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Figure A1.8.  A typical section of the implanted tyrosine-derived polycarbonate 
(E1501(2K)) after 12 weeks of implantation.  The specimens were cut and grounded to 
30 µm thick sections and stained with Sanderson's Rapid Bone Stain and counterstained 
with van Gieson's picrofuchsin.  Soft tissue was stained blue and bone was pink/red.  Fat 
cells were filling the pericranial region of the defect (purple arrow) and a few islands of 
new cancellous bone formation were seen (blue arrows) surrounded by fibrous tissue 
(dark red arrow).  Defect area was pervaded by fibrous connective tissue (dark red 
arrows) which also filled the void left by the polymer degradation (dark red brackets).  
Osteoblast cells were lining the osteoid (green arrows) and some erythrocytes (red blood 
cells) were seen in a medullary cavity of the calvaria (orange arrows).  A) Implant area is 
devoid of significant new bone growth (orange circle).  B) Fat cells filling the pericranial 
region of the defect (purple arrow).  C) Fibrous tissue encapsulating island of cancellous 
bone (dark red arrow) and second island of new cancellous bone formation in early stage 
of development (blue arrow).  D) Defect area pervaded by fibrous connective tissue (dark 
red arrows).  E) Fibrous connective tissue filling the void left by the polymer degradation 
(dark red brackets).  F) Plump osteoblast cells lining the osteoid (green arrows) and 
erythrocytes (orange arrows) within the host calvaria. 
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APPENDIX 2 

 

“Osteogenic Differentiation of Pre-Osteoblasts on Biomimetic Tyrosine-Derived 
Polycarbonate Scaffolds” 

 

 

 

Preface 
 
“Reprinted with permission from J. Kim, M. H. R. Magno,  P. Alvarez, A. Darr, J. Kohn 

and J. O. Hollinger. Osteogenic differentiation of pre-osteoblasts on biomimetic tyrosine-

derived polycarbonate scaffolds. Biomacromolecules, 2011, 12 (10), 3520 – 3527. 

Copyright 2011 American Chemical Society” 
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Abstract 

 The osteogenic potential of biomimetic tyrosine-derived polycarbonate (TyrPC) 

scaffolds containing either an ethyl ester or methyl ester group combined with 

recombinant human bone morphogenetic protein-2 (rhBMP-2) was assessed using the 

pre-osteoblast cell line MC3T3-E1.  Each composition of TyrPC was fabricated into 

three dimensional (3D) porous scaffolds with a bimodal pore distribution of micropores 

less than 20 µm and macropores between 200 - 400 µm. Scanning electron microscopy  

(SEM) characterization suggested MC3T3.E1 cell attachment on the TyrPC scaffold 

surface. Moreover, the 3D TyrPC-containing ethyl ester side chains supported osteogenic 

lineage progression, alkaline phosphatase (ALP) and osteocalcin (OCN) expression as 

well as an increase in calcium content compared to the scaffolds containing the methyl 

ester group. The release profiles of rhBMP-2 from the 3D TyrPC scaffolds by 15 days 

suggested a bi-phasic rhBMP-2 release. There was no significant difference in bioactivity 

between rhBMP-2 releasate from the scaffolds and exogenous rhBMP-2. Lastly, the 

TyrPC containing rhBMP-2 promoted more ALP activity and mineralization of MC3T3-

E1 cells compared to TyrPC without rhBMP-2. Consequently, the data strongly suggest 

TyrPC chemistry will provide a highly useful platform for bone tissue engineering. 

