     2 = use Poisson ratio 

STRESS_TYPE = 0 

# Define a Poisson ratio to use v = -(delta d) / d  / (delta L) / L 

POISSON_RATIO = 0.5 

# 

# End of constants 

############################################ 

 

############################################ 

# The class to process all of the data used. 

# This includes the input size data and the raw data from the mech tester. 

# Also includes some data manipulation / search functions 

# 

class Data(): 
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# __init__ is called when a new instance of the class is created 

    def __init__(self): 

        self.possible_matches = [ 'time', 'stress', 'strain', 'force', 'displacement' ] 

     

# parse_input_file method reads the size data from a .csv input file. 

#     The size data should be in comma or tab separated columns, with the format as 

below: 

#     The columns should be labeled in the first row - not all the columns are required, but 

this function will parse the 

#     input data based on the column labels.  If the units are given in millimeters instead of 

meters, the column title  

#     should also have a '(mm)' with no space after the label name 

#     Possible column labels are as follows: 

#         Title - this is the name of the data file to apply this size data to (without an 

extension) 

#         Area or Area(mm) - the cross-sectional area of the sample  (width and thickness 

should not be given if area is given) 

#         Width or Width(mm) - the cross-sectional width of the sample 

#         Thickness or Thickness(mm), - the cross-sectional thickness of the sample 

#         Length or Length(mm) - the initial length of the sample 

# 

    def parse_input_file( self,input_fname ): 

        if DIAG > 0: ERR( "parse_input_file( %s )\n" % input_fname ) 

        ret = [] 

        mmpat = re.compile( '\(mm\)' ) 

        try: 

             

# Read in all the lines of the file 

            input_fname = glob.glob( input_fname )[0] 

            lines = open( input_fname, 'r').readlines() 

             

# Parse the first line.  Get the column labels and units. 

# The file can either be tab/space separated or comma separated 

            pieces = lines[0].split() 

            csv = False 

            if ( len( pieces ) < 3 ) or ( len ( pieces ) > 4 ): 

                pieces = lines[0].split(',') 

                if ( len( pieces ) < 3 ) or ( len ( pieces ) > 4 ): 

                    ERR( "Error reading heading of input file.  Contained less than 3 or more 

than 4 columns\n" ) 

                    ERR( "%s\n" % line ) 

                    sys.exit(1) 

                csv = True 

            columns = {} 

            for i in range( 0, len( pieces ) ): 
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                factor = 1.0 

                if  mmpat.search( pieces[i].lower() ): 

                    factor = 0.001 

                if pieces[i].lower().strip() == 'title': 

                    columns['title'] = (i,0.0)  

                elif pieces[i].lower().split('(')[0].strip() == 'area': 

                    columns['area'] = (i,factor) 

                elif pieces[i].lower().split('(')[0].strip() == 'width': 

                    columns['width'] = (i,factor) 

                elif pieces[i].lower().split('(')[0].strip() == 'thickness': 

                    columns['thickness'] = (i,factor) 

                elif pieces[i].lower().split('(')[0].strip() == 'length': 

                    columns['length'] = (i,factor) 

                else: 

                    ERR( "Error reading heading of input file. Bad column heading: %s\n" % 

pieces[i] ) 

                 

# Now parse through each line to get input data for all the cases. 

            for line in lines[1:]: 

                width = 0.0 

                thickness = 0.0 

                if csv: 

                    pieces = line.split( ',' ) 

                else: 

                    pieces = line.split() 

                if ( len( pieces ) < 3 ) and ( len( pieces ) > 4 ): 

                    ERR( "Warning: Could not read line in input file.  Skipping line.\n" ) 

                    ERR( "%s\n" % line ) 

                else: 

                    this_line = {} 

                    if 'title' in columns.keys():  

                        this_line['title'] = pieces[columns['title'][0]].strip() 

                    else: 

                        ERR( 'Error: Must have a column defining a title for each sample in input 

file.\n' ) 

                        sys.exit(1)                         

                    if 'width' in columns.keys(): width = float( pieces[columns['width'][0]].strip() 

)*columns['width'][1] 

                    if 'thickness' in columns.keys(): thickness = float( 

pieces[columns['thickness'][0]].strip() )*columns['thickness'][1] 

                    if 'area' in columns.keys():  

                        this_line['A0'] = float( pieces[columns['area'][0]].strip() 

)*columns['area'][1]**2.0 

                    else: 

# If cross sectional area is given, use that for A0. 
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# Otherwise, assume rectangular cross-section and multiply width and thickness to get 

cross-sectional area. 

# Otherwise, asssume circula cross-section with either width or thickness as the diameter. 

                        if ( width > 0.0 ) and ( thickness > 0.0 ): 

                            this_line['A0'] = width*thickness 

                        elif ( width > 0.0 ): 

                            this_line['A0'] = pi*((width/2.0)**2) 

                        elif ( thickness > 0.0 ): 

                            this_line['A0'] = pi*((thickness/2.0)**2) 

                        else: 

                            ERR( 'Warning: Must define either the cross-sectional area or a width 

and thickness of every sample.\n' ) 

                            ERR( '  This line will be skipped:\n' ) 

                            ERR( "%s\n" % line ) 

                     

                    if 'length' in columns.keys(): 

                        this_line['L0'] = float( pieces[columns['length'][0]].strip() 

)*columns['length'][1] 

                    else:    

                            ERR( 'Warning: Must define a length or zero reference position for 

every sample.  This line will be skipped.\n' ) 

                            ERR( "%s\n" % line ) 

                    ret.append( this_line ) 

        except: 

            ERR( "\nError opening input file.\n" ) 

            ERR( "%s\n" % input_fname ) 

            sys.exit(1) 

        return ret, input_fname 

# end of parse_input_file method 

 

# Read in the data from the file.   

#     Use the units from header to determine if a conversion needs to be made from grams 

to Newtons. 

#     Convert from millimeters to meters. 

#     Find the start of the displacement to determine when good data collection starts 

#    Also tare both the force and displacement with respect to initial values. 

# 

    def read_data_file( self,fname ): 

        if DIAG > 0: ERR( "read_data_file( %s )\n" % fname ) 

        csv_file = 0 

        csvpat = re.compile( "\.csv$" ) 

        txtpat = re.compile( "\.txt$" ) 

        csvm = csvpat.search( fname.lower() ) 

        txtm = txtpat.search( fname.lower() ) 

        if txtm: 

            lines = open( fname,'r' ).readlines() 
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        elif csvm: 

            lines = open( fname,'r' ).readlines() 

            csv_file = 1 

        else: 

            try: 

                lines = open( fname+'.txt','r' ).readlines() 

            except: 

                lines = open( fname+'.csv','r').readlines() 

                csv_file = 1 

        force_mult = 1.0 

        disp_mult = 0.001 

 

        start_line = 7 

        raw_data = [] 

        for line in lines[start_line:]: 

            pieces = line.strip().split(',') 

            try: 

                dd = {} 

                dd['time'] = float( pieces[1].strip() ) 

                dd['displacement'] = float( pieces[2].strip() )*disp_mult 

                dd['force'] = float( pieces[0].strip() )*force_mult 

                raw_data.append( dd ) 

            except: 

# If it can't convert pieces to float numbers, just skip the line..probably just a blank line of 

corrupted part of the file 

                pass   

 

# Add all of the data to the returned data (will be a dictionary of arrays of data) 

        ret = {} 

        ret['time'] = np.array([]) 

        ret['displacement'] = np.array([]) 

        ret['force'] = np.array([]) 

        for piece in raw_data: 

            ret['time'] = np.append( ret['time'], piece['time'] ) 

            ret['displacement'] = np.append( ret['displacement'],piece['displacement'] ) 

            ret['force'] = np.append( ret['force'],piece['force'] ) 

        return ret 

# End of read_data_file 

 

# Assign size data for the input file to its appropriate case 

#    Have to split this from the load the size data from the file because need to load the 

rest of the data first. 

    def assign_size_data( self,data,size_data ): 

        if DIAG > 0: ERR( "assign_size_data()\n" ) 

        for fd in size_data:             

            found = 0 
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            for i in range( 0, len(data) ): 

                if fd['title'] == data[i]['title']: 

                    for key in fd.keys(): data[i][key] = fd[key] 

                    found = 1 

            if found == 0: 

                data.append( {} ) 

                for key in fd.keys(): data[-1][key] = fd[key] 

        return data 

# End of assign size data 

 

# Get a slice of data based on the given start and end times 

    def get_data_slice( self, input_data, start_time, end_time ): 

        ret = {} 

        if 'time' in input_data.keys(): 

            key_list = [] 

            for key in input_data.keys(): 

                if key in self.possible_matches: 

                    key_list.append( key ) 

                    ret[key] = np.array([]) 

            for i in range( 0, len( input_data['time'] ) ): 

                if input_data['time'][i] >= start_time and input_data['time'][i] <= end_time: 

                    try: 

                        for key in key_list:  ret[key] = np.append( ret[key], input_data[key][i] ) 

                    except IndexError: 

                       pass 

        else: 

            ERR( 'Could not get data slice because there is no time in the input data.\n' ) 

        return ret 

     

# Cuff off data after a given index 

    def remove_after_index( self, input_data, index ): 

        if DIAG > 0: ERR( "remove_after_index( %d )\n" % index  ) 

        ret = {} 

        for key in input_data.keys(): 

            if key in self.possible_matches: 

                ret[key] = np.array([]) 

                for i in range( 0, min( index+1, len( input_data[key] ) ) ): 

                    ret[key] = np.append( ret[key], input_data[key][i] ) 

        return ret 

         

# Tare for displacement data 

    def tare_displacement( self, input_data ): 

        ret = {} 

        for key in input_data.keys(): 

            if key == 'displacement': 

                tare_pos = input_data[key][0] 



302 

 

 

                if DIAG > 0: ERR( "tare_displacement(). Tare = %f\n" % tare_pos ) 

                ret[key] = np.array([]) 

                for i in range( 0, len( input_data[key] ) ): 

                    ret[key] = np.append( ret[key], input_data[key][i]-tare_pos ) 

            elif key == 'dispE': 

                tare_pos_E = input_data[key][0] 

                if DIAG > 0: ERR( "tare_dispE(). Tare = %f\n" % tare_pos_E ) 

                ret[key] = np.array([]) 

                for i in range( 0, len( input_data[key] ) ): 

                    ret[key] = np.append( ret[key], input_data[key][i]-tare_pos_E ) 

            elif key in self.possible_matches: 

                ret[key] = input_data[key] 

        return ret 

         

# Cut off data prior to gauge length - then tare the data to the first point 

    def remove_before_gauge_length( self, input_data, gauge_len ): 

        ret = {} 

        if 'displacement' in input_data.keys(): 

            key_list = [] 

            for key in input_data.keys(): 

                if key in self.possible_matches: 

                    key_list.append( key ) 

                    ret[key] = np.array([]) 

            key_list.remove( 'displacement' ) 

            for i in range( 0, len( input_data['displacement'] ) ): 

                disp = input_data['displacement'][i] - gauge_len 

                if disp >= 0.0: 

                    ret['displacement'] = np.append( ret['displacement'], disp ) 

                    for key in key_list:  ret[key] = np.append( ret[key], input_data[key][i] ) 

        else: 

            ERR( 'Could not cut off data before gauge length because there is no 

displacement in the input data.\n' ) 

        return ret 

#     

#End of data class 

############################################ 

 

############################################ 

# The class used to make all of the plots 

class Plotter(): 

     

# __init__ is called when a new instance of the class is created 

    def __init__(self): 

        self.frame = None 

        self.overlay_multiple = True 

#     Set up fonts for the plots 
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        font = { 'family' : 'Calibri', 'weight' : 'normal','size'   : 18 } 

        plt.rc( 'font', **font ) 

       

# show the plot options frame 

    def showOptions(self): 

        self.frame = PlotOptionsFrame() 

 

# determine the appropriate scale to use on plots 

    def scale( self, data, base_units, modulus=0.0 ): 

        ret = {} 

        tens = log10( max( modulus, np.max( data ) ) ) 

        if tens > 9: 

            ret['mult'] = 1000000000.0 

            ret['units'] = 'G' + base_units 

        elif tens > 6: 

            ret['mult'] = 1000000.0 

            ret['units'] = 'M' + base_units 

        elif tens > 3: 

            ret['mult'] = 1000.0 

            ret['units'] = 'k' + base_units 

        else: 

            ret['mult'] = 1.0 

            ret['units'] = base_units 

             

        return ret 

             

# make the stress vs strain plots with       

    def plotStressStrain( self,data,title=None ): 

        fig = plt.figure() 

        ax1 =fig.add_subplot( 111 ) 

        if 'plot_indices' in data.keys(): 

            start = data['plot_indices'][0] 

            end = data['plot_indices'][1] 

        else: 

            start = 0 

            end = len( data['stress'] )-1 

        if 'line_fit' in data.keys(): 

            sc = self.scale( data['stress'], 'Pa', data['line_fit'][0] ) 

        else: 

            sc = self.scale( data['stress'], 'Pa' ) 

        ax1.plot( data['strain'][start:end], data['stress'][start:end]/sc['mult'] ) 

        if title != None: 

            ax1.set_title( title ) 

        ax1.set_ylabel( 'Stress (%s)' % sc['units'] ) 

        ax1.set_xlabel( 'Strain (%)' ) 

        if 'line_fit' in data.keys(): 
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            start = data['fit_indices'][0] 

            end = data['fit_indices'][1] 

             

# Plot the linear fit used to calculate the Young's modulus 

            xvals = np.array( [data['strain'][start], data['strain'][end] ] ) 

            ax1.plot( xvals, np.polyval( data['line_fit'], xvals )/sc['mult'], linewidth=2.0 )                 

            ax1.text( 0.62, 0.10, "Modulus = %6.2f %s" % ( data['line_fit'][0]/sc['mult'], 

sc['units'] ), transform = ax1.transAxes ) 

        if SAVE_PLOTS_TO_FILE: 

            pdf_plots.savefig() 

# end of stress-strain plot function 

 

# make the stress vs strain plots vs time       

    def plotStressStrain_vs_Time( self,data,title=None ): 

        fig = plt.figure() 

        ax1 =fig.add_subplot( 111 ) 

        sc = self.scale( data['stress'], 'Pa'  ) 

        ax2 = ax1.twinx() 

        ax1.plot( data['time'], data['strain']*100.0, color='blue' ) 

        ax2.plot( data['time'], data['stress']/sc['mult'], color='red' ) 

        if title != None: 

            ax1.set_title( title ) 

        ax1.set_ylabel( 'Strain (%)' ) 

        ax2.set_ylabel( 'Stress (%s)' % sc['units'] ) 

        ax1.set_xlabel( 'Time (s)' ) 

# end of stress-strain vs time plot function 

# 

# End of plotter class 

############################################ 

 

############################################ 

# Calculation class 

class Calculations(): 

 

# __init__ is called when a new instance of the class is created 

    def __init__(self): 

        pass   # Nothing to do here. 

