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ABSTRACT 

 

Current orthopedic internal fixation devices, such as pins and screws, are typically 

made from metals and have a long list of complications associated with them. Most 

notably, complications such as infection or decreased wound healing arise from 

revisional surgeries needed to remove the used hardware. A new class of fixation devices 

is being produced from biodegradable biomaterials to eliminate the need for revisional 

surgery by being naturally broken down in the body. While currently available polymers 

lack the necessary mechanical properties to match bone strength, the incorporation of 

small amounts of hydroxylated nanodiamonds has been proven to increase the 

mechanical properties of the native polymer to better resemble native bone. Additionally, 

modern polymers used in biodegradable fixation devices have degradation rates that are 

too slow to match the growth of new bone. Poly-(D, L)-lactic-co-glycolic acid (PDLG) 

incorporated with hydroxylated nanodiamonds has not only been proven to start out 

stronger, but then also helps the polymer degrade faster when compared to the pure 

polymer in vivo and prevents effusion of the polymer into the surrounding environment. 

Nanodiamond incorporation is accomplished via solid state polycondensation of PDLG to 

create a uniform material with increased mechanical properties, faster degradation rates, 

and enhanced calcification when tested in simulated body fluid.   
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CHAPTER 1:  INTRODUCTION 

1.1 Background Information 

1.1.1 Fixation Devices in Orthopedic Medicine 

Use of orthopedic fixation devices have been well documented since the 1880s, but 

they no longer resemble anything like what they were initially [1], [2]. The first devices, 

such as pins or screws, were crude, often suffering from many failures like patient 

infection, poor implantation technique, metal allergy, and a limited understanding of 

biology and wound healing [1], [2]. These early devices were seen as a state-of-the-art way 

to fix open fractures and long bone fractures, of which the current treatment was 

amputation to avoid sepsis [1]. Since then, modern day fixation devices, like fixation 

screws, have undergone decades of improvement in areas such as biological inertness, 

material strength, pitch, thread count, shape, and composition [2]. The most common 

materials being used for modern fixation devices are metals, more specifically stainless 

steel, titanium, or an alloy derived from either of them [2]. Devices made from specialized 

polymers have gained a lot of attention in the recent years [1]. These specialized polymers, 

like poly-L-lactic acid (PLLA) for example, are bioabsorbable materials which means they 

will degrade while in the body [3]. This specific property is of interest, because 

bioabsorbable materials have been shown to have good biocompatibility and 

biodegradation, meaning that unlike metals, they can exist in the human body without 

causing an immune response, and will be slowly broken down and removed [4]. However 

these specialized polymers, like PLLA, are limited in their potential use due to their 

decreased mechanical strength and their inability to accommodate mechanically induced 

deformations when compared to traditional metal fixation devices [3]. Improvement in the 
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mechanical properties to some of these bioabsorbable polymers may be accomplished by 

mixing the polymers with different nanoparticle additives, such as graphene, carbon 

nanotubes, and calcium carbonate [5], [6].  

1.1.2 Bioabsorbable Polymers 

While the field of fixation devices has been well established for more than a century 

and have always been made from metal, a relatively new type of material which will replace 

metal is gaining popularity. Fixation devices made from biodegradable biomaterials are 

usually polymers that can be inserted into the body, instead of metal, and will slowly and 

completely degrade inside the body, unlike metal which will remain in the body forever, 

or until it is manually removed [4], [7], [8]. Leaving metal fixation devices in a patient’s 

body for the rest of their life can have different unseen effects, resulting in 42% of surgeons 

feeling that routine implant removal surgeries were necessary; becoming one of the most 

frequently performed surgery in the world [8], [9]. In a recent review on the benefits and 

drawbacks of metal fixation device removal, 68% of hardware removal surgeries were done 

at a surgeons recommendation, 31% were done because of patient pain, and 31% were done 

because of impaired function of the fixation device [8]. Following the removal of these 

devices diverse complications can occur such as impaired wound healing, inflection, nerve 

damage, incomplete removal, refracture, or iatrogenic injury to name a few [8], [9].  

Thus, the use of metal hardware in the body, while it may be very necessary, has 

many complications commonly associated with it either from the initial surgery or from 

secondary revisional surgeries needed to fix or remove the devices. Novel fixation devices 

made from biodegradable materials are designed to use the inherent biocompatible 

properties of the polymers while fixing some of the common issues of traditional metal 
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fixation devices. Specifically, eliminating the need for revision surgeries to remove the 

devices because the polymer will degrade in the body while the bone is naturally healing. 

Eliminating an additional surgery immediately removes the potential for some of the 

possible complications, such as infection or iatrogenic injury [8], [9].  

One of the best applications for bioabsorbable fixation devices would be for ACL 

repair. ACL repairs are one of the most common and frequent orthopedic procedures done 

due to their high occurrence in sports related injuries at all levels of play [10]. Like most 

orthopedic devices, a metal fixation screw is generally used to reattach the ACL to the 

femur and tibia, but this can have many complications associated with it. Specifically, 

metal creates disturbances in MRI evaluation, making the rate of repair and quality of repair 

difficult to monitor, implant removal surgeries are often needed to fix failed devices, and 

metal fixation devices are generally not compatible with soft tissue grafts due to the high 

risk of graft damage [11]. Thus, ACL fixation is the perfect application for biodegradable 

fixation devices because the ideal ACL fixation device would be made from a material that 

doesn’t interfere with MRI scans, provide strong fixation with minimal graft damage, and 

degrade in the body eliminating the need for revisional surgeons to remove used hardware 

[11].   

Biodegradable biomaterials are designed for use in the human body and are meant 

to break down after implantation [4]. As outlined by Nair et al. desirable properties of 

biodegradable biomaterials can be summarized by the following criteria [7]:  

1. The material should not evoke a sustained inflammatory or toxic response 

upon implantation 
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2. Degradation time of the material should match the healing or regeneration 

process 

3. The material should, initially, have appropriate mechanical properties for 

the indicated application 

4. Degradation products should be non-toxic and able to get metabolized and 

cleared from the body 

A very common material that fits these criteria are FDA approved polymers, more 

specifically poly-lactic acid (PLA), poly-(L)-lactic acid (PLLA), poly-glycolic acid (PGA), 

poly-lactic-co-glycolic acid (PLGA), and poly-(D,L)-lactic-co-glycolic acid (PDLG) [3], 

[4], [6], [7], [12], [13]. Many studies have been conducted on the inflammatory response 

of these polymers, specifically PLA and PDLG, and have proven that while there can be 

an initial inflammatory response after implantation it is biocompatible and safe [4], [13]. 

The degradation of PLA and PGA or their co-polymers PLGA or PDLG has been proven 

to be non-toxic, as PLA breaks down into lactic acid; something the body naturally makes 

and can remove [13]. PGA breaks down into glycolic acid which has been shown to be 

metabolized and removed by the body without causing an immune response [13].   

So far PLA, PGA, and their co-polymers have fulfilled three out of four criteria 

outlined by Nair et al. with the last being the initial mechanical properties must match the 

indicated application. While this depends on where in the body these devices will be 

implanted, as different parts of the body have different physical and material properties, 

fixation devices are usually placed in bone, the hardest material in the body. While material 

properties of PLA, PGA, and its co-polymers can be tuned to increase or decrease their 

mechanical properties to better match bone, they have not been able to reach the same level 
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as bone. The mechanical properties for PLLA, PGA, PLGA, and PDLG used in this study 

are given by the manufacturer Corbion Purac and can be seen in Table 1, which is compared 

to the mechanical properties of cortical bone [14], [15]. Note that for the mechanical 

properties the polymers given in Table 1 by the manufacturer, the ratio for PLGA is 85% 

PLA to 15% PGA and for PDLG the ratio is 50% PLA to 50% PGA. While the ratios of 

PLA to PGA can differ, these ratios are used because they are the more popular ratios and 

give a good idea of the physical properties of each co-polymer.  Additionally, the 

mechanical properties for the polymer that will be used in this thesis, PDLG 8531, is given 

in Table 1. The true value for cortical bone is contested, as different testing methods and 

sample size produce significantly different results. For example, Rho et al. examined 

several reported Elastic Modulus values for cortical bone take from various locations 

around the body, and reported values ranging from 3.81 GPa, when tested using a 3 Point 

bend test, to 10.4 GPa when tested via tensile testing. Including other studies conducted 

using nanoindentation or Finite Element Analysis the range increases to 1-20 GPa [14]. 