 

Key words: tyrosine-derived polycarbonates, biomimetic, three-dimensional scaffold, 

osteogenic differentiation, rhBMP-2 
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Introduction 

Tissue engineering for bone regeneration exploiting biodegradable polymeric 

biomaterials, biologicals and osteoprogenitor cells offers potential alternatives to 

autografts and allografts. Consequently, numerous biomaterials have been developed as 

bone substitutes, ranging from naturally-derived materials to synthetic biopolymers.1-3 

Among synthetic biopolymers, the tyrosine-derived polycarbonates (TyrPCs) are a 

versatile polymer platform that can be tuned to different ‘end-products’ to promote tissue 

regeneration.4  We define ‘end-product’ versatility as the capacity for the composition to 

be modified chemically and physically to produce a clinically relevant product with 

biological and mechanical properties that match the needs of selected clinical indications, 

for example: the delivery of rhBMP-2 to promote bone regeneration.5  

The Kohn laboratory has developed an extensive, highly characterized library of TyrPCs 

derived from desaminotyrosyl tyrosine alkyl ester (DTR),that is, poly(DTR carbonate)s.4  

Physical and biological properties of poly(DTR carbonate) may be modulated through 

either desaminotyrosyl-tyrosine (DT) or poly(ethylene glycol) (PEG) incorporation, 

yielding poly(DTR-co-DT carbonate) or poly(DTR-co-PEG carbonate).6-8  TyrPCs 

possess mechanical strength commensurate with biocompatible polymers such as 

poly(lactide-co-glycolide) (PLGA) and therefore are highly suitable for orthopedic 

applications.9  Moreover, DTR, DT, and poly(ethylene glycol) (PEG) were combined to 

synthesize a new class of terpolymers for tissue engineering scaffolds.10 This work 

verified that TyrPC terpolymers with DT content of 15-25 mol % and PEG content of 1 

to 
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2 mol % had a minimal inflammatory response in vivo; however, the resorption rate was 

not sufficiently matched with bone formation. Consequently, an inadequate quantity of 

new bone formed.  

Furthermore, our previous work suggested the polymer favored bone apposition 

rather than an undesirable fibrous encapsulation response.  We posit this response is due 

to alkyl chain length. Consequently, TyrPC with ethyl groups (i.e., desaminotyrosyl-

tyrosine ethyl: DTE) may favor bone apposition compared to butyl or octyl groups.11 If 

this trend continues, methyl groups (i.e., desaminotyrosyl-tyrosine methyl: DTM) may be 

superior to DTE for bone tissue engineering applications.  

Therefore, the current study is focused on in vitro investigation of two new TyrPC 

terpolymer compositions that have been designed to resorb more slowly than the original 

TyrPC at a rate in register with bone formation. The slower, controlled biodegradation 

rate is predominantly due to a lower DT content than previously investigated TyrPC 

terpolymer compositions. We consequently asked the question: Will the DTE and DTM-

based TyrPC scaffolds, chosen based on the expected degradation rate, provide a suitable 

attachment substratum forMC3T3-E1 cells, reliably deliver rhBMP-2, and induce 

subsequent osteogenic differentiation? To answer these questions, we have completed a 

series of in vitro assays. MC3T3-E1 cells were used in three sets of experiments with the 

TyrPC scaffolds with and without rhBMP-2 to determine proliferation, alkaline 

phosphatase (ALP), and OCN expression as well as calcium content (Figure A2.1). The 

overall purpose of the current study was to determine the feasibility of modified TyrPC 

as a candidate for bone tissue engineering scaffolds that would be osteoconductive, 

biodegradable, and locally deliver rhBMP-2. 
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Materials and Methods 

Polymer synthesis and characterization 

Tyrosine-derived polycarbonates composed of DTE (desaminotyrosyl tyrosine 

ethyl ester) or DTM (desaminotyrosyl tyrosine methyl ester), DT (desaminotyrosyl 

tyrosine), and PEG (poly(ethylene glycol)) were synthesized using previously published 

procedures.10  The generalized chemical structure is shown in Figure A2.2. The resulting 

polymers were characterized by 1H-NMR (Proton Nuclear Magnetic Resonance 

Spectroscopy), and GPC (Gel Permeation Chromatography).  By integration of the 1H 

NMR peaks, the molar ratios of DTR, DT, and PEG were calculated.  Molecular weights 

(number-average, Mn) and polydispersity index (PDI) were determined using GPC 

relative to polystyrene standards. The GPC system consisted of a 515 HPLC pump, 

717plus autosampler, a 2414 RI detector, and Empower Pro Software (Waters 

Corporation, Milford,MA). 

