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ABSTRACT 

Current degradable orthopedic fixation devices do not typically facilitate tissue 

integration during healing.  Proposed here is a novel combination of processing methods 

to enhance the tissue integration capability of degradable thermoplastics used in temporary 

orthopedic fixation devices.  The provision of open pores in devices used to affix 

reconstructed hard tissues would allow for local cells to infiltrate during the healing 

process.  Any openly porous structure is inherently weakened in comparison to its 

monolithic peers (i.e. decreased relative bulk modulus), such that the matrix materials must 

be made more resilient in keep the device from becoming friable. These processing 

methods aim to improve degradable surgical fixation devices at multiple levels of design: 

both through the inclusion of an porous morphology as well as processing changes and 

additives to regain  mechanical integrity.   

Biomimetic pores are added for cellular infiltration by dissolving a porogen’s 

interpenetrating polymer network.  The addition of open pores significantly reduces the 

bulk stiffness.  More uniform phase separation has led to better pores, but the objects still 

need more resilience.  Carbon nanomaterials are used to improve on the mechanics and 

surface chemistry of the polymer matrix material, composites of polylactide/nanodiamond 

are produced through cryogenic milling and solid state polycondensation.  The addition of 

minute amounts of functionalized nanodiamond has remedied the brittle failure of the 

material, by cryogenic milling and solid state polycondensation of poly((D,L)lactide-co-

glycolide) and hydroxyl functionalized detonation nanodiamonds.  This composite has also 

demonstrated increased cytocompatability with 7F2 osteoblasts, as analyzed by cellular 

adhesion through fluorescence microscopy and alamar blue assay.    



iv 

DEDICATION 

 
 
 
 
 
 
 
 
 
 
 

for Riddhi 

  



v 

ACKNOWLEDGMENTS 

Dr. Riddhi Gangolli, you have made all of these years of hard work worth while; 

I’m greateful we’ve had the opportunity to earn our doctorates along side of each other.  

Few people have had 2 marriages, let alone within the course of their PhD; I’m fortunate 

to have had both with you.  You have been my complete support, both professional and 

personal; I would not be who I am today without you. 

I would like to acknowledge the support of my mentor, Dr. Peter I. Lelkes, for 

offering me the opportunity to conduct research in his lab 8 years ago and supporting me 

ever since.  Dr. Pleshko has been a true pillar of the department; she’s been supportive of 

me ever since I’ve arrived at Temple.  To all of the faculty and staff of Temple 

Bioengineering, thank you for supporting my growth as a researcher.  Special thanks to Dr. 

Joel Sheffield and Dimitry Dikin for SEM training.  Thank you as well to my collaborators 

at Drexel University, Dr. Haifeng Ji and Daniel Hagaman. 

To all of my fellow lab members, past and present, thank you all for your support 

and friendship.  To my peers that have been there for me since Drexel, thank you Collin 

Stabler, Jonathan Gerstenhauber, Jessica Falcon, and Andrew Cheng.  To my 

undergraduate volunteers that have helped make this work possible, thank you Nathan 

Spangenberg, Rohit Batish, Nick Zombolas, Arooj Khan, and Michael Straker. 

 

Sean M Devlin              Philadelphia, July 2016 

  



vi 

TABLE OF CONTENTS 

Section Page 

ABSTRACT ..................................................................................................................... III 

DEDICATION................................................................................................................. IV 

ACKNOWLEDGMENTS ............................................................................................... V 

LIST OF TABLES ....................................................................................................... VIII 

LIST OF FIGURES ........................................................................................................ IX 

LIST OF ABBREVIATIONS ..................................................................................... XVI 

CHAPTER 1: INTRODUCTION .................................................................................... 1 

OVERVIEW ....................................................................................................................... 1 

CLINICAL BACKGROUND ................................................................................................. 2 

STATE OF THE ART ........................................................................................................... 5 

HYPOTHESES .................................................................................................................. 10 

Open Pores ............................................................................................................... 10 

Nanodiamonds ......................................................................................................... 13 

INNOVATION & SIGNIFICANCE ....................................................................................... 15 

SUMMARY OF SPECIFIC AIMS ......................................................................................... 16 

CHAPTER 2: SPECIFIC AIM 1 - OPEN PORES ...................................................... 17 

METHODS ...................................................................................................................... 20 

RESULTS ........................................................................................................................ 23 

CHAPTER 3: SPECIFIC AIM 2 - NANODIAMOND COMPOSITES .................... 29 

METHODS ...................................................................................................................... 33 

RESULTS ........................................................................................................................ 38 



vii 

CHAPTER 4: SPECIFIC AIM 3 - CYTOCOMPATABILITY ................................. 49 

METHODS ...................................................................................................................... 52 

RESULTS ........................................................................................................................ 54 

CHAPTER 5: CONCLUSIONS & FUTURE WORK ................................................ 63 

FUTURE WORK .............................................................................................................. 65 

REFERENCES CITED: ................................................................................................. 66 

APPENDIX A: COMPRESSION MOLD .................................................................... 80 

APPENDIX B: MECHANICS ....................................................................................... 84 

APPENDIX C: SPECTROSCOPY ............................................................................... 86 

APPENDIX D: INITIAL POROUS STUDY ................................................................ 97 

APPENDIX E: INITIAL (AIR-OXIDIZED) ND STUDY ........................................ 107 
  



viii 

LIST OF TABLES 

 Page 

Table 1: Adamas Nanodiamonds ...................................................................................... 33 

  



ix 

LIST OF FIGURES 

Figure Page 

Figure 1:  Diagram indicating the presence of polystyrene used as a porogen to create 
pores after solvent leaching, with SEM images for qualitative comparison. ............. 6 

Figure 2: Micro-computed tomography (μCT) and Hemotoxylin and Eosin (H&E) 
histological stains of solid pins, porous pins, and porous pins containing HA after 12 
weeks implanted in canine tibias.  Minimal tissue ingrowth and calcification can be 
observed in both porous cases. .................................................................................. 7 

Figure 3:  SEM image of low interconnectivity found in injection molded IPN.  Literature 
refernences in IPNs define this phenomena as droplet breakup.[41] ....................... 8 

Figure 4: Table of mechanical results for compression testing porous pins from the prior 
two figures.  Literature reference of theortical limit of relative bulk modulus for a 
Gyroid structure as ~25% if device is 50% porous.[28] .............................................. 9 

Figure 5:  Diagram of the importance in visocosity and volume fraction pairing for 
immiscible IPNs. ........................................................................................................ 17 

Figure 6:  Viscosity ratios for multiple temperatures and materials. All values accrued 
during oscillatory strain controlled (1%) frequency sweeps at lowest frequency 
(0.01 Hz), the viscosities are empirical and not extrapolated asymptotes. ............. 24 

Figure 7: Phase angles for multiple temperatures and materials. All values accrued 
during oscillatory strain controlled (1%) frequency sweeps at lowest frequency 
(0.01 Hz), the viscosities are empirical and not extrapolated asymptotes. ............. 25 

Figure 8:  Results of milling with the SPEX 6770 SamplePrep, wherein each polymer was 
ground to it's limit, then mixed together and ground again to ensure smallest 
particle sizes.  Subsequent combined grinding only yields a superposition of the 
particle size distributions of the individual constituents, indicating that no further 
substantial particle size reduction was achieved. .................................................... 26 

Figure 9:  Brightfield images of immiscible PL/PS blends, compression molded to 200°C 
for 15/30 minutes.  The shorter time point was just enough to heat the sample 
through and sinter the particles together without inducing flow and phase 
separation.  The latter time point demonstrates homogenous phase coarsening. . 27 



x 

Figure 10: Compression molding of 50/50 PL/PS blends, compression molded at 
combinations of 15/30/60 minutes at 175°C/200°C/225°C. Images are polarized 
light and phase contrast microscopy stitched images, scale bars = 1 mm.  Samples 
are 2 mm thick cross sections, PS phase is removed. ............................................... 28 

Figure 11: Confocal+Polarized light microscopy shows evidence that pore can be 
obtained without heterogeneous phase separation.  Over various annealing 
temperatures and durations, the phase separation is not irregular.  Scale bar = 
1mm. ......................................................................................................................... 28 

Figure 12:  (Left) 3-point bend flexural fixture on Bose Electroforce, sample dimensions 
are 6 mm high and 2 mm deep. Gap distance between lower stansions is 20 mm. 
Constant displacement rate (1 mm.minute) until failure.  (Right) 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). All sets were then compression molded and wafered identically 
for mechanical testing. ............................................................................................. 38 

Figure 13:  Dynamic rheometry of native PL, PL that has been CM, and PL that has been 
CM with functional ND.  All ND are 0.1% by weight. (n=3) ...................................... 40 

Figure 14:  Results of flexural testing, constant displacement until failure.  Strain at 
failure displaced as a function of ND-OH weight percentage. n = 3. *** p<0.005.  
Control has undergone CM and SSPC (neither process significantly affects PL alone, 
see mechanics supplement for details). ................................................................... 41 

Figure 15:  Fatigue testing, 1 Hz sinusoidal oscillations to 80 MPa peak flexural stress. 
Results displayed as number of cycles to failure, for increasing number of 
processing additions from left to right. Control represents virgin polymer granules 
dried under vacuum at room temperature before compression molding, vacuum 
annealing (VA) = SSPC for virgin polymer pellets. VA+CM does not include and ND, 
and VA+CM+ND-OH is 0.1% weight.  n = 3, ** p<0.01. ............................................ 42 

Figure 16:  Brightfield microscopy of 50 um thick wafers of PL and the various ND 
composites. ............................................................................................................... 43 

Figure 17: Polarized light microscopy of polylacdtide (PL) strips after load to failure 
reveals strain induced birefringence. All ND shown were used in 0.1% weight 



xi 

percentage. (Left) Virgin granules of PL have little ability to distribute load evenly, 
stress risers are narrow and intense. (center) ND-COOH composite image is 
representative of CM and ND-NH2 composites, dark spots with well defined 
boundaries are large PL granules that did not share in load distribution.  (Right) 
Although still present, the blurring of boundaries around the dark spots is indicative 
of load sharing. ......................................................................................................... 44 

Figure 18:  DSC comparisons of Tg onset for each group.  Tg onsets all statistically 
significant from each other, n = 3, p<0.05. ............................................................... 45 

Figure 19: Degradation study, 9 weeks in cell culture media.  0.1% ND-OH composite 
(grey, left), Control PDLG (Blue, center), and 0.1% HA composite (orange, right).  All 
samples were crymilled and vacuum annealed.  n = 8. ** p < 0.001. ...................... 46 

Figure 20: 0.1% ND-OH added to 50/50 PL/PS blends. Both sample cryomilled (CM) and 
Oven Annealed (OA/SSPC), and were compression molded for 7 minutes at 225°C. 
(Left) No ND-OH, pores are coarse but regular. (Right) 0.1% ND-OH, pore growth 
has slowed due to viscosity increase, but has not upset viscosity balance of 
dispersed/matrix phases. .......................................................................................... 47 

Figure 21:  Uniaxial compressive testing of 5 mm tall, 6x6 mm square blocks of porous 
PL, constant compressive displacement set at 1 mm/minute.  Due to irregularities 
in the heterogeneity of pores as the approach the scale of the block (i.e. mm size), 
1 representative curve is depicted from each group based on clustering of 
characteristics and completeness.  n = 4. ................................................................. 48 

Figure 22: LSCM showing 7F2 cells 2D cross sections of (top) PL controls and (bottom) 
ND composites. ......................................................................................................... 54 

Figure 23:  Results of nuclei counting on the Dapi channel via CellSegm.  ND-OH 
composites show highest number of cells attached 3 days after seeding. .............. 55 

Figure 24:  LSCM showing 7F2 cells 2D cross sections of (left) PL controls, (center) 0.1% 
ND-OH , and (right) 0.1% HA composites. ................................................................ 56 

Figure 25:  Alamar Blue study on above seeding methods of 7F2 osteoblasts was 
performed out to 10 days.  Cell populations reached steady confluence on each 
scaffold, no significant differences were found between PL controls. ND-OH, and 
HA composite cross sections. ................................................................................... 56 



xii 

Figure 26:  (Left) Goniometry photographs qualify wetability through droplet spreading, 
(right) contact angle measurements quantify the surface energy. Droplet size is 1.5 
μL, n = 9 per group from 3 samples, * p<0.05. ......................................................... 57 

Figure 27: 7F2 osteoblasts seeded into the array or porous scaffolds culminating aim 1.  
Photos were taken 3 days after cell seeding. Blue = Dapi, Green = Phaloidin. ........ 58 

Figure 28:  Scaffolds from porous-ND study, small/large pores versus with/without 0.1% 
ND-OH.  3 days post seeding. Blue = Dapi, Green = Phaloidin. ................................ 59 

Figure 29:  (left) Image of ND trapped between polymer granules of a single 
thermoplastic system. (right) Multiphase blends containing a porogen may reveal 
internal surfaces containing ND after porogen leaching. ......................................... 60 

Figure 30:  SEM images of porous scaffolds after 1 week in SBF. (Left) No ND, i.e. PL 
Control. (Right) 0.1% ND-OH composite. .................................................................. 61 

Figure 31:  SEM/EDS elemental analysis of pore lumen surface.  ~25% more calcium is 
deposited on porous scaffolds that were processed with 0.1% ND-OH. ................. 62 

Figure 32: : Compression mold (left) and temperature control system (right). ............... 80 

Figure 33: : Resultant PID parameters of autotuning procedure for each desired set 
temperature. ............................................................................................................. 81 

Figure 34: Results of interpolated PID parameters used to heat to set temperatures of 
50°C to 250°C in increments o 10°C, and passive cooling back to 40°C ................... 82 

Figure 35: Vacuum Annealing set up: VWR 1410 vacuum oven, Leypold D4B vacuum 
pump, Fluke 51 thermomemter with k-type thermocouple, and Savant Instruments 
pressure gauge (Model VG-5) with a DV24 gauge tube. (w/ styrofaom to 
additionally insulate glass door). .............................................................................. 83 

Figure 36: Control samples for 3-point bend (flexural) load to failure tests. Left bar, the 
polymer dried only in the vacuum oven overnight before compression molding.  
Middle bar, the polymer alone melt annealed at °150C for 72 hours at 0.2 Torr.  
Right bar, samples that were additionally cryomilled in SPEX SamplePrep before 
vacuum annealing: 6 grams polymer, 12 min pre-cool, 15 cycles at 15 CPS, 50 
seconds grinding and 1 minute cooling intervals.  n=3.  No significance between any 
groups. ...................................................................................................................... 84 



xiii 

Figure 37: Experimental samples for 3-point bend (flexural) load to failure tests.  
Multiple ND surface  functionalities versus concentrations. All samples were 
cryomilled in SPEX SamplePrep: 6 grams polymer, 12 min pre-cool, 15 cycles at 15 
CPS, 50 seconds grinding and 1 minute cooling intervals.  All samples were vacuum 
annealed for 72 hours at 150°C and 0.2 Torr.  N = 3. *p<0.05, **p<0.01, 
***p<0.005. .............................................................................................................. 85 