         

# calculate the stress and strain at every point     

    def calculate_stress_strain( self,input_data, A0, L0 ): 

        stress = np.array([]) 

        strain = np.array([]) 

        for i in range( 0,len(input_data['time']) ): 

            disp = input_data['displacement'][i] 

            force =input_data['force'][i] 

            e = disp / L0 
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            strain = np.append( strain,e ) 

            if STRESS_TYPE == 1: 

                s = force / ( A0 / ( 1.0-e ) ) 

            elif  STRESS_TYPE ==2: 

                s = force / ( A0 * (1.0-e*POISSON_RATIO)**2 ) 

            else: 

                s = force / A0 

            stress = np.append( stress, s ) 

        return stress, strain 

# End of calculate_stress_strain 

 

# A simple elastic modulus calculation 

#     Just use fixed strain amounts and take a linear slope between those points 

    def calculate_modulus_basic( self, data, start, end ): 

        start_strain = data['strain'][start] 

        end_strain = data['strain'][end] 

        start_stress = data['stress'][start] 

        end_stress = data['stress'][end] 

 

        return abs( (end_stress - start_stress ) / (end_strain - start_strain) ) 

# End of calculate_modulus_basic 

 

# Calculate the modulus using a linear regression fit and finding the best fit 

    def calculate_modulus_linear_regression( self, data, start, end ): 

        line_fit = np.polyfit( data['strain'][start:end], data['stress'][start:end], 1 ) 

        r2 = self.r_squared( data['strain'][start:end], data['stress'][start:end], line_fit ) 

        return line_fit, r2 

# End of calculate_modulus 

 

# Find the start or ending index - this function is used to find when the data crosses a 

threshold strain. 

# A direction of '+' means it will start from the beginning of the data and increase the 

index until crossing the threshold 

# A direction of '-' means it will start from the end of the data and decrease the index until 

crossing the threshold 

# Condition can either be > or < - but that's actually a lie - it will check >= or <=. 

# If pt is given, the search will start at that index point 

    def find_index_strain( self, data, str_lim, dir='+', cond='>', pt=0 ): 

        if pt == 0: 

            if dir == '+': 

                initial = 0 

            else: 

                initial = len( data['strain'] ) - 1 

        else: 

            initial = pt 

        index = initial 
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        i = initial 

        while ( index == initial ) and ( ( dir == '+' and i < len( data['strain'] ) ) or ( dir == '-' 

and i >=0 ) ): 

            if cond == '<': 

                test = ( data['strain'][i] <=str_lim ) 

            else: 

                test = ( data['strain'][i] >=str_lim ) 

            if test: 

                index = i 

            if dir == '+': 

                i += 1 

            else: 

                i = i -1 

        return index 

# End of find index strain 

 

# Find the starting or ending index by displacement - very similar to above only use 

displacement as variable 

    def find_index_disp( self, data, disp_lim, dir='+', cond='>', pt=0 ): 

        if pt == 0: 

            if dir == '+': 

                initial = 0 

            else: 

                initial = len( data['displacement'] ) - 1 

        else: 

            initial = pt 

        index = initial 

        i = initial 

        while index == initial: 

            if cond == '<': 

                test = ( data['displacement'][i] <=disp_lim ) 

            else: 

                test = ( data['displacement'][i] >=disp_lim ) 

            if test: 

                index = i 

            if dir == '+': 

                i += 1 

            else: 

                i = i -1 

        return index 

# End of find index displacement 

         

# Find ultimate stress - return the index 

# Normally this would just be the maximum stress across the test 

    def find_ultimate_stress_index( self, data ): 

        maxstress_index = np.argmax( data['stress'] ) 
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        maxstress = data['stress'][maxstress_index] 

        return maxstress_index 

# End of find ultimate stress index 

 

# Find ultimate force and return the index.  Vey similar to above, only use force as the 

variable 

    def find_ultimate_force_index( self, data ): 

        maxforce_index = np.argmax( abs(data['force']) ) 

        maxforce = data['force'][maxforce_index] 

        return maxforce_index 

# End of find ultimate stress index 

 

# Calculate Young's modulus - adjusts to get best linear fit. 

    def calculate_youngs_modulus( self, data ): 

        start_index = 0 

        maxstress_index = self.find_ultimate_stress_index( data ) 

        maxstrain = data['strain'][maxstress_index] 

        end_index = self.find_index_strain( data, max( maxstrain-

MODULUS_MIN_STRAIN, data['strain'][start_index] ), '-', '<', maxstress_index ) 

         

# Find the maximum Young's modulus of a part of the curve which covers the minimum 

strain desired 

        max_mod = 0.0 

        max_mod_i = [0,0] 

        for i in range( start_index, end_index ): 

            minstrain = data['strain'][i] 

            maxstrain = minstrain + MODULUS_MIN_STRAIN 

            max_index = self.find_index_strain( data, maxstrain, '+', '>', i ) 

            modulus = self.calculate_modulus_basic( data, i, max_index )    

            if modulus > max_mod: 

                max_mod = modulus 

                max_mod_i = [i,max_index] 

# Now see how good of linear fit that provides - try to maximize R^2 by adding or 

removing data points. 

        line_fit, r2 = self.calculate_modulus_linear_regression( data, max_mod_i[0], 

max_mod_i[1] ) 

         

        updated_low_index = True 

        updated_high_index = True 

        iterations = 0 

         

        while ( updated_low_index or updated_high_index ) and ( iterations < 

MODULUS_MAX_ITERATIONS ): 

            iterations += 1 

            updated_low_index = False 

            updated_high_index = False 
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# Start by altering bottom point - try earlier points to see if that improves linear 

regression fit 

            lowindex = max( max_mod_i[0] - 1,0 ) 

            line_fit_update, r2_update = self.calculate_modulus_linear_regression( data, 

lowindex, max_mod_i[1] ) 

            while r2_update >= r2 and lowindex > start_index: 

                updated_low_index = True 

                lowindex = max( 0, lowindex - 1 ) 

                line_fit_update, r2_update = self.calculate_modulus_linear_regression( data, 

lowindex, max_mod_i[1] ) 

            max_mod_i[0] = lowindex+1 

            line_fit, r2 = self.calculate_modulus_linear_regression( data, max_mod_i[0], 

max_mod_i[1] ) 

         

# Now try to move top point - try later points to see if that improves linear regression fit 

            highindex = max_mod_i[1] + 1 

            line_fit_update, r2_update = self.calculate_modulus_linear_regression( data, 

max_mod_i[0], highindex ) 

            while r2_update >= r2 and highindex < maxstress_index: 

                updated_high_index = True 

                highindex =  min( highindex + 1, maxstress_index ) 

                line_fit_update, r2_update = self.calculate_modulus_linear_regression( data, 

max_mod_i[0], highindex ) 

            max_mod_i[1] = highindex-1 

            line_fit, r2 = self.calculate_modulus_linear_regression( data, max_mod_i[0], 

max_mod_i[1] ) 

 

# Extensibility is defined as the x-intercept of the extended Young's modulus fit. 

        extensibility = -line_fit[1] / line_fit[0] 

 

# Final line fit and R^2 will be returned  - along with the indices of the max and 

minimum parts to calculate.          

        return {"line_fit":line_fit, "R2":r2, "fit_indices":max_mod_i, 

"plot_indices":[start_index,maxstress_index], "extensibility":extensibility} 

# End of find Young's modulus 

 

# Calculate the Young's modulus using fixed starting and ending strain locations in the 

data. 

    def calculate_youngs_modulus_fixed_strains( self, data, start_strain, end_strain ): 

        start_index = 0 

        maxstress_index = self.find_ultimate_stress_index( data ) 

        start = self.find_index_strain( data,start_strain ) 

        end = self.find_index_strain( data,end_strain ) 

        line_fit, r2 = self.calculate_modulus_linear_regression( data, start, end ) 

# Extensibility is defined as the x-intercept of the extended Young's modulus fit. 
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        extensibility = -line_fit[1] / line_fit[0]         

        return {"line_fit":line_fit, "R2":r2, "fit_indices":[start, end], 

"plot_indices":[start_index,maxstress_index], "extensibility":extensibility} 

 # End of find Young's modulus 

 

# Compute the R^2 (coefficient of determination) value for a least squares polynomial fit 

    def r_squared(self,x,y,polyfit): 

        n = len(x) 

        a = len(polyfit) 

        f = np.array([]) 

        for i in range( 0, n ): 

            val = 0.0 

            for coef in range( 0,a ): 

                val += polyfit[coef]*x[i]**(a-1-coef) 

            f = np.append( f, val ) 

        ybar = np.average( y ) 

        sstot = 0.0 

        sserr = 0.0 

        for i in range( 0, n ): 

            sstot += ( y[i]-ybar )*( y[i]-ybar ) 

            sserr += ( y[i]-f[i] )*( y[i]-f[i] ) 

        try: 

            R2 = 1.0 - sserr/sstot 

        except ZeroDivisionError: 

            R2 = 1.0 

        return R2 

# End of calculation class 

############################################  

 

######## 

# Function to show the user how to use the command line options 

# 

def usage(): 

    ERR( "\nusage: modulus.py [options] [input_files]\n" ) 

    ERR( "    This program will post-process data from the Bose Electroforce 3200 

mechanical tester.\n" ) 

    ERR( "    If a file with the cross-sectional area and length is given, but no input files 

are given,\n" ) 

    ERR( "    then all of the cases listed in that file will be run.  A subset of cases listed in 

that file\n" ) 

    ERR( "    can be run by giving which input files to run on the command line.\n" ) 

    ERR( "  Options:\n" ) 

    ERR( "      -h = display this help message.\n" ) 

    ERR( "      -a = initial cross sectional area of the sample.\n" ) 

    ERR( "      -r = initial radius of circular sample.  Program will calculate cross sectional 

area\n" ) 
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    ERR( "           There is no need to specify both an area and a radius.\n" ) 

    ERR( "      -l = initial length (or thickness) of the sample for the strain calculation.\n" ) 

    ERR( "      -f = file that contains the initial cross sectional areas and lengths for several 

samples\n" ) 

    ERR( "           if no file is specified, than all samples will be assumed to have the same 

initial\n" ) 

    ERR( "           cross sectional area and length.\n" ) 

    ERR( "           Input file should be either comma or space/tab separated file which 

contains at least 3 columns.\n" ) 

    ERR( "           Columns should be labeled to indicate what they are. If the units are 

given in millimeters instead\n" ) 

    ERR( "           of meters, the column title should also have a '(mm)' with no space after 

the label name.\n" ) 

    ERR( "           Possible column labels are as follows:\n" ) 

    ERR( "               Title - this is the name of the data file to apply this size data to 

(without an extension)\n" )  

    ERR( "               Area or Area(mm) - the cross-sectional area of the sample  (width and 

thickness should not be given if area is given)\n" ) 

    ERR( "               Width or Width(mm) - the cross-sectional width of the sample\n" ) 

    ERR( "               Thickness or Thickness(mm), - the cross-sectional thickness of the 

sample\n" ) 

    ERR( "                   note: width or thickness can also be given as the diameter of a 

circular cross-section\n" ) 

    ERR( "               Length or Length(mm) - the initial length of the sample\n" ) 

# 

# End of usage 

######## 

 

######## 

# Entry point into program 

# 

if __name__ == '__main__': 

    opts,args = getopt.getopt( sys.argv[1:], 'ha:r:l:f:' ) 

 

# Default settings 

    input_fname = '' 

    A0 = 0.0 

    L0 = 0.0 

    data_processor = Data() 

    calculator = Calculations() 

    plotter = Plotter() 

    size_data = [] 

    size_data_file = '' 

 

# Process command line options 

    for o,a in opts: 
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        if o == "-h": 

            usage() 

            sys.exit(0) 

        elif o == "-r": 

            try: 

                radius = float( a ) 

                A0 =  pi*radius*radius 

            except: 

                ERR( "\nError converting radius input into a float value.\n" ) 

                sys.exit(1) 

        elif o == "-a": 

            try: 

                A0 = float( a ) 

            except: 

                ERR( "\nError converting cross sectional area input into a float value.\n" ) 

                sys.exit(1) 

        elif o == "-l": 

            try: 

                L0 = float( a ) 

            except: 

                ERR( "\nError converting length input into a float value.\n" ) 

                sys.exit(1) 

        elif o == "-f": 

            size_data, size_data_file = data_processor.parse_input_file( a )    

 

# Collect and process the command line input data     

    data_unsorted = [] 

    for arg in args: 

        for ff in glob.glob( arg ): 

            this_data = {} 

            this_data['filename'] = ff 

            this_data['A0'] = A0 

            this_data['L0'] = L0 

            title = os.path.basename(ff).rsplit('.',1)[0] 

            this_data['title'] = title 

            data_unsorted.append( this_data ) 

             