 

Scaffold fabrication, physical characterization 

Cylindrical scaffolds (10 mm diameter by 5 mm in height) were fabricated from TyrPCs 

using a combination of solvent casting, particulate leaching, and phase separation.10  Pore 

architecture of sputter-coated scaffolds (SCD 004, 30 milliAmps for 120 s with 

gold/palladium (Au/Pd)) was determined using a scanning electron microscope (SEM, 

Amray 1830I, acceleration potential of 20 kV). A 75x magnification was used to 

determine the gross structure, and a 250x magnification was used to measure the 

microporous structure of the scaffolds.  

Thin films were prepared by compression molding at 50 oC + Tg (glass-transition 

temperature) for each polymer. To minimize polymer adhesion to the metal plates of the 
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mold, two Kapton films (American Durafilm, Holliston, MA) were added to line the 

metal plates. Samples were cut into 5 mm in diameter for the studies. Scaffolds and films 

were sterilized by ethylene oxide (EtO) sterilization (AN74i, Andersen Products, Haw 

River, NC) for 12 h at room temperature. Sterility was verified using a Steritest (AN-80, 

Andersen Products, Haw River, NC). After EtO sterilization, the scaffolds and films were 

degassed in a vacuum oven at room temperature for 7 days. 

 

Cell culture and characterization 

Mouse pre-osteoblasts, MC3T3-E1 (American Type Culture Collection: ATCC, 

Manassas, VA) were used to determine attachment on polymer compositions fabricated 

as 3D scaffolds and 2D films. We chose mouse preosteoblast MC3T3-E1 cell line 

because of its rich history and the advantage of reproducibility when compared with 

primary cell cultures.12 Before cell seeding, the sterile 3D scaffolds and 2D films were 

fixed in a well of a 48-well plate with a clone ring (10 mm diameter, Fisher, Pittsburgh, 

PA) and incubated in the cell culture media (α-MEM medium, Invitrogen, Carlsbad, CA) 

supplemented with 10% fetal bovine serum, 100U/mL penicillin, and 100 μg/mL 

streptomycin at 37 oC for 1 h to hydrate the scaffolds fully.10 The media was fully 

removed from each well, and 200 μL of cell suspension (1 million/mL of media) was 

then added to the well at a density of  2 x 105 cells/scaffold. An additional 300 μL of 

media was added to the cells after 2 h of incubation at 37 oC in a 5% CO2 atmosphere and 

further cultured for 24 h in the media. For 2D surfaces, 0.5mL of cell suspension 

containing 20 000 cells was seeded on the surfaces. After 24 h of incubation, the media in 

each well was replaced with the osteogenic media (i.e., the culture media supplemented 

with 10 mM β-glycerophosphate and 50 μg/mL of ascorbic acid). The media was 
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changed every 2 days, and the cells were further cultured up to 21 days. At days 1, 4 and 

14, MC3T3-E1 viability and attachment were determined using a live/dead staining 

method (Invitrogen, Eugene, OR) and SEM, respectively, as previously described.10 For 

live/dead staining, the scaffold was washed with PBS and incubated in 0.5 mL of the 

live/dead dye solution (5 μL of Calcein AM and 20 μL of ethidium homodimer dye in 10 

mL of PBS) for 30 min.  