Figure 38:: FTIR-ATR Transmission peaks after normalization and Savitsky-Golay 
smoothing. Reference peaks are added to highlight areas of interest. ................... 87 

Figure 39:  PLS & PCR analysis of FTIR-ATR spectra, only the ND-OH is remotely 
separable from the other ND type............................................................................ 88 

Figure 40: Reference MIR spectra for ND and HA componenents in comparison to their 
composites. ............................................................................................................... 88 

Figure 41: :  Functionalized ND composites in SBF for calcification study ....................... 93 

Figure 42: Near-IR spectra of cryomilled, oven annealed PDLG-8531 samples with 0.1% 
functionalized ND.  The color spectrum of black to red represents days in SBF (i.e. 
0,1,4,7,10,13,17,2124,27).  Baseline adjustments were made by multiplicative 
scatter correction (MSC). .......................................................................................... 94 

Figure 43: Principle Component analysis of NIR spectra of all groups listed, separated by 
days and groups ........................................................................................................ 95 

Figure 44: EDAX scans of observed mineralization on only opaque samples. ................. 96 

Figure 45:  Melt viscosity of polylactide (PL-38, Purac) at 180C, 195C, and 200C.  Shear 
stress was ramped from 0 to the maximum torque of the machine over a time 
period of 60 seconds. .............................................................................................. 100 

Figure 46: Melt viscosity of polystyrene (Styron 675) at 175C, 185C, and 200C.  Shear 
stress was ramped from 0 to the maximum torque of the machine over a time 
period of 60 seconds. .............................................................................................. 100 

Figure 47:  Melt viscosity of polystyrene (Styron 665) from 180C to 200C.  Shear stress 
was ramped from 0 to the maximum torque of the machine over a time period of 
60 seconds. ............................................................................................................. 101 



xiv 

Figure 48:  Melt viscosity of polystyrene (Styron 610) from 180C to 200C.  Shear stress 
was ramped from 0 to the maximum torque of the machine over a time period of 
60 seconds. ............................................................................................................. 101 

Figure 49: Melt rheometry determined viscosities by performing shear stress sweeps 
from 175°C to 200°C in 5°C increments.  Individual sweeps were fit to the cross 
model for shear thinning fluids, Dotted lines represent 95% confidence bounds. 102 

Figure 50: Particle Size distribution of jet milled Styron 675 and co-Jet-milled PL38 and 
Styron 675 together. ............................................................................................... 103 

Figure 51:  SEM images of PL38/Styron675 blends after porogen removal.  Blends have 
been annealed at 200°C for 7 minutes (top), 15 minutes (middle), and 30 minutes 
(bottom) respectely, to allow for controlled phase separation. ............................ 104 

Figure 52:  Pore size distribution and compressive modulus reported for PL-38 and 
Styron 675, 50/50 blend annealed at 200°C for 7, 15, and 30 minutes. 95% 
confidence bounds are indicated by the dotted lines. ........................................... 105 

Figure 53: Bose Electroforce set up for three point bending tests, gap is 20 mm. ........ 110 

Figure 54: Thermogravimetry of UD90 nanodiamonds, heated at 10°C/minute from 30°C 
to 550°C in platinum pans under nitrogen flow of 100ml/minute. ........................ 111 

Figure 55: Thermogravimetry of PDLG8531 with and without 0.1% of air oxidized UD90 
nanodiamonds. ....................................................................................................... 112 

Figure 56:Strain controlled (1%) oscillatory frequency sweep results of zero shear-rate 
viscosity. Control for processing parameters alone, no composite compounds used 
here. ........................................................................................................................ 113 

Figure 57: Strain controlled (1%) oscillatory frequency sweeps were used to 
approximate the zero-shear-rate viscosity at a variety of temperatures throughout 
the melt cascade.  Processing parameters and additives are contrasted .............. 114 

Figure 58: DSC of PDLG with either 0.1% or 0.5% oxidized ND after CM ....................... 115 

Figure 59: Flexural load to failure composites with varying amounts of ND (left to right) 
and HA (top to bottom), and both together (diagonal).  Black lines in each graph are 
the same triplicate of control polymer redrawn for ease of comparison. ............. 116 



xv 

  



xvi 

LIST OF ABBREVIATIONS 

Abbreviation Phrase 
μCT .............................................................................. micro-Computed Tomography 
ACL.................................................................................. Anterior Cruciate Ligament 
ACLR .......................................................................................... ACL Reconstruction 
ASTM .................................................... American Society for Testing and Materials 
ATR................................................................................ Attenuated Total Reflectance 
BIS ......................................................................... Biodegradable Interference Screw 
C6H12 ........................................................................................................ Cyclohexane 
CM ................................................................................................ Cryogenic mill(ing) 
CNC .............................................................................. Computer Numerical Control 
CNM ........................................................................................... Carbon nanomaterial 
CT  ......................................................................................... Computed Tomography 
DSC ........................................................................ Differential Scanning Calorimetry 
DTA ............................................................................. Differential Thermal Analysis 
ECM ............................................................................................. Extracellular Matrix 
FEA ........................................................................................ Finite Element Analysis 
FTIR ........................................................ Fourier Transformed Infrared Spectroscopy 
GO ...................................................................................................... Graphene Oxide 
GPC ......................................................................... Gel Permeation Chromatography 
HA ...................................................................................................... Hydroxy Apatite 
HBSS............................................................................ Hank’s Buffered Salt Solution 
H&E ........................................................................................ Hemotoxylin and Eosin 
IP(B/N) ........................................................ Interpenetrating Polymer Blend/Network 
ISO ..................................................... International Organization for Standardization 
LSCM ............................................................... Laser Scanning Confocal Microscope 
MEM .................................................................................... Minimal Essential Media 
MIR .......................................................................................................... Mid-Infrared 
MIS .................................................................................. Metallic Interference Screw 
MRI .................................................................................. Magnetic Resonance Image 
MSC ......................................................................... Multiplicative Scatter Correction 
Mw .................................................................................................... Molecular weight 
MWCNT ...................................................................... Multi-walled carbon nanotube 
ND ........................................................................................................ Nano-Diamond 
ND-COOH .......................................................... Carboxylic Acid functionalized ND 
ND-NH2 .............................................................................. Amine functionalized ND 
ND-OH ............................................................................ Hydroxyl functionalized ND 
NHDS .................................................................. National Hospital Discharge Survey 
NIR .......................................................................................................... Near Infrared 
NSAS ........................................................... National Survey of Ambulatory Surgery 
ODA .................................................................................................... Octadecylamine 
PBS .................................................................................... Phosphate Buffered Saline 
PC ............................................................................................... Principle Component 
PCL ................................................................................................. Poly Caprolactone 



xvii 

PDLG ...................................................................... Poly((D,L)Lactide-co-Glycolide) 
PG .......................................................................................................... Polyglycolide 
PGA................................................................................................ Poly(glycolic acid) 
PL .......................................................................................................... Poly-L-lactide 
PLA .................................................................................................... Poly(lactic acid) 
PLS .............................................................................................. Partial Least Squares 
PS ............................................................................................................... Polystyrene 
P/S ...........................................................................................Penicillin/Streptomycin 
SBF ........................................................................................... Simulated Body Fluid 
SEM ............................................................................ Scanning Electron Microscopy 
SSPC .............................................................................. Solid State Polycondensation 
SSSP ............................................................................ Solid State Shear Pulverization 
SWCNT....................................................................... Single-walled carbon nanotube 
TCP ............................................................................................ Tricalcium Phosphate 
TG .................................................................................................. Thermogravimetry 
Tg ................................................................................... Glass Transition Temperature 
THF .................................................................................................... Tetrahydrofuran 
Tm ..................................................................................................... Melt Temperature 



1 

CHAPTER 1: INTRODUCTION 

Overview 

 This dissertation is divided into four main chapters.  Chapter 1 is a literature review 

which discusses the clinical unmet need currently found in orthopedic fixation devices and 

possible material science advancements to alleviate the need (e.g. pores and 

nanocomposites).  Chapter 2 (Aim 1) focuses on the inclusion of porous morphology into 

orthopedic biomaterials.  Chapter 3 (Aim 2) addresses introduces nanomaterials to increase 

the mechanical integrity of the degradable orthopedic biomaterial used in the prior chapter.  

Chapter 4 (Aim 3) evaluates the cytocompatability implications of the aforementioned 

material and processing changes.   

 This work focus’ heavily on materials characterization methods, both for 

determining thermoplastic fluid properties necessary to obtain an interpenetrating polymer 

network and modulating the mechanics of polylactide composites below their glass 

transition temperature with only trace amounts of functionalized nanodiamonds. 
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Clinical Background 

Injuries of the anterior cruciate ligament (ACL) occur frequently in athletes, 

especially during instances of multi-dimensional loading.[1]  Examples of 

multidimensional loading can be twisting and laterally bending the knee, as well 

perpendicularly applied force while standing on an unlocked knee.  An estimated 100,000 

to 200,000 new ACL tears occur annually in the US,[2] with 64,000 to 100,000 of those 

patients receiving ACL reconstructions (ACLR).[3]  Although the amount of ACLR cases 

reported by the National Hospital Discharge Survey (NHDS) continues to decline, both 

the number of ambulatory cases reported by the National Survey of Ambulatory Surgery 

(NSAS) and total number of procedures continues to rise.[4]  Recipients under the age of 

25 have a 16.5% failure rate and they are generally met with even more complicated 

outcomes.[3,5–7]  Even with successful ACLR, less than 50% of all patients are able to 

return to their previous activity levels.[8]   

In an effort to improve patient outcomes, the current trend in ACLR research and 

development favors regeneration over replacement: living autografts over sterilized 

allografts,[3] affixed by bio-absorbable devices over inert/metallic standards.[9,10]  

Though metallic interference screws (MIS) are often used in the fixation of hard tissue to 

soft tissue, biodegradable interference screws (BIS) can offer comparable load to failure 

without distorting magnetic resonance images (MRIs), compromising revision surgeries, 

or lacerating grafts.[10]   
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The use of BIS have their own unique risks: prolonged knee effusions, fibrous 

tissue encapsulation, tunnel widening, and an increased risk of screw breakage during 

insertion.[1,11–17]  Graft integration and fixation strength may also be jeopardized by 

tunnel widening and/or implant migration.[18–23]  Surgeons are requesting improved 

tissue integration with degradable fixation device materials;[24] they want devices that 

degrade faster (and more uniformly) without foreign-body inflammation.[25]  The addition 

of porous voids in such a fixation device could both bolster tissue integration[26] and 

minimizing the amount of implanted material that causes the adverse reaction.[27]  

Although the addition of pores will inherently weaken any fixation device,[28] we aim to 

many translatable biomaterials advancements to fabricate such a load bearing tissue 

scaffold.  Porous fixation devices have been studied in vivo, wherein ECM calcification 

was conducted through the porous and into the lumen of the device.[26] 

The ACL is an excellent target model for designing a degradable orthopedic 

fixation device.  The ACL is a living tissue with some ability to regenerate given proper 

tissue scaffolding, only the proximal third of the ACL has shown any healing 

response.[29,30]  ACLRs typically reconstruct a ruptured ACL with a graft; autografts 

demonstrate lower re-rupture rates than both allografts and synthetic scaffolds.[31]  

Performed as early as one week post-injury, ACLR with living autografts offers the best 

opportunity for tissue regeneration.[32,33]  ACL grafts are secured in anatomically 

oriented tunnels drilled into the proximal-tibial and distal-femoral epicondyles.  

Revascularization is paramount to ACL graft incorporation, which should begin 3 weeks 

post-op and mature 6-8 weeks post-op.[34]  In the first 4 weeks post operation, 
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inflammatory cellular infiltration and neovascularization lead to decreasing mechanical 

stability of the graft as the extra-cellular matrix (ECM) undergoes reorganization[35] 

leaving the tendon grafts temporarily weakened and susceptible to damage.[36]  

Ultrastructural changes to collagen fibrils continue until 24 months post-surgery.[37]  The 

primary complaints about of BIS are still poor tissue integration and failure during 

insertion.[38]  To increase tissue integration, BIS have been tested with millimeter-scale 

perforations along their length.[26]  Tissue integration requires open pores on a micrometer 

scale or larger for cell attachment and migration.[39]   

  



5 

State of the Art 

In order to overcome the current tissue integration problems in degradable 

interference screws,[40] we’ve evaluated gyroid structures derived from immiscible 

interpenetrating polymer networks (IPNs).[41]  Our solution to current limitations in the 

tissue interface of current orthopedic fixation device materials is a morphological shift to 

porous and highly interconnected rigid scaffolds of contemporary biodegradable 

thermoplastics formed from a co-continuous phase inversion and controlled separation 

process with a sacrificial porogen.[42–49]  Prior to attending Temple University, I had 

worked to create such an open porous surgical fixation device with Drexel University and 

collaborators at GaTech.[49–52]  Although my Master’s thesis that was conducted during 

this time focus on the physics and modeling of process parameters that drive the phase 

separation, I also worked in parallel to on empirical studies that were brought all the way 

to animal models.  Our methods involved melt blending poly-L-lactic acid (PLLA) / 

polystyrene (PS) blends, wherein the PS porogen was extracted with cyclohexane (see 

Figure 1).   
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Figure 1:  Diagram indicating the presence of polystyrene used as a porogen to create pores after solvent leaching, with 
SEM images for qualitative comparison. 

 

Following the above manufacting scheme, PLLA pins were injection molded from 

the biphasic blend of immiscible polymers.  Samples were wafered into small pins before 

solvent leaching. Sample groups contained solid PLLA control pins, pins that were 50% 

PLLA / 50% porous, and pins that were 40% PLLA / 20% hydroxyapatite (HA) / 40% 

porous.  These above samples were implanted bilaterally in canine tibias for up to 12 weeks 

to observe tissue ingrowth, wherein the results as both micro-computed tomography (μCT) 

and Hemotoxalyn and Eosin (H&E) can be seen in  
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Figure 2: Micro-computed tomography (μCT) and Hemotoxylin and Eosin (H&E) histological stains of solid 
pins, porous pins, and porous pins containing HA after 12 weeks implanted in canine tibias.  Minimal tissue ingrowth 
and calcification can be observed in both porous cases. 

 

 Root cause analysis has led to the discovery that injection molding of the 

immiscible blend led to gross/heterogenous phase separation, an SEM cross-section of a 

porous pin used in the study from Figure 2 can be seen as the left panel in Figure 3.  The 

right side of Figure 3 is a literature reference provided to illustrate the mixing progression 

and decomposition of IPNs,[41]  wherein the formation of isolated porogen droplets in the 

right panel indicates a poor match in the rheological properties necessary to maintain an 

IPN. 
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Figure 3:  SEM image of low interconnectivity found in injection molded IPN.  Literature refernences in IPNs define this 
phenomena as droplet breakup.[41] 

 

Gyroid networks are representative geometries of an ideal IPN, wherein the 

interface is triply-periodic with minimal faults.[28]  The mechanical testing  data in Figure 

4 indicate that the relative bulk modulus of the 50% porous devices were already at the 

theoretical limit for a gyroid structure.  A negative aspect is that the compressive strain at 

failure has been significantly decreased, which was observed by the surgeons as being 

“friable.”  Finding a way to increase the strain at failure while maintaining moduli and 

strength would effectively increase the toughness of the material and it’s resilience in load 

bearing applications. 