However, Rho et al. concluded that the generally accepted elastic modulus for cortical bone 

should range between 4.0-5.4 GPa [14]. Thus, if the range that we want to match our 

polymer to is 4.0-5.4 GPa, then there needs to be an increase in mechanical strength to 

better match this value. Several studies have indicated that introduction of additives such 

as graphene, carbon nanotubes, and calcium carbonate can help to enhance the polymers’ 

mechanical properties to better match bone [5], [6]. 
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 Table 1: Mechanical Properties of Various Polymers and Cortical Bone [14], [15] 

Polymer Modulus of 

Elasticity (GPa) 

Degradation 

time (months) 

PLLA 3.1-3.7 >24 

PGA 6.5-7.0 6-12 

PLGA [85:15] 3.3-3.8 12-18 

PDLG [50:50] 3.4-3.8 1-2 

PDLG [85:15] 

Measured in this 

thesis 

4.2 4-6 Weeks 

Cortical Bone 3.81 -10.4 - 

 

When talking about mechanical properties of bone and comparing these values to 

those of different polymers it’s important to understand what each value means and what 

it tells us about the polymer. In the sense of this thesis, we are looking at the Modulus of 

Elasticity (E), Ultimate Tensile Strength (UTS), the 0.2% Offset Yield Strength (Yield), 

and the Modulus of Rigidity. The E, UTS, and Yield can all be determined from the stress 

vs strain graph which is acquired from measurement the force vs displacement curve 

generated during mechanical testing. As seen in Figure 1, there are two separate regions 

known as the elastic deformation range and the plastic deformation range that can seen on 

stress vs strain curves [16]. The elastic deformation range is where any stress, that when 

removed, will not permanently deform the sample. The plastic deformation range is the 

range in which any stress, even after being removed, permanently deforms a material. The 

E is a ratio of the stress to strain, or more simply put, E describes how forces will deform 

a material. The E is generally found from the slope of the curve in the elastic deformation 

region. The UTS is the ultimate stress a material can take before failing. Generally, the 

UTS is found inside the plastic deformation region because when stresses reach as high as 

the UTS the material is permanently deformed. Lastly, the Yield is the point at which forces 
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Figure 1: Stress vs Strain curve with Modulus of Elasticity, Ultimate Strength, and Yield Strength highlighted. From ref 

[16]  

acting on a material transfer from elastic deformation to plastic deformation. This 

measurement is very important because it more accurately describes how a sample will act 

before deforming. If we are hoping to create screws from our material, then the material 

must be measured by how strong it is before deforming and not the max strength after 

deformation. Lastly, the modulus of rigidity is a measurement for toque testing. It describes 

much torque a sample can take while being rotated a specific degree. 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.3 Nanoparticles to Strengthen Polymers 

Enhancing the mechanical properties of polymers by including a variety of 

nanoparticles is nothing new in the world of composites. Before we knew and understood 

the science behind reinforced, materials humans have been reinforcing everyday materials 

with different additives to alter their properties such as straw mixed with clay or clay-
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reinforced resins [17]. Recently, the concept of mixing nanoparticles with polymers has 

opened the door for engineering plastics with different and improved properties for 

applications in the field of electrical, optical, mechanical, and bio engineering [17]. 

Specifically in tissue engineering, the introduction of carbon nanomaterials (CNM), like 

graphene, carbon nanotubes, and nanodiamonds, has proven to increase the mechanical 

properties of different polymers [3], [5], [18]. Interestingly, the most drastic changes in 

mechanical properties are often seen in low percentage additions, <2% by weight, of 

different nanofillers such as nanofibers, nanotubes, nanoplatelets, or nano-clays [19]. This 

was verified by a study done by Zhang et al. where they added nanodiamonds to PLLA, 

from 1-10% by weight. They showed that the addition of nanodiamonds drastically 

increased the strain by 280% and fracture energy by 310% when compared to pure PLLA 

[3]. Similarly, the greatest increase in the mechanical properties of the PLLA were seen in 

the smallest addition of nanodiamonds [3]. Thus, to overcome the issue outlined above in 

section 1.1.2, when using biodegradable biomaterials as fixation devices, they must first 

increase their mechanical properties through the addition of CNM to closer resemble that 

of native bone.  

1.1.4 Calcification of Biomaterials 

Calcification of substrates and/or scaffolds prior to device implantation in vivo or 

in vitro is nothing new in the field of bone tissue engineering. In fact, there have been 

various studies which look at the effects that surface calcification of a sample can have on 

the cellular response of the body when implanted in vitro [20]–[25]. However, there are 

many different terms for calcification when talking about the human body so it first must 

be defined. In the context of this thesis, calcification will be defined as the formation or 
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deposition, of insoluble calcium compounds on the surface of our samples. Specially, we 

will be looking for and analyzing the deposition of calcium hydroxyapatite, which can be 

written chemically as Ca10(PO4)6(OH)2. This is because calcium hydroxyapatite (HA) is an 

important compound to consider when trying to tissue engineer bone because HA is the 

main inorganic compound that makes up all the hard tissues found in bone [20].  

Previous bone engineering studies have primarily looked at the effects that 

incorporating HA into different scaffolds have on the scaffold when implanted in vitro, as 

well, as the effect that surface HA deposition has on cells [21]–[25]. Pure HA isn’t 

considered here because it isn’t suitable for use in tissue engineering due to its inherent 

brittleness and poor mechanical properties which makes it weaker than bone and very easy 

to fracture [20], [23]. The results from the HA scaffold studies show that the incorporation 

of HA into bone tissue engineering scaffolds offers better biocompatibility than other 

inorganic compounds, enhanced osteogeneses in vivo, and it provides a suitable 

microarchitecture for hard tissue formation [21]–[25]. The reason that HA incorporation 

has an increased effect in scaffolds, when compared to scaffolds without HA, is because 

the composition of HA is very similar to natural bone mineral and HA has osteoconductive 

and osteoinductive properties [22]. Additionally, the incorporation of HA into a scaffold 

leads to a composite with better bone bonding properties [21]. This is because HA exhibits 

excellent biocompatibility with both hard and soft tissues, such as skin, muscle, and bone, 

making it an ideal compound for orthopedic implants or bone tissue engineering scaffolds 

[22]. From these studies we can see that the incorporation of HA into scaffolds has a 

dramatic effect on how different cells will react to the scaffold, however the poor 

mechanical properties eliminate it as a possible additive to our bioabsorbable polymer since 
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it will drastically decrease the polymers’ mechanical properties [20], [23]. This contradicts 

what we are trying to do because we want to increase the mechanical properties of polymer 

to better match bone, not decrease it.  

Wang et al. defines a list of requirements that bone tissue engineering scaffolds 

must fulfill in order to provide a pivotal role in tissue formation [23]. The list defines the 

following basic requirements as:  

• Highly porous with proper pore size 

• Surface properties permitting cell adhesion, differentiation, and 

proliferation 

• Desirable mechanical integrity to maintain the predesigned tissues structure 

• Non-cytotoxic 

• Osteoconductive 

In the previous section, section 1.1.2, several of these criteria have already been evaluated 

such as mechanical integrity, cytotoxicity, and in later sections surface adhesion will be 

discussed. However, the remaining two criteria have not been discussed, specifically 

osteoconduction because porosity of the bioabsorbable polymer will not be analyzed. A 

material which is osteoconductive is defined as any material that acts as a scaffold for the 

growth of new bone that is perpetuated by the native bone [26]. This is vastly different that 

osteoinduction, which involves the stimulation of osteoprogenitors cells to differentiate 

into osteoblasts that begin new bone formation [26]. Both osteoconduction and 

osteoinduction are extremely important when trying to create a bone tissue engineered 

scaffold but osteoinduction is much harder to achieve without the help of HA [22].  Thus, 

at a bare minimum, our polymer must possess osteoconductive properties. However, 
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previous studies of different polymers, such as PLGA, has proven them to have very poor 

osteoconductive properties and absolutely no osteoinductive properties [27]. Therefore, an 

ideal bioabsorbable polymer would encourage growth of HA on the surface to receive 

hydroxyapatites’ osteoconductive and osteoinductive properties as well as the other various 

benefits of HA without actually incorporating it into the entire structure of the 

bioabsorbable polymer. 

Pramatarova et al. have found that the addition of detonated nanodiamonds 

increased the growth rate of HA on the surface of both silica glass and cover glass [28]. 

Various different types of detonated nanodiamonds were used and each type of 

nanodiamond had a different functional group bonded to the surface. The glass samples 

were then placed in Simulated Body Fluid (SBF), which is a supersaturated solution of 

salts which has an ion concentration similar to human blood, to induce HA deposition onto 

the surface of the samples [20], [28]. The samples of glass were placed in either pure SBF 

or a suspension of one of the nanodiamonds in SBF. From this they found that samples 

placed in the SBF nanodiamond suspension were more effective at growing HA than pure 

SBF [28]. Specifically, the suspension of nanodiamonds which had been functionalized 

with hydroxyl groups grew the most HA on the glass surface than any of the other 

functional groups in the same amount of time.  

Building off the work done by Pramatarova et al. on the effects of growing HA in 

the presence of hydroxylated nanodiamonds, the incorporation of nanodiamonds into a 

bioabsorbable polymer might create a plastic which exhibits enhanced calcification when 

placed in SBF, similarly to what is seen on the glass slides. Growth of HA on the polymer 

surface would cause the polymer to act similarly to polymer scaffolds which had been 
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incorporated with HA prior to implantation and create a bioabsorbable polymer which 

offers better biocompatibility and osteoconduction than the pure polymer. Additionally, 

since nanodiamonds are a CNM, like the ones described in section 1.1.3, they have the 

potential to increase the mechanical properties of the plastic when incorporated into the 

polymer structure; like what was done by Zhang et al. in PLLA [3].   

1.1.5 Previous Work  

Previous research was done at Temple University to study the effects of 

incorporating different functionalized nanodiamonds in different polymers for their 

potential use in fixation devices, specifically for their use in ACL repair. In his PhD thesis, 

Dr. Sean Devlin compared the effects that adding functionalized nanodiamonds to poly-

(L,D)-lactic-co-glycolic acid (PDLG) had on the PDLG’s mechanical properties, 

specifically PDLG 8531. PDLG 8531 is a special mix of 85% lactic acid to 15% glycolic 

acid with a viscosity of 3.1 dl/g. The mixture of PDLG 8531 is slightly different than the 

PDLG shown in Table 1, meaning that while the properties will be similar, they will not 

be the exact same. Dr. Devlin suggested that PDLG was used instead of traditional PLGA 

because it has shown to have a faster degradation rate than PLGA and has more mechanical 

integrity [29]. Specifically, Dr. Devlin aimed to identify the best possible nanodiamond 

additive which has the greatest improvement in mechanical properties of PDLG as well as 

identify any improved biological effect that the nanodiamonds might have on tissue [15]. 