# If no input file given, then prepare to use files specified in the size data file             

    path = '' 

    use_size_data_cases = False 

    if len( data_unsorted ) == 0: 

        path = os.path.dirname( size_data_file ) 

        use_size_data_cases = True 

     

# If used an input file, load that data for each case 

    data_unsorted = data_processor.assign_size_data( data_unsorted, size_data ) 



312 

 

 

    if use_size_data_cases: 

        for i in range( 0, len(data_unsorted) ): 

            data_unsorted[i]['filename'] = '%s\%s' % ( path, data_unsorted[i]['title'] ) 

     

# The data to be processed 

    data = data_unsorted 

    results_to_save = {} 

 

# Read the data from each file and calculate things            

    for i in range( 0, len( data ) ): 

        if 'filename' in data[i].keys(): 

            sensor_data = data_processor.read_data_file( data[i]['filename'] ) 

            data[i].update( sensor_data ) 

            if ( data[i]['A0'] ) > 0.0 and (  data[i]['L0'] > 0.0 ): 

# Now go through each test run and calculate the results. 

# First figure out the times in between each test was run 

                title = data[i]['title'] 

                results_to_save[title] = {} 

                start_time = data[i]['time'][0] 

                end_time = data[i]['time'][-1]                  

                dataslice = data_processor.get_data_slice( data[i], start_time, end_time )                 

                dataslice = data_processor.tare_displacement( dataslice ) 

                data[i]['modulus_data'] = data_processor.remove_after_index( dataslice, 

calculator.find_ultimate_force_index( dataslice ) ) 

                data[i]['modulus_data']['stress'], data[i]['modulus_data']['strain'] = 

calculator.calculate_stress_strain( data[i]['modulus_data'], data[i]['A0'], data[i]['L0']  ) 

                data[i]['modulus_data']['stress'] = abs( data[i]['modulus_data']['stress'] ) 

                data[i]['modulus_data']['strain'] = abs( data[i]['modulus_data']['strain'] ) 

                if MODULUS_USE_FIXED_STRAINS: 

                    modulus_results = calculator.calculate_youngs_modulus_fixed_strains( 

data[i]['modulus_data'], MODULUS_STRAIN_START, MODULUS_STRAIN_END ) 

                else: 

                    modulus_results = calculator.calculate_youngs_modulus( 

data[i]['modulus_data'] ) 

                data[i]['modulus_data'].update( modulus_results ) 

                OUT( "%s modulus = %f\n" % ( data[i]['title'], 

data[i]['modulus_data']['line_fit'][0] ) ) 

                results_to_save[title]['modulus'] = data[i]['modulus_data']['line_fit'][0] 

                results_to_save[title]['modulus_R2'] = data[i]['modulus_data']['R2'] 

            else: 

                if DIAG: ERR( "\nWARNING: Cross sectional area and/or gauge length not 

given for %s.  Not processing this case\n" % data[i]['title'] ) 

        else: 

            if DIAG: ERR( "\nWARNING: Cross sectional area and/or gauge length not 

given for %s.  Not processing this case\n" % data[i]['title'] ) 
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# Make output plots 

    if SAVE_PLOTS_TO_FILE: 

        pdf_plots = PdfPages('modulus_plots.pdf') 

    for i in range( 0, len( data ) ): 

        if 'modulus_data' in data[i].keys(): 

            if STRESS_STRAIN_MODULUS_PLOT: 

                plotter.plotStressStrain( data[i]['modulus_data'], data[i]['title'] ) 

    if SHOW_PLOTS: 

        plt.show() 

    if SAVE_PLOTS_TO_FILE: 

        pdf_plots.close() 

     

    if len( TABULATE ) > 0: 

        write_header = True 

        if os.path.exists( 'modulus_output.csv' ): write_header = False 

        output_file = open( 'modulus_output.csv', 'a' ) 

        if write_header: 

            output_file.write( '%s,' % 'title' ) 

            for key in TABULATE: output_file.write( '%s,' % key ) 

            output_file.write( '\n' ) 

        for case in results_to_save.keys(): 

            output_file.write( '%s,' % case ) 

            for key in TABULATE:  

                if key in results_to_save[case].keys(): 

                    output_file.write( '%s,' % results_to_save[case][key] ) 

                else: 

                    output_file.write( '%s,' % 'N/A' ) 

            output_file.write( '\n' ) 

        output_file.close() 
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APPENDIX IV: STATISTICAL ANALYSIS FOR 

CHAPTER 8 

IV.1 (Table 8.3) Experimental fiber diameter test and viscosity (ANOVA) 

Fit Y by X Group 
Oneway Analysis of Fiber diameter test (mm) By Label 

 
 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.836128 
Adj Rsquare 0.764435 
Root Mean Square Error 0.049115 
Mean of Response 0.790208 
Observations (or Sum Wgts) 24 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Label 7 0.19692996 0.028133 11.6625 <.0001* 
Error 16 0.03859600 0.002412   
C. Total 23 0.23552596    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

HA 1.25 3 0.931000 0.02836 0.87089 0.9911 
HA 10 3 0.733667 0.02836 0.67355 0.7938 
HA 2.5 3 0.941000 0.02836 0.88089 1.0011 
HA 5 3 0.708667 0.02836 0.64855 0.7688 
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Level Number Mean Std Error Lower 95% Upper 95% 

PPF 3 0.794000 0.02836 0.73389 0.8541 
PPF-HA10 3 0.779000 0.02836 0.71889 0.8391 
PPF-HA10 no SDS 3 0.682333 0.02836 0.62222 0.7424 
PPF-HA10 SDS 3 0.752000 0.02836 0.69189 0.8121 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.46215 0.05 
 
 

Connecting Letters Report 
 
Level             Mean 

HA 2.5 A        0.94100000 
HA 1.25 A B      0.93100000 
PPF   B C    0.79400000 
PPF-HA10     C    0.77900000 
PPF-HA10 SDS     C    0.75200000 
HA 10     C    0.73366667 
HA 5     C    0.70866667 
PPF-HA10 no SDS     C    0.68233333 
 
Levels not connected by same letter are significantly different. 
 
 

 
 
Oneway Analysis of Apparent viscosity (Pa*s) By Label 
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Oneway Anova 
Summary of Fit 
    

Rsquare 0.985209 
Adj Rsquare 0.978738 
Root Mean Square Error 1.601466 
Mean of Response 16.70002 
Observations (or Sum Wgts) 24 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Label 7 2733.2508 390.464 152.2460 <.0001* 
Error 16 41.0351 2.565   
C. Total 23 2774.2859    
 

 
Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

HA 1.25 3 8.7084 0.92461 6.748 10.668 
HA 10 3 14.6135 0.92461 12.653 16.574 
HA 2.5 3 8.8865 0.92461 6.926 10.847 
HA 5 3 15.8426 0.92461 13.883 17.803 
PPF 3 11.7262 0.92461 9.766 13.686 
PPF-HA10 3 5.5237 0.92461 3.564 7.484 
PPF-HA10 no SDS 3 37.4998 0.92461 35.540 39.460 
PPF-HA10 SDS 3 30.7995 0.92461 28.839 32.760 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.46215 0.05 
 
 

Connecting Letters Report 
 
Level             Mean 

PPF-HA10 no SDS A          37.499804 
PPF-HA10 SDS   B        30.799517 
HA 5     C      15.842636 
HA 10     C      14.613456 
PPF     C D    11.726236 
HA 2.5       D E  8.886482 
HA 1.25       D E  8.708352 
PPF-HA10         E  5.523651 
 
Levels not connected by same letter are significantly different. 
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IV.2 (Table 8.4) Thermogravimetric analysis (TGA) 

Oneway Analysis of Normalized wt% HA By Composition 

 
 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.992475 
Adj Rsquare 0.989465 
Root Mean Square Error 0.004348 
Mean of Response 0.056105 
Observations (or Sum Wgts) 15 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Composition 4 0.02493590 0.006234 329.7395 <.0001* 
Error 10 0.00018906 0.000019   
C. Total 14 0.02512496    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

1.25% HA/PPF 3 0.03903 0.00251 0.0334 0.04462 
10% HA/PPF 3 0.12225 0.00251 0.1167 0.12784 
2.5% HA/PPF 3 0.04475 0.00251 0.0392 0.05035 
5% HA/PPF 3 0.07470 0.00251 0.0691 0.08029 
PPF Only 3  -0.00021 0.00251  -0.0058 0.00539 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.29108 0.05 
 

LSD Threshold Matrix 
Abs(Dif)-HSD 10% HA/PPF 5% HA/PPF 2.5% HA/PPF 1.25% HA/PPF PPF Only 
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Abs(Dif)-HSD 10% HA/PPF 5% HA/PPF 2.5% HA/PPF 1.25% HA/PPF PPF Only 

10% HA/PPF -0.01168 0.03586 0.06581 0.07153 0.11077 
5% HA/PPF 0.03586 -0.01168 0.01826 0.02399 0.06322 
2.5% HA/PPF 0.06581 0.01826 -0.01168 -0.00596 0.03328 
1.25% HA/PPF 0.07153 0.02399 -0.00596 -0.01168 0.02756 
PPF Only 0.11077 0.06322 0.03328 0.02756 -0.01168 
 
Positive values show pairs of means that are significantly different. 
 

Connecting Letters Report 
 
Level             Mean 

10% HA/PPF A         0.1222463 
5% HA/PPF   B       0.0747011 
2.5% HA/PPF     C     0.0447543 
1.25% HA/PPF     C     0.0390313 
PPF Only       D    -0.0002078 
 
Levels not connected by same letter are significantly different.  
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IV.3 (Figure 8.3) PPF-HA10 scaffolds with or without SDS (layer-by-layer analysis) 

Oneway Analysis of Pore size (mm) By Label 

 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.572966 
Adj Rsquare 0.51535 
Root Mean Square Error 0.051967 
Mean of Response 0.483254 
Observations (or Sum Wgts) 144 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Label 17 0.45655264 0.026856 9.9446 <.0001* 
Error 126 0.34027105 0.002701   
C. Total 143 0.79682370    
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Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

NO SDS Layer 1 8 0.508050 0.01837 0.47169 0.54441 
NO SDS Layer 2 8 0.506250 0.01837 0.46989 0.54261 
NO SDS Layer 3 8 0.477000 0.01837 0.44064 0.51336 
NO SDS Layer 4 8 0.448425 0.01837 0.41207 0.48478 
NO SDS Layer 5 8 0.406650 0.01837 0.37029 0.44301 
NO SDS Layer 6 8 0.504000 0.01837 0.46764 0.54036 
NO SDS Layer 7 8 0.399600 0.01837 0.36324 0.43596 
NO SDS Layer 8 8 0.422325 0.01837 0.38597 0.45868 
NO SDS Layer 9 8 0.388350 0.01837 0.35199 0.42471 
SDS Layer 1 8 0.567750 0.01837 0.53139 0.60411 
SDS Layer 2 8 0.586125 0.01837 0.54977 0.62248 
SDS Layer 3 8 0.544950 0.01837 0.50859 0.58131 
SDS Layer 4 8 0.504225 0.01837 0.46787 0.54058 
SDS Layer 5 8 0.482700 0.01837 0.44634 0.51906 
SDS Layer 6 8 0.536850 0.01837 0.50049 0.57321 
SDS Layer 7 8 0.475800 0.01837 0.43944 0.51216 
SDS Layer 8 8 0.510975 0.01837 0.47462 0.54733 
SDS Layer 9 8 0.428550 0.01837 0.39219 0.46491 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.56257 0.05 
 
 

Connecting Letters Report 
 
Level             Mean 

SDS Layer 2 A           0.58612500 
SDS Layer 1 A B         0.56775000 
SDS Layer 3 A B         0.54495000 
SDS Layer 6 A B C       0.53685000 
SDS Layer 8 A B C D     0.51097500 
NO SDS Layer 1 A B C D     0.50805000 
NO SDS Layer 2 A B C D     0.50625000 
SDS Layer 4 A B C D     0.50422500 
NO SDS Layer 6 A B C D     0.50400000 
SDS Layer 5   B C D E   0.48270000 
NO SDS Layer 3   B C D E F 0.47700000 
SDS Layer 7   B C D E F 0.47580000 
NO SDS Layer 4     C D E F 0.44842500 
SDS Layer 9       D E F 0.42855000 
NO SDS Layer 8       D E F 0.42232500 
NO SDS Layer 5         E F 0.40665000 
NO SDS Layer 7         E F 0.39960000 
NO SDS Layer 9           F 0.38835000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of Fiber diameter (mm) By Label 

 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.679101 
Adj Rsquare 0.635805 
Root Mean Square Error 0.049952 
Mean of Response 0.663596 
Observations (or Sum Wgts) 144 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Label 17 0.66533836 0.039138 15.6851 <.0001* 
Error 126 0.31439552 0.002495   
C. Total 143 0.97973388    
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Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

NO SDS Layer 1 8 0.647700 0.01766 0.61275 0.68265 
NO SDS Layer 2 8 0.616275 0.01766 0.58132 0.65123 
NO SDS Layer 3 8 0.674250 0.01766 0.63930 0.70920 
NO SDS Layer 4 8 0.682875 0.01766 0.64792 0.71783 
NO SDS Layer 5 8 0.762450 0.01766 0.72750 0.79740 
NO SDS Layer 6 8 0.658575 0.01766 0.62362 0.69353 
NO SDS Layer 7 8 0.777825 0.01766 0.74287 0.81278 
NO SDS Layer 8 8 0.714150 0.01766 0.67920 0.74910 
NO SDS Layer 9 8 0.785250 0.01766 0.75030 0.82020 
SDS Layer 1 8 0.582900 0.01766 0.54795 0.61785 
SDS Layer 2 8 0.532800 0.01766 0.49785 0.56775 
SDS Layer 3 8 0.598800 0.01766 0.56385 0.63375 
SDS Layer 4 8 0.615600 0.01766 0.58065 0.65055 
SDS Layer 5 8 0.673500 0.01766 0.63855 0.70845 
SDS Layer 6 8 0.591525 0.01766 0.55657 0.62648 
SDS Layer 7 8 0.681450 0.01766 0.64650 0.71640 
SDS Layer 8 8 0.629550 0.01766 0.59460 0.66450 
SDS Layer 9 8 0.719250 0.01766 0.68430 0.75420 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.56257 0.05 
 