 



9 

 

Figure 4: Table of mechanical results for compression testing porous pins from the prior two figures.  Literature 
reference of theortical limit of relative bulk modulus for a Gyroid structure as ~25% if device is 50% porous.[28] 
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Hypotheses 

Our goals are to improve degradable fixation device materials: maximizing tissue 

integration, minimizing biomaterials implanted,[27] and maintaining fixation strength in a 

scalable manufacturing method.  The primary goal is to incorporate open pores, for 

maximizing tissue invasion and minimizing material implantation. The secondary goal of 

this research is to enhance the toughness and resilience of these device materials to fulfill 

load bearing roles. The tertiary goal is to enhance cellular attachment and biocompatibility 

of the matrix material, if possible.  A more resilient degradable biomaterials could reduce 

ACLR failure rates; these toughened materials may also permit the addition of open pores 

for even greater tissue integration. We can design degradable fixation devices that are 

tougher, less likely to migrate, diminish tunnel widening, and reduce degradation products; 

all while maintaining scalable and cost effective manufacturing processes. The purpose of 

this research is to enhance the effectiveness of a surgical fixation devices involved in hard 

and soft tissue repair. There is an unmet need in orthopedic fixation devices materials, 

wherein we are can provide improvements with this very work.  We aim to enhance both 

the initial fixation strength of the material and its subsequent interaction with the cells it 

will contact.   

 

Open Pores 

Open micro-pores have been studied for their use in tissue engineering.[53–56]  

Triply-periodic networked solids are quite commonly used as scaffolds in tissue 

engineering;[28,57,58]  Gyroids, a particular network morphology, can form naturally 

during phase separation of interpennetrating polymer networks (IPNs).[41]  Substituting 
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one of the polymer phases with a porogen should allow us to readily create open 

microporous tissue scaffolds.[49,50]  Pore sizes around 100 µm are considered beneficial 

for bone ingrowth.[55,56]   

Gyroids have a bulk moduli that are, at best, ~1/3 of their material stiffness and 

have a problems with being friable.[28]   Since irregularities in the matrix are inevitability 

in a facile method such as phase separation, increasing the resiliency of the matrix polymer 

is necessary to improve the integrity of the bulk gyroid in any load bearing application.  

Gyroid networks are also less likely to yield under hydrostatic swelling,[59] which is a 

concern for bulk degrading polymers.  Current advances in medical device engineering 

favor biomimetic structures for tissue integration rather than traditional monolithic 

engineered implants.[40]  Gradient porous structures are biologically important features 

of many tissues that provide load bearing porosity and mass transport.[60]   

In order to design the manufacturing process for porous thermoplastics as tissue 

scaffolds and surgical fixation devices, we have correlated morphological changes within 

the polymers to manufacturing parameters such as time, temperature, interfacial surface 

area and volume fractions.[61,62]  The result is a porous, highly interconnected phase of 

biodegradable polymer formed from an IPN (biopolymer/porogen) that has been dissolved 

away after the controlled phase separation process.  Gradient pore sizes and mechanical 

strengths are possible by controlled phase separation through anisotropic annealing 

temperatures.[49]  Our analysis validates a correlation between structure and 

manufacturing parameters, suggesting that the resultant pore size growth rate is a function 

of interfacial surface tension[63] and zero shear-rate viscosities.[44] 

The matrix phase materials, PL and PDLG, were selected for their degradation 
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rates and mechanical integrity.  Parallel plate rheometry helped determine the particular 

grade of atactic polystyrene as the best sacrificial pairing material for the specific surgical 

device PL.  If the viscosities and volume fractions of the polymers in this binary system 

are approximately equal, then the formation of dispersing and agglomerating particles 

leads to co-continuous phases. [41,61]  The materials were cryomilled (CM) together to 

attain a dispersed mixture of micron-sized particles.  Blends were compression molded 

and annealed above their melting temperatures for various times before cooling for solvent 

extraction. Though mechanical instability increased via inhomogeneous phase separation 

in early experiments, improved rheometry has isolated a more compatible sacrificial 

material allowing for an increased range of pore sizes and increased mechanical stability. 

A patent was granted in 2011,[47] specifying a melt mixing procedure for creating 

microporous and degradable medical devices.  Their method is problematic for molding 

thermoplastic devices, as any deformations beyond micro-patterning result in gross phase 

separation.[48,51]  Due to problems in maintaining regular and continuous porosity under 

deformation and at mold cavity interfaces,[48,51] all molten deformations wll be removed 

from the process, CMing allows for fine powders to be loaded into compression molds.  

Since the aforementioned method is both impractical and already patented, the following 

method micronizes solid thermoplastics to their approximate initial pore sizes, 

compression mold compact the room temperature powder blend, then raise the mold 

temperature for controlled phase separation within the sample. Again, this method 

explicitly avoids gross deformation of the IPN while annealing.  For more information, see 

Appendix: Initial Porous Study. 
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Nanodiamonds 

Tougher device materials are necessary fracture/friable failures,[64] which may be 

achieved through solid state polycondensation (SSPC) on biomedical polyesters to create 

branched and/or networked polymer bonds. SSPC of an already high molecular weight 

(Mw) polymer may not have enough free end-groups to condense; Carbon nanomaterials 

(CNMs) (e.g. single-walled carbon nanotube (SWCNT), multi-walled carbon nanotube 

(MWCNT), graphene-oxide (GO), ND, etc.) may present such bonds to participate in the 

SSPC process.  CNMs are already being studied strongly for their interactions with 

osteoblasts.[65]  CNM composites have been shown to significantly increase the 

mechanical properties of a matrix (if compatibilized[66]), toughening polylactides 

(PLs).[67,68]   

Our past collaborations have successfully produced porous thermoplastic 

biomaterials,[48–51] but the materials were friable and unsuitable for load bearing 

applications.  Prior lab members have successfully improved PL’s toughness by dispersing 

octadecylamine (ODA) functionalized NDs, but the method of solvent casting was 

impractical to produce at scale.[67,68]  Yet another has modeled the bulk mechanics and 

diffusion properties of a screw with pores.[69]  My goal is a derivation of these works: to 

achieve porous, resilient, PL devices.  I aim prove that NDs can be dispersed and 

covalently bound to reinforce implant thermoplastics in a manufacturable manner.  ND 

dispersion is carried out by cryogenic milling (CM) and bonding is produced by SSPC, i.e. 

high vacuum and heat favor condensation reactions to bond the ND to the surface of the 

CM’d PDLG granules.  Polymer granules can be micronized by CM for melt molding,[70] 

this method can dispersively mix immiscible polymer blends as well.[50,71]  Samples 
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could also be annealed after molding, under vacuum, to ensure continued bonding by poly-

condensation.  Porous scaffolds will be prepared through a phase inversion process 

wherein PL/polyglycolide (PG), ND, and polystyrene (PS) are CM’d together to create a 

uniform distribution before thermally annealing above both of their melt temperatures 

(Tm) to grow an open porous structure.  Cyclohexane, a selective solvent for PS, is used 

to remove only the porogen.   

The design of the orthopedic fixation devices has evolved from metallic to polymeric, 

from inert to degradable, and from synthetic to natural.  The goal of this work is to bridge 

traditional orthopedic hard to soft tissue fixation devices with the work of regenerative 

medicine.  With the final goal of having a load-bearing implant be entirely replaced by 

native tissue, we aim to be the next step in biomaterials evolution that improves tissue 

integration with the synthetic degradable biomaterial and supplements tissue regrowth 

without the complexities and batch variations associated with natural materials.   
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Innovation & Significance 

The goal of this research is to develop an improved method of processing degradable 

orthopedic fixation devices materials: (1) micro-porous tissue scaffolds,[51] (2) made from 

toughened nano-composites,[67] (3) for use as macro-scale fixation devices.[69]  The 

novelty of this project is the unique combination of relatively divergent disciplines and 

processing methods.  Though others have pursued openly porous PLs via phase inversion, 

our research focuses on optimizing the process specifically for degradable orthopedic 

implants.  Open voids allow for tissue to grow with the fixation device, and certain types 

of pores enhance osteogenicity.[54,72]  CM will tend to fracture particles where they are 

weakest, wherein ND can coat these new surfaces to reinforce only the weaker points of a 

PL matrix.   

Prior ND composites have only proven to significantly increase the toughness when 

used in percentages of 1% up to 20%;[73] stiffness and strength were sacrificed to achieve 

this increased toughness as well.[68]  Effective load transfer has been studied with CNMs, 

wherein both inhibition of crack initiation and propagation have been observed.[74]  ND 

composites with functionalized with octadecyl amine (ODA) are able to disperse within, 

but not bond to, the polymer matrix.[67]  Bonding and strengthening effects between 

ND/CNMs and Polylactic Acid (PLA) have been both passively and actively 

observed.[66,75]  This research demonstrates significantly improved stiffness and 

strength from only 0.1% ND with only hydroxylated surfaces (i.e. ND-OH).   
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Summary of Specific Aims 

 

Aim 1:  To refine open-porous morphology within orthopedic device materials. 

Sub-Aim 1.1:  Select an appropriate porogen pairing material. 

Sub-Aim 1.2:  Evaluate the range homogeneous phase coarsening. 

 

Aim 2:  To increase the strain at failure with ND composites. 

Sub-Aim 2.1:  Select optimal functionalization of ND in solid PDLG. 

Sub-Aim 2.2:  Evaluate the effect of functional ND in porous structures. 

 

Aim 3:  To evaluate in vitro cytocompatibility. 

Sub-Aim 3.1:  Cytocompatability of 2D ND composites. 

Sub-Aim 3.2:  Cytocompatability of 3D porous scaffolds. 
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CHAPTER 2: SPECIFIC AIM 1 - OPEN PORES 

The first aim is to improve tissue integration of orthopedic device materials through 

incorporating open pores.[56,76]  In order to address the creation of open pores, we’ll need 

to break our materials discussion into two parts: that which pertains to the material which 

creates the pore when it is removed (i.e. the porogen phase) and the material that is left 

after the porogen is removed (i.e. the matrix phase).  Poly(α-hydroxy esters) are commonly 

used as degradable tissue scaffolds,[77] polymers within this group include polylactides 

(PL), polyglycolides (PG), and polycaprolactones (PCL).  Phase inversion has been used 

to create open pores within these polymers.[49,50,78]   

 

 

Figure 5:  Diagram of the importance in visocosity and volume fraction pairing for immiscible IPNs. 

 

 

Open pores are important for tissue differentiation.[53]  This goal requires the 

Porogen becomes dispersed 

Before leaching After leaching 

Porogen becomes matrix 

Before leaching After leaching 

Best Viscosity match 

Before leaching After leaching 

Bulk matrix phase: Poly d,l- Lactide co- Glycolide (PDLG) 
 Porogen : Polystyrene (PS) 
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dispersion and distribution of both polymer matrix components and porogen phases, cryo-

milling (CM) has been shown as a viable production method for creating the initial 

dispersion for IPNs.[79,80]  Compatibilizers for immiscible, multicomponent blends may 

even be created in situ during the CM process.[81]  Immiscible polymer blends undergo 

phase separation proportional to their interfacial surface tension and inversely proportional 

to their melt viscosities.[61]  Since these polymers are shear thinning, their viscosity can 

only be approximated as constant at low shear rates (i.e. zero shear-rate viscosity (η0) as 

per the cross model).[82]   

Due to the drastic decline in both the mechanical properties and the visual erosion 

of the sample surfaces, one would conclude that the phase separation is heterogeneous; 

favoring PS for the matrix phase and PL for the dispersed phase.  In order to address this 

problem of viscosity pairing, we have moved towards a more articulate method of 

rheometry (for a comparison with shear-rate sweep rheometry, see the appendix on Initial 

Porous Study).  By using strain controlled oscillatory frequency sweeps, we are able to 

gain  more precise extrapolations of the zero-shear viscosity plateau.  In order to carry out 

a wide array of processing parameters and blending options, a smaller traditional cryomill 

was used in this study. 

Success relies on minimizing degradation of the matrix polymer during processing 

and maximizing porous interconnectivity.  Due to the delicate nature of these high 

molecular weight (Mw) PLs, exposure to combined heat and oxygen/water must be 

minimized to avoid degradation during processing.[83]  CM is a batch particularization 

method apt for laboratory scale, but can be easily scaled up in a process known as solid 
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state shear pulverization (SSSP).[84]  PL is hygroscopic, and will spontaneously bulk 

degrade via hydrolysis when exposed to moisture; CM is an advantageous dispersion 

process on account of low temperatures and inert nitrogen gas. 

Using an available mounting press outfitted with a PID controlled heater, powder 

samples were compression molded into disks 32 mm in diameter.  Subsequent 

characterization techniques were all performed on sections of these disks that have been 

cut on a diamond wafering saw.  Strain-controlled oscillatory frequency sweeps have 

helped to characterize the shear thinning viscosities of the target PL and PS porogen 

possibilities; frequency sweeps were performed in triplicate for three relevant molding 

temperatures (175°C, 200°C, and 225°C).  Disks for measurement were >25 mm diameter 

and 1 mm thick (~1g each).   

Next, samples will be cryogenically milled until the mean particle size is less than 

100 µm, or they no longer reduce in particle size (~40 minutes of in cryomill, 15 * 50 

seconds milling time).  Different materials and volume fractions will be evaluated for pore 

connectivity and growth rate, as measured by mass after solvent extraction and SEM.  Both 

phases are expected to remain interconnected (>95%), if the volume fractions are even and 

the blends are compatible.  Cyclohexane is a poor solvent for PLA,[85] and should 

effectively remove the PS phase.  
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Methods 

Cryomilling  

Samples were ground in a SPEX SamplePrep cooled by liquid nitrogen.  Six (6) grams of 

polymer were loaded into grinding cavity for each grinding session.  In the case of 50% 

porous blends, 3 grams of PDLG and 3 grams of PS.  All samples were pre-cooled for 12 

minutes in LN2 before 15 cycles of 50 seconds grinding and 1 minute of rest time 

Pulverization rate was kept constant at 15 cycles/second.  The milling chamber was 

disassembled, rinsed, and dried between individual grinds.   

 

Particle Size Measurements  ImageJ was used to measure particle sizes after grinding, 

compounding, and SEM imaging. To quantify particle size distribution, 6 images were 

loaded as a stack, converted to 8-bit, smoothed, and Otsu thresholded before being entered 

into the particle analysis tool. Particles produced from the grinder were imaged on glass 

slides on a phase contrast microscope and pore sizes in the annealed structures were 

measured by polarized light / phase contrast microscopy. 