Detonated nanodiamonds with either hydroxyl (ND-OH), amine (ND-NH), and carboxyl 

(ND-COOH) functional groups bonded to them were combined with the PDLG and then 

tested for their mechanical properties. In addition to testing different types of 

functionalized nanodiamonds to use, Dr. Devlin also tested the best way to incorporate the 
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nanodiamonds into the PDLG to create the strongest material possible. He found that by 

first combining the PDLG with the nanodiamonds and then incorporating them into the 

polymer chain drastically increased the mechanical properties when compared to just 

mixing the nanodiamonds and PLDG together. This was done using a reaction known as 

the solid state polycondensation (SSPC) reaction which creates branched or networked 

bonds within the polymer with the nanodiamonds participating in the reaction to become 

embedded in the polymer chain [19], [29]. The increased effects that the SSPC reaction has 

on flexural stress for each of the three functionalized nanodiamonds can be seen in Figure 

2. The largest improvement in flexural stress is seen in the PDLG sample with hydroxylated 

nanodiamonds with an increase of 15%.  

After developing a superior way to incorporate the nanodiamonds into the PDLG 

polymer, Dr. Devlin looked at the effects that these nanodiamonds had on cells. In a study 

conducted on 7F2 osteoblasts, he found that the hydroxylated nanodiamonds had 

significantly improved cellular adhesion on the surface of the polymer over the course of 

3 and 7 days [29]. The 7F2 cells were first stained with DAPI to identify their nucleus and 

phalloidin to identify their extracellular proteins. Following staining, the cells were counted 

using CellSegm in MATLAB to determine which PDLG nanodiamond composite had the 

greatest cellular adhesion, the results of which can be seen in Figure 3. 

From this research it was identified that hydroxylated nanodiamonds with a size of 

~60 nm were the best to use of the three tested [15]. Therefore, the effects of  hydroxylated 

nanodiamonds on PDLG is two-fold, first increasing the mechanical properties and 

secondly increasing the cellular adhesion between the polymer and cells to promote cell 

growth on the surface of the polymer. 
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Figure 2: Stress-Strain curves of the three types of ND composites (0.1% ND by weight, 

n=3). The top row was cryomilled and vacuum dried at room temperature before 

compression molding. The bottom row was additionally vacuum annealed for SSPC (150°C 

at 0.2 Torr for 48 hours)  From ref [28] 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Results of nuclei counting on the DAPI channel via CellSegm. ND-OH composites show highest number of 

cells attached 3 days after seeding. Significance p > 0.01. From ref [29] 
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1.1.6 Fabrication Methods 

Fabrication of polymers incorporated with nanodiamonds has been previously 

accomplished to create many different materials such as nanocomposites, electrospun 

scaffolds, thin films, membranes, or porous scaffolds [30]–[32]. Depending on the final 

material that is desired different fabrication methods can be used such as solvent 

evaporation and precipitation, melt mixing, in situ polymerization, and template synthesis 

[32]. The manufacturing method that will be used to create our mixture of polymer with 

different concentrations of nanodiamonds will be derived from a previously established 

method to make similar materials [29]. The raw polymer and the nanodiamonds are first 

mixed together in a cryomilling device to create micro-sized polymer pieces 

homogeneously dispersed with the nanodiamond powder [29], [32]. The mixture will then 

be placed in a vacuum oven and heated to melt the material together. In order to create 

tougher materials, the polymer samples will be placed under vacuum while being heated 

to induce a solid state polycondensation (SSPC) reaction to occur [19], [29]. Following 

nanodiamond incorporation, the samples will be compression molded or injection molded 

to create thermoplastic samples that can be further tested [29]. 

While the end goal of the project is to fabricate biodegradable orthopedic fixation 

screws, the tests described in this thesis will not be tested on actual fixation screws. The 

polymer will be made into test beams which will be used to gather data about the polymer. 

Only after the polymer has been completely characterized will it be made into orthopedic 

fixation screws.  
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1.1.7 Injection Molding 

Since the ultimate goal of this thesis is to produce a plastic that can be used in 

orthopedic fixation devices, we need to look at the process which is used to create the them 

on an industrial scale; specifically, the process of injection molding. Injection molding 

allows for rapid, large scale fabrication of plastic products by using pressure to force 

molten plastic into metal cavities, or molds, and then cooling the plastic until it’s a solid so 

it retains the shape of the mold it was placed into. Many different products are produced 

using this method today ranging from electrical switches and DVDs to medical devices, 

such as current biodegradable fixation screws [33]. During the process of injection 

molding, plastics can be regularly subjected to pressures in the range of 4 to 16 thousand 

psi [34]. This is done with the help of huge factories and machines which can process 

thousands of pounds of material in a day. For laboratory scale research, a different type of 

approach must be utilized since the amount of material being processed is minimal. 

Desktop injection molding devices are a possible substitute as they were designed to only 

process a small amount of material at a time. Instead of producing thousands of parts in 

one mold like an industrial machine, a desktop injection molding machine will produce 

one sample at a time. However, a potential drawback to desktop injection molders is that 

they aren’t capable of producing pressures that would be seen in industrial scale tools. This 

decrease in pressure may have an effect on the material properties of the plastic being 

injection molded, but this needs to be investigated further. By using a desktop injection 

molding device, we can try and produce injection molded plastics similar to what can be 

produced on an industrial scale to verify that the process works before scaling up and mass 

producing polymer fixation screws.   
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CHAPTER 2:  HYPOTHESIS AND SPECIFIC AIMS 

Hypothesis:  

PDLG 8531 can be used to make orthopedic fixation devices and can be strengthened 

through the addition of hydroxylated nanodiamonds to better match the properties of bone. 

 

2.1 Specific Aim 1: Characterize PDLG with various concentrations of 

nanodiamonds to determine the optimal concentration. 

2.1.1 Create samples of the PDLG polymer with varying concentrations of 

hydroxylated nanodiamonds between: no nanodiamonds (0.0%), 0.1%, 

0.3%, and 1.0%, by weight. 

2.1.2 Characterize the mechanical properties of the PDLG polymer with various 

amounts of hydroxylated nanodiamonds by finding the Elastic Modulus, 

Ultimate Tensile Strength, 0.2% Yield offset Strength, and Torque.  

2.2 Specific Aim 2: Observe and determine degradation and calcification of the 

PDLG with and without nanodiamonds for 8 weeks using the optimal 

nanodiamond concentration identified in Aim 1. 

2.2.1 Observe the degradation of the PDLG polymer in deionized (DI) water, 

complete αMEM cell culture media, and SBF @ 37 ºC with a control kept 

at atmospheric conditions. 

2.2.1.1 Determine the change in mass of the PDLG polymer at each time 

point. 

2.2.2 Observe the calcification of the PDLG polymer for 8 weeks while in SBF. 
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2.2.2.1 Determine the mechanical properties of the polymer at each time 

point while in SBF. 

2.2.2.2 Take SEM images of the surface calcification at 0, 6, and 8 weeks. 

2.2.2.3 Conduct elemental analysis on the polymer after 0 and 8 weeks to 

characterize calcification by elemental analysis. 

2.3 Specific Aim 3: Fabricate injection molded samples that are made from the 

PDLG with and without nanodiamonds using the optimal nanodiamond 

concentration identified in Aim 1.  

2.3.1 Create samples by injection molding. 

2.3.1.1 Characterize the mechanical properties of the injection molded 

PDLG polymer with and without nanodiamonds by finding the 

Elastic Modulus, Ultimate Tensile Strength, and 0.2% Yield offset 

Strength. Then compare the mechanical properties of compression 

molded samples to injection molded samples.  
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CHAPTER 3:  PRELIMINARY MATERIALS AND METHODS 

3.1 Specific Aim 1 

3.1.1 Manufacturing of PDLG Samples 

The polymers that will be investigated to replace the current polymer of PLLA in 

orthopedic fixation devices will be PDLG 8531 (Corbion Inc.) with various amounts of 

added hydroxylated nanodiamonds (60nm, Adamas Nanotechnologies Inc.). The polymer 

arrives from the manufacture, in pellet form, and the hydroxylated nanodiamonds (NDs) 

arrive as a fine powder. Both must be processed together using an existing manufacturing 

process to create the final, usable form of the PDLG-ND polymer mix. This final form will 

be used to characterize the mechanical properties later in Aim 1 as well as in Aim 2. The 

same manufacturing method will be used for PDLG 8531 samples with and without 

hydroxylated nanodiamonds. 

Cryomilling 

For a single polymer sample, PDLG pellets were aliquoted into 5.0 gram samples. 