 

Connecting Letters Report 
 
Level                 Mean 

NO SDS Layer 9 A               0.78525000 
NO SDS Layer 7 A               0.77782500 
NO SDS Layer 5 A B             0.76245000 
SDS Layer 9 A B C           0.71925000 
NO SDS Layer 8 A B C D         0.71415000 
NO SDS Layer 4   B C D E       0.68287500 
SDS Layer 7   B C D E       0.68145000 
NO SDS Layer 3   B C D E F     0.67425000 
SDS Layer 5   B C D E F     0.67350000 
NO SDS Layer 6     C D E F G   0.65857500 
NO SDS Layer 1     C D E F G   0.64770000 
SDS Layer 8       D E F G   0.62955000 
NO SDS Layer 2         E F G H 0.61627500 
SDS Layer 4         E F G H 0.61560000 
SDS Layer 3         E F G H 0.59880000 
SDS Layer 6           F G H 0.59152500 
SDS Layer 1             G H 0.58290000 
SDS Layer 2               H 0.53280000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of Fiber spacing (mm) By Label 

 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.318114 
Adj Rsquare 0.226114 
Root Mean Square Error 0.02747 
Mean of Response 1.14685 
Observations (or Sum Wgts) 144 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Label 17 0.04435578 0.002609 3.4577 <.0001* 
Error 126 0.09507762 0.000755   
C. Total 143 0.13943340    
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Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

NO SDS Layer 1 8 1.15575 0.00971 1.1365 1.1750 
NO SDS Layer 2 8 1.12253 0.00971 1.1033 1.1417 
NO SDS Layer 3 8 1.15125 0.00971 1.1320 1.1705 
NO SDS Layer 4 8 1.13130 0.00971 1.1121 1.1505 
NO SDS Layer 5 8 1.16910 0.00971 1.1499 1.1883 
NO SDS Layer 6 8 1.16258 0.00971 1.1434 1.1818 
NO SDS Layer 7 8 1.17743 0.00971 1.1582 1.1966 
NO SDS Layer 8 8 1.13648 0.00971 1.1173 1.1557 
NO SDS Layer 9 8 1.17360 0.00971 1.1544 1.1928 
SDS Layer 1 8 1.15065 0.00971 1.1314 1.1699 
SDS Layer 2 8 1.11893 0.00971 1.0997 1.1381 
SDS Layer 3 8 1.14375 0.00971 1.1245 1.1630 
SDS Layer 4 8 1.11983 0.00971 1.1006 1.1390 
SDS Layer 5 8 1.15620 0.00971 1.1370 1.1754 
SDS Layer 6 8 1.12838 0.00971 1.1092 1.1476 
SDS Layer 7 8 1.15725 0.00971 1.1380 1.1765 
SDS Layer 8 8 1.14053 0.00971 1.1213 1.1597 
SDS Layer 9 8 1.14780 0.00971 1.1286 1.1670 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.56257 0.05 
 
 

Connecting Letters Report 
 
Level             Mean 

NO SDS Layer 7 A         1.1774250 
NO SDS Layer 9 A B       1.1736000 
NO SDS Layer 5 A B C     1.1691000 
NO SDS Layer 6 A B C D   1.1625750 
SDS Layer 7 A B C D   1.1572500 
SDS Layer 5 A B C D   1.1562000 
NO SDS Layer 1 A B C D   1.1557500 
NO SDS Layer 3 A B C D   1.1512500 
SDS Layer 1 A B C D   1.1506500 
SDS Layer 9 A B C D   1.1478000 
SDS Layer 3 A B C D   1.1437500 
SDS Layer 8 A B C D   1.1405250 
NO SDS Layer 8 A B C D   1.1364750 
NO SDS Layer 4 A B C D   1.1313000 
SDS Layer 6   B C D   1.1283750 
NO SDS Layer 2     C D   1.1225250 
SDS Layer 4       D   1.1198250 
SDS Layer 2       D   1.1189250 
 
Levels not connected by same letter are significantly different. 
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IV.4 (Figure 8.4) Scaffold architecture, porosity, and compressive modulus of PPF-HA 

(10 wt%) scaffolds with and without SDS 

Fit Y by X Group 
Oneway Analysis of Fiber diameter (mm) By SDS 

 
 

Oneway Anova 
Summary of Fit 
Rsquare 0.218473 
Adj Rsquare 0.212969 
Root Mean Square Error 0.073431 
Mean of Response 0.663596 
Observations (or Sum Wgts) 144 
 

t Test 
SDS-NO SDS 
Assuming equal variances 
       

Difference  -0.07711 t Ratio  -6.30044 
Std Err Dif 0.01224 DF 142 
Upper CL Dif  -0.05291 Prob > |t| <.0001* 
Lower CL Dif  -0.10130 Prob > t 1.0000 
Confidence 0.95 Prob < t <.0001* 

 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

SDS 1 0.21404502 0.214045 39.6955 <.0001* 
Error 142 0.76568885 0.005392   
C. Total 143 0.97973388    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

NO SDS 72 0.702150 0.00865 0.68504 0.71926 
SDS 72 0.625042 0.00865 0.60793 0.64215 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Pore size (mm) By SDS 

 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.185875 
Adj Rsquare 0.180142 
Root Mean Square Error 0.06759 
Mean of Response 0.483254 
Observations (or Sum Wgts) 144 
 

t Test 
SDS-NO SDS 
 
Assuming equal variances 
 
        

Difference 0.064142 t Ratio 5.693889 
Std Err Dif 0.011265 DF 142 
Upper CL Dif 0.086410 Prob > |t| <.0001* 
Lower CL Dif 0.041873 Prob > t <.0001* 
Confidence 0.95 Prob < t 1.0000 

 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

SDS 1 0.14810952 0.148110 32.4204 <.0001* 
Error 142 0.64871417 0.004568   
C. Total 143 0.79682370    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

NO SDS 72 0.451183 0.00797 0.43544 0.46693 
SDS 72 0.515325 0.00797 0.49958 0.53107 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Fiber spacing (mm) By SDS 

 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.04341 
Adj Rsquare 0.036674 
Root Mean Square Error 0.030648 
Mean of Response 1.14685 
Observations (or Sum Wgts) 144 
 

t Test 
SDS-NO SDS 
 
Assuming equal variances 
 
        

Difference  -0.01297 t Ratio  -2.5385 
Std Err Dif 0.00511 DF 142 
Upper CL Dif  -0.00287 Prob > |t| 0.0122* 
Lower CL Dif  -0.02306 Prob > t 0.9939 
Confidence 0.95 Prob < t 0.0061* 

 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

SDS 1 0.00605284 0.006053 6.4440 0.0122* 
Error 142 0.13338056 0.000939   
C. Total 143 0.13943340    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

NO SDS 72 1.15333 0.00361 1.1462 1.1605 
SDS 72 1.14037 0.00361 1.1332 1.1475 
 
Std Error uses a pooled estimate of error variance 
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Oneway Analysis of Porosity By Sample name 

 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.957174 
Adj Rsquare 0.950036 
Root Mean Square Error 0.014907 
Mean of Response 0.424156 
Observations (or Sum Wgts) 8 
 

t Test 
SDS-no SDS 
 
Assuming equal variances 
 
        

Difference 0.122062 t Ratio 11.58023 
Std Err Dif 0.010541 DF 6 
Upper CL Dif 0.147854 Prob > |t| <.0001* 
Lower CL Dif 0.096270 Prob > t <.0001* 
Confidence 0.95 Prob < t 1.0000 

 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Sample name 1 0.02979818 0.029798 134.1016 <.0001* 
Error 6 0.00133324 0.000222   
C. Total 7 0.03113141    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

no SDS 4 0.363125 0.00745 0.34489 0.38136 
SDS 4 0.485187 0.00745 0.46695 0.50342 
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Std Error uses a pooled estimate of error variance 
 

Oneway Analysis of Compressive modulus, fixed strain (0.2-0.3), (Pa) By 
Sample name 

 
 
Excluded Rows 
18 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.000998 
Adj Rsquare  -0.1655 
Root Mean Square Error 4939445 
Mean of Response 49077549 
Observations (or Sum Wgts) 8 
 

t Test 
SDS-no SDS 
 
Assuming equal variances 
 
        

Difference  -270473 t Ratio  -0.07744 
Std Err Dif 3492715 DF 6 
Upper CL Dif 8275893 Prob > |t| 0.9408 
Lower CL Dif  -8816839 Prob > t 0.5296 
Confidence 0.95 Prob < t 0.4704 

 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Sample name 1 1.4631e+11 1.463e+11 0.0060 0.9408 
Error 6 1.4639e+14 2.44e+13   
C. Total 7 1.4654e+14    
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Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

no SDS 4 49212785 2469722.6 43169592 55255979 
SDS 4 48942312 2469722.6 42899119 54985505 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for each pair using Student's t 
Confidence Quantile 

t Alpha 

2.44691 0.05 
 

LSD Threshold Matrix 
Abs(Dif)-LSD no SDS SDS 

no SDS -8546366 -8275893 
SDS -8275893 -8546366 
 
Positive values show pairs of means that are significantly different. 
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IV.5 (Figure 8.7) Porosity of bilayer and gradient PPF-HA scaffolds 

Oneway Analysis of Porosity By Sample name 

 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.83221 
Adj Rsquare 0.796886 
Root Mean Square Error 0.045769 
Mean of Response 0.319646 
Observations (or Sum Wgts) 24 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Sample name 4 0.19740851 0.049352 23.5592 <.0001* 
Error 19 0.03980152 0.002095   
C. Total 23 0.23721003    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

Bilayer 10 0.230395 0.01447 0.20010 0.26069 
Gradient 3 0.326348 0.02642 0.27104 0.38166 
Gradient (upside down) 3 0.331756 0.02642 0.27645 0.38706 
no SDS 4 0.363125 0.02288 0.31523 0.41102 
SDS 4 0.485187 0.02288 0.43729 0.53308 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.00721 0.05 
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LSD Threshold Matrix 
Abs(Dif)-HSD SDS no SDS Gradient (upside 

down) 
Gradient Bilayer 

SDS -0.09732 0.02474 0.04831 0.05372 0.17336 
no SDS 0.02474 -0.09732 -0.07375 -0.06835 0.05130 
Gradient (upside 
down) 

0.04831 -0.07375 -0.11238 -0.10697 0.01076 

Gradient 0.05372 -0.06835 -0.10697 -0.11238 0.00535 
Bilayer 0.17336 0.05130 0.01076 0.00535 -0.06155 
 
Positive values show pairs of means that are significantly different. 
 

Connecting Letters Report 
 
Level             Mean 

SDS A        0.48518673 
no SDS   B      0.36312490 
Gradient (upside down)   B      0.33175570 
Gradient   B      0.32634771 
Bilayer     C    0.23039509 
 
Levels not connected by same letter are significantly different. 
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IV.6 (Figure 8.8) Bilayer and gradient scaffolds (layer-by-layer analysis) 

Fit Y by X Group 
Oneway Analysis of Fiber diameter (mm) By Label 

 
 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.662947 
Adj Rsquare 0.558621 
Root Mean Square Error 0.109837 
Mean of Response 0.661661 
Observations (or Sum Wgts) 56 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Label 13 0.9966088 0.076662 6.3546 <.0001* 
Error 42 0.5066915 0.012064   
C. Total 55 1.5033002    
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Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

Bilayer Layer 1 4 0.753750 0.05492 0.64292 0.86458 
Bilayer Layer 2 4 0.604350 0.05492 0.49352 0.71518 
Bilayer Layer 3 4 0.645300 0.05492 0.53447 0.75613 
Bilayer Layer 4 4 0.784350 0.05492 0.67352 0.89518 
Bilayer Layer 5 4 0.692550 0.05492 0.58172 0.80338 
Bilayer Layer 6 4 0.687600 0.05492 0.57677 0.79843 
Gradient Layer 1 4 0.659700 0.05492 0.54887 0.77053 
Gradient Layer 2 4 0.416250 0.05492 0.30542 0.52708 
Gradient Layer 3 4 0.489150 0.05492 0.37832 0.59998 
Gradient Layer 4 4 0.408600 0.05492 0.29777 0.51943 
Gradient Layer 5 4 0.721800 0.05492 0.61097 0.83263 
Gradient Layer 6 4 0.751500 0.05492 0.64067 0.86233 
Gradient Layer 7 4 0.855000 0.05492 0.74417 0.96583 
Gradient Layer 8 4 0.793350 0.05492 0.68252 0.90418 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.55622 0.05 
 
 

Connecting Letters Report 
 
Level             Mean 

Gradient Layer 7 A         0.85500000 
Gradient Layer 8 A         0.79335000 
Bilayer Layer 4 A         0.78435000 
Bilayer Layer 1 A B       0.75375000 
Gradient Layer 6 A B       0.75150000 
Gradient Layer 5 A B       0.72180000 
Bilayer Layer 5 A B       0.69255000 
Bilayer Layer 6 A B C     0.68760000 
Gradient Layer 1 A B C D   0.65970000 
Bilayer Layer 3 A B C D   0.64530000 
Bilayer Layer 2 A B C D   0.60435000 
Gradient Layer 3   B C D   0.48915000 
Gradient Layer 2     C D   0.41625000 
Gradient Layer 4       D   0.40860000 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of Pore size (mm) By Label 

 
 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.578209 
Adj Rsquare 0.447655 
Root Mean Square Error 0.121664 
Mean of Response 0.480021 
Observations (or Sum Wgts) 56 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Label 13 0.8522357 0.065557 4.4289 0.0001* 
Error 42 0.6216863 0.014802   
C. Total 55 1.4739221    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

Bilayer Layer 1 4 0.386100 0.06083 0.26334 0.50886 
Bilayer Layer 2 4 0.533700 0.06083 0.41094 0.65646 
Bilayer Layer 3 4 0.498150 0.06083 0.37539 0.62091 
Bilayer Layer 4 4 0.378000 0.06083 0.25524 0.50076 
Bilayer Layer 5 4 0.487350 0.06083 0.36459 0.61011 
Bilayer Layer 6 4 0.444150 0.06083 0.32139 0.56691 
Gradient Layer 1 4 0.476550 0.06083 0.35379 0.59931 
Gradient Layer 2 4 0.719550 0.06083 0.59679 0.84231 
Gradient Layer 3 4 0.627300 0.06083 0.50454 0.75006 
Gradient Layer 4 4 0.679950 0.06083 0.55719 0.80271 
Gradient Layer 5 4 0.396000 0.06083 0.27324 0.51876 
Gradient Layer 6 4 0.363600 0.06083 0.24084 0.48636 
Gradient Layer 7 4 0.257400 0.06083 0.13464 0.38016 
Gradient Layer 8 4 0.472500 0.06083 0.34974 0.59526 
 
Std Error uses a pooled estimate of error variance 
 



336 

 

 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.55622 0.05 
 
 

Connecting Letters Report 
 
Level             Mean 

Gradient Layer 2 A         0.71955000 
Gradient Layer 4 A B       0.67995000 
Gradient Layer 3 A B C     0.62730000 
Bilayer Layer 2 A B C D   0.53370000 
Bilayer Layer 3 A B C D   0.49815000 
Bilayer Layer 5 A B C D   0.48735000 
Gradient Layer 1 A B C D   0.47655000 
Gradient Layer 8 A B C D   0.47250000 
Bilayer Layer 6 A B C D   0.44415000 
Gradient Layer 5   B C D   0.39600000 
Bilayer Layer 1   B C D   0.38610000 
Bilayer Layer 4   B C D   0.37800000 
Gradient Layer 6     C D   0.36360000 
Gradient Layer 7       D   0.25740000 
 
Levels not connected by same letter are significantly different. 
 