 

Density measurements Density of the pure materials was approximated by compressing 

powder into cylindrical disks of each material, and measuring mass with a Mettler Toledo 

digital scale and the dimensions of the pellets with a dial caliper (n=3). The 13 mm FTIR 

pellet cavity was filled with 0.60 +/- 0.05 grams of powdered thermoplastic, compressed 

to and held at 7 metric tons in a Carver press for two minutes. Since diameter of the 

cylindrical pellets were fixed, volume was calculated from thicknesses of the pellets. 
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Rheometry  

Rheological measurements were made on a dynamic rheometer (ATS Rheosystems) with 

25 mm parallel plates.  Strain-controlled oscillatory stress sweep testing regimes were used 

on account of the visco-elastic nature of a thermoplastic during melting, wherein strain 

oscillations were constrained to 1% for frequencies of 10-1 s-1 to 10+2 s-1.  A minimum of 3 

oscillations were performed at each frequency step.  Relevent processing temperatures 

were evaluated for both polylactides and polystyrenes; a sweep of seven temperatures were 

studied for each sample (n=3) in each group, from 150°C to 250°C in steps of 20°C.  The 

gap between the parallel plates was zeroed at 200°C, before reducing the stage temperature 

to 150°C and loading the sample.  Gap height was set to 0.9 mm, samples were trimmed at 

10% above.  The temperature dependence of zero shear rate viscosities and phase angle 

measurements were used to determine optimal porogen selection and annealing 

temperatures.   

 

Compression Molding   

Sample disks were prepared in a LECO PR-10 Mounting Press equipped with a 1.25 inch 

diameter cylindrical mold cavity. The 600-watt heater was modified to be controlled with 

an omega CN7600 PID controller, interfaced via RS-485 to a Linux laptop running Python 

2.7 to script parameters and log temperature data.  Thin single-plastic samples for 

rheometry were massed at 1 gram powder to produce ~1 mm thick disks; heated to 200°C 

for 5 minutes at contact pressure to remove air bubbles.  Pore size growth tests were 

conducted on 6 gram samples, heated to 175°C/200°C/225°C for 7/15/30/60 minutes 

depending on comparative test. 
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Sectioning   

Samples disks were cut to perform a variety of characterization processes on a Buehler 

Isomet-1000 diamond saw with a 6-inch diameter blade that’s 0.5 mm thick (No. 11-4276).  

Samples were cooled with deionized (DI) water while cutting.  Sample disks/cylinders 

were sectioned vertically into 2 mm thick increments to create beams for mechanical 

testing, 100 μm thick for brightfield microscopy of interconnected phases. 

 

Porogen Extraction   

The sacrificial polystyrene phase was removed by submersion in C6H12 for three days at 

room temperature on a belly dancer, solvent was changed as frequently as it became visibly 

cloudy.  Samples were then air dried in a chemical hood for 4 hours then moved to a 

vacuum oven at 0.2 Torr overnight to remove residual solvent before imaging.  Used 

cyclohexane was re-distilled from waste mixture.   

 

Visualization 

Samples containing porogen were section at 50μm thick and photographed on a brightfield 

microscope, the color differences between materials were apparent.  For samples post-

porogen leaching, section thickness was kept at 2 mm and images were capture with both 

polarized light and phase contrast simultaneously.  Polarized light highlights polymeric 

struts and suppress the exposure of open pores that do not bend the light path.  Phase 

contrast reduced the oversaturation through contiguous polymer sections across the width 

of the sample for more even matrix identification. 
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Results 

In order for an IPN to produce a highly interconnected open-porous structure (i.e. 

>95% porogen removal), the volume fractions and viscosities of the two constituents 

should be nearly equal and the intended matrix thermoplastic should begin to melt slightly 

slightly sooner than the porogen.  If the porogen melts first, you run the risk of 

encapsulating and dispersing droplets of your intended matrix material within the porogen 

(see Figure 5 and appendix on Initial Porous Study).  The ideal pairing of matrix and 

porogen thermoplastics will have a viscosity ratio near one and their phase angles should 

be  >85°.  Phase angles approaching 90 degrees indicate that the complex modulus is 

predominantly composed of the loss, rather than storage, modulus (indicating fluidity). 

Three porogen candidates were assessed in Figure 6, with their zero-shear rate 

viscosities presented as ratios of the pre-selected polylactide used in fixation devices.  First 

we assess candidates from left to right on the x-axis, preferencing viscosity ratios that pair 

when temperature at lower temperatures to minimize degradation of the biopolymer.  Next, 

Figure 7 provides the phase angles to determine which paired viscosities are fluidic enough 

for controlled phase separation.  Using aforementioned criteria, Styron 665 is the most 

suitable porogen candidate for creating an immiscible interpenetrating porogen between 

temperatures 190°C to 230°C.  Now that the matrix/porogen paring selection has been 

made, polystyrene (PS) references from this point foreward shall always refer to Styron 

665.   

 



24 

 

Figure 6:  Viscosity ratios for multiple temperatures and materials. All values accrued during oscillatory strain 
controlled (1%) frequency sweeps at lowest frequency (0.01 Hz), the viscosities are empirical and not extrapolated 
asymptotes. 
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Figure 7: Phase angles for multiple temperatures and materials. All values accrued during oscillatory strain controlled 
(1%) frequency sweeps at lowest frequency (0.01 Hz), the viscosities are empirical and not extrapolated asymptotes. 

 

Cryogenic milling (CM), a pulverization technique carried out under liquid 

nitrogen cooling, was used to dispersively and distributively mix micron scale particles of 

immiscible thermoplastics.  The maximal grinding parameters for were assessed for each 

polymer, wherein the particle size distributions of either PL or PS can be observed in 

Figure 8.  Please note that subsequent grinding of individually constituents that were 

already individually ground only prduces a superposition of the prior two histograms 

(reiterating that the limit of grinding efficacy has been reached).  The mean and median 

particle size of PL was found to be 70 and 86 µm, respectively; PS was 42 and 46 µm, and 
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the 50/50 volume blend was 60 and 69 µm. The density of PL was measured to be 1.1635 

+/- 0.0033 g/cm3 and PS was 0.9681 +/- 0.0058 (n=3). 

 

 

Figure 8:  Results of milling with the SPEX 6770 SamplePrep, wherein each polymer was ground to it's limit, then mixed 
together and ground again to ensure smallest particle sizes.  Subsequent combined grinding only yields a superposition 
of the particle size distributions of the individual constituents, indicating that no further substantial particle size reduction 
was achieved. 

 

In order to validate the co-continuity of the phases, thin sections of the immiscible 

blends were studied under brightfield microscopy to qualitatively asses the IPN.  50/50 

blends of PL and PS were loaded into the compression mold at 6 grams per sample.  In 

Figure 9, 100 μm thick wafers of compression molded samples  are shown in brightfield 

microscopy (200°C for 15 or 30 minutes).  The short time point was just enough time to 

sinter the particles together, but not allow for any flow; the latter time demonstrate 

homogeneous phase coarsening.  From the particle size distributions in Figure 8, we can 

assert that the larger particle in the 15 minute sample of Figure 9 are PL (which also appears 
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darker).  The interconnectivity of this dark phase is almost non-existent at 15 minutes, and 

is high developed and regular by 30 minutes.  Even isolated droplets disappear during this 

annealing time.  At the 30 minute time point the width of the struts observed in each phase 

converges and normalizes, although one phase does remain noticibly darker and could still 

be considered the PL phase.   

 

 

Figure 9:  Brightfield images of immiscible PL/PS blends, compression molded to 200°C for 15/30 minutes.  The shorter 
time point was just enough to heat the sample through and sinter the particles together without inducing flow and phase 
separation.  The latter time point demonstrates homogenous phase coarsening. 

 

 To validate the robustness of the system, a wide array of molding times and 

temperatures around the rheological solution space were evaluated; Figure 10 depicts the 

array of pore sizes that can be grown.  Note that the phase angle of PS (Styron 665) at 

175°C was below 80°, and substantially less phase separation is observed.   
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Figure 10: Compression molding of 50/50 PL/PS blends, compression molded at combinations of 15/30/60 minutes at 
175°C/200°C/225°C. Images are polarized light and phase contrast microscopy stitched images, scale bars = 1 mm.  
Samples are 2 mm thick cross sections, PS phase is removed. 

 

Pore sizes can be homeogeneously coarsened from the micron range to the 

millimeter rage, by modulating the time and temperature of appropriately paired materials. 
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CHAPTER 3: SPECIFIC AIM 2 - NANODIAMOND COMPOSITES 

The prior chapter’s work has involved creating porous tissue scaffolds from 

degradable polyesters traditionally used in monolithic implants, previously we have 

deomonstrated the loss of mechanical integrity (i.e. friability, low strain at failure).  Prior 

lab members have worked to integrate ND into biomedical polylactides, but their methods 

of solvent casting weren’t scalable and the required mass of ND was significant and cost 

prohibitive (1%-10% by weight).[67,86]  The aim here is to maximize the mechanical 

reinforcement potential, which can be done by providing ND only in strategic locations 

and ensureing their surface moieties can interact with the matrix polymer (ideally by 

having the polymer grafted to the nanoparticle).  A process that is scalable is also of high 

interest to this application. 

Cryogenic milling, a form of solid state shear pulverization (SSSP), has already 

been demonstrated to dispersively and distributively mix micronized particulates for IPN 

production;[71,78–80] here we aim to leverage this production step to additionally coat 

the polymer granules with a very thin layer of ND to reinforce grain boundaries.[87,87,88]  

Additionally, annealing PL above their Tg and below their Tm, under high vacuum of dry 

nitrogen flow, can cause polycondensation to create new covalent bonds as water is drawn 

away.  This aim attempts SSPC under heat and high vacuum to bond the NDs to the surface 

of the CM’d PL/PG granules.[66]  To attain our second goal of increasing intermediate 

and long term fixation strength by tissue integration, porous scaffolds will be prepared 

through a phase inversion process wherein polylactide/glycolide, nanodiamond, and 

polystyrene are cryo-milled to create a uniform distribution before thermally annealing 
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above melt temperatures to grow an open porous structure.  Organic solvents 

(cyclohexane) are used to remove the sacrificial polystyrene porogen.  

Carbon nano-materials (CNMs) generally fall into three categories: nano-tubes, 

graphene oxides, or nano-diamonds (ND). Of these groups, NDs have the highest cellular 

uptake and least cytotoxicity.[68]  CNMs may increase biocompatibility with current 

synthetic tissue scaffolds.[89]  Polylactide has already been covalently bonded with 

oxidized CNMs, such as graphene oxide.[90]  CNM composites can bind more surface 

proteins to decrease platelet adhesion and subsequently immunogenic responses.[91]  

MSC expression of Integrin αv was affected by the presence of graphitic carbon on titanium 

implants, independent of surface roughness.[92]  MSCs seeded on carboxylated 

multiwalled carbon nanotubes increase their viability and ALP activity over both PLGA 

alone and tissue culture plastic.[93]  Carbon may not be the only nanomaterial capable of 

increases the stiffness and strength of polylactide. Small amounts of nano-hydroxyapatite 

particles may act as nucleation sites for crystallization and effectively increase the stiffness 

of a composite biomaterial.[94,95]  When properly exfoliated, carbon nanomaterial 

composites (such as graphene oxide) should not exceed a weight percent of approximately 

1%.[96]  Annealing in the presence of these nanoparticles as nucleators can significantly 

increase the stiffness of the material.[97]  CNMs tend to act as nucleating agents in PLLA 

composites.[98]  Kumar et al[99] provides a useful method for CNMs compounded with 

polyester biomaterials.  Beyond nucleation, functionalized CNMs have the potential to 

both increase bonding between polymer chains of the matrix material and increase the 

hydrophilicity of the biomaterial surface.[100]  During degradation, the loss of ductility is 

primarily associated with decreasing molecular weights;[101] therefore we may be able to 
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increase ductility by preserving crosslinking between the polymer chains. 

CM has been shown to increase the stiffness of a polymer matrix, by increasing 

crystallinity through increased nucleation.[102]  CM/SSSP has also been shown to 

generate free radicals that can create branched polymers or compatibilizers in situ.[81,103]  

The formation of covalent bonds between ND and the polymer matrix are possible.[104]  

Oxidized CNMs have already been shown to exhibit some amount of bonding when 

dispersed in a PLA matrix. Covalently bonding linear chains of the thermoplastic matrix 

to the surface of CNMs has been shown to significantly toughen such a composite.[66]  

Oxidized CNMs have also been shown to increase the cell attachment to PLA and reduced 

platelet activation.[91]  Surgical fixation devices made from bioresorbable composites, 

like hydroxy-apatite (HA)/poly-L-lactic acid (PLLA), can reduce the severity of fibrous 

tissue and increase calcification.[105]  Though, HA composites are merely dispersed and 

not covalently bound.  Transesterification in melt and free radical crosslinking have been 

demonstrated as a compatabilization methods in PLA blends, resulting in increased 

elongation at break.[106,107]   

 

Detonation nanodiamonds are produced from detonating high explosives (with a 

low oxygen balance) in a closed vessel with gaseous N2 and CO2, and liquid or solid 

H2O.[108]  The result of this process is a heterogeneuous population diamond clusters and 

graphitic carbon; the graphitic soot can be removed through high heat in the presence of 

air.[109]  The nanodiamonds themselves are a heterogeneous population of polyfunctional 

surface features, which can be fractionated by ultracentrifugation.[110]   

Since the last study showed no significant benefit of air oxidized ND, which is a 
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contradiction to published literature showing interactions between dispersed ND and a PL 

matrix.[111]  In order to understand if there is any relationship between the surface 

chemistry of the ND and their matrix materials, specially functionalized ND were acquired 

from Adamas Nanotechnologies (see Table 1).  ND with three types of surface 

functionalities were purchased from Adamas: hydroxyl groups (ND-OH), carboxylic acid 

(ND-COOH), and amine (ND-NH2).   

The goal is to analyze the parameters associated with milling and dispersing a ND 

composite: ND type versus percentage.  The primary criteria for success is derived from 

the load to failure in mechanical testing. Three sets of milled samples were annealed at 

0.1, 0.2, and 0.5% ND concentration with each functionalization and controls for the 

annealing and crymilling processes.  The presence of any nanoparticles can create 

nucleation sites within a polymer, subsequent crystallinity changes could independently 

affect stiffness.[94]  Mechanics, rheometry, and FTIR are used to look for signs of bonding 

changes within the types of composites.   
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Methods 

Materials 

All nanodiamond composite experiments used the same polymer source: Poly-D,L-lactide-

co-glycolide (PDLG-8531) was attained from Purac Inc., with an inherent viscosity of 2.93 

dl/g at time of acquisition.  Raw material was stored under vacuum at -20°C until use.  

Surface functionalized ND were purchased from Adamas Nanotechnologies Inc.; 1g each 

of ND-OH, ND-COOH, and ND-NH2 (Table 1).  Liquid nitrogen was provided by Airgas, 

Inc. 