Hydroxylated nanodiamonds were then weighed to the appropriate weight based off the 

given concentration (i.e. For 0.1% sample, 5.0 gram PDLG with 5.0 mg hydroxylated 

nanodiamonds). The concentrations of hydroxylated nanodiamonds in question are 0.0%, 

0.1%, 0.3%, and 1.0%. The PDLG pellets were then added to the cryomilling container 

with the short grinder rod. Hydroxylated nanodiamond powder was then poured over the 

pellets and the container was capped. The parameters for cryomilling were as follows: 12 

minutes precool in liquid nitrogen (LN2), 15 cycles for 50 seconds each at a rate of 15 

cycles per second (CPS), with 1 minute rest intervals between each cycle.  
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Vacuum Annealing 

The powdered samples were then vacuum annealed using a vacuum oven (Across 

International VO-16020m) utilizing a vacuum pump (Fisher Scientific Maxima C model 

D4B) to draw vacuum. Heat cycle length and temperature were both controlled using the 

built-in PID controller. Heat cycle length was set as 2880 minutes (48 hours) and the 

temperature was set to 124 ºC (255 ºF on controller). Vacuum pressure was monitored 

using a Vacuum Research Pirani gauge attached to a Savant DVG50 digital display. The 

powder was placed in a small silicon Baba mold (Silikomart SF019/C) and then placed in 

the vacuum oven. The vacuum pump was turned on and the pressure was allowed to reach 

0.2 mtorr. Once at pressure, the oven was turned on and left to run 1 complete cycle. Upon 

completion of the cycle the oven was turned off and allowed to return to ambient 

temperature, about 25 ºC, while still under vacuum. 

Compression Molding 

After vacuum annealing, the samples were compression molded at a high 

temperature to produce the final form of the PDLG sample, a disk with a height of 4.5-5.0 

m and a diameter of 1.25”. This is created using a 1.25” cylindrical compression molder 

and associated heater (LECO PR-10). Before every test, the compression mold chamber 

was cleaned of residue using acetone, dried, and coated with demolding Teflon spray (Du 

Pont Teflon non-stick dry-film lubricant). The vacuum annealed sample was then placed 

in the camber, covered, and preloaded with 10 psi of pressure. The heater was set to 200 

ºC on the PID controller (Omega CN7600) and allowed to reach temperature. Once at 

temperature, the compression molder was compressed to 2000 psi for 15 minutes. After 15 
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minutes, the heater was removed, and the cylinder was left to cool back down to 

approximately 45 ºC before being removed from the mold [29].  

3.1.2 Mechanical Properties of PDLG Samples 

After fabricating PDLG samples with varying concentrations of hydroxylated 

nanodiamonds they were tested for each of the following mechanical properties: Elastic 

Modulus, Ultimate Tensile Strength, 0.2% Yield offset Strength, and Torque till break. The 

1.25” disks created in section 3.1.1 were sectioned to create testing beams and each 

subsequent testing was performed on these beams. Three disks of each nanodiamond 

concentration were fabricated and one beam per disk was used for testing (n=3).  

Sectioning 

Each disk sample was cut laterally into 2.0 mm thick beams with lengths between 

27.0 to 32.0 mm using a wafer saw (Beuhler Isomet-1000 with 6” diamond blade No. 11-

4276). Since the disks were cut laterally, the width of the test beams is the same as the 

thickness of the disk, which is about 5.0 mm. The saw parameters were set to 800 rpm with 

a counter weight of 150 grams and cooled using a coldd water bath.  

Mechanical Testing 

The Elastic Modulus, Ultimate Tensile Strength, and 0.2% Yield offset Strength 

were each calculated from a 3 point flexural test. An Electroforce probe (Bose Int.) 

equipped with a 100 lbf load cell using a 3 point bend apparatus was used to flexural load 

the test beams until failure. The axial displacement rate was 1 mm/min and the force and 

displacement data were collected by the software (Bose Int. WinTest 3.0) at a rate of 10 
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Hz [29]. The Flexural stress (Equation 1), flexural strain (Equation 2), and flexural elastic 

modulus (Equation 3) were then calculated using the following formulas where F is force 

in N, L is span length in mm, b is width of sample in mm, d is thickness of sample in mm, 

D is displacement at the center of the beam in mm, m is the gradient of the straight-line 

portion of the load deflection, σ is flexural stress in MPa, ε is flexural strain, and E is 

flexural elastic modulus in MPa [35].  

𝜎𝑓 =  
3𝐹𝐿

2𝑏𝑑2       Equation 1  

𝜀𝑓 =  
6𝐷𝑑

𝐿2        Equation 2 

𝐸 =  
𝐿3𝑚

4𝑏𝑑4        Equation 3 

To calculate the torque required to break a PDLG sample and the modulus of 

rigidity, the polymer was first sectioned like in section 3.1.1. Following sectioning, the 

samples were placed in the torsion tester and secured. The bottom of the sample holder was 

then rotated at a known rate of 15 degrees/second until the sample either broke or 

plastically deformed. The data was then collected at a rate of 51.2 Hz. Since there was no 

device at Temple University that would work with the sized samples producible, an outside 

testing source was secured. Drs. Collin Stabler and Michael Frohbergh of Exponent, Inc. 

provided support for torsional testing using a device located at their Philadelphia, PA office 

using their standard operating procedure. To calculate the Modulus of rigidity, Equation 

5 was used, but first the torsion constant for a rectangle, J in units of mm4, was calculated 

from Equation 4 [36]. It is important to note that since Equation 4 is an approximation, it 

is accurate within 4% of the true value. 
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𝐽 = 𝑎𝑏3 (
16

3
− 3.66

𝑏

𝑎
(1 −

𝑏4

12𝑎4
))     Equation 4 

𝐺 =  
𝑇𝐿

𝐽𝜃
        Equation 5 

Where a is half of the width of the test sample in mm, b is half of the thickness of the test 

sample in mm, L is the length of the test sample in mm, G is the Modulus of rigidity in 

MPa, T is the torque in N*mm, and θ is the angle of twist in radians.   

Locating a tool to run this test took longer than anticipated and when one was finally 

found, the optimal concentration of nanodiamonds had been determined. Hence the reason 

why pure PDLG and only one concentration of nanodiamond in PDLG were tested for 

torsion.  

Statistical Analysis 

Following data collection, a one-way ANOVA analysis table was done to determine 

the statistical significance between each sample concentration, using the standard three 

separate levels of significance at p-values of 0.05, 0.01, and 0.001. The reason 3 different 

levels of significance will be used is to show the variance in significance. 

3.2 Specific Aim 2 

3.2.1 Degradation Study of PDLG Over 8 Weeks 

The degradation of PDLG samples was tracked over the course of 8 weeks with 

time points every 0, 2, 4, 6, and 8 weeks. PDLG samples will be placed in DI water with 

30mM HEPES (Fisher), αMEM (Gibco) with 10% FBS (Benchmark) and 1% Antibiotic 

antimycotic solution 100x (Gibco) , and SBF produced using protocol outlined by Cüneyt 

Taş [20]. Samples of PDLG with and without 0.1% hydroxylated nanodiamonds were 
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manufactured into disks following the same procedure in section 3.1.1 but instead five 

sample disks were created for each concentration.  

Sectioning 

The sample disks were then cut similarly to section 3.1.2 but the test beams were 

further cut so each sample piece had a length of 10.0 mm. For each time point four sample 

pieces were used in each solution for a total of 12 sample pieces per time point. Since there 

were five different time points, a total of 60 samples were created for both PDLG with 

0.1% hydroxylated nanodiamonds and PDLG without.  

Serialization of PDLG Samples 

The degradation test is meant to simulate degradation that might occur in the 

polymer samples while in the human body. To do this the samples must be kept under 

sterile conditions while being incubated to mimic conditions present in the human body. 

Sterilization was achieved by placing each sample, both with and without nanodiamonds, 

in a 24 well plate (Falcon), covered with 2.0 mL of 10% solution of 100x Antibiotic 

antimycotic (Gibco) in sterilized DI water, and let sit for one hour. After one hour the 

sample were removed from the 10x solution, washed three times with sterilized DI water, 

and placed in 2.0mL 2% solution of 100x Antibiotic antimycotic in sterilized DI water 

overnight. Upon returning the next day, samples were then removed from the 2x solution, 

washed three times in sterile DI water, and placed in a new 24 well plate. 
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Degradation Test 

Prior to sterilization of the samples, the weight of each sample piece was taken 

using a scale (Denver Instruments). After sterilization, 12 samples of PDLG with and 

without 0.1% hydroxylated nanodiamonds were placed in a 24 well plate (Falcon) for each 

time point. Four of each sample were then submerged in 2.0 mL of either DI water, 

complete αMEM, or SBF for both concentration samples. The 24 well plates were then 

incubated under sterile conditions at 37 ºC with 5% CO2. Liquids were changed every 

Monday and Thursday (3 or 4 days) and every Thursday the pH (Mettler Toledo pH meter 

F20) of each liquid was recorded. Four sample pieces were held at nonsterile atmospheric 

conditions as a degradation control. At the end of the sample’s time point it was removed 

from incubation, removed from its testing liquid, and rinsed three times with DI water. 

After rinsing, the 24 well plates were placed under vacuum for 24 hours to dry. Once the 

water had been thoroughly removed, the polymer samples were weighed to track their 

change in weight.  After drying and weight collection, samples were stored in an -80 ºC 

freezer until further use.  