 
 

Oneway Analysis of Fiber spacing (mm) By Label 

 
 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.452846 
Adj Rsquare 0.283489 
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Root Mean Square Error 0.051537 
Mean of Response 1.141682 
Observations (or Sum Wgts) 56 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Label 13 0.09232779 0.007102 2.6739 0.0080* 
Error 42 0.11155563 0.002656   
C. Total 55 0.20388342    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

Bilayer Layer 1 4 1.13985 0.02577 1.0878 1.1919 
Bilayer Layer 2 4 1.13805 0.02577 1.0860 1.1901 
Bilayer Layer 3 4 1.14345 0.02577 1.0914 1.1955 
Bilayer Layer 4 4 1.16235 0.02577 1.1103 1.2144 
Bilayer Layer 5 4 1.17990 0.02577 1.1279 1.2319 
Bilayer Layer 6 4 1.13175 0.02577 1.0797 1.1838 
Gradient Layer 1 4 1.13625 0.02577 1.0842 1.1883 
Gradient Layer 2 4 1.13580 0.02577 1.0838 1.1878 
Gradient Layer 3 4 1.11645 0.02577 1.0644 1.1685 
Gradient Layer 4 4 1.08855 0.02577 1.0365 1.1406 
Gradient Layer 5 4 1.11780 0.02577 1.0658 1.1698 
Gradient Layer 6 4 1.11510 0.02577 1.0631 1.1671 
Gradient Layer 7 4 1.11240 0.02577 1.0604 1.1644 
Gradient Layer 8 4 1.26585 0.02577 1.2138 1.3179 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.55622 0.05 
 
 

Connecting Letters Report 
 
Level             Mean 

Gradient Layer 8 A       1.2658500 
Bilayer Layer 5 A B     1.1799000 
Bilayer Layer 4 A B     1.1623500 
Bilayer Layer 3 A B     1.1434500 
Bilayer Layer 1 A B     1.1398500 
Bilayer Layer 2 A B     1.1380500 
Gradient Layer 1   B     1.1362500 
Gradient Layer 2   B     1.1358000 
Bilayer Layer 6   B     1.1317500 
Gradient Layer 5   B     1.1178000 
Gradient Layer 3   B     1.1164500 
Gradient Layer 6   B     1.1151000 
Gradient Layer 7   B     1.1124000 
Gradient Layer 4   B     1.0885500 
 
Levels not connected by same letter are significantly different. 
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Oneway Analysis of Fiber diameter (mm) By wt% PPF 

 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.513784 
Adj Rsquare 0.454247 
Root Mean Square Error 0.122135 
Mean of Response 0.661661 
Observations (or Sum Wgts) 56 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

wt% PPF 6 0.7723712 0.128729 8.6297 <.0001* 
Error 49 0.7309290 0.014917   
C. Total 55 1.5033002    
 

Means for Oneway Anova 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 

 
Level Number Mean Std Error Lower 95% Upper 95% 

Interface 8 0.714825 0.04318 0.62805 0.80160 
PPF only 8 0.679050 0.04318 0.59227 0.76583 
PPF-HA 1.25wt% 8 0.824175 0.04318 0.73740 0.91095 
PPF-HA 10wt% 8 0.537975 0.04318 0.45120 0.62475 
PPF-HA 10wt% (1) 8 0.690075 0.04318 0.60330 0.77685 
PPF-HA 2.5wt% 8 0.736650 0.04318 0.64987 0.82343 
PPF-HA 5wt% 8 0.448875 0.04318 0.36210 0.53565 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.07404 0.05 
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Connecting Letters Report 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 
 
Level             Mean 

PPF-HA 1.25wt% A        0.82417500 
PPF-HA 2.5wt% A        0.73665000 
Interface A B      0.71482500 
PPF-HA 10wt% (1) A B      0.69007500 
PPF only A B      0.67905000 
PPF-HA 10wt%   B C    0.53797500 
PPF-HA 5wt%     C    0.44887500 
 
Levels not connected by same letter are significantly different. 
 
 

Oneway Analysis of Pore size (mm) By wt% PPF 

 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 
 

Oneway Anova 
Summary of Fit 
    

Rsquare 0.378434 
Adj Rsquare 0.302324 
Root Mean Square Error 0.136736 
Mean of Response 0.480021 
Observations (or Sum Wgts) 56 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

wt% PPF 6 0.5577821 0.092964 4.9722 0.0005* 
Error 49 0.9161400 0.018697   
C. Total 55 1.4739221    
 

 
Means for Oneway Anova 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 

 
Level Number Mean Std Error Lower 95% Upper 95% 
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Level Number Mean Std Error Lower 95% Upper 95% 

Interface 8 0.438075 0.04834 0.34093 0.53522 
PPF only 8 0.459900 0.04834 0.36275 0.55705 
PPF-HA 1.25wt% 8 0.364950 0.04834 0.26780 0.46210 
PPF-HA 10wt% 8 0.598050 0.04834 0.50090 0.69520 
PPF-HA 10wt% (1) 8 0.465750 0.04834 0.36860 0.56290 
PPF-HA 2.5wt% 8 0.379800 0.04834 0.28265 0.47695 
PPF-HA 5wt% 8 0.653625 0.04834 0.55648 0.75077 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.07404 0.05 
 
 

Connecting Letters Report 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 
 
Level             Mean 

PPF-HA 5wt% A        0.65362500 
PPF-HA 10wt% A B      0.59805000 
PPF-HA 10wt% (1) A B C    0.46575000 
PPF only A B C    0.45990000 
Interface   B C    0.43807500 
PPF-HA 2.5wt%     C    0.37980000 
PPF-HA 1.25wt%     C    0.36495000 
 
Levels not connected by same letter are significantly different. 
 
 

 
Oneway Analysis of Fiber spacing (mm) By wt% PPF 

 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 
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Oneway Anova 
Summary of Fit 
    

Rsquare 0.187874 
Adj Rsquare 0.08843 
Root Mean Square Error 0.058131 
Mean of Response 1.141682 
Observations (or Sum Wgts) 56 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

wt% PPF 6 0.03830444 0.006384 1.8892 0.1015 
Error 49 0.16557898 0.003379   
C. Total 55 0.20388342    
 

Means for Oneway Anova 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 

 
Level Number Mean Std Error Lower 95% Upper 95% 

Interface 8 1.15290 0.02055 1.1116 1.1942 
PPF only 8 1.13895 0.02055 1.0976 1.1803 
PPF-HA 1.25wt% 8 1.18913 0.02055 1.1478 1.2304 
PPF-HA 10wt% 8 1.13603 0.02055 1.0947 1.1773 
PPF-HA 10wt% (1) 8 1.15583 0.02055 1.1145 1.1971 
PPF-HA 2.5wt% 8 1.11645 0.02055 1.0751 1.1578 
PPF-HA 5wt% 8 1.10250 0.02055 1.0612 1.1438 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

3.07404 0.05 
 
 

 
Connecting Letters Report 
PPF-HA10wt% (1) is for bilayer scaffolds. PPF-HA10wt% is for gradient scaffolds. 
 
Level             Mean 

PPF-HA 1.25wt% A      1.1891250 
PPF-HA 10wt% (1) A      1.1558250 
Interface A      1.1529000 
PPF only A      1.1389500 
PPF-HA 10wt% A      1.1360250 
PPF-HA 2.5wt% A      1.1164500 
PPF-HA 5wt% A      1.1025000 
 
Levels not connected by same letter are significantly different. 
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APPENDIX V: STATISTICAL ANALYSIS FOR 

CHAPTER 9 

V.1 Scaffold Analysis 

Porosity 

Oneway Analysis of porosity By label 

 
 

 

 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.581917 

Adj Rsquare 0.550244 

Root Mean Square Error 0.126529 

Mean of Response 0.498343 

Observations (or Sum Wgts) 72 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

label 5 1.4707035 0.294141 18.3726 <.0001* 

Error 66 1.0566405 0.016010   

C. Total 71 2.5273440    
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Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

PPF HA L 12 0.690912 0.03653 0.61799 0.76384 

PPF HA M 12 0.661885 0.03653 0.58896 0.73481 

PPF HA S 12 0.456449 0.03653 0.38352 0.52938 

PPF L 12 0.495408 0.03653 0.42248 0.56833 

PPF M 12 0.407959 0.03653 0.33503 0.48089 

PPF S 12 0.277443 0.03653 0.20452 0.35037 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for all pairs using Tukey-Kramer HSD 

Confidence Quantile 

q* Alpha 

2.93510 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-

HSD 

PPF HA L PPF HA M PPF L PPF HA S PPF M PPF S 

PPF HA L -0.15161 -0.12259 0.04389 0.08285 0.13134 0.26186 

PPF HA M -0.12259 -0.15161 0.01486 0.05382 0.10231 0.23283 

PPF L 0.04389 0.01486 -0.15161 -0.11266 -0.06417 0.06635 

PPF HA S 0.08285 0.05382 -0.11266 -0.15161 -0.10312 0.02739 

PPF M 0.13134 0.10231 -0.06417 -0.10312 -0.15161 -0.02110 

PPF S 0.26186 0.23283 0.06635 0.02739 -0.02110 -0.15161 

 

Positive values show pairs of means that are significantly different. 

 

Connecting Letters Report 

 

Level             Mean 

PPF HA L A        0.69091182 

PPF HA M A        0.66188499 

PPF L   B      0.49540780 

PPF HA S   B      0.45644908 

PPF M   B C    0.40795910 

PPF S     C    0.27744273 

 

Levels not connected by same letter are significantly different. 
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Pore size 

Oneway Analysis of Pore size (mm) By Label 

 
 

 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.903406 

Adj Rsquare 0.896089 

Root Mean Square Error 0.072881 

Mean of Response 0.520143 

Observations (or Sum Wgts) 72 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 5 3.2787023 0.655740 123.4549 <.0001* 

Error 66 0.3505643 0.005312   

C. Total 71 3.6292666    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

PPF HA L 12 0.823675 0.02104 0.78167 0.86568 

PPF HA M 12 0.496875 0.02104 0.45487 0.53888 

PPF HA S 12 0.232733 0.02104 0.19073 0.27474 

PPF L 12 0.728508 0.02104 0.68650 0.77051 

PPF M 12 0.550467 0.02104 0.50846 0.59247 

PPF S 12 0.288600 0.02104 0.24659 0.33061 

 

Std Error uses a pooled estimate of error variance 
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Means Comparisons 

Comparisons for all pairs using Tukey-Kramer HSD 

Confidence Quantile 

q* Alpha 

2.93510 0.05 

 

 

LSD Threshold Matrix 

Abs(Dif)-

HSD 

PPF HA L PPF L PPF M PPF HA M PPF S PPF HA S 

PPF HA L -0.08733 0.00784 0.18588 0.23947 0.44775 0.50361 

PPF L 0.00784 -0.08733 0.09071 0.14430 0.35258 0.40845 

PPF M 0.18588 0.09071 -0.08733 -0.03374 0.17454 0.23040 

PPF HA M 0.23947 0.14430 -0.03374 -0.08733 0.12095 0.17681 

PPF S 0.44775 0.35258 0.17454 0.12095 -0.08733 -0.03146 

PPF HA S 0.50361 0.40845 0.23040 0.17681 -0.03146 -0.08733 

 

Positive values show pairs of means that are significantly different. 