 

Table 1: Adamas Nanodiamonds 
Detonation nanodiamond powder: Hydroxylated Carboxylated Anime  

Abbreviation: ND-OH ND-COOH ND-NH2 
Purity: >98% cubic phase 

Primary particle size: 4-5 nm 
Average aggregate size: 60-80 nm 60 nm 

Zeta Potential: +30 mV -45 mV +20 mV 
Ash Content: 0.6% 

Amount purchased: 1 g each 
Price: $75 $35 $100 

Hypothesized Production Method: Oxidized[112] Fractionated[110] 

 

 

Cryomilling 

Sample are placed 6 gram at a time into the milling vessel.  Unless specifically stated 

otherwise, a nanodiamond composite in this section contains 0.1% of a functionalized ND 

(i.e. 6 mg ND to 6 gram PDLG-8531).  This is the lowest concentration possible with 

equipment resources at hand, without performing serial dilution of prior millings.  Milling 

http://www.adamasnano.com/hydndpo.html
http://www.adamasnano.com/cadenadpo.html
http://www.adamasnano.com/amdndpo.html
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parameters were 12 minutes pre-cool, followed by 15 cycles of 50 seconds at 15 CPS with 

1 minute intervals. 

 

Vacuum Annealing 

Samples were dried in a vacuum oven (VWR-1410) connected to a Fisher Scientific 

Maxima C vacuum pump (model D4B). Temperature measurements were made by a Fluke 

51 digital thermometer with a k-type thermocouple. Temperature measurements were made 

by removing the side access panel of the oven and inserting the thermocouple along the 

outside of the heated vacuum cavity under fiberglass insulation. Due to hot spots on the 

floor of the oven, the sample tray was placed atop a wire rack in the center of the oven. 

Pressure measurements were made by a thermocouple Vacuum gauge (Savant Instruments 

Inc., VG-5) with a DV-24 vacuum gauge tube (Teledyne). To dry, sample particles were 

poured into a silicone mold and dried under vacuum overnight at room temperature 

(26.8°C). To promote condensation reactions, samples were either heated to a point below 

their melting temperature (setting 5, wall temperature = 90-100°C), or above melting 

(setting 7, wall temperature = 150-160°C). Front glass was covered with Styrofoam to 

insulate, but even at higher temperature setting, the front row of samples barely melted 

under high temperature. 

 

Compression Molding 

Unless specifically stated otherwise, the PID control system exhibited in the appendix was 

used to heat samples to a peak heat of 200°C for 15 minutes before returning to room 

temperature for demolding.   
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Sectioning 

All samples were wafered on the same Beuhler Isomet mentioned previously, at a cutting 

speed of 800 rpm and a counterweight of 100 grams.  Sample widths varied between 100 

μm to 2 mm depending on analytical test. 

 

Mechanical Testing 

A Bose Electroforce was used to perform flexural load to failure, use a 3 point bend rig 

with a span of 20 mm and a load cell of 100 lbf.  Sample beams 2mm thick by 6 mm tall.  

The axial displacement was set constant at 1 mm/minute, , where data logging began at 

contact force of 0.02 lbs and loaded until failure.  Displacement rate was constant at 

1mm/minute. and were. Force and displacement data was collected at a constant rate of 10 

Hz and manually stopped when the specimen broke.  

 

Flexural stress was calculated as: 

σf  = (3 *F * L) / (2 _W _ H2 ) 

Flexural Strain was calculated as: 

ϵf = (6 _ D _ h) / L2 

 

Data analysis was performed in Matlab R2014b. The failure point was determined as the 

minima of the second order derivative of the stress-strain curve. Ultimate stress was 

determined as the maximum stress observed in each curve. Flexural modulus was 

determined by smoothing the data with a moving average low-pass filter (5 elements wide), 
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and taking the minimal points of the first derivative.  Using the same flexural rig, cyclic 

loading until failure was also performed.  Using force feedback control, sinusoidal 

oscillations of either 40 MPa or 80 MPa were performed until failure.  

 

Rheometry 

Protocols were identical to those in the prior aim, except samples were sectioned from 

blocks after the vacuum annealing procedure.  

 

Imaging of ND distribution 

Brightfield imaging was utilized to demonstrate the distribution of nanodiamonds within 

the composite structure.  Sections were wafered to 100 μm thick.  Polarized light 

microscopy is also presented for samples that have undergone tensile test until failure.  

Sample dimensions were 6 mm by 2 mm in rectangular cross section, and 20 mm in length.   

 

 

 

FTIR Spectroscopy  

Principle component (PC) regression and partial least squares (PLS) regression were used 

to correlate reactive groups by Fourier-transformed infrared spectroscopy (FTIR) in 

attenuated total reflectance (ATR) mode (32 scans per reading, 3 readings per sample, 3 

samples per group).  All Spectral data was collected between 600 and 4000 cm-1.  Matlab 

R2015a was used to analyze the FTIR-ATR data.  All sets were converted from absorption 
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to transmission, normalized per group, and smoothed with Savitsky-Golay (width of 9 cm-

1).   

 

Degradation 

Degradation studies were conducted on the best performing ND composite alongside HA 

and unfilled polymer controls, wherein samples of various sizes were kept in 50 mL of 

αMEM (+10% FBS+1%PennStrep) for 9 weeks.  On retrieval samples were, rinsed with 

3x washes of DI water and gently agitated, dried in chemical hood for 4 hours, then 

overnight under 0.2 Torr vacuum.  Mass differentials were used to quantify degradation.   

 

Mineralization 

Porous samples, with and without 0.1% ND-OH,  were kept in SBF for 1 week before being 

rinsed gently in DI water (3 times) and dried overnight at 0.2 Torr vacuum.  Mineralization 

effects were observed via SEM/EDS and MIR Spectroscopy.   
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Results 

 In order to understand of a polymer composite is worth using, we must first 

demonstate a functional improvement.  Since our goal is increase the integrity of our 

polymer matrix, mechanical testing is the most important result to discuss first.  On the 

left panel of Figure 12 is the testing setup used for the mechanical analysis we’re about to 

discuss.  The right hand panel shows the stress strain curves for the various ND composites.  

Take note of the difference between the top row and bottom row, the bottom row has an 

additional vacuum Oven Annealing (OA) step to induce SSPC (48 hours at 150°C and 0.2 

Torr).  Notice that the nature of the stress-strain curves does not noticibly change before 

or after SSPC for the ND-COOH or ND-NH2 composite groups.  In contrast, notice how 

the ND-OH composites are embrittled before SSPC, and significantly increases strain at 

failure without sacrificing stiffness or yield strength.   

 

 

Figure 12:  (Left) 3-point bend flexural fixture on Bose Electroforce, sample dimensions are 6 mm high and 2 mm deep. 
Gap distance between lower stansions is 20 mm. Constant displacement rate (1 mm.minute) until failure.  (Right) 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). All sets were then compression molded and wafered identically for mechanical testing. 
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 Once we have established that this thermoplastic blend is worth making a device, 

now we investigate the feasibility of making a product from this material.   In order to 

create an implant from a thermoplastic, viscosity measurements will demonstrate how the 

material flows in order to fill a mold cavity and form the end user’s required geometry.  

Rheological comparisons can helps to ascertain how flowable a thermoplastic is and how 

easy it will be to fill compression or injection mold cavities.  Polylactide CM’d with 

various functionalized NDs, 0.1% by weight, (OH, COOH, & NH2) and vacuum annealed 

for SSPC, are rheologically compared to controls of CM without ND (CM) and neither 

CM or ND (native).  SSPC was still performed on controls.  As you can observe in Figure 

13, the CM process itself increases viscosity over the native control at all observed 

frequencies; this result is cohesive with other literature that claims SSSP can fracture 

polymers in a way that generates free radical and reactive crosslinks (i.e. chain 

branching).[84,113,114]  All of the ND composites in Figure 13 show substantially 

increased viscosity curves over the two controls, but note that the hydroxyl functionalized 

nanodiamond (ND-OH) has by far the least detrimental increase in viscosity by nearly an 

order of magnitude compared to the other ND composites.  Thus, ND-OH is the most 

processable of the ND composites evaluated. 
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Figure 13:  Dynamic rheometry of native PL, PL that has been CM, and PL that has been CM with functional ND.  All 
ND are 0.1% by weight. (n=3) 

 

At this point we have established that ND-OH is worth investigating, on account 

of a demonstrable effect on mechanical and rheological properties of PL.  The next step is 

to understand the relationship content has on these qualities.  Rheometry has an obvious 

positive correlation with ND-OH content (not shown), increasing ND increases viscosity.  

The strain at failure demonstrated a negative correlation with ND-OH content.  The effect 

of ND-OH content was parametricaly analyzed by varying the weight percentage in a log 

spacing; the experiments shown in Figure 12 were repeated with 0.1%, 0.2%, and 0.5% 

ND-OH.  Only he lowest amount of ND-OH significantly improved strain at failure, with 

a negative correlation to increase weight percentage.   Lower concentrations are worth 
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investigating, but not feasible with the mass balance and cryomill available for this study. 

 

Figure 14:  Results of flexural testing, constant displacement until failure.  Strain at failure displaced as a function of 
ND-OH weight percentage. n = 3. *** p<0.005.  Control has undergone CM and SSPC (neither process significantly 
affects PL alone, see mechanics supplement for details). 

 

 Another discovery was ND-OH appears to be more resilient to cyclic fatigue even 

at yield stress.  Yield stresses were not affected by the presence of 0.1% ND-OH, see 

mechanics supplement for more details. 



42 

 

Figure 15:  Fatigue testing, 1 Hz sinusoidal oscillations to 80 MPa peak flexural stress. Results displayed as number of 
cycles to failure, for increasing number of processing additions from left to right. Control represents virgin polymer 
granules dried under vacuum at room temperature before compression molding, vacuum annealing (VA) = SSPC for 
virgin polymer pellets. VA+CM does not include and ND, and VA+CM+ND-OH is 0.1% weight.  n = 3, ** p<0.01. 

 

 The question now stands, why is ND-OH superior to the other ND-COOH and ND-

NH2 when reinforcing PL.  A comparison can be drawn between the zeta potentials found 

in Table 1 and the dark borders visible around the polymer granules of the ND composites 

visualized in Figure 16:   

ND-OH:  most positive zeta-potential,  least visible borders,  

ND-COOH: most negative zeta potential,  darkest borders,   

ND-NH2: median zeta potential,    intermediately borders. 
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Figure 16:  Brightfield microscopy of 50 um thick wafers of PL and the various ND composites. 

 

Having now visualized the agglomeration of ND on the borders of polymer 

domains, the negative correlation between increasing ND content and decreasing strain at 

failure should be clear: clusters of ND can interfere with bonding between polymer 

domains.  In order to test the hypothesis of load sharing between polymer domains, across 

the ND that cluster at polymer grain boundaries, thin sections of our composites were 

loaded to failure under uniaxial tension at 1 mm/minute.  These thin sections were then 

visualized under polarized light, after failure, to reveal patterns of strain induced 

birefringence (See Figure 17).  Take note that in the left image of virgin PL dried and 

molded, the large granules barely stick to eachother; narrow stress risers lead to rapid 

failure, which was also observed in this sample group during fatigue testing in Figure 15.  

Although the middle image is specifically of PL + (CM + ND-COOH) + SSPC, the result 

is representative of the groups with either no ND and ND-NH2; these groups share 

generally good stress distributions on account of milling and annealing, but there are still 

well defined black spots that are representative of large polymer particles not participating 

in load distribution (these dark spots are not bubbles or voids).  Finally, the 0.1% ND-OH 

group, with CM and SSPC, have once again shown superior load distrinution;  the 
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boundaries of the dark spots are less defined or blurred, indicating a gradient of 

birefringence and increased load sharing. 

 

 

Figure 17: Polarized light microscopy of polylacdtide (PL) strips after load to failure reveals strain induced 
birefringence. All ND shown were used in 0.1% weight percentage. (Left) Virgin granules of PL have little ability to 
distribute load evenly, stress risers are narrow and intense. (center) ND-COOH composite image is representative of 
CM and ND-NH2 composites, dark spots with well defined boundaries are large PL granules that did not share in load 
distribution.  (Right) Although still present, the blurring of boundaries around the dark spots is indicative of load sharing. 

 

 Significant research has also shown that nanomaterials can act as nucleation 

sights, increasing crystallinity during annealing and in term increasing the mechanical 

integrity of the PL matrix.[94,98,115–120]   For this experiment, DSC was used to 

determine the Tg onset of our PL; 0.1% ND-OH was compared directly with 0.1% nano-

HA and unfilled polymer, all three groups were underwent the same CM and SSPC 

processing.  DSC ramps were set from 30°C to 250°C at 10°C/minute.  Thermal history 

was not erased with pre-cycling because all of the samples came from precisely same 

thermal history process SSPC annealing and PID controlled compression mold with 2 

hour cooling cycle).   Representative curves of the DSC results are shown in Figure 18, in 

which the addition of HA reduces both the Tg onset temperature and the magnitude of 

heat exchanged.  These results indicate that HA may decrease crystallinity and increases 
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the polymer’s free volume, making the HA composite sample undergo a phase transition 

at a lower temperature with less input energy.  The composites containing 0.1% ND-OH 

show a divergent results, in which both the Tg onset temperature increase and the 

magnitude of absorbed is much more to undergo phase transition; these results indicate 

stronger and more thermodynamically stable interactions between the ND and the PL. 

 

 

Figure 18:  DSC comparisons of Tg onset for each group.  Tg onsets all statistically significant from each other, n = 3, 
p<0.05. 

 

A 9 week degradation study was performed by submerging samples of various 

sizes in 50 mL of αMEM with 10% FBS and 1% Penn/Strep, the 50mL conical tubes 

were placed in a blotting oven with rostisserie kept on low and temperature set to 37°C.  

The mass of each sample was collected before the start of the test.  At the termination, 

samples were washed 3x in DI water and dried under vacuum overnight for re-massing.  

The sample masses are plotted in Figure 19.  The 0.1% ND-OH composite (grey/left) 

demonstrated no weight gain, significantly different (p<0.001, n=8) from both the 

control/CM polymer (blue/center) and the 0.1% HA composite (orange/right).  
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Figure 19: Degradation study, 9 weeks in cell culture media.  0.1% ND-OH composite (grey, left), Control PDLG 
(Blue, center), and 0.1% HA composite (orange, right).  All samples were crymilled and vacuum annealed.  n = 8. ** p 
< 0.001.   

 

 Even more pecular is that the control (PL without nano-filler), turned into a 

complete liquid within a thin shell.  As DSC had revealed that the HA group should have 

required the amount of input energy the free the polymer chains and accellerate buld 

degradation, the presence of HA must acted as a buffer to slow degradation.  ND-OH 

composites also demonstrated the same solid attributes, but without the weight gain and 

decrease in Tg onset observed in the HA group, indicating that other mechanisms inhibited 

degradation (i.e. low free volume).  The controls likely swelled, rapidly degraded 

internally due to locally acidic pH, but maintained a thin shell of PL that was actively 

buffered by the cell culture media. 