Statistical Analysis 

Following the collection of the degradation data, each comparison between weight 

of the sample and the control was tested for statistical significance. This will be done to 

see if there is a difference in the polymer degradation between samples in each fluid and 

the control samples which is at room temperature. The testing was done using a one-tailed 

t-test using the standard three separate levels of significance at p-values of 0.05, 0.01, and 

0.001.  
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3.2.2 Calcification Study of PDLG Over 8 Weeks 

To simulate the calcification that might occur if the samples were placed in vivo, 

the polymer samples were placed in SBF over the course of 8 weeks with time points at 0, 

2, 4, 6, and 8 weeks. SBF is used here because it has a very similar ion concentration to 

that of human blood. SBF was also used because it has been shown to precipitate 

hydroxyapatite onto certain surfaces and will be used to observe the enhanced effects that 

nanodiamonds may have on calcification, if any [20]. The samples of PDLG with and 

without nanodiamonds came from the samples produced in section 3.2.1, but when the 

samples were cut from the disks as test beams, they were left at their initial length, of about 

27.0 to 32.0 mm, and not shortened to 10.0 mm. At least one test beam was taken from 

each disk produced and four test beams were taken for each time point. This resulted in 20 

total test beams being used for samples of PDLG with and without nanodiamonds. All 40 

samples were then sterilized using the same procedure outlined in section 3.2.1 but instead 

of using a 24 well plate, a 6 well plate (Falcon) was used. 5.0 mL of both the 10x and 2x 

100x Antibiotic antimycotic solutions were used to cover the samples instead of the 

indicated 2.0 mL used for a 24 well plates.  

Calcification Test 

After sterilization, each test beam was placed in 5.0 mL of SBF fluid and was then 

incubated under sterile conditions at 37 ºC with 5% CO2. SBF was changed every Monday 

and Thursday (3 or 4 days). At the end of each time point the samples were removed from 

the SBF, rinse three times with DI water, and dried overnight under vacuum. Pictures of 
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the samples after each time point were taken to track the change in physical appearance 

over 8 weeks. The finished samples were then stored at -80 ºC until further use  

SEM Imaging and EDS Data 

SEM images of the calcified samples were taken to show the microscopic 

calcification and degradation that occurred for week 0, week 6, and week 8. Samples were 

placed in a low vacuum chamber on the SEM (FEI Quanta 450 FEG) equip with an 

elemental analysis sensor (Oxford SSD Ultim). After imaging at several different 

magnification, samples for week 0 and week 8 were then tested for their composition using 

the elemental analysis sensors to quantify the amount of calcification that occurred on each 

sample via elemental deposition.  

Mechanical Testing 

Similar to section 3.1.2., the PDLG samples were mechanically tested using a 3 

point flexural test to determine their Elastic Modulus, Ultimate tensile strength, and 0.2% 

Yield offset Strength. This was done for all four samples at each time point of 0, 2, 4, 6, 

and 8 weeks to track their change as it relates to both calcification and degradation.  

Statistical Analysis 

Following the collection of the calcification mechanical testing data, each sample 

were tested for statistical significance by comparing the samples with and without 

nanodiamonds to each other. This was done using a one-tailed t-test using the standard 

three separate levels of significance at p-values of 0.05, 0.01, and 0.001.  
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3.3 Specific Aim 3 

3.3.1 Injection Molded Samples  

First in order to use an injection molding device a mold is required. The mold is a 

negative copy of what you want to create with the injection molding device, in our case we 

want to create test beams to be used to characterize mechanical properties. However, 

ultimately we will want a screw mold to create orthopedic fixation devices. To do this first 

a CAD drawling of the desired injection mold design was created on the computer 

(SolidWorks 2018). Next, this design was 3D printed (Anet A8) using PLA filament (White 

PLA, Hatchbox) to create a prototype of the desired design. The 3D printed prototype was 

then placed in a metal injection molding frame (Large Frame, LNS Tech) and filled with 

epoxy (General Epoxy, TAP Plastics). After the epoxy cured, the frame was ready for use 

with the injection molding device.  

Following the manufacturing processes described in section 3.1.1 the polymer 

samples was processed the same way until the final step. Instead of being placed in a 

compression molder the polymer samples were sectioned up into pieces that could be 

placed in the injection molder.  To cut the oven annealed polymers, they were first placed 

in liquid Nitrogen (LN2) for 10 minutes to cool down and become brittle. After being 

removed from the LN2 the samples were hit with a chisel and hammer to section them up 

into several smaller pieces. The most samples broke up into 4 or 5 evenly sized pieces. The 

cold samples were then placed into a desiccator and allowed to reach room temperature 

before being placed in the 150A injection molder (LNS Tech.). This was done because all 

available cutting methods involved the use of water interacting with the sample to cool the 

cutting edge. Since PDLG degrades in the presence of water, this method was designed to 
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allow adequate cutting without the use of water. After being cut the samples were placed 

in a desiccator so that they could warm up without the presence of water. After placed in 

the injection molder, the plastic was heated to 165 ºC or 330 ºF. After 10 minutes of heating 

the now liquid polymer was injection molded into the mold to be formed into 25mm long 

cylindrical rods with a dimeter of 6.5mm. After being allowed to cool back to ambient 

temperature, about 25 ºC, the sample was removed from the mold. Before the use of the 

mold it was sprayed down with Pol-Ease 2300 Mold Release (Tap Plastics) to help the 

plastic release from the mold. 

Mechanical Testing 

Following the method described above for using the injection molder for the PDLG 

polymer, samples were fabricated to test the mechanical properties of the PDLG polymer 

after it has been injection molded. This was done so that the two different fabrication 

methods, compression molding and injection molding, could be compared to see if one 

method produced a stronger plastic. Samples of both PDLG with 0.1% nanodiamonds and 

samples without were fabricated, tested, and compared. Since the use of a cylindrical rods 

were used to test the mechanical properties slightly different formulas were needed to 

calculate the flexural stress and modulus of elasticity than what is shown in Equation 1 

and Equation 3. Equation 6 was used to determine the flexural stress in round objects and 

Equation 7 was used to determine the modulus of elasticity in round objects. In this case 

r is the radius of the sample in mm and d is the diameter of the sample in mm.  

𝜎𝑓 =  
3𝐹𝐿

2𝑟3        Equation 6 

𝐸 =  
4𝐿3𝑚

3𝜋𝑑4
        Equation 7 
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Similar to section 3.1.2., the PDLG samples were mechanically tested using a 3 

point flexural test to determine their Elastic Modulus, Ultimate tensile strength, and 0.2% 

Yield offset Strength. During the 3 point bending test, conducted on the BOSE  

Electroforce probe, the axial displacement rate was 1 mm/min and the force and 

displacement data were collected by the software (Bose Int. WinTest 3.0) at a rate of 10 

Hz [29]. The mechanical properties calculated in section 3.1.2 for PDLG with 0.1% 

nanodiamonds and without were fabricated using a compression molding device. The 

mechanical properties calculated from the injection molder was compared to these data to 

determine the difference of mechanical properties in manufacturing methods. 

Statistical Analysis 

Following the collection of  these data, a one-tailed t test was run to determine the 

statistical significance between injection molded samples with and without nanodiamonds, 

using the standard three separate levels of significance at p-values of 0.05, 0.01, and 0.001.  
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Figure 4: PDLG as it travels through the manufacturing stages. Note: the polymer shown has no nanodiamonds in it. 

A: PDLG as it arrives from the manufacture in pellet form. B: PDLG after it has been cryomilled into a fine powder. 

C: PDLG after oven annealing in the vacuum oven. D: PDLG after being compression molded into a disk then being 

cut into a test beam which s about 30mm in length, 5 mm in width, and 2mm thick. 

CHAPTER 4:  RESULTS  

4.1 Specific Aim 1 

4.1.1 Manufacturing of PDLG Samples 

Pictures of the manufacturing process for PDLG without nanodiamonds were taken 

after each step described in section 3.1.1. This can be seen in Figure 4 as the manufacturing 

process affects and changes the polymer. The first picture of the PDLG shows the polymer 

as it is received from the manufacture (Figure 4A). The second picture is after the powder 

has been cryomilled (Figure 4B). The third picture shows the mold of the PDLG after it 

has been oven annealed (Figure 4C). The final picture shows both the sample after it was 

compression molded disk in the background and the compression molded disk that has 

been sectioned with the test beam in the foreground (Figure 4D).  
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Figure 5: PDLG with different concentrations of hydroxylated nanodiamonds after the oven annealing step. From 

Left to Right: Without nanodiamonds, 0.1% hydroxylated nanodiamonds, 0.3% hydroxylated nanodiamonds, and 

1.0% hydroxylated nanodiamonds 

Figure 6:PDLG with different concentrations of hydroxylated nanodiamonds after being sectioned into test beams. Left 

to Right: Without nanodiamonds, 0.1% hydroxylated nanodiamonds, 0.3% hydroxylated nanodiamonds, and 1.0% 

hydroxylated nanodiamonds. The scale bar is 1.0 cm.  

 In Figure 5 each concentration of PDLG after the oven annealing step was lined 

up to show the change in color. The higher the concentration of nanodiamonds directly 

relates to the darker the color. The color appears to be very uniform across the sample 

indicating there is a homogeneous disbursement of the nanoparticles in the PDLG. 

 

 

 

 

 

 

Figure 6 is similar to Figure 5 where it shows the change in color as the 

concentration of the nanodiamonds increases but now it is shown in the final form of the 

test beams before mechanical testing. 
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Figure 7: 3-point flexural test setup on sample of PDLG with 0.3% hydroxylated nanodiamonds during bending. The 

sample is in the 3 point bending apparatus mounted on the Bose Electroforce device 

4.1.2 Mechanical Properties of PDLG Samples 

To test the flexural stress, flexural strain, and flexural elastic modulus, first the 

force vs displacement data had to be collected. To do this the sample test beams were 

loaded into the 3 point bending apparatus, shown in Figure 7, and bent until breaking.  