 

Connecting Letters Report 

 

Level             Mean 

PPF HA L A         0.82367500 

PPF L   B       0.72850833 

PPF M     C     0.55046667 

PPF HA M     C     0.49687500 

PPF S       D   0.28860000 

PPF HA S       D   0.23273333 

 

Levels not connected by same letter are significantly different. 
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Fiber diameter 

Oneway Analysis of Fiber diameter (mm) By Label 

 
 

 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.367148 

Adj Rsquare 0.319204 

Root Mean Square Error 0.063634 

Mean of Response 0.345089 

Observations (or Sum Wgts) 72 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 5 0.15504470 0.031009 7.6579 <.0001* 

Error 66 0.26725063 0.004049   

C. Total 71 0.42229533    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

PPF HA L 12 0.433925 0.01837 0.39725 0.47060 

PPF HA M 12 0.339808 0.01837 0.30313 0.37648 

PPF HA S 12 0.343975 0.01837 0.30730 0.38065 

PPF L 12 0.274917 0.01837 0.23824 0.31159 

PPF M 12 0.338983 0.01837 0.30231 0.37566 

PPF S 12 0.338925 0.01837 0.30225 0.37560 

 

Std Error uses a pooled estimate of error variance 
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Means Comparisons 

Comparisons for all pairs using Tukey-Kramer HSD 

Confidence Quantile 

q* Alpha 

2.93510 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-

HSD 

PPF HA L PPF HA S PPF HA M PPF M PPF S PPF L 

PPF HA L -0.07625 0.01370 0.01787 0.01869 0.01875 0.08276 

PPF HA S 0.01370 -0.07625 -0.07208 -0.07126 -0.07120 -0.00719 

PPF HA M 0.01787 -0.07208 -0.07625 -0.07542 -0.07537 -0.01136 

PPF M 0.01869 -0.07126 -0.07542 -0.07625 -0.07619 -0.01218 

PPF S 0.01875 -0.07120 -0.07537 -0.07619 -0.07625 -0.01224 

PPF L 0.08276 -0.00719 -0.01136 -0.01218 -0.01224 -0.07625 

 

Positive values show pairs of means that are significantly different. 

 

Connecting Letters Report 

 

Level             Mean 

PPF HA L A       0.43392500 

PPF HA S   B     0.34397500 

PPF HA M   B     0.33980833 

PPF M   B     0.33898333 

PPF S   B     0.33892500 

PPF L   B     0.27491667 

 

Levels not connected by same letter are significantly different. 
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V.2 DNA Analysis 

Static – full factorial analysis 

Response DNA (ug) 

Whole Model 

Actual by Predicted Plot 

 
 

Summary of Fit 

   

RSquare 0.563246 

RSquare Adj 0.485601 

Root Mean Square Error 0.229759 

Mean of Response 0.17782 

Observations (or Sum Wgts) 54 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 8 3.0635025 0.382938 7.2541 

Error 45 2.3755067 0.052789 Prob > F 

C. Total 53 5.4390092  <.0001* 

 

 

Effect Tests 

Source Nparm DF Sum of 

Squares 

F Ratio Prob > F   

Orientation 2 2 1.5996267 15.1511 <.0001*  

Layer 2 2 0.4921172 4.6612 0.0145*  

Orientation*Layer 4 4 0.9717586 4.6021 0.0034*  
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Residual by Predicted Plot 

 
 

Orientation 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

LMS 0.05568444  0.05415463 0.055684 

MMM 0.42122333  0.05415463 0.421223 

SML 0.05655222  0.05415463 0.056552 

 

LS Means Plot 
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LSMeans Differences Tukey HSD 

α=0.050   Q=2.42362 

LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

LMS MMM SML 

LMS 0 

0 

0 

0 

-0.3655 

0.07659 

-0.5512 

-0.1799 

-0.0009 

0.07659 

-0.1865 

0.18475 

MMM 0.36554 

0.07659 

0.17992 

0.55115 

0 

0 

0 

0 

0.36467 

0.07659 

0.17906 

0.55029 

SML 0.00087 

0.07659 

-0.1847 

0.18648 

-0.3647 

0.07659 

-0.5503 

-0.1791 

0 

0 

0 

0 

 

Level             Least Sq 

Mean 

MMM A       0.42122333 

SML   B     0.05655222 

LMS   B     0.05568444 

 

Levels not connected by same letter are significantly different. 

Layer 

Leverage Plot 
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Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

Bot 0.10790333  0.05415463 0.107903 

Mid 0.11276000  0.05415463 0.112760 

Top 0.31279667  0.05415463 0.312797 

 

LS Means Plot 

 
 

LSMeans Differences Tukey HSD 

α=0.050   Q=2.42362 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

Bot Mid Top 

Bot 0 

0 

0 

0 

-0.0049 

0.07659 

-0.1905 

0.18076 

-0.2049 

0.07659 

-0.3905 

-0.0193 

Mid 0.00486 

0.07659 

-0.1808 

0.19047 

0 

0 

0 

0 

-0.2 

0.07659 

-0.3857 

-0.0144 

Top 0.20489 

0.07659 

0.01928 

0.39051 

0.20004 

0.07659 

0.01442 

0.38565 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

Top A       0.31279667 

Mid   B     0.11276000 

Bot   B     0.10790333 

 

Levels not connected by same letter are significantly different. 
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Orientation*Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error 

LMS,Bot 0.05310333  0.09379858 

LMS,Mid 0.05188000  0.09379858 

LMS,Top 0.06207000  0.09379858 

MMM,Bot 0.21181000  0.09379858 

MMM,Mid 0.22751333  0.09379858 

MMM,Top 0.82434667  0.09379858 

SML,Bot 0.05879667  0.09379858 

SML,Mid 0.05888667  0.09379858 

SML,Top 0.05197333  0.09379858 

 

LS Means Plot 
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LSMeans Differences Tukey HSD 

α=0.050   Q=3.25714 

LSMean[i] By LSMean[j] 

Mean[i]-

Mean[j] 

Std Err Dif 

Lower CL 

Dif 

Upper CL 

Dif 

LMS,B

ot 

LMS,M

id 

LMS,T

op 

MMM,

Bot 

MMM,

Mid 

MMM,T

op 

SML,B

ot 

SML,M

id 

SML,T

op 

LMS,Bot 0 

0 

0 

0 

0.00122 

0.13265 

-0.4308 

0.43329 

-0.009 

0.13265 

-0.441 

0.4231 

-0.1587 

0.13265 

-0.5908 

0.27336 

-0.1744 

0.13265 

-0.6065 

0.25765 

-0.7712 

0.13265 

-1.2033 

-0.3392 

-0.0057 

0.1326

5 

-0.4378 

0.4263

7 

-0.0058 

0.13265 

-0.4378 

0.42628 

0.00113 

0.13265 

-0.4309 

0.43319 

LMS,Mid -0.0012 

0.1326

5 

-0.4333 

0.4308

4 

0 

0 

0 

0 

-0.0102 

0.13265 

-0.4423 

0.42187 

-0.1599 

0.13265 

-0.592 

0.27213 

-0.1756 

0.13265 

-0.6077 

0.25643 

-0.7725 

0.13265 

-1.2045 

-0.3404 

-0.0069 

0.1326

5 

-0.439 

0.4251

5 

-0.007 

0.13265 

-0.4391 

0.42506 

-0.0001 

0.13265 

-0.4322 

0.43197 

LMS,Top 0.0089

7 

0.1326

5 

-0.4231 

0.4410

3 

0.01019 

0.13265 

-0.4219 

0.44225 

0 

0 

0 

0 

-0.1497 

0.13265 

-0.5818 

0.28232 

-0.1654 

0.13265 

-0.5975 

0.26662 

-0.7623 

0.13265 

-1.1943 

-0.3302 

0.0032

7 

0.1326

5 

-0.4288 

0.4353

4 

0.00318 

0.13265 

-0.4289 

0.43525 

0.0101 

0.13265 

-0.422 

0.44216 

MMM,Bot 0.1587

1 

0.1326

5 

-0.2734 

0.5907

7 

0.15993 

0.13265 

-0.2721 

0.59199 

0.14974 

0.13265 

-0.2823 

0.5818 

0 

0 

0 

0 

-0.0157 

0.13265 

-0.4478 

0.41636 

-0.6125 

0.13265 

-1.0446 

-0.1805 

0.1530

1 

0.1326

5 

-0.2791 

0.5850

8 

0.15292 

0.13265 

-0.2791 

0.58499 

0.15984 

0.13265 

-0.2722 

0.5919 

MMM,Mid 0.1744

1 

0.1326

5 

-0.2577 

0.6064

7 

0.17563 

0.13265 

-0.2564 

0.6077 

0.16544 

0.13265 

-0.2666 

0.59751 

0.0157 

0.13265 

-0.4164 

0.44777 

0 

0 

0 

0 

-0.5968 

0.13265 

-1.0289 

-0.1648 

0.1687

2 

0.1326

5 

-0.2633 

0.6007

8 

0.16863 

0.13265 

-0.2634 

0.60069 

0.17554 

0.13265 

-0.2565 

0.6076 

MMM,Top 0.7712

4 

0.1326

0.77247 

0.13265 

0.3404 

0.76228 

0.13265 

0.33021 

0.61254 

0.13265 

0.18047 

0.59683 

0.13265 

0.16477 

0 

0 

0 

0.7655

5 

0.1326

0.76546 

0.13265 

0.3334 

0.77237 

0.13265 

0.34031 
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5 

0.3391

8 

1.2033

1 

1.20453 1.19434 1.0446 1.0289 0 5 

0.3334

9 

1.1976

1 

1.19752 1.20444 

SML,Bot 0.0056

9 

0.1326

5 

-0.4264 

0.4377

6 

0.00692 

0.13265 

-0.4251 

0.43898 

-0.0033 

0.13265 

-0.4353 

0.42879 

-0.153 

0.13265 

-0.5851 

0.27905 

-0.1687 

0.13265 

-0.6008 

0.26335 

-0.7656 

0.13265 

-1.1976 

-0.3335 

0 

0 

0 

0 

-0.0001 

0.13265 

-0.4322 

0.43197 

0.00682 

0.13265 

-0.4252 

0.43889 

SML,Mid 0.0057

8 

0.1326

5 

-0.4263 

0.4378

5 

0.00701 

0.13265 

-0.4251 

0.43907 

-0.0032 

0.13265 

-0.4352 

0.42888 

-0.1529 

0.13265 

-0.585 

0.27914 

-0.1686 

0.13265 

-0.6007 

0.26344 

-0.7655 

0.13265 

-1.1975 

-0.3334 

0.0000

9 

0.1326

5 

-0.432 

0.4321

5 

0 

0 

0 

0 

0.00691 

0.13265 

-0.4252 

0.43898 

SML,Top -0.0011 

0.1326

5 

-0.4332 

0.4309

3 

9.33e-5 

0.13265 

-0.432 

0.43216 

-0.0101 

0.13265 

-0.4422 

0.42197 

-0.1598 

0.13265 

-0.5919 

0.27223 

-0.1755 

0.13265 

-0.6076 

0.25652 

-0.7724 

0.13265 

-1.2044 

-0.3403 

-0.0068 

0.1326

5 

-0.4389 

0.4252

4 

-0.0069 

0.13265 

-0.439 

0.42515 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

MMM,Top A       0.82434667 

MMM,Mid   B     0.22751333 

MMM,Bot   B     0.21181000 

LMS,Top   B     0.06207000 

SML,Mid   B     0.05888667 

SML,Bot   B     0.05879667 

LMS,Bot   B     0.05310333 

SML,Top   B     0.05197333 

LMS,Mid   B     0.05188000 

 

Levels not connected by same letter are significantly different. 
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Bioreactor – full factorial analysis 

Response DNA (ug) 

Whole Model 

Actual by Predicted Plot 

 
 

Summary of Fit 

    

RSquare 0.658466 

RSquare Adj 0.506673 

Root Mean Square Error 0.130457 

Mean of Response 0.182067 

Observations (or Sum Wgts) 27 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 8 0.59061406 0.073827 4.3379 

Error 18 0.30634056 0.017019 Prob > F 

C. Total 26 0.89695462  0.0047* 

 

 

Effect Tests 

Source Nparm DF Sum of 

Squares 

F Ratio Prob > F   

Orientation 2 2 0.10479657 3.0788 0.0708  

Layer 2 2 0.27178155 7.9847 0.0033*  

Orientation*Layer 4 4 0.21403595 3.1441 0.0399*  
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Residual by Predicted Plot 

 
 

Orientation 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

LMS 0.26392889  0.04348553 0.263929 

MMM 0.16935111  0.04348553 0.169351 

SML 0.11292222  0.04348553 0.112922 

 

LS Means Plot 
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LSMeans Differences Tukey HSD 

α=0.050   Q=2.55216 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

LMS MMM SML 

LMS 0 

0 

0 

0 

0.09458 

0.0615 

-0.0624 

0.25153 

0.15101 

0.0615 

-0.0059 

0.30796 

MMM -0.0946 

0.0615 

-0.2515 

0.06237 

0 

0 

0 

0 

0.05643 

0.0615 

-0.1005 

0.21338 

SML -0.151 

0.0615 

-0.308 

0.00595 

-0.0564 

0.0615 

-0.2134 

0.10052 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

LMS A      0.26392889 

MMM A      0.16935111 

SML A      0.11292222 

 

Levels not connected by same letter are significantly different. 