 

** 
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 Now that we have assessed all of the benefits associated with this minimal amount 

ND-OH in our PL matrix, it’s time to bring the story full circle and apply what we’ve 

learned back to the first specific aim.  The next experiments have combined the use of 

50/50 porous PL/PS blends with 0.1% ND-OH and the steps of CM and SSPC.  As can be 

observed in Figure 20, the coarsening of the pore size is slowed but does not decomposed 

into one phase dispersing another. 

 

 

Figure 20: 0.1% ND-OH added to 50/50 PL/PS blends. Both sample cryomilled (CM) and Oven Annealed (OA/SSPC), 
and were compression molded for 7 minutes at 225°C. (Left) No ND-OH, pores are coarse but regular. (Right) 0.1% 
ND-OH, pore growth has slowed due to viscosity increase, but has not upset viscosity balance of dispersed/matrix phases. 
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 Under uniaxial compression testing of 50% porous blocks containing either 0.0% 

or 0.1% ND-OH, the presence of ND-OH improved all facets of mechanical integrity.  

Representative stress-strain curves are shown in Figure 21. 

 

 

Figure 21:  Uniaxial compressive testing of 5 mm tall, 6x6 mm square blocks of porous PL, constant compressive 
displacement set at 1 mm/minute.  Due to irregularities in the heterogeneity of pores as the approach the scale of the 
block (i.e. mm size), 1 representative curve is depicted from each group based on clustering of characteristics and 
completeness.  n = 4. 

 

 The next step in this progression is to evaluate the cytocompatability of these 

porous tissue scaffold, with the possible additions of functionalized ND. 
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CHAPTER 4: SPECIFIC AIM 3 - CYTOCOMPATABILITY 

Open Pores 

Interference screws perforated with large holes have already proven to improve 

tissue integration into the void of the degradable device.[26]  Even if ligament bone 

constructs can be engineered in the lab, their surgical fixation to natural tissue would 

require an openly porous device to ensure proper mass transport to the native tissue.[39]  

Osteogenic and adipogenic differentiation have been demonstrated by surface features 

spaced 2 and 15 microns apart, respectively.[121]  Even though the hydrophilicity and 

alkalinity of bioglasses may increase degradation rates on their own,[122–124] increased 

fluid flow may inhibit degradation by not allowing acidic byproducts to build up 

locally.[125]   

If the osteocytes around the implant tunnel do not apoptose as a result of post-

surgical inflammation, peri-implant osteogenesis may be governed by sclerostin and the 

SOST pathway.[126]  Loading a porous interference group with platelet derived growth 

factor (PDGF) or basic Fibroblast Growth Factor (bFGF) may not enhance the motility of 

ACL cells to regrow the damage ligament or migrate towards an analogous graft.[127]  

Fluid shear stress acts on the β1 integrin receptor to phosphorylate ERK1/2 and in turn 

NFκB p65, subsequently upregulating more β1 integrin expression.[128]  (Interleukin 11 

is also upregulated in MSCs under FSS)  As previously discussed, MWCNTs are known 

to cause apoptosis through the ROS mediated p38 MAPK signaling cascade.[129]   

 

Nano-composites 
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CNMs composited into PL significantly increases osteogenesis (ALP activity and 

calcium deposition of MC3T3-E1 preosteoblasts).[130]  Surface functionalization of 

CNMs may even play a role in nucleating more physiologic hydroxyapatite crystals.[131]  

Induction of osteogenesis in either osteoblasts or MSC’s, has been shown to be enhanced 

by coating surfaces with either fibronectin or collagen type I and laminin, 

respectively.[132]  MSCs seeded onto PLGA substrates require the MAPK pathway to 

undergo osteogenic differentiation.[133]  Contact osteogenesis depends on fibrin’s ability 

to adhere to the surface of an implant,[134] which may be increased by functionalized 

CNMs on the PLG surface. Increasing the hydrophilicity of a PLG surface will increase 

both mineralization and osteogenic differentiation.[135]  

Multi-walled carbon nanotubes (MWCNTs) have been shown to induce apoptosis 

in RAW 264.7 macrophage cells by increasing production of intracellular reactive oxygen 

species (ROS) via the p38 MAPK and NF-κB pathways;[129] this effect increased with 

carboxylic acid surface functionalization. Single-walled carbon nanotubes with carboxylic 

acid surface functionalization (SWCNT-COOH) have shown non-apoptotic proliferation 

inhibition by suppressing Smad dependent BMP signaling.[136]  PLGA/MWCNT 

nanocomposites, solvent casted with 1% nanomaterial (with or without carboxylic acid 

functionalization), showed that the acid functionalization increased stiffness, strength, 

hydrolytic degradation, and osteoblast attachment, viability, and ALP activity.[93]  Amine 

functionalized MWCNTs exhibited similar elastic modulus and tensile strength to 

unmodified MWCNT controls; carboxylic acid functionalized MWCNTs exhibited less 

stiffness and strength improvements than either amine or pristine MWCNT’s, but also had 

a more significant decrease in strain at failure.[99]  The same study also showed that amine 
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or carboxylic acid functionalization increased proliferation, cell elongation, mineralization 

in osteoblasts and increased bacterial  resistance.  Hydroxyl functionalized ND are not 

common, but graphene oxide has already been used to covalently bond to PLLA chains 

under SSPC.[66] 
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Methods 

Although the aforementioned background demonstrates a lot of potential for CNMs 

to positively interact with osseous tissues and cell types, this early stage of 

cytocompatability screening will only cover qualitative cell attachment and morphology 

through fluorescent microscopy and quantitative measurements of cell numbers / 

metabolism via Alamar blue.  These in vitro mammalian cell culture experiments focus on 

an immortalized cell line, for reproducibility.  7F2 osteoblasts were cultured on 2D cross 

sections of the ND composites, and within the pores of 3D constructs as well.   

 

Cell Culture  

Mouse osteoblasts (7F2) were cultured in αMEM with 10% FBS (Benchmark) and 1% 

penicillin/streptomycin (P/S).  Scaffolds were sterilized by submerging in penn/strep 

overnight prior to seeding.  Before seeding scaffolds were moved with sterile forceps into 

clean 12 well plates, scaffolds were washed 3 times with 1X PBS to remove excess P/S.  

Chemical resistant Viton rings (McMaster Carr) were used to secure the scaffolds to the 

well plates. This setup was then sterilized using UV for 20 minutes on each side.  Prior to 

seeding scaffolds were pre wetted with complete media for 1 hour in 5% CO2 at 37°C. 7F2 

cells were harvested at 80% confluence for all experiments.  1,000 cells were suspended 

in 1 ml of media for each 4 mm by 6 mm sample in a 48-well plate.  Media was changed 

every 3 days  and scaffolds were harvested at days 3 or 7 for fluorescent microscopy.   
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Fixation 

Scaffolds were rinsed three times with ice cold Hanks balanced salt solution (HBSS 

w/Calcium and Magnesium) in an ice bath to get rid of excess media. Once rinsed, scaffolds 

were fixed in 4% formalin in 1X Phopshate Buffered  Saline (PBS) without Calcium or 

Magnesium) at room temperature for 15 minutes. This was followed by three rinses in 1X 

PBS to removed excess formalin. The scaffolds were then permeabilized with 0.2% Bovine 

Serum Albumin (BSA) solution in PBS for 1 hour. 

 

Fluorescent Staining 

DAPI and Alexafluor 546 dyes (LifeCell) were used to stain the nucleus and f-actin 

respectively within the cell. 1:1000 DAPI and 1:500 Alexafluor 546 was suspended in 1X 

PBS. 2mL of this solution was used for each well. Staining was carried out for 1 hour 

followed by three washes in 1X PBS to remove any unbound dye.  Scaffolds were then 

mounted on 1mm thick glass cover slips. 

 

Imaging 

The laser scanning confocal microscope (LSCM) (Olympus 1X 83, Tokyo, Japan) using 

Fluoview system (FV-1200)was used to image mounted samples.  Lasers of wavelength 

403nm was used for DAPI and 543nm was used for Alexafluor 546.  Scan depth was set 

to 100um and slice height was defined at 2.5um. Maximum intensity projections (MIP) 

from image stacks were used to created comcposite 3D reconstructed images to visualize 

7F2 cells on scaffolds.  CellSegm (a Matlab toolbox) was used to process the confocal 

image stacks to find cell number and size on scaffold.  
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Results 

2D Cross Sections 

In vitro cyto-compability tests began with qualitative assessments of attachment and 

spreading on the control polymers (i.e. with/without CM, as in prior aims).  The 7F2s have 

shown strong attachment on both controls by early time points.  The cells also appeared to 

attach well to the ND-OH and ND-COOH better than the ND-NH2 composites.  See Figure 

22 for representative photos. 

 

 

 

Figure 22: LSCM showing 7F2 cells 2D cross sections of (top) PL controls and (bottom) ND composites.   
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Using CellSegm (Matlab Toolbox) to count the nuclei from the rest of the pictures 

associated with Figure 22 (9 images per scaffold, 3 scaffolds per group), the following 

cell counts were made from average cells per image area (see Figure 23).  The ND-OH 

composite samples have shown to be the best 7F2 attachment after 3 days of culture              

(n = 27,  p<0.01). 

 

 

Figure 23:  Results of nuclei counting on the Dapi channel via CellSegm.  ND-OH composites show highest number of 
cells attached 3 days after seeding. 

 

Another study of cell attachment and proliferation followed the same methods out 

to 7 days, but used different control groups.  The qualitative cell attachment comparison 

between PL controls, ND-OH composites, and HA composites can be seen in Figure 24.  

Cells are confluent on all scaffolds by day 7. 
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Figure 24:  LSCM showing 7F2 cells 2D cross sections of (left) PL controls, (center) 0.1% ND-OH , and (right) 0.1% 
HA composites. 

 

 The alamar blue assay was run on the same comparison of materials seen above in 

Figure 24, samples were validated out to day 10 as seen in Figure 25. 

 

 

Figure 25:  Alamar Blue study on above seeding methods of 7F2 osteoblasts was performed out to 10 days.  Cell 
populations reached steady confluence on each scaffold, no significant differences were found between PL controls. ND-
OH, and HA composite cross sections. 
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 Goniometry, or contact angle measurements, were also performed to decipher any 

differences that may explain preferential attachment to ND-OH composites at earlier time 

points.  The results from Figure 26 suggest that either ND-OH or HA can significantly 

improve the wettability of control PL alone. 

 

 

Figure 26:  (Left) Goniometry photographs qualify wetability through droplet spreading, (right) contact angle 
measurements quantify the surface energy. Droplet size is 1.5 μL, n = 9 per group from 3 samples, * p<0.05. 
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3D Porous Scaffolds 

 The array of scaffolds shown in Figure 10 were used to also used for basic 

cytocompatability, although the scaffolds with the largest pores warped too much to be 

usefule within the 3 days of cell culture.   

 

 

Figure 27: 7F2 osteoblasts seeded into the array or porous scaffolds culminating aim 1.  Photos were taken 3 days after 
cell seeding. Blue = Dapi, Green = Phaloidin. 
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 The same cell culture procedure was also used with the porous scaffolds from 

Figure 20, wherein 0.1% ND-OH was incorporated into scaffolds with either small or 

large pores (see Figure 28).  Cells qualitatively appear to attach spread better on the lumen 

of the pores. 

 

 

Figure 28:  Scaffolds from porous-ND study, small/large pores versus with/without 0.1% ND-OH.  3 days post seeding. 
Blue = Dapi, Green = Phaloidin. 
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 Due to the manufacturing steps that have been followed to produce scaffolds that 

are both porous and contain ND, the removal of the porogen phase is likely exposing the 

enriched ND surfaces to the cells that attach within the pores (see ). 

 

Figure 29:  (left) Image of ND trapped between polymer granules of a single thermoplastic system. (right) Multiphase 
blends containing a porogen may reveal internal surfaces containing ND after porogen leaching. 

 

 In order to assess the physicochemical properties of the porous lumen, a 1 week 

mineralization study was performed to assess mineral deposition and surface roughness 

within the porous lumen; either of these factors could contribute to increased 

cytocompatability (attachment and spreading).  The SEM images in Figure 30 display an 

intra-pore surface that is significantly rougher than the structure made without ND 

addidtives.   
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Figure 30:  SEM images of porous scaffolds after 1 week in SBF. (Left) No ND, i.e. PL Control. (Right) 0.1% ND-OH 
composite. 

Another mechanism of increased cell attachment is could be from mineral 

deposition on the surface of the pores.  The NDs are small for SEM, they can only be 

readily visualized by transmission electron microscopy (TEM).[108]  NDs have already 

shown to increase mineral deposition from SBF,[86] which means that we can indirectly 

detect their presence by analyzing mineral deposition with the SEM’s energy dispersive 

detector (EDS).  The EDS elemental spectra are shown in Figure 31, wherein there is a 

clear increase in the amount of calcium deposited (~25% greater) on the lumen of pores 

that had been processed with 0.1% ND-OH.  EDS mapping did not show nodule formation 

of any particle elements clustering, mineral deposition was homogeneous.  Visible cracks 

in the scaffold offcured during thermal expansion under the electron beam, pores/pits were 

likely artifacts from the vacuum drying sample preparation steps. 

 

 



62 

 
Figure 31:  SEM/EDS elemental analysis of pore lumen surface.  ~25% more calcium is deposited on porous scaffolds 
that were processed with 0.1% ND-OH. 
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CHAPTER 5: CONCLUSIONS & FUTURE WORK 

Mechanics 

 Our results also indicated that hydroxyl functionalization increases the strength of 

our biomaterial most (though, only after vacuum annealing).  Low amounts of hydroxyl 

functionalized nanodiamonds may pave the way for biocompatible orthopedic fixation 

screws that are tougher and less likely to break during insertion.  If the NDs do not exhibit 

bonding behavior after CM, SSPC may occur in favorable enough conditions (moderate 

heat and high vacuum or nitrogen flow).[66,137–139]  SSPC occurs when water molecules 

are extracted from free hydroxyl and carboxylic acid groups that condense into an ester.  

These reactive groups are present both in our polymer backbone and our ND.  Both 

functionalities are not only terminal ends of our matrix polymer, but also present on the 

surface of our ND.  In the spectrographic analysis, the use of more than 2 principle 

components may be interpreted as overfitting and should not be trusted.  Overall, we’ve 

demonstrated that the addition of certain functionalizations of NDs can either help or 

hinder the biomaterial in terms of mechanics. 

 

Physical Chemistry 

 DSC data suggests a significant and divergent change in crystallinity between 

cryomilled and vacuum annealed groups containing either HA or ND-OH, wherein ND-

OH increased the stability of the polymer bonds.  Both HA and ND-OH mitigated the 

degradation cascade, but ND-OH did so without swelling and gaining mass.  In terms of 

degradation, the increased water uptake by both of the control and HA composite groups 
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indicates the inclusion of more residual water in the polymer matrix even after drying to 

0.2 Torr overnight.  In terms of surface energy, ND-OH also increased the wetabliity of 

the surface as well as HA.  All of these factors represent positive improvements in the 

biocompatibility PL with only trace amounts of ND-OH. 