 

 

 

 

 

 

 

 

 

 

 

 

 

From the force vs displacement data collected, the stress vs strain for each of the 

nanodiamond concentration can be calculated using the equation in section 3.1.2 and then 

graphed in MATLAB. Using equation 1, 2, and 3 presented in section 3.1.2 the Elastic 

Modulus (Figure 8), Ultimate Tensile Strength (Figure 9), and Yield Strength (Figure 10) 

were calculated for each concentration and then graphed to visually compare them. The 
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Figure 8: Average Modulus of Elasticity for each sample of PDLG with varying concentrations of nanodiamonds. N=3 
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Figure 9: Average Ultimate Tensile Strength for each sample of PDLG with varying concentrations of nanodiamonds. N=3 

stress vs strain graph for each test from which the data was extracted can be seen in 

Appendix A.  
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Next the data from the torsion test were collected and then analyzed to find the 

modulus of rigidity for each sample. By analyzing the rotation vs torque the modulus of 

rigidity can be calculated at failure. A picture of the torsional test setup can be seen in 

Figure 11. The average modulus of rigidity for each PDLG sample can be seen in Figure 

12. The rotation vs torque graph for each test from which the data was extracted can be 

seen in Appendix A. 
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Figure 11: A picture of the torsion testing set up. The sample is attached between the two plates 

and the bottom one will rotate while the top stays still. 
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Figure 12: Average Modulus of Rigidity for samples of PDLG without nanodiamonds and PDLG with 0.1% nanodiamonds.  
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4.2 Specific Aim 2 

4.2.1 Degradation Study of PDLG Over 8 Weeks 

Over the course of 8 weeks, there was a large change that could be seen occurring 

in the PDLG not only on its surface but molecularly too. Figure 13, Figure 14, and Figure 

15 show the percentage change in weight in the PDLG samples with and without 

nanodiamonds over the course of 8 weeks when compared with control samples left at 

atmospheric conditions. Figure 13 shows the change in weight in SBF, Figure 14 shows 

the change in weight in water with 30 mM HEPES, and Figure 15 shows the change in 

weight in complete αMEM. Statistical analysis was then conducted on each test in each 

liquid to determine the significance where * represents p < 0.05, ** represents p < 0.01, 

and *** represents p < 0.001. Next, in Figure 16, we see the change in sample appearance 

after 8 weeks in SBF. Figure 16 A and C show the pure polymer sample before (A) and 

after (C) 8 weeks in SBF. Figure 16 B and D show the polymer sample with 01% 

nanodiamonds before (B) and after (D) 8 weeks in SBF. 
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Figure 13: Percentage change in weight of PDLG with and without nanodiamonds over 8 weeks in SBF when 

compared with controls. * p < 0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Percentage change in weight of PDLG with and without nanodiamonds over 8 weeks 

in Water with 30 mM HEPES when compared with control. * p < 0.05 

* 
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Figure 15: Percentage change in weight of PDLG with and without nanodiamonds over 8 weeks in Complete Media 

when compared with control. * p < 0.05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: A PDLG without nanodiamonds before 8 week 

degradation study. B PDLG with 0.1% nanodiamonds before 8 

week degradation study. C PDLG without nanodiamonds after 

8 week degradation study. D PDLG with 0.1% nanodiamonds 

after 8 week degradation study 

* 
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4.2.2 Calcification Study of PDLF Over 8 Weeks 

At the end of the 8 week calcification study the first thing to be examined was the 

change in surface topography and possible accumulation of calcium crystals or other 

material on the samples surface. SEM images were taken for week 0, week 6, and week 8 

because little change was seen on week 2 and week 4 samples. Figure 17 shows the 

difference between the samples with and without nanodiamonds for the three time points. 

For the PDLG samples without nanodiamonds (Figure 17 A, B, and C), in the cut outs we 

can see that there is a change in color from clear to white in the samples prior to SEM 

imaging and there is no calcification visible. When magnified via SEM imaging, samples 

week 6 and week 8 show a little crystallization but the surface is mostly smooth. As 

expected, week 0 doesn’t show any crystal accumulation or anything of importance except 

for striation marks on the surface caused by the saw when the sample was sectioned. The 

PDLG samples with 0.1% hydroxylated nanodiamonds (Figure 17 D, E, and F) show clear 

crystal formation in both the initial pictures and the SEM images for week 6 and week 8. 

Week 0 is slightly different than the week 0 without nanodiamonds because there are no 

station marks present but still a very smooth surface without crystal formation.  
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Figure 17: A, B, and C: Scanning Electron Microscope (SEM) images of the calcification of PDLG without 

nanodiamonds after 0, 6, and 8 weeks in SBF. D, E, and F: SEM images of the calcification of PDLG with 0.1% 

hydroxylated nanodiamonds after 0, 6, and 8 weeks in SBF. Insert: Photographs of the samples prior to SEM imaging. 

Note: No calcification is observed on the samples without nanodiamonds. (A, B, C) 

 

 

 

 

 

 

 

 

 

 

Seen in Figure 17 there was some crystal formation on both sets of week 6 and 

week 8 PDLG samples but their importance to calcification is not known until examined 

via elemental analysis. Elemental analysis was done on only PDLG samples from week 0 

and week 8. Week 0 samples give a baseline of the material composition to compare week 

8 with to see how the composition changed. Figure 18 and Figure 19 show the analysis of 

week 0 PDLG without and with nanodiamonds, respectively. Both samples are composed 

of only carbon and oxygen as expected since the PDLG molecules and hydroxylated 

nanoparticles are composed of only carbon, oxygen, and hydrogen; which doesn’t appear 

on the elemental analysis spectrum.  
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Figure 18: LEFT: SEM image of PDLG without nanodiamonds in SBF for 0 weeks. RIGHT: Elemental analysis of the 

surface of the PDLG sample shown on the left 

Figure 19: LEFT: SEM image of PDLG with 0.1% nanodiamonds in SBF for 0 weeks. RIGHT: Elemental analysis of 

the surface of the PDLG sample shown on the left. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Following the week 0 samples, both week 8 samples of PDLG were elementally 

analysed to produce similar data but now included the composition of the crystals that were 

seen in Figure 17. Figure 20 and Figure 21 show the week 8 samples of PDLG without 

and with nanodiamonds, respectively.  
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Figure 20: SEM image of PDLG without nanodiamonds in SBF for 8 weeks. RIGHT: Elemental analysis of the surface 

of the PDLG sample shown on the left. 

Figure 21: LEFT: SEM image of PDLG with 0.1% nanodiamonds in SBF for 8 weeks. RIGHT: Elemental analysis of 

the surface of the PDLG sample shown on the left 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After quantifying the change in composition of the PDLG over the course of 8 

weeks, the samples were then tested to view the change in mechanical properties test of the 

polymer, using a 3-point bending test, as it degraded and calcified in the SBF. Figure 22 

shows the calculated change in the modulus of elasticity for each time point. Figure 23 

shows the calculated change in the ultimate tensile strength of the PDLG for each time 

point. Figure 24 shows the calculated change in the 0.2% offset yield strength for each 
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time point. The stress vs strain graph for each test from which the data was extracted can 

be seen in Appendix B. 
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4.3 Specific Aim 3 

4.3.1 Injection Molding of Samples 

Following the successful fabrication of injection molded samples, they were tested 

and analyzed to find their mechanical properties. The desktop injection molder used in this 

process is shown in Figure 25. The plunger is what forces the plastic through the device. 

The temperature controller controls the nozzle temperature. The hopper is where the raw 

plastic is placed to be melted. The nozzle is where the liquid plastic comes out. The nozzle 

is generally inserted into a mold to directly deliver the plastic into the mold to reduce 

cooling prior to being formed. Figure 26 A shows the original orthopedic bio-interference 

screw which was developed by Arthrex in. Figure 26  B shows the 3D printed prototypes 

of the copy Arthrex screws. Figure 26 C shows the mold that was created from the 3D 

printed screws to be used with the injection mold. This mold will be used to injection mold 



 

46 

the plastic into a screw form.  Figure 27 shows the calculated change in the modulus of 

elasticity for each polymer. Figure 28 shows the calculated change in the ultimate tensile 

strength of the PDLG for each polymer. Figure 29 shows the calculated change in the 0.2% 

offset yield strength for each polymer after 3-point bending tests.  
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Figure 25: A picture of the desktop injection molding device with a few key parts pointed out.  
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Figure 26: A: Arthrex Bio-Interference Screw. B: 3D printed screws as a prototype. C: Injection mold for screws. Scale bar = 1in (red) 
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Figure 28: The Ultimate Tensile Strength for PDLG with and without nanodiamonds after being injection molded.            
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Figure 29: The 0.2% Offset Yield Strength for PDLG with and without nanodiamonds after being injection molded.       
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CHAPTER 5:  DISCUSSION 

The field of orthopedic surgery is an ever evolving fielding, where surgeons and 

engineers alike are developing ways to provide better care for their patients. One of the 

many devices used in orthopedic surgeries are fixation devices, like pins and screws, which 

are made from metal and more recently plastics. However, there are still many different 

obstacles that must be overcome when inserting these devices into the body and there is 

room for vast improvements. Thus, the purpose of this thesis was to explore a fabrication 

method which can produce a composite polymer more suitable for use in orthopedic 

fixation devices than existing materials. The new polymer aims to eliminate the existing 

problems faced by traditional fixation devices as well as promoting bone regeneration.  