 

Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

Bot 0.11410667  0.04348553 0.114107 
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Level Least Sq 

Mean 

  Std Error Mean 

Mid 0.10818222  0.04348553 0.108182 

Top 0.32391333  0.04348553 0.323913 

 

LS Means Plot 

 
 

LSMeans Differences Tukey HSD 

α=0.050   Q=2.55216 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

Bot Mid Top 

Bot 0 

0 

0 

0 

0.00592 

0.0615 

-0.151 

0.16288 

-0.2098 

0.0615 

-0.3668 

-0.0529 

Mid -0.0059 

0.0615 

-0.1629 

0.15103 

0 

0 

0 

0 

-0.2157 

0.0615 

-0.3727 

-0.0588 

Top 0.20981 

0.0615 

0.05285 

0.36676 

0.21573 

0.0615 

0.05878 

0.37268 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

Top A       0.32391333 

Bot   B     0.11410667 

Mid   B     0.10818222 

 

Levels not connected by same letter are significantly different. 
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Orientation*Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error 

LMS,Bot 0.11672000  0.07531914 

LMS,Mid 0.14473333  0.07531914 

LMS,Top 0.53033333  0.07531914 

MMM,Bot 0.03898667  0.07531914 

MMM,Mid 0.13618000  0.07531914 

MMM,Top 0.33288667  0.07531914 

SML,Bot 0.18661333  0.07531914 

SML,Mid 0.04363333  0.07531914 

SML,Top 0.10852000  0.07531914 

 

LS Means Plot 
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Level             Least Sq 

Mean 

LMS,Top A       0.53033333 

MMM,Top A B     0.33288667 

SML,Bot A B     0.18661333 

LMS,Mid   B     0.14473333 

MMM,Mid   B     0.13618000 

LMS,Bot   B     0.11672000 

SML,Top   B     0.10852000 

SML,Mid   B     0.04363333 

MMM,Bot   B     0.03898667 

 

Levels not connected by same letter are significantly different. 
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V.3 Static vs bioreactor pairwise comparison by t-test (only significant comparisons 

included) 

LMS – Bottom 

Oneway Analysis of DNA (ug) By Label 

 
 

Excluded Rows72 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.559802 

Adj Rsquare 0.496917 

Root Mean Square Error 0.030154 

Mean of Response 0.074309 

Observations (or Sum Wgts) 9 

 

t Test 

Static LMS Bot-Bioreactor LMS Bot 

 

Assuming equal variances 

 

        

Difference  -0.06362 t Ratio  -2.98361 

Std Err Dif 0.02132 DF 7 

Upper CL Dif  -0.01320 Prob > |t| 0.0204* 

Lower CL Dif  -0.11404 Prob > t 0.9898 

Confidence 0.95 Prob < t 0.0102* 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 0.00809416 0.008094 8.9019 0.0204* 

Error 7 0.00636481 0.000909   

C. Total 8 0.01445897    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

Bioreactor LMS Bot 3 0.116720 0.01741 0.07555 0.15789 

Static LMS Bot 6 0.053103 0.01231 0.02399 0.08221 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.36462 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD Bioreactor 

LMS Bot 

Static LMS 

Bot 

Bioreactor 

LMS Bot 

-0.05822 0.01320 

Static LMS 

Bot 

0.01320 -0.04117 

 

Positive values show pairs of means that are significantly different. 
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LMS – Middle 

Oneway Analysis of DNA (ug) By Label 

 
 

Excluded Rows 

72 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.820997 

Adj Rsquare 0.795425 

Root Mean Square Error 0.023175 

Mean of Response 0.082831 

Observations (or Sum Wgts) 9 

 

t Test 

Static LMS Mid-Bioreactor LMS Mid 

 

Assuming equal variances 

 

        

Difference  -0.09285 t Ratio  -5.66617 

Std Err Dif 0.01639 DF 7 

Upper CL Dif  -0.05410 Prob > |t| 0.0008* 

Lower CL Dif  -0.13160 Prob > t 0.9996 

Confidence 0.95 Prob < t 0.0004* 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 0.01724348 0.017243 32.1055 0.0008* 

Error 7 0.00375962 0.000537   

C. Total 8 0.02100311    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

Bioreactor LMS Mid 3 0.144733 0.01338 0.11309 0.17637 

Static LMS Mid 6 0.051880 0.00946 0.02951 0.07425 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.36462 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD Bioreactor 

LMS Mid 

Static LMS 

Mid 

Bioreactor 

LMS Mid 

-0.04474 0.05410 

Static LMS 

Mid 

0.05410 -0.03164 

 

Positive values show pairs of means that are significantly different. 
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LMS – Top  

Oneway Analysis of DNA (ug) By Label 

 
 

Excluded Rows 

72 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.75557 

Adj Rsquare 0.720651 

Root Mean Square Error 0.142363 

Mean of Response 0.218158 

Observations (or Sum Wgts) 9 

 

t Test 

Static LMS Top-Bioreactor LMS Top 

 

Assuming equal variances 

 

        

Difference  -0.46826 t Ratio  -4.65167 

Std Err Dif 0.10067 DF 7 

Upper CL Dif  -0.23023 Prob > |t| 0.0023* 

Lower CL Dif  -0.70630 Prob > t 0.9988 

Confidence 0.95 Prob < t 0.0012* 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 0.43854110 0.438541 21.6380 0.0023* 

Error 7 0.14187008 0.020267   

C. Total 8 0.58041118    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

Bioreactor LMS Top 3 0.530333 0.08219 0.3360 0.72469 

Static LMS Top 6 0.062070 0.05812  -0.0754 0.19950 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.36462 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD Bioreactor 

LMS Top 

Static LMS 

Top 

Bioreactor 

LMS Top 

-0.27486 0.23023 

Static LMS 

Top 

0.23023 -0.19436 

 

Positive values show pairs of means that are significantly different. 
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MMM – Bottom  

Oneway Analysis of DNA (ug) By Label 

 
 

Excluded Rows 72 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.585653 

Adj Rsquare 0.526461 

Root Mean Square Error 0.077702 

Mean of Response 0.154202 

Observations (or Sum Wgts) 9 

 

t Test 

Static MMM Bot-Bioreactor MMM Bot 

Assuming equal variances 

        

Difference 0.172823 t Ratio 3.145482 

Std Err Dif 0.054943 DF 7 

Upper CL Dif 0.302744 Prob > |t| 0.0163* 

Lower CL Dif 0.042903 Prob > t 0.0081* 

Confidence 0.95 Prob < t 0.9919 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 0.05973581 0.059736 9.8941 0.0163* 

Error 7 0.04226281 0.006038   

C. Total 8 0.10199862    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

Bioreactor MMM Bot 3 0.038987 0.04486  -0.0671 0.14507 

Static MMM Bot 6 0.211810 0.03172 0.1368 0.28682 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.36462 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD Static MMM 

Bot 

Bioreactor 

MMM Bot 

Static MMM 

Bot 

-0.10608 0.04290 

Bioreactor 

MMM Bot 

0.04290 -0.15002 

 

Positive values show pairs of means that are significantly different. 
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SML – Bottom 

Oneway Analysis of DNA (ug) By Label 

 
 

Excluded Rows 

72 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.501008 

Adj Rsquare 0.429724 

Root Mean Square Error 0.068183 

Mean of Response 0.101402 

Observations (or Sum Wgts) 9 

 

t Test 

Static SML Bot-Bioreactor SML Bot 

 

Assuming equal variances 

 

        

Difference  -0.12782 t Ratio  -2.65109 

Std Err Dif 0.04821 DF 7 

Upper CL Dif  -0.01381 Prob > |t| 0.0329* 

Lower CL Dif  -0.24182 Prob > t 0.9836 

Confidence 0.95 Prob < t 0.0164* 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 0.03267420 0.032674 7.0283 0.0329* 

Error 7 0.03254269 0.004649   

C. Total 8 0.06521689    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

Bioreactor SML Bot 3 0.186613 0.03937 0.0935 0.27970 

Static SML Bot 6 0.058797 0.02784  -0.0070 0.12462 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.36462 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD Bioreactor 

SML Bot 

Static SML 

Bot 

Bioreactor 

SML Bot 

-0.13164 0.01381 

Static SML 

Bot 

0.01381 -0.09308 

 

Positive values show pairs of means that are significantly different. 
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SML – Top 

Oneway Analysis of DNA (ug) By Label 

 
 

Excluded Rows 

72 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.526664 

Adj Rsquare 0.459045 

Root Mean Square Error 0.028654 

Mean of Response 0.070822 

Observations (or Sum Wgts) 9 

 

t Test 

Static SML Top-Bioreactor SML Top 

 

Assuming equal variances 

 

        

Difference  -0.05655 t Ratio  -2.79081 

Std Err Dif 0.02026 DF 7 

Upper CL Dif  -0.00864 Prob > |t| 0.0269* 

Lower CL Dif  -0.10446 Prob > t 0.9866 

Confidence 0.95 Prob < t 0.0134* 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 0.00639505 0.006395 7.7886 0.0269* 

Error 7 0.00574751 0.000821   

C. Total 8 0.01214256    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

Bioreactor SML Top 3 0.108520 0.01654 0.06940 0.14764 

Static SML Top 6 0.051973 0.01170 0.02431 0.07963 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.36462 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD Bioreactor 

SML Top 

Static SML 

Top 

Bioreactor 

SML Top 

-0.05532 0.00864 

Static SML 

Top 

0.00864 -0.03912 

 

Positive values show pairs of means that are significantly different. 
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V.4 Flow cytometry - % live cells 

Static – full factorial analysis 

Fit Group 

Response Live cells (%) 

Whole Model 

Actual by Predicted Plot 

 
 

Summary of Fit 

    

RSquare 0.64819 

RSquare Adj 0.482632 

Root Mean Square Error 1.937924 

Mean of Response 1.628846 

Observations (or Sum Wgts) 26 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 8 117.62953 14.7037 3.9152 

Error 17 63.84433 3.7555 Prob > F 

C. Total 25 181.47387  0.0086* 

 

 

Effect Tests 

Source Nparm DF Sum of 

Squares 

F Ratio Prob > F   

Orientation 2 2 67.746287 9.0195 0.0021*  

Layer 2 2 15.917049 2.1191 0.1508  

Orientation*Layer 4 4 32.004204 2.1305 0.1214  
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Residual by Predicted Plot 

 
Orientation 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

LMS 0.5755556  0.64597463 0.57556 

MMM 3.8566667  0.64597463 3.85667 

SML 0.3255556  0.69773235 0.30750 

 

LS Means Plot 
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LSMeans Differences Tukey HSD 

α=0.050   Q=2.56536 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

LMS MMM SML 

LMS 0 

0 

0 

0 

-3.2811 

0.91355 

-5.6247 

-0.9375 

0.25 

0.95085 

-2.1893 

2.68927 

MMM 3.28111 

0.91355 

0.93754 

5.62468 

0 

0 

0 

0 

3.53111 

0.95085 

1.09184 

5.97038 

SML -0.25 

0.95085 

-2.6893 

2.18927 

-3.5311 

0.95085 

-5.9704 

-1.0918 

0 

0 

0 

0 

 

Level             Least Sq 

Mean 

MMM A       3.8566667 

LMS   B     0.5755556 

SML   B     0.3255556 

 

Levels not connected by same letter are significantly different. 

Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

Bottom 1.0688889  0.64597463 1.06889 

Middle 1.0022222  0.69773235 1.06875 

Top 2.6866667  0.64597463 2.68667 
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LS Means Plot 

 
 

LSMeans Differences Tukey HSD 

α=0.050   Q=2.56536 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

Bottom Middle Top 

Bottom 0 

0 

0 

0 

0.06667 

0.95085 

-2.3726 

2.50593 

-1.6178 

0.91355 

-3.9613 

0.72579 

Middle -0.0667 

0.95085 

-2.5059 

2.3726 

0 

0 

0 

0 

-1.6844 

0.95085 

-4.1237 

0.75482 

Top 1.61778 

0.91355 

-0.7258 

3.96135 

1.68444 

0.95085 

-0.7548 

4.12371 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

Top A      2.6866667 

Bottom A      1.0688889 

Middle A      1.0022222 

 

Levels not connected by same letter are significantly different. 
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Orientation*Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error 

LMS,Bottom 0.4333333  1.1188609 

LMS,Middle 0.6400000  1.1188609 

LMS,Top 0.6533333  1.1188609 

MMM,Bottom 2.5433333  1.1188609 

MMM,Middle 1.8966667  1.1188609 

MMM,Top 7.1300000  1.1188609 

SML,Bottom 0.2300000  1.1188609 

SML,Middle 0.4700000  1.3703191 

SML,Top 0.2766667  1.1188609 

 

LS Means Plot 

 
 

Level             Least Sq 

Mean 

MMM,Top A       7.1300000 

MMM,Bottom A B     2.5433333 

MMM,Middle A B     1.8966667 

LMS,Top   B     0.6533333 

LMS,Middle   B     0.6400000 
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Level             Least Sq 

Mean 

SML,Middle   B     0.4700000 

LMS,Bottom   B     0.4333333 

SML,Top   B     0.2766667 

SML,Bottom   B     0.2300000 

 

Levels not connected by same letter are significantly different. 

 

 

Bioreactor – full factorial analysis 

Fit Group 

Response Live cells (%) 

Whole Model 

Actual by Predicted Plot 

 
 

Summary of Fit 

    

RSquare 0.198341 

RSquare Adj  -0.15795 

Root Mean Square Error 4.150947 

Mean of Response 6.634815 

Observations (or Sum Wgts) 27 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 8 76.73454 9.5918 0.5567 

Error 18 310.14653 17.2304 Prob > F 

C. Total 26 386.88107  0.7990 
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Effect Tests 

Source Nparm DF Sum of 

Squares 

F Ratio Prob > F   

Orientation 2 2 31.950452 0.9272 0.4138  

Layer 2 2 20.821874 0.6042 0.5572  

Orientation*Layer 4 4 23.962215 0.3477 0.8422  

 

Residual by Predicted Plot 

 
Orientation 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

LMS 8.0100000  1.3836491 8.01000 

MMM 5.3500000  1.3836491 5.35000 

SML 6.5444444  1.3836491 6.54444 
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LS Means Plot 

 
 

LSMeans Differences Tukey HSD 

α=0.050   Q=2.55216 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

LMS MMM SML 

LMS 0 

0 

0 

0 

2.66 

1.95678 

-2.334 

7.65401 

1.46556 

1.95678 

-3.5285 

6.45957 

MMM -2.66 

1.95678 

-7.654 

2.33401 

0 

0 

0 

0 

-1.1944 

1.95678 

-6.1885 

3.79957 

SML -1.4656 

1.95678 

-6.4596 

3.52845 

1.19444 

1.95678 

-3.7996 

6.18845 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

LMS A      8.0100000 

SML A      6.5444444 

MMM A      5.3500000 

 

Levels not connected by same letter are significantly different. 
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Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

Bottom 5.9144444  1.3836491 5.91444 

Middle 6.1188889  1.3836491 6.11889 

Top 7.8711111  1.3836491 7.87111 

 

LS Means Plot 

 
 

LSMeans Differences Tukey HSD 

α=0.050   Q=2.55216 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

Bottom Middle Top 

Bottom 0 

0 

0 

0 

-0.2044 

1.95678 

-5.1985 

4.78957 

-1.9567 

1.95678 

-6.9507 

3.03734 

Middle 0.20444 

1.95678 

-4.7896 

5.19845 

0 

0 

0 

0 

-1.7522 

1.95678 

-6.7462 

3.24179 
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Top 1.95667 

1.95678 

-3.0373 

6.95068 

1.75222 

1.95678 

-3.2418 

6.74623 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

Top A      7.8711111 

Middle A      6.1188889 

Bottom A      5.9144444 

 

Levels not connected by same letter are significantly different. 