 

Cytocompatability 

7F2 cells proliferate and show typical spread out morphology on all groups, 

although in the first trials , the ND-OH group performed appreciably better with regards 

cells number as observed with LSCM.  ND-OH may play a small roll in creasing the cell 

attachment immediately after cell seeding, but all of the groups achieved confluence by 

day 10.  The dimished bioactivity of the ND-COOH and ND-NH2 particles may be a 

product of their production method,they may not have same level of reactivity because 

they are fractionated via ultracentrifugation rather than enriched through chemical 

reactions like the ND-OH particles.  The ND-OH is selectively functionalized by chemical 

means, and does not have contamination from other groups on its surface.[112]  The other 

types of ND were merely fractionated from a heterogeneous population.[110]   

 The addition of ND-OH into the inner surfaces of open devices was more 

significant, increasing not only the cell attachment and spreading but also the 

mineralization potential of the biomaterial interface.  Trace amounts of ND-OH appear to 

increase the cytocompatability of polylactides in contact with osteoblasts.   
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Future Work 

First priority is to continue the degradation studies with the porous device 

morphologies, as increasing the surface area exposed to media/fluids actually decreased 

the degradation rate of our polymer.  Now that we’ve developed an understanding of the 

mechanical material ranges we are able to generate with the porous devices, new devices 

can be design around the load bearing mechanic of these lower stiffness, yet resilient, 

materials.  Alternate uses should also be evaluated, such as non load bearing applications 

(e.g. sinus lifts or dental implant fillers).  Alternative biopolymers and prototyping 

methods would could allow us to work at lower temperatures with less degradation 

concerns (i.e. PCL and 3D Printing).  Of course, the eventual goal is to help patients heal 

better, in vivo studies will be proposed for various proposed applications. 
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APPENDIX A: COMPRESSION MOLD 

Samples were shaped for mechanical testing using a LECO PR-10 with a 1 ¼ inch 

diameter cylindrical mold cavity.  The heater was originally controlled by a manual dial, 

refined temperature control was attained by removing the internal temperature dial from 

the heater unit and replacing it with a PID controller (Omega CN7600) with relays to 

control a power strip and a k-type thermocouple.  An RS-485 to USB adapter was used to 

integrate the controller with a laptop running linux (Ubuntu) and python 2.6.   

 
Figure 32: : Compression mold (left) and temperature control system (right). 

 The PID controller is capable of performing an autotuning feature, so a python 

script was written to perform the procedure from 40C to 250C in increments of 10C and 

record the autotuned values of P, I, D, and Ioffset.  Dual loop heating and cooling was 

evaluated to increase cooling rate, but complications proved to be beyond the scope of 

this work.  Each run was allowed to cool ambiently to 30C before initiating another 

automated tuning loop (n = 3 for each temperature step).  
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Figure 33: : Resultant PID parameters of autotuning procedure for each desired set temperature. 

 

The resultant parameters of the Omega CN7600’s autotuning procedure are 

shown in in Figure 33, from  were parameterized into temperature dependent functions so 

that an input set temperature would interpolate the necessary PID parameter.  In order to 

validate the heating and ambient cooling  of the system, the system was instructed to (1) 

reach an equilibrium start temperature of 40°C, and then record temperature at 1 second 

intervals during both (2) heating to a desired temperature and (3) ambient cooling back to 

equilibrium(see Figure 34). 
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Figure 34: Results of interpolated PID parameters used to heat to set temperatures of 50°C to 250°C in increments o 
10°C, and passive cooling back to 40°C 

Most samples were molded under the conditions of ramp to temperature (175 to 

225°C, in ~10 minutes), hold for 15 minutes at set temperature, then cool ambiently to 

40°C (~2 hours) before ejection from mold. 
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Figure 35: Vacuum Annealing set up: VWR 1410 vacuum oven, Leypold D4B vacuum pump, Fluke 51 thermomemter 
with k-type thermocouple, and Savant Instruments pressure gauge (Model VG-5) with a DV24 gauge tube. (w/ styrofaom 
to additionally insulate glass door). 
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APPENDIX B: MECHANICS 

 

 
Figure 36: Control samples for 3-point bend (flexural) load to failure tests. Left bar, the polymer dried only in the 
vacuum oven overnight before compression molding.  Middle bar, the polymer alone melt annealed at °150C for 72 
hours at 0.2 Torr.  Right bar, samples that were additionally cryomilled in SPEX SamplePrep before vacuum 
annealing: 6 grams polymer, 12 min pre-cool, 15 cycles at 15 CPS, 50 seconds grinding and 1 minute cooling 
intervals.  n=3.  No significance between any groups. 
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Figure 37: Experimental samples for 3-point bend (flexural) load to failure tests.  Multiple ND surface  functionalities 
versus concentrations. All samples were cryomilled in SPEX SamplePrep: 6 grams polymer, 12 min pre-cool, 15 cycles 
at 15 CPS, 50 seconds grinding and 1 minute cooling intervals.  All samples were vacuum annealed for 72 hours at 
150°C and 0.2 Torr.  N = 3. *p<0.05, **p<0.01, ***p<0.005. 
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APPENDIX C: SPECTROSCOPY 

Infrared spectroscopy is a standard method used to determine chemical 

compositions.  Typical vibrations in the mid-infrared (MIR) range can be used to define 

chemical attributes.  An investigation of MIR spectroscopy was performed on PDLG 

compsites and their individual constituents at various phases of the processing stages.  

Because spectral peaks in MIR correspond to individual types of bonds, this analysis 

should help decipher if covalent bonds are forming between the hydroxyl, carboxyl, and 

amine groups found on the surface of the nanodiamonds and the polyester matrix polymer.  

Although MIR is better for classifying direct chemical bonds because of the direct 

relationship between functional groups and absorption peaks, very small changes are 

difficult to detect if the bulk of the material is constant between control and experimental 

samples; our samples are only 0.1% ND, and 99.9% PDLG, by weight.  Near-infrared 

(NIR) is also shows chemical bonds as various absorption peaks, but direct relationship 

between spectral peaks and chemical bonds is more difficult to correlate because of 

extensive peak shifts and superposition of resonant harmonics.  This complex relationship 

between chemical bonds and spectral peaks can allow for a greater degree of fingerprinting 

unique patterns with machine learning algorthythms.  The preferred method of regression 

applied within the following methods are Principle Component Regression (PCR) and 

Partial Least Squares Regression (PLSR).  Although these methods don’t attribute direct 

chemical differences, they do provide linear weighting variables to assess which parts of 

the spectra are most influential when unquiely separating our groups.   
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Study 1: MIR Spectrscopy of ND composites 

The following spectra were collected on an Fourier-transformed Infrared 

Spectrometer (FTIR) with an Attenuated Total Reflectance (ATR) probe.  Spectra were 

collected between 600 to 4000 cm-1 with a step size of 1 cm-1, 128 scans were averaged 

for each reading.  Sample contact pressure was maintained constant across samples, force 

gauge set to 60 [unitless].  Groups were normalized, and baseline corrections were 

performed via Multiplicative Scatter Correction (MSC).  Savitsky-Golay smoothing was 

applied with a bin width of 7. 

As seen in MIR comparisons were first made on the polymer 

 

 

Figure 38:: FTIR-ATR Transmission peaks after normalization and Savitsky-Golay smoothing. Reference peaks are 
added to highlight areas of interest. 

 
 Partial least squares regression (PLSR) was performed on the FTIR data, yielding 

that the spectra were only uniquely identifiable by functional grouping if 7+ principle 

components were used. In this method, only the ND functionalizations were separable 

from each other, while ND-OH was indistinguishable from the native and cryomilled 
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samples. Individual groups were not separable on a dose dependent basis either. 

 

 
Figure 39:  PLS & PCR analysis of FTIR-ATR spectra, only the ND-OH is remotely separable from the other ND type. 

 

 

Figure 40: Reference MIR spectra for ND and HA componenents in comparison to their composites. 
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Study 2: NIR Spectrscopy in Attenuated Total Reflectance(ATR) 

Immersion in simulated body fluid (SBF) is a common test used to determine if a 

biomaterial is favorable for the precipitation of apatites.  The following experiments were 

used to determine if the minor inclusion of functionalized nanodiamons (0.1% by 

weight), would be able to increase the mineralization potential of our degradable 

biomaterial.  ND/PDLG composite samples were produced according to the 

manufacturing method discussed in Aim 2 of this dissertation.  Near infrared spectra 

(NIR) were collected on samples for up to 4 weeks in SBF, until endpoint assessments of 

mineralization were made via SEM/EDX.  The following contributions were made by 

Arash Hanifi, a post-doc in the lab of Nancy Pleshko; he conducted the following 

mineralization experiments and methods of validation.   

 

Methods: 

1) Mineralization 

a. Media: SBF chemical composition: SBF solution was prepared by 

dissolving appropriate quantities of the above chemicals in deionized 

water. Reagents were added, one by one after each reagent was completely 

dissolved in DI water. Following the addition of the last reagent the 

solution temperature was raised from ambient to 37°C. This solution was 

then titrated with 1 M HCl to a pH of 7.4 at 37°C. During the titration 

process, the solution was also continuously diluted with consecutive 

additions of de-ionized water to make the volume equal to 1 l. SBF 

solutions should  be stored at 5°C. 
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Reagent Amount (gpl) 

NaCl 6.547 

NaHCO3 2.268 

KCl 0.373 

Na2HPO4.2H2O 0.178 

MgCl2.6H2O 0.305 

CaCl2.2H2O 0.368 

Na2SO4 0.071 

(CH2OH)3CNH2 6.057 

 

b. Scaffold were divided to four groups (n = 6 per group) based on their 

functional groups and for each group two time points were tested (week 1 

and week 4). 

c. Scaffolds groups: 

Group name Time in SBF Additional functional 

group 

1, 5 1 and 4 weeks Control (none) 

2, 6 1 and 4 weeks OH 

3, 7 1 and 4 weeks COOH 

4, 8 1 and 4 weeks NH2 

 



91 

d. Scaffolds were put in 6-well plates (one plate per group, n = 8 plates).  

SBF was added to each plate at Day 0 at 5 ml per well.  SBF solution was 

changed with fresh solution every 3 days at Day 4, 7, 10, 13, 17, 21, 24, 

and 27. 

2) Infrared analysis 

a. IR data collection:  Infrared data were collected at each SBF solution 

exchange after removing old solution and before adding new solution 

b. IR data were collected in near infrared range (9000 – 4000 cm-1) 

c. IR parameters: 

i. Wavenumber: 9000-4000 cm-1 

ii. Spectral resolution: 2 

iii. Co-added scans: 128 

d. IR data analysis: 

i. Infrared data were imported into spectral analysis software 

(Unscrambler) and multivariate data analysis methods were used to 

analyze data. 

ii. Principal component analysis (PCA) was used to see whether 

samples can be differentiated based in their group and their 

progress in the mineralization process.  

iii. PCA analysis was done for each group individually, then for each 

week individually (week 1, 2, 3, and 4), and then all samples were 

analyzed together for the PCA analysis. 

iv. IR spectral pre-processing for PCA analysis: 
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1. Smoothing at 13 points 

v. PCA analysis: 

1. 7 PCs were used to achieve maximum data variance 

explained.  

3) SEM and EDX analysis 

a. SEM analysis was done to assess the sample surface and cross section 

(scaffold and mineral deposit interface) of samples at each time point.  

b. EDX analysis was done to assess the Ca and P profile at the interface.  

 

Results: 

 Macroscopic photographs of the ND composites submerged in SBF can be seen in 

Figure 41, wherein some color changes can be observed over time indicating mineral 

deposition.  Please note that from the graphs depicted in principal component, first PC 

separates groups by time in SBF (i.e. swelling).  The second PC could be used to 

determine whether or not calcification had occurred on a sample through comparison 

with SEM/EDS, but no ND composite group demonstrated reproducible calcification.   

Discussion: 

 The mineralization potential was not significantly different between varying ND 

functionalizations, the result is most likely due to the distribution of ND about the surface 

of a given cross section.  Wherein the ND are only situated between grain boundaries of 

large polymer granules, a 2D cross section only reveals thin lines of ND to be exposed to 

the SBF. 
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Figure 41: :  Functionalized ND composites in SBF for calcification study 
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Figure 42: Near-IR spectra of cryomilled, oven annealed PDLG-8531 samples with 0.1% functionalized ND.  The color 
spectrum of black to red represents days in SBF (i.e. 0,1,4,7,10,13,17,2124,27).  Baseline adjustments were made by 
multiplicative scatter correction (MSC). 
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Figure 43: Principle Component analysis of NIR spectra of all groups listed, separated by days and groups 
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Figure 44: EDAX scans of observed mineralization on only opaque samples. 
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APPENDIX D: INITIAL POROUS STUDY 

The hypothesis is that cryogenic milling can effectively create the initial conditions 

of an interpenetrating polymer network (IPN); cryomilling polystyrene and polylactide 

together will both distributively and dispersively mix two phase that will be immiscible 

when they melt.  In order for the phase inversion process to stabilize, the viscosity ratio 

should be similar to the volume ratio (i.e. both roughly equal)[61].  Thus, melt rheometry 

was first performed on the desired polylactide and a variety of polystyrene porogen 

candidates to select the best viscous pairing.  Due to minimum batch requirements and the 

total amount of medical grade polylactide available, only the single best porogen candidate 

was co-milled with the PL.  Samples were formed in a cylindrical press and annealed in 

an oven to undergo controlled phase separation.  The porogen phase was removed via 

refluxing cyclohexane.  Phase separation was observed by SEM and quantified with 

morphometric image analysis. 

Methods: 

Rheometry  PL-38, Styron 610, Styron 665, Styron 675, and Styron EA3130 pellets were 

analyzed in shear stress sweep tests on an ATS Rheosystems dynamic shear rheometer with 

40 mm parallel plates to the machines maximum torque for temperatures between 175 and 

225°C.  Temperature and shear thinning apparent viscosities were used to extrapolate zero 

shear-rate viscosities for optimal material pairing and processing temperature, using the 

cross model for shear thinning fluids: 

𝜂𝜂(�̇�𝛾) = 𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖 + 𝜂𝜂0−𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖
1−(𝐶𝐶�̇�𝛾)1−𝑖𝑖

 (1) 

where viscosity ‘η’ as a function of shear rate ‘�̇�𝛾’.  ‘𝜂𝜂0’ and ‘𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖’ are the viscosity 

plateaus found at the shear rate asymptotes of zero and infinite, respectively.  ‘C’ is the 
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inverse of the shear rate wherein shear thinning initiates, and ‘n’ is a power law 

exponential denoting how quickly shear thinning occurs. 

 

Cryogenic Milling  Jet Pulverizers Cryo-Jet was used to particulate Styron 675, and a 

50/50 weight blend of PL-38 and Styron 675, at a feed rate of 1 lb/hour. Grinding 

efficacy was quantified by a Coulter LS230 particle size analyzer.   