5.1 Specific Aim 1 

5.1.1 Manufacturing Processes 

The processes outlined for the manufacturing of PDLG samples to be used in 

specific aims 1 and 2 as well as part of aim 3, produced samples that were very uniform 

from sample to sample. Pictures after each step of this process can be seen in Figure 4 and 

samples with varying concentrations of nanodiamonds Figure 5.  The samples after cutting 

can be seen in Figure 6. The processes of cryomilling two samples together is designed to 

produce a final product in which the two initial samples have been completely and 

uniformly mixed together. Another benefit of cryomilling is that it can be easily scaled up 

to industrial sized batches, something to consider when manufacturing large scale batches 

of screws and pins made from our composite. The cryomilling of PDLG polymer proved 

to work very well and evenly mixed the polymer with the nanodiamonds. Since there is 

such a small concentration of nanodiamonds, homogenous distribution of the 



 

50 

nanodiamonds throughout the polymer is an issue of real concern. The cryomilling 

processes proved to evenly disperse the nanodiamond in the samples resulting in high 

reliability from batch to batch, regardless of nanodiamond concentration. Unfortunately, 

there is no easy quantifiable way to accurately measure the nanodiamond distribution in 

the sample without cutting it up and destroying the sample, so we relied on visual 

inspections after compression molding. The samples were checked for clumps of black 

nanodiamonds embedded in the polymer, which would indicate a clump of nanodiamonds 

that had aggregated together during the manufacturing processes. Since no nanodiamond 

aggregates were seen in any samples, it was assumed that the nanodiamonds had been 

evenly dispersed in the polymer. Thus, the manufacturing processes described in section 

3.1 has been proven to work on a small batch scale and is ready to be scaled up to an 

industrial scale. 

 Lastly, a step that proved to be vital in the manufacturing of the PDLG disks was 

proper lubrication of the mold prior to compression molding. When samples were 

adequately sprayed down with Teflon spray, the samples were easily removed from the 

compression mold after cooling back to room temperature. If the mold was not sprayed 

before use, or too little spray was used, the disks would stick inside the mold and become 

very difficult to remove after cooling. Most attempts to remove the stuck samples from the 

mold produced samples that were cracked and/or broken into pieces. The broken samples 

had to be remade, starting from the beginning of the processes which requires both time 

and material since the compression molded polymer can’t be reused.  
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5.1.2 Mechanical Testing 

One of the main issues identified when finding a biocompatible polymer to be used 

in the body is that it must have similar mechanical properties to the area where it will be 

inserted. In the case of fixation devices, the polymer must match the mechanical properties 

of cortical bone, specifically the elastic modulus, which was identified initially in Table 1 

as 4.0–5.4 GPa. For reference previously existing polymers, such as PLLA which are 

currently being used in biodegradable orthopedic fixation devices, have a modulus of 

elasticity in the range of 3.1-3.8 GPa, which is significantly less than bone. The thesis work 

of Dr. Sean Devlin identified a co-polymer of PLA and PGA called PDLG that had similar 

mechanical properties to bone. Based off the manufacturers results seen in Table 1 as well 

as data taken at Temple University, seen in Figure 8 and Figure 22, show that the elastic 

modulus of pure PDLG is in the range of 3.5-4.0 GPa, which is slightly less than the ideal 

range for bone.  

To increase the mechanical properties of the polymer to better match bone, 

hydroxylated nanodiamonds were added in various concentrations to the polymer during 

the manufacturing process. After testing the polymer with various concentrations of 

nanodiamonds, it was determined that the greatest increase in mechanical properties were 

found when 0.1% nanodiamonds by weight were incorporated into the PDLG. Similar to 

the study by Zhang et al. where they used PLLA, the greatest increase in material properties 

were found when the concentration of nanodiamonds added to the plastic was the lowest 

[3]. While this thesis work focusses on the concentrations of 0.1%, 0.3%, and 1.0% 

nanodiamonds in PDLG, concentrations lower than 0.1% may prove to further increase the 

mechanical properties of PDLG. The reason 0.1% concentration of nanodiamonds was 
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used as the lowest concentration was because it was the smallest amount of nanodiamonds 

that could be added to a cryomilled sample without the need for serial dilutions. However, 

without re-cryomilling the dilutions there is no way to ensure that the nanodiamonds had 

been evenly distributed in the PDPLG. Buying a larger capacity cryomilled would allow 

for lower concentrations to be examined while still ensuring homogeneous distribution of 

nanodiamonds in the PDLG.  

The increase in strength provided by the addition of 0.1% w/w nanodiamonds 

increased the modulus of elasticity to a range of 4.3-4.5 GPA, which is exactly in the range 

identified for bone based on the study by Rho et al. [14]. The addition of nanodiamonds 

also increased the ultimate tensile strength range from 79-107 MPa to 115-116 MPa, as 

shown in Figure 9 and Figure 23, as well as increasing the 0.2% offset yield strength from 

73-87 MPa to 91-92 MPa, as shown in Figure 10 and Figure 24.In addition to increasing 

the modulus of elasticity, ultimate tensile strength, and the 0.2% offset yield strength, the 

modulus of rigidity was also affected from the incorporation of nanodiamonds. As seen in 

Figure 12, the addition of 0.1% nanodiamonds increases the modulus of rigidity by more 

than 5 times, from 1.1 GPa to 5.8 GPa. The standard deviation for the pure PDLG is 803 

MPa and 432 MPa for the sample with 0.1% nanodiamonds. The modulus of rigidity is a 

measurement of a materials response to shear stress and shear strain. By increasing the 

modulus of rigidity, the polymer becomes stiffer, requiring more force to deform it, 

specifically as it relates to torsional stress. This is useful because any polymer that will be 

made into fixation devices must be strong enough so that when screwed into the body it 

doesn’t break or deform. In a study by Burstein et al. they found that the average modulus 

of rigidity of cortical bone is 3.28 GPa [37]. Thus, the addition of nanodiamonds takes our 
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relatively non-rigid plastic and makes it almost twice as rigid as bone. Knowing that the 

nanodiamonds increase the modulus of rigidity, the next step would be to mold the plastic 

into a screw mold and test the strength of the polymer as it is screwed into bone. Thus, the 

addition of minimal amounts of nanodiamonds to PDLG produces a composite polymer 

which is mechanically more similar to bone than pure polymer and is stronger than existing 

polymers like PLLA. 

5.2 Specific Aim 2 

5.2.1 Degradation of PDLG Over 8 Weeks  

Degradation of the samples in each environment (buffered water, complete DMEM 

media, and SBF) was recorded over the course of 8 weeks by measuring the change in 

weight and comparing that to control samples, which were kept dry at room temperature. 

The change in weight is of particular interested because it will give a good indication if 

and how much of the material will remain after 8 weeks in the body or if it will degrade 

and ultimately disperse in 8 weeks. By combining the change in weight with the change in 

the mechanical properties, we can determine how the addition of nanodiamonds will affect 

degradation of the polymer.  

Figure 13, Figure 14, and  Figure 15 show the change in weight of the polymer 

with and without nanodiamonds compared to the control polymer when placed in SBF, 

buffered water, and complete DMEM media respectively. Looking at SBF specifically, 

because it most accurately depicts the interacting between the polymer and blood ions, 

there is significantly no difference between both the polymers and their controls for the 

first 4 weeks. At the week 6 mark we see a statistically significant difference between the 

weight of pure polymer and its control. By week 8 there is huge reduction in weight, nearly 
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a 60% loss from the initial weight of the pure polymer samples when compared to the 

control. However, the samples with the nanodiamonds at week 6 and 8 are still significantly 

similar to their control samples. Therefore, what we are seeing is that the incorporation of 

nanodiamonds helps reduce the loss of the polymer while it is being molecularly degraded. 

In the samples without nanodiamonds, there is an effusion of the polymer from the sample 

into the SBF over time. First noticeable as a reduce in weight at week 6, it becomes evident 

by week 8 that the polymer is disintegrating into the SBF as the polymer chain breaks 

down.  

The effect of degradation on the polymer can be better understood by seeing 

pictures of the polymer with and without nanodiamonds after 8 weeks. Figure 16A and  

Figure 16B shows the pure polymer and the polymer with 0.1% nanodiamonds 

respectively, prior to the start of the 8 week study. Each sample was cut similarly and looks 

relatively identical with the biggest difference being their color; the nanodiamond sample 

appearing slightly darker. Figure 16C and  Figure 16D show the pure polymer and the 

polymer with 0.1% nanodiamonds respectively, at the end of the 8 week study. We can 

clearly see in Figure 16C that the sample has degraded to the point that its internal polymer 

is leaking out and appears to be a liquid. However, the polymer with nanodiamonds, Figure 

16D, appears to look relatively similar to the initial sample shown. The largest difference 

is that we can now see effects from mineralization on the surface on the composite polymer, 

which isn’t present in the pure polymer sample. We can visually see the difference between 

each polymer and the effects that nanodiamonds have on the degradation of PDLG.  The 

same thing can be seen in polymer samples in both buffered water and complete DMEM 

media, therefore they are not discussed.  
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The next step in understanding the degradation characteristics of the polymer with 

and without nanodiamonds is to observe the effect that degradation has on its mechanical 

properties. Samples placed in just SBF were kept for 8 weeks and every 2 weeks samples 

were removed and tested for their mechanical properties. Specifically, the modulus of 

elasticity, ultimate tensile strength, and 0.2% offset yield strength were determined and 

their change over 8 weeks can be seen in Figure 22, Figure 23, and Figure 24. Consistent 

with the results found in Specific Aim 1, seen in Figure 8, Figure 9, and Figure 10, the 

initial values for all 3 mechanical properties of the pure polymer started out weaker than 

the polymer with 0.1% nanodiamonds. However, starting at week 2 and continuing till the 

end of week 8, all 3 of the observed mechanical properties were stronger in the pure 

polymer sample than the composite polymer samples at the same time point. These data 

suggest that the addition of nanodiamonds in the polymer causes an increase in the initial 

mechanical properties, but then increases the effect that degradation has on the polymer 

significantly decreasing its mechanical properties, making it weaker than the pure polymer.   