Orientation*Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error 

LMS,Bottom 7.3866667  2.3965505 

LMS,Middle 7.6166667  2.3965505 

LMS,Top 9.0266667  2.3965505 

MMM,Bottom 6.0433333  2.3965505 

MMM,Middle 4.6466667  2.3965505 

MMM,Top 5.3600000  2.3965505 

SML,Bottom 4.3133333  2.3965505 

SML,Middle 6.0933333  2.3965505 

SML,Top 9.2266667  2.3965505 

 



383 

 

 

LS Means Plot 

 
 

Level             Least Sq 

Mean 

SML,Top A      9.2266667 

LMS,Top A      9.0266667 

LMS,Middle A      7.6166667 

LMS,Bottom A      7.3866667 

SML,Middle A      6.0933333 

MMM,Bottom A      6.0433333 

MMM,Top A      5.3600000 

MMM,Middle A      4.6466667 

SML,Bottom A      4.3133333 

 

Levels not connected by same letter are significantly different.  
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V.5 I.6 Static vs bioreactor pairwise comparison by t-test (only significant comparisons 

included) 

LMS – Bottom 

Oneway Analysis of Live cells (%) By Label 

 
 

Missing Rows 

280Excluded Rows 

59 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.745589 

Adj Rsquare 0.681986 

Root Mean Square Error 2.487294 

Mean of Response 3.91 

Observations (or Sum Wgts) 6 

 

t Test 

TC71 Static - LMS - B-TC71 Bioreactor - LMS - B 

 

Assuming equal variances 

 

        

Difference  -6.953 t Ratio  -3.42382 

Std Err Dif 2.031 DF 4 

Upper CL Dif  -1.315 Prob > |t| 0.0267* 

Lower CL Dif  -12.592 Prob > t 0.9867 

Confidence 0.95 Prob < t 0.0133* 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 72.523267 72.5233 11.7226 0.0267* 

Error 4 24.746533 6.1866   

C. Total 5 97.269800    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

TC71 Bioreactor - LMS - B 3 7.38667 1.4360 3.400 11.374 

TC71 Static - LMS - B 3 0.43333 1.4360  -3.554 4.420 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.77645 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD TC71 

Bioreactor - 

LMS - B 

TC71 Static - 

LMS - B 

TC71 

Bioreactor - 

LMS - B 

-5.6386 1.3147 

TC71 Static - 

LMS - B 

1.3147 -5.6386 

 

Positive values show pairs of means that are significantly different. 



386 

 

 

LMS – Middle 

Oneway Analysis of Live cells (%) By Label 

 
 

Missing Rows 

280Excluded Rows 

59 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.774541 

Adj Rsquare 0.718177 

Root Mean Square Error 2.30502 

Mean of Response 4.128333 

Observations (or Sum Wgts) 6 

 

t Test 

TC71 Static - LMS - M-TC71 Bioreactor - LMS - M 

 

Assuming equal variances 

 

        

Difference  -6.977 t Ratio  -3.70697 

Std Err Dif 1.882 DF 4 

Upper CL Dif  -1.751 Prob > |t| 0.0207* 

Lower CL Dif  -12.202 Prob > t 0.9896 

Confidence 0.95 Prob < t 0.0104* 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 73.010817 73.0108 13.7416 0.0207* 

Error 4 21.252467 5.3131   

C. Total 5 94.263283    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

TC71 Bioreactor - LMS - M 3 7.61667 1.3308 3.922 11.312 

TC71 Static - LMS - M 3 0.64000 1.3308  -3.055 4.335 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.77645 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD TC71 

Bioreactor - 

LMS - M 

TC71 Static - 

LMS - M 

TC71 

Bioreactor - 

LMS - M 

-5.2254 1.7513 

TC71 Static - 

LMS - M 

1.7513 -5.2254 

 

Positive values show pairs of means that are significantly different. 
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SML – Bottom 

Oneway Analysis of Live cells (%) By Label 

 
 

Missing Rows 

280Excluded Rows 

59 

Oneway Anova 

Summary of Fit 

    

Rsquare 0.910109 

Adj Rsquare 0.887636 

Root Mean Square Error 0.785854 

Mean of Response 2.271667 

Observations (or Sum Wgts) 6 

 

t Test 

TC71 Static - SML - B-TC71 Bioreactor - SML - B 

 

Assuming equal variances 

 

        

Difference  -4.0833 t Ratio  -6.36383 

Std Err Dif 0.6416 DF 4 

Upper CL Dif  -2.3018 Prob > |t| 0.0031* 

Lower CL Dif  -5.8648 Prob > t 0.9984 

Confidence 0.95 Prob < t 0.0016* 
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Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio Prob > F 

Label 1 25.010417 25.0104 40.4983 0.0031* 

Error 4 2.470267 0.6176   

C. Total 5 27.480683    

 

Means for Oneway Anova 

Level Number Mean Std Error Lower 95% Upper 95% 

TC71 Bioreactor - SML - B 3 4.31333 0.45371 3.054 5.5730 

TC71 Static - SML - B 3 0.23000 0.45371  -1.030 1.4897 

 

Std Error uses a pooled estimate of error variance 

 

Means Comparisons 

Comparisons for each pair using Student's t 

Confidence Quantile 

t Alpha 

2.77645 0.05 

 

LSD Threshold Matrix 

Abs(Dif)-LSD TC71 

Bioreactor - 

SML - B 

TC71 Static - 

SML - B 

TC71 

Bioreactor - 

SML - B 

-1.7815 2.3018 

TC71 Static - 

SML - B 

2.3018 -1.7815 

 

Positive values show pairs of means that are significantly different. 
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V.6 Flow cytometry – IGF-1R (%) 

Static – full factorial analysis 

Response IGF-1R (%) 

Whole Model 

Actual by Predicted Plot 

 
 

Summary of Fit 

    

RSquare 0.497432 

RSquare Adj 0.229396 

Root Mean Square Error 4.290898 

Mean of Response 96.655 

Observations (or Sum Wgts) 24 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 8 273.35515 34.1694 1.8558 

Error 15 276.17705 18.4118 Prob > F 

C. Total 23 549.53220  0.1438 

 

 

Effect Tests 

Source Nparm DF Sum of 

Squares 

F Ratio Prob > F   

Orientation 2 2 142.23916 3.8627 0.0443*  

Layer 2 2 93.26187 2.5327 0.1128  

Orientation*Layer 4 4 21.44421 0.2912 0.8791  
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Residual by Predicted Plot 

 
Orientation 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

LMS 98.520000  1.4302992 98.5200 

MMM 93.512222  1.4302992 93.5122 

SML 98.571667  1.7517517 98.5717 

 

LS Means Plot 
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LSMeans Differences Tukey HSD 

α=0.050   Q=2.59747 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

LMS MMM SML 

LMS 0 

0 

0 

0 

5.00778 

2.02275 

-0.2463 

10.2618 

-0.0517 

2.2615 

-5.9259 

5.82252 

MMM -5.0078 

2.02275 

-10.262 

0.24625 

0 

0 

0 

0 

-5.0594 

2.2615 

-10.934 

0.81474 

SML 0.05167 

2.2615 

-5.8225 

5.92585 

5.05944 

2.2615 

-0.8147 

10.9336 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

SML A      98.571667 

LMS A      98.520000 

MMM A      93.512222 

 

Levels not connected by same letter are significantly different. 

Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

Bottom 94.032778  1.5448998 93.6438 

Middle 98.412222  1.5448998 98.3925 
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Level Least Sq 

Mean 

  Std Error Mean 

Top 98.158889  1.5448998 97.9288 

 

LS Means Plot 

 
 

LSMeans Differences Tukey HSD 

α=0.050   Q=2.59747 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

Bottom Middle Top 

Bottom 0 

0 

0 

0 

-4.3794 

2.18482 

-10.054 

1.29556 

-4.1261 

2.18482 

-9.8011 

1.54889 

Middle 4.37944 

2.18482 

-1.2956 

10.0544 

0 

0 

0 

0 

0.25333 

2.18482 

-5.4217 

5.92833 

Top 4.12611 

2.18482 

-1.5489 

9.80111 

-0.2533 

2.18482 

-5.9283 

5.42167 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

Middle A      98.412222 

Top A      98.158889 

Bottom A      94.032778 

 

Levels not connected by same letter are significantly different. 
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Orientation*Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error 

LMS,Bottom 95.56000  2.4773510 

LMS,Middle 100.00000  2.4773510 

LMS,Top 100.00000  2.4773510 

MMM,Bottom 89.39333  2.4773510 

MMM,Middle 96.66667  2.4773510 

MMM,Top 94.47667  2.4773510 

SML,Bottom 97.14500  3.0341229 

SML,Middle 98.57000  3.0341229 

SML,Top 100.00000  3.0341229 

 

LS Means Plot 
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Level             Least Sq 

Mean 

LMS,Middle A      100.00000 

SML,Top A      100.00000 

LMS,Top A      100.00000 

SML,Middle A      98.57000 

SML,Bottom A      97.14500 

MMM,Middle A      96.66667 

LMS,Bottom A      95.56000 

MMM,Top A      94.47667 

MMM,Bottom A      89.39333 

 

Levels not connected by same letter are significantly different. 

 

Bioreactor – full factorial analysis 

Response IGF-1R (%) 

Whole Model 

Actual by Predicted Plot 

 
 

Summary of Fit 

    

RSquare 0.202049 

RSquare Adj  -0.1526 

Root Mean Square Error 10.53471 

Mean of Response 93.12444 

Observations (or Sum Wgts) 27 

 

Analysis of Variance 

Source DF Sum of 

Squares 

Mean Square F Ratio 

Model 8 505.8211 63.228 0.5697 
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Source DF Sum of 

Squares 

Mean Square F Ratio 

Error 18 1997.6404 110.980 Prob > F 

C. Total 26 2503.4615  0.7891 

 

 

Effect Tests 

Source Nparm DF Sum of 

Squares 

F Ratio Prob > F   

Orientation 2 2 167.81349 0.7561 0.4839  

Layer 2 2 46.67307 0.2103 0.8123  

Orientation*Layer 4 4 291.33451 0.6563 0.6301  

 

Residual by Predicted Plot 

 
Orientation 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

LMS 96.427778  3.5115685 96.4278 

MMM 92.540000  3.5115685 92.5400 

SML 90.405556  3.5115685 90.4056 
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LS Means Plot 

 
 

LSMeans Differences Tukey HSD 

α=0.050   Q=2.55216 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

LMS MMM SML 

LMS 0 

0 

0 

0 

3.88778 

4.96611 

-8.7865 

16.5621 

6.02222 

4.96611 

-6.6521 

18.6965 

MMM -3.8878 

4.96611 

-16.562 

8.78654 

0 

0 

0 

0 

2.13444 

4.96611 

-10.54 

14.8088 

SML -6.0222 

4.96611 

-18.697 

6.6521 

-2.1344 

4.96611 

-14.809 

10.5399 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

LMS A      96.427778 

MMM A      92.540000 

SML A      90.405556 

 

Levels not connected by same letter are significantly different. 
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Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error Mean 

Bottom 93.986667  3.5115685 93.9867 

Middle 94.120000  3.5115685 94.1200 

Top 91.266667  3.5115685 91.2667 

 

LS Means Plot 

 
 

LSMeans Differences Tukey HSD 

α=0.050   Q=2.55216 LSMean[i] By LSMean[j] 

Mean[i]-Mean[j] 

Std Err Dif 

Lower CL Dif 

Upper CL Dif 

Bottom Middle Top 

Bottom 0 

0 

0 

0 

-0.1333 

4.96611 

-12.808 

12.541 

2.72 

4.96611 

-9.9543 

15.3943 

Middle 0.13333 

4.96611 

-12.541 

12.8077 

0 

0 

0 

0 

2.85333 

4.96611 

-9.821 

15.5277 
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Top -2.72 

4.96611 

-15.394 

9.95432 

-2.8533 

4.96611 

-15.528 

9.82099 

0 

0 

0 

0 

 

 

Level             Least Sq 

Mean 

Middle A      94.120000 

Bottom A      93.986667 

Top A      91.266667 

 

Levels not connected by same letter are significantly different. 

Orientation*Layer 

Leverage Plot 

 
 

Least Squares Means Table 

Level Least Sq 

Mean 

  Std Error 

LMS,Bottom 96.053333  6.0822151 

LMS,Middle 96.710000  6.0822151 

LMS,Top 96.520000  6.0822151 

MMM,Bottom 89.576667  6.0822151 

MMM,Middle 93.416667  6.0822151 

MMM,Top 94.626667  6.0822151 

SML,Bottom 96.330000  6.0822151 

SML,Middle 92.233333  6.0822151 

SML,Top 82.653333  6.0822151 
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LS Means Plot 

 
 

Level             Least Sq 

Mean 

LMS,Middle A      96.710000 

LMS,Top A      96.520000 

SML,Bottom A      96.330000 

LMS,Bottom A      96.053333 

MMM,Top A      94.626667 

MMM,Middle A      93.416667 

SML,Middle A      92.233333 

MMM,Bottom A      89.576667 

SML,Top A      82.653333 

 

Levels not connected by same letter are significantly different.  