 

Sample Preparation  2.7 gram aliquots of the 50/50 blend material were loaded into a 32 

mm die press and compressed at room temperature to 16 tons of force for 1 minute to 

produce disks 3.2 mm thick.  The compressed powder disks were then loaded into a 

VWR 1410 vacuum oven preheated to 200°C and annealed on glass slides for 7, 15, or 30 

minutes before being brought to room temperature.  The annealed disks were cut into 3.2 

mm cubes on a Buehler IsoMet-1000 with a 15 cm diamond saw blade at 100 rpm and 

50g counterweight.  The sacrificial PS phase was removed by submersion in refluxing 

cyclohexane (C6H12) at 80°C for 1 hour, air dried in a chemical hood overnight, then 

moved to a vacuum oven at 65°C overnight to remove residual solvent before SEM 

imaging.  Refluxing was repeated if the final weight was not approximately half of the 

initial weight. 

 

SEM  Styron 675 blends were gold sputter coated and imaged in the Zeiss Supra at 

Drexel University.  Images were analyzed with ImageJ to determine pore size through 

Otsu thresholding.   

 

Mechanical Testing  A Bose ElectroForce with compression platens and a 100 lbf load 

cell was used to crush 3.2 mm porous cubes at a cross head spee of 1 mm/minute .  

Compressive modulus was calculated as the linear slope of the stress strain curve before 

compaction or rupture occurs. 
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SEM Imaging 

Samples disks were wafered into 100 micron thick strips on a Buehler ISOMET 

1000 with a 15cm diamond blade at 100 rpm under 25g counterweight. Samples were 

massed before cyclohexane treatment and after drying to ensure complete sacrificial phase 

removal. Three strips of each annealed sample were placed on each SEM stub. 104, 47, 

and 82 images taken of annealing groups 5, 10, and 15 minutes, respectively. ImageJ 

analysis of the SEMs of these annealed blends of 50/50 volume blend of PL-38 and Styron 

665 annealed at 230°C reveals that pore sizes grow at 2.75 microns/minute in their major 

diameters  The results of a two-tailed heteroscedastic T-test performed on each three pairs 

within both the major and minor diameter sample groups produces p<0.005 and p<0.0005, 

respectively. 

Results: 

Figure 45 through Figure 48 represent the temperature dependent shear-thinning 

viscosity of both the desired polylactide and the porogen polystyrene candidates.  

American Styrenics had provided a variety of polystyrenes, but as you can see in Figure 

46, Styron 675 appears to have the most similar melt viscosity profile.  Styron 665 (Figure 

47) is substantially more viscous in the given temperature range, and Styron 610 (Figure 

48) is much less viscous.   
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Figure 45:  Melt viscosity of polylactide (PL-38, Purac) at 180C, 195C, and 200C.  Shear stress was ramped from 0 to 
the maximum torque of the machine over a time period of 60 seconds. 

 

Figure 46: Melt viscosity of polystyrene (Styron 675) at 175C, 185C, and 200C.  Shear stress was ramped from 0 to the 
maximum torque of the machine over a time period of 60 seconds. 
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Figure 47:  Melt viscosity of polystyrene (Styron 665) from 180C to 200C.  Shear stress was ramped from 0 to 
the maximum torque of the machine over a time period of 60 seconds. 

 

Figure 48:  Melt viscosity of polystyrene (Styron 610) from 180C to 200C.  Shear stress was ramped from 0 to 
the maximum torque of the machine over a time period of 60 seconds. 
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The Tomotika equation determines the rate at which phase separation should occur.  

The initial pore size is determined by the initial particle size distribution of the milled 

polymer blend.  The toroidal cyomill was able to produce the particle size distributions 

illustrated in Figure 50, where the blue line indicates polystyrene that was processed alone 

and the red line that indicates a 50/50 weight blend of PS and PL were milled together.  

The particle size distribution Styron 675 milled at a feed rate of 1 lb/hour produced a mean, 

median and mode of 10.02, 9.34, and 14.94 µm respectively.  Since the minimum sample 

mass for using the Cryo-Jet is 1 kg, the 500 g sample of PL38 available was entirely co-

milled with 500g of Styron 675.  The mean, median, and mode for the co-milled sample 

are 14.71, 12.37, and 16.4 µm respectively. The tail on the right side of the blend 

distribution represents coarser PL38 particles unable to be ground as small as the rest of 

the bulk. 

Figure 49: Melt rheometry determined viscosities by performing shear stress sweeps from 175°C to 
200°C in 5°C increments.  Individual sweeps were fit to the cross model for shear thinning fluids, Dotted lines 
represent 95% confidence bounds. 
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Figure 50: Particle Size distribution of jet milled Styron 675 and co-Jet-milled PL38 and Styron 675 together. 

 After compression molding and oven annealing, the porogen phase was 

successfully removed with polystyrene.  SEM images depict a cut surface of the material, 

which is very apparent in the top image of Figure 51.  The latter two time points show 

significant signs of pitting, wherein the cut surfaces of the PL were washed away because 

they were not continuous with the matrix phase.  The compressive modulus across the 

groups is shown in Figure 52. 
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Figure 51:  SEM images of PL38/Styron675 blends after porogen removal.  Blends have been annealed at 

200°C for 7 minutes (top), 15 minutes (middle), and 30 minutes (bottom) respectely, to allow for controlled phase 
separation. 
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Figure 52:  Pore size distribution and compressive modulus reported for PL-38 and Styron 675, 50/50 blend annealed 
at 200°C for 7, 15, and 30 minutes. 95% confidence bounds are indicated by the dotted lines. 
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Discussion: 

Compressive testing has shown that the initial stiffness of our porous PL scaffold 

was 40 +/- 10 MPa. As the pore sizes increased with annealing time at 200°C, mechanical 

strength varied inversely by decreasing at 1.0 +/- 0.1 MPa per minute annealed, (see Figure 

52).  The 50/50 blend of PL38 and Styron 675 was predicted by the Tomotika equation 

grow at a rate of 0.50 +/- 0.16 µm/minute when annealed at 200°C.  After interpolating the 

size of the pores at 7, 15, and 30 minutes annealing, the observed growth rate was 0.5456 

microns/minute (r2 = 0.99987).  The observed growth rate is well within the 95% 

confidence bounds of the prediction, and is 9.12% greater than the predicted average rate.  

Though that may seem like a significant error, an oven temperature of 200.6°C (error 

+0.6°C) would shift the prediction to exactly that growth rate.  The precisions of the analog 

heating controls on the oven could account for this discrepancy.  Additionally, 

extrapolation of the linear fit of pore sizes over time indicates an initial pore size of 17.71 

µm. The mean particle size produced by the Cryo-Jet was 14.71 µm.  An error of 3 µm is 

well within the anticipated confidence bounds, verifying the ability to measure the 

diameters of interconnected pores within a tortuous structure. 
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APPENDIX E: INITIAL (AIR-OXIDIZED) ND STUDY 

 The first attempt made to create ND composites was inspired from the work of 

Qingwei Zhang and Vadym Mochalin,[86] but additionally attempt bonding directly with 

the surface of the ND themselves.  Manufacturing associates have criticized the solvent 

casting approach as being problematic for manufacturing at scale to produce structural 

orthopedic devices.  An additional aim of this work although this strategy aimed to remove 

wet chemistry (i.e. solvent casting) as a method.[67]  The hypothesis is that the surface 

functionalities present on the surface of ND could covalently be bound to a polylactide 

matrix.  As milling has already been demonstrated in the prior chapter to be an effective 

method of creating IPNs, dispersing ND becomes a trivial addition.  Since the ND are not 

being melt-mixed in this method, the distribution will not be homogenous or exfoliated 

between polymer chains.  The ND will inherently be concentrated among the grain 

boundaries of larger polymer domains.  We may thus hypothesize that the gross 

concentration of ND should be lower than prior experiments,[86] to limit aggregation of 

ND that may interfere with bonding between the polymer granules and may lead to 

recovery of low strength as seen in previous work.   

For comparing mechanical integrity, we have used hydroxyapatite (HA) as a gold 

standard for a ceramic filler found in most PDLG orthopedic devices.  To evaluate the 

comparative effects of HA and ND, both independently and in combination, samples 

were CM and oven annealed (OA) for 2 days before compression molding.  Molded disks 

were segment by wafering saw before three point bend analysis.   
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Methods: 

ND Oxidation:  In order to replicate the work of Qingwei Zhang,[67,86] the first batch of 

ND was sourced from Nanoblox Inc.  Since Nanoblox defunct at the time of these 

experiments, Vadym Mochalin provided 1 gram of UD-90 detonation Nanodiamonds.  As 

per the procedure to remove graphitic contamination as outlined by Dr. Mochalin’s prior 

publication,[109] the raw ND we raised to 450°C for 5 hours in a PID controlled heater 

(Omega CN7700). 

 

Cryogenic Milling:  A Spex SamplePREP cryomill was used to particulate samples of 

PDLG8531 granules containing either 0.1% or 0.5% of either oxidized nanodiamond (ND) 

or nanohydroxyapatite (nHA).  Grinding protocols were 12 minutes of pre-cooling and 6 

grinding sessions of 1 minutes each at 15 cycles per second (CPS) with 1-minute cooling 

intervals.  The grinding chamber was only cleaned and disassembled when changing 

materials, not when repeating samples of same material.  

 

Oven Annealing:  Samples were placed into silicone baking moulds and placed under high 

vacuum for 2 ½ days above the Tg and below Tm (0.16 Torr and ~90°C).   

 

Therogravimetric / Differential Thermal Analysis (TG/DTA):  These tests were 

performed on an RT instruments EXSTAR TG/DTA 600 using platinum pans under 100 

ml/minute of nitrogen flow.  Samples of ~10 mg were raised at 10°C per minute from 30°C 

to 550°C. 
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Rheometry:  Strain controlled oscillatory frequency sweeps were performed to determine 

the storage, loss, and complex moduli.  Frequenciesfrom 10-2 to 10+1 s-1, from temperatures 

of 100°C up to 250°C in increments of 10°C.  Strain control was kept at 1%.  Zero shear 

viscosity was empirically approximated to 2*10-2 s-1, since that frequency was 

demonstrably lower than the onset of shear thinning.   

 

Sample Preparation:  Samples cryomilled with different amounts of HA and/or ND 

(with CM and as-arrived polymer controls) were placed under 0.2 Torr vacuum to dry 

overnight before 48 hours of annealing at 150°C.  Samples were then also compression 

molded at 200°C  under 1 tonne of pressure for 15 minutes before being allowed to cool 

ambiently back to 40°C for mold ejection. 

 

Sectioning:  Sample disks from compression molding were sectioned on the Buehler 

IsoMet 1000 wafering saw, such that their width = 2mm, height = 6 mm, and length > 20 

mm.   

 

Mechanical Testing:  A Bose Electroforce was used to perform flexural load to failure, 

use a 3 point bend rig with a span of 20 mm and a load cell of 100 lbf.  The axial 

displacement was set constant at 1 mm/minute (see Figure 53). 
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Figure 53: Bose Electroforce set up for three point bending tests, gap is 20 mm. 

 

Results: 

The comparison of gravimetry of UD90 ND before and after air oxidation can be 

seen  in Figure 54.  The two main features that can be seen in Figure 54 are the differences  

in mass loss below 100°C and above 350°C.  Both samples lose mass as they approach 

100°C, but only the previously air oxidized sample stabilizes without  further mass loss, 

indicate that a larger amount of mass loss may have been water related.  Above 350°C, the 

as-arrived sample begins to lose mass that would coincide with graphitic oxidation.[109]  
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The comparatively gravimetric stability of the oxidized ND in the temperature range of 

350°C to 450°C suggests that the graphite had been effectively removed. 

 

 

Figure 54: Thermogravimetry of UD90 nanodiamonds, heated at 10°C/minute from 30°C to 550°C in platinum pans 
under nitrogen flow of 100ml/minute. 

 

 The presence of even 0.1% by weight of air oxidized ND in the PDLG matrix shows 

signs of increased thermal stability at both the onset of degradation and the residual 

baseline (See Figure 55).  
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Figure 55: Thermogravimetry of PDLG8531 with and without 0.1% of air oxidized UD90 nanodiamonds. 

 

Rheometry is used to determine the level of interaction the particles are having with the 

matrix.  The first control method demonstrates the antagonistic effects that both CM’ing 

and vacuum annealing have on each other.  The zero shear-rate melt viscosity is depicted 

by the black line in Figure 56.  Notice that after cryomilling alone, the viscosity at all 

temperatures is greatly increased, these effects may be due in part to either crystallinity or 

free volume changes, or through free radical crosslinking  under SSSP or transesterification 

during SSPC.  The observation that these changes are transient and resolve over 60 hours 

at 90°C under high vacuum may validate the former explanation.   
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Figure 56:Strain controlled (1%) oscillatory frequency sweep results of zero shear-rate viscosity. Control for processing 
parameters alone, no composite compounds used here. 

 Figure 57 makes the same process comparison found in Figure 56, with the addition 

of comparing filler materials and relative amounts, with or without annealing under high 

vacuum and heat for an extended period of time.  All CM samples show the same increase 

in melt viscosity, regardless of filler type or amount.  Vacuum annealing allows the unfilled 

and HA filled samples to approach their original viscosity.  Any amount of oxidized ND 

completely inhibits the return to normal melt viscosity, suggesting a stronger interaction 

with neighboring polymer chains. 
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Figure 57: Strain controlled (1%) oscillatory frequency sweeps were used to approximate the zero-shear-rate viscosity 
at a variety of temperatures throughout the melt cascade.  Processing parameters and additives are contrasted 

 

Differential Scanning Calorimetry (DSC):  The experiments were performed on a TA 

Instruments DSC.  The protocol involves heating at a fixed rate of 10 °C/minute from 30°C 

to 250°C under nitrogen flow.  Although the TG onset is not substantially affected by the 

concentration of ND as seen in Figure 58, the degradation seen above 250°C is more 

significant in the higher concentration of ND. 
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Figure 58: DSC of PDLG with either 0.1% or 0.5% oxidized ND after CM 

 

Increasing amounts of either constituent decrease yield strength and ultimate strength, 

and increase strain at failure.  None of the following groups appear to be superior to the 

control sample (See Figure 59).   
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Figure 59: Flexural load to failure composites with varying amounts of ND (left to right) and HA (top to 

bottom), and both together (diagonal).  Black lines in each graph are the same triplicate of control polymer redrawn 
for ease of comparison. 

 

Discussion: 

 HA was chosen as a control for ceramic filler material, not only because it is 

considered a gold standard for orthopedic fixation device materials, but also because we 

hypothesize that its nanoparticles would not covalently bond with the PDLG matrix.  The 

oxidized ND produced the same gross mechanics as the HA controls, thus we should likely 

conclude that the oxidized ND was not able to create any useful bonds between the polymer 

granules either.  Since we also know that detonation nanodiamonds are also polyfunctional 

on their surfaces, using ND with know surface qualities would allow for a more concise 

examination.   
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