We now know what the effects that degradation will have on sample’s weight over 

the course of 8 weeks as discussed above and seen in Figure 13, Figure 14, and  Figure 

15. We also know how the strength of the polymer will change while being degraded in 

SBF over the course of 8 weeks, as discussed above and seen in Figure 22, Figure 23, and 

Figure 24. By combining the change in mechanical properties with the change in weight 

over the course of 8 weeks, we can conclude that the incorporation of nanodiamonds 

initially increases the mechanical properties of the polymer, helps the polymer degrade 

faster when compared to the pure polymer, and prevents effusion of the polymer into the 

body.  
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5.2.2 Calcification of PDLG Over 8 Weeks 

The initial results from the calcification test came when the samples were initially 

removed from the SBF and rinsed with DI water. After rinsing, the samples that remained 

were vastly different than what we started with. In addition, on the surface of the samples 

there appeared to be HA formation which can be seen in the SEM images as well as with 

the naked eye. Looking at Figure 17 A, B, and C, we can see that the pure PDLG samples 

have turned white over time when looking at the photo inserts. In the SEM images we can 

see the presence of small white dots on the surface of the polymer. It is possible that these 

are the start of HA formation. Looking at Figure 17 D, E, and F photo inserts, we can see 

that the samples with 0.1% nanodiamonds appear to be completely covered in white crystal 

growth. The samples when from a gray color initially to a slightly lighter gray color that 

was now also covered in a white crust at the end of 8 weeks. The SEM images further 

confirmed my suspicion that we had surface HA formation because in them you can see 

the presence of a lot of white dots; more than what can be seen in the pure PDLG samples.  

To completely understand how the composition of the polymer has changed over 8 

weeks in vivo, elemental analysis of the PDLG samples will be a critical step.  Specifically, 

we want to analyze whether or not the addition of nanodiamonds to the polymer had any 

effect on the deposition of calcium hydroxyapatite (HA) on the polymer surface. Based off 

the composition of HA, which is Ca10(PO4)6(OH)2, samples that have successfully grown 

HA will have a presence of calcium (Ca), phosphorous (P), and oxygen (O) atoms in the 

elemental analysis data. It is important to note that we will not see any hydrogen (H) in the 

analysis data hydrogen is not detectable via the analysis method we are using. As one would 

expect, the initial samples of PDLG with and without nanodiamonds start out 
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compositionally the same, with the analysis data showing them being composed of just 

carbon and oxygen. The elemental analysis data can be seen in Figure 18 for pure PDLG 

and in Figure 19 for PDLG with 0.1% nanodiamonds. After 8 weeks in SBF, the samples 

were then again elementally analyzed, and the results were shown in Figure 20 for pure 

PDLG and in Figure 21 for PDLG with 0.1% nanodiamonds. Looking at the 8 week data, 

we can see the presence of more than just carbon and oxygen. In the pure polymer, we can 

see the addition of 0.1% w/w sodium (Na) and 0.1% w/w chlorine (Cl). It is assumed that 

this is just salt that precipitated from solution and was not properly removed when the 

sample was washed with DI following the end of the study. In the pure PDLG there were 

no other atoms found in the elemental analysis meaning that no HA was deposited on to 

the surface of the polymer.  In the composite polymer sample, we again see the presence 

of Na at 3.2% w/w and Cl at 3.1% w/w meaning again that the sample was not washed 

properly following removal from the SBF. However, we see an almost 30 times increase 

in the amount of salt disposed on the surface of the sample suggesting that the addition of 

the nanodiamonds increases the deposition of salt. In addition to the presence of more salt 

there is also the presence of potassium (K) at 0.3% w/w, calcium (Ca) at 0.2% w/w, and 

magnesium (Mg) at 0.1% w/w. While we see the presence of calcium, which is a 

component of HA, we did not see any phosphorus present, which is needed for HA 

formation. There is a possibility that there was phosphorus, and subsequently HA 

formation, in the sample, but the phosphorus existed in too small of an amount to be picked 

up by the elemental analysis device. Based off these results we cannot definitively say that 

the addition of nanodiamonds increase the deposition of hydroxyapatite of PDLG in SBF.  
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Similar to the results seen by Pramatarova et al. where nanodiamonds in SBF 

increased surface deposition on the glass slides, the addition of nanodiamonds increased 

the surface deposition of different salts on the PDLG [28]. However, unlike Pramatarova 

et al. the increased deposition of salts on the surface of the PDLG did not lead to the 

formation of HA on the surface. This would lead me to believe that the addition of 

nanodiamonds leads to more nucleation points on the surface of the PDLG giving the salt 

crystals a place to form. It could be hypothesized that with longer time spent in SBF the 

formation of HA may occur. Thus, additional studies with longer observation time should 

be pursed to investigate the potential of nanodiamonds causing HA formation on the 

surface of PDLG.  

5.3 Specific Aim 3 

5.3.1 Injection Molding and Mechanical Testing 

From the data shown in Figure 27, Figure 28, and Figure 29, we can see the 

mechanical properties for PDLG polymer with and without nanodiamonds after being 

fabricated via injection molding. The results are very surprising because they are 

significantly lower than what would be expected based on the values for samples fabricated 

via compression molding. The average modulus of elasticity, shown in Figure 27, for a 

sample without nanodiamonds is 394.2 MPa and for a sample with 0.1% nanodiamonds 

it’s 469.5 MPa. This is drastically lower, almost 10 times lower, than the modulus of 

elasticity shown for compression molded samples; which can be seen in Figure 8 and 

Figure 22. Similar mechanical decreases in the injection molded samples can be seen in 

the ultimate tensile strength, shown in Figure 28, as 47.3 MPa for the pure polymer and 
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54.7 MPa for the composite polymer, and the 0.2% offset yield strength data, shown in 

Figure 29, is 46.0 MPa and 53.3 MPa for the pure polymer and composite polymer.  

The lower values would indicate that the injection molding process described in 

this thesis will not produce plastics of similar strength to those which were produced via 

compression molding. This decrease can be caused from various different factors, but the 

most likely causes are the decrease in molding pressure coupled with the fact that the 

polymer cooled immediately after exiting the injection molder. When the polymer is 

pressed through the injection molder it will experience pressures in excess of 1000 PSI, 

however the exact value is unknown because there is no protocol in place to measure this. 

Therefore, the true pressure exerted on the polymer is unknown and likely not nearly as 

high as the 2000 PSI used during compression molding. In addition to the lower pressures, 

the samples were cooled very rapidly during the injection molding process. As soon as the 

polymer exits the injection molder and enters the mold it will start to rapidly cool down to 

room temperature. The only sustained temperature that the polymer samples received is 

during the heating phase, but not under pressure. During compression molding the polymer 

samples are held at 200 ºC for 15 minutes while under 2000 PSI of compression the entire 

time. During the injection molding process the polymer samples are only subject to high 

temperature and pressures momentarily as it exists through the nozzle of the injection 

molder. Therefore, the lack of sustained temperature and pressure during the injection 

molding process produced polymer samples with vastly weaker mechanical properties than 

those produced via cryomilling.  
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However, industrial scale injection molding machines are capable of sustaining the 

high pressure and temperature required during the molding process, to produce plastic with 

mechanical properties more similar to those seen in the compression molded samples.  

5.4 Conclusion 

In conclusion, I have found and proven that the ideal concentration of hydroxylated 

nanodiamonds in PDLG 8531 is 0.1% by weight. At this concentration the nanodiamonds 

will have the greatest increase in the modulus of elasticity, ultimate tensile strength, 0.2% 

offset yield strength, and torsion of the native polymer. We can also conclude that the 

incorporation of hydroxylated nanodiamonds helps the polymer degrade faster when 

compared to the pure polymer in vivo and prevents effusion of the polymer into the 

surrounding environment. Furthermore, the addition of nanodiamonds may induce to 

formation of hydroxyapatite but future studies are needed to verify this claim. Lastly, we 

can also conclude that the current method of injection molding PDLG will not produce 

samples of similar mechanical strength to those which were produced via compression 

molding. Therefore, additional testing is needed to ready the polymer for use in 

biodegradable orthopedic fixation devices. 
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 APPENDIX: A 

Stress vs strain graphs for various concentrations of PDLG with nanodiamonds for aim 1. 
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Rotation vs toque graphs for various concentrations of PDLG with nanodiamonds for aim 

1. Note in the following torque test only concentrations of no nanodiamonds and 0.1% 

nanodiamonds were tested.  
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APPENDIX: B 

Stress vs strain graphs for the degradation and calcification study for PDLG 8531 with 

and without nanodiamonds over the course of 8 weeks for aim 2.  
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