 

Proliferation 

The MC3T3-E1 cells on the scaffolds were rinsed with phosphate buffered saline 

(PBS) three times and 0.5 mL of 1X cell lysis buffer (Cell signaling technology, Danvers, 

MA) was added to each scaffold to rupture the cell membranes. The cell lysates were 

subjected to a thaw/freeze cycle for three times (30 min thawing at 37 °C and freezing at  

-80 °C for 20 min) to extract DNA and proteins. The determination of the quantity of 

cells associated with the scaffolds was accomplished by measuring DNA content using a 

fluorometric Picogreen DNA quantification kit (Molecular Probes, Eugene, OR) and 

fluorescence absorbance was determined by a microplate reader (Tecan, Mannedorf, 

Austria) equipped with a 485/535 nm (excitation/emission) filter set. 
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Alkaline phosphatase (ALP) activity and total protein 

ALP activity was measured using a previously established protocol.10  Briefly, 20 

μL of alkaline working buffer solution (Sigma), 80 μL of the lysate solution and 100 μL 

of substrate solution (5 mM p-nitrophenyl phosphate) were added to a 96 well plate. The 

plate was incubated at 37 °C for 1 h and the reaction was stopped by adding 100 μL of 

0.3 N sodium hydroxide (NaOH) solution to each well. The absorbance of each well was 

measured at 405 nm and the value of ALP activity was normalized to the amount of DNA 

in the sample. Total protein in the cell lysate solution was quantified by the Bradford 

protein assay (Bio-Rad, Hercules, CA). In brief, 200 μL of the assay reagent was added 

to 10 μL of the sample and the absorbance of a differential color change was measured at 

570 nm.  

 

Osteocalcin (OCN) assay 

The amount of OCN in the cell lysates was measured using a mouse OCN enzyme 

immunoassay (EIA) kit (Biomedical Technologies Inc, Stoughton, MA). The OCN 

concentration was measured at 450 nm in a microplate reader and normalized to the DNA 

content. 

 

Mineralization assay 

The calcium content in the extracellular matrix (ECM) was determined by a 

published method with a calcium assay kit (Teco Diagnostics, Anaheim, CA).13 After 21 

days of culture, each cell-scaffold construct was washed twice with PBS and incubated 
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overnight in 0.6 N hydrochloric acid (HCl). Calcium extracts (10 μg) were pipetted into a 

well of 96 well-plate, and 200 μL of a reagent mixture was added to the well. The 

mixture was composed of 100 μL of reagent A (0.14 mM o-cresolphthalein complexone 

and 13 mM 8-hydroxyquinoline) and 100 μL of reagent B (363 mM diethylamide and 2 

mM potassium cyanide). The calcium content in each solution was measured at 570 nm 

by a microplate reader. Actual calcium content secreted by the cells was calculated by 

normalizing calcium content to DNA. 

 

rhBMP-2 incorporation and release kinetics 

The scaffolds were conditioned for one hour with PBS to reduce hydrophobicity. 

The rhBMP-2 (Wyeth, Cambridge, MA) was dissolved in deionized water (1 mg/mL) and 

added to each scaffold (5 µg/scaffold). Scaffolds were air-dried overnight and samples 

were placed into tissue culture media consisting of alpha-MEM supplemented with 100 

U/mL penicillin, 100 µg/mL streptomycin and 1% bovine serum albumin (BSA) and 

incubated at 37 °C and 5% CO2. The releasate was collected each day, stored at -80 °C 

and replaced with fresh media. The rhBMP-2 released from the scaffolds was measured 

using an ELISA kit (R&D Systems, Minneapolis, MN).  

 

Bioactivity of the releasate 

MC3T3-E1 cells were plated at a density of 20,000 cells/cm2 on 24-well tissue 

culture plates. After 24 h of incubation at 37 °C, the media in each well was replaced 

with the osteogenic media (10 mM β-glycerophosphate and 50 μg/mL of ascorbic acid) 

supplemented with 10 ng/mL of either exogenous rhBMP-2 or rhBMP-2 releasate from 
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TyrPC scaffolds. Proliferation and ALP activity of the cells either in the absence or 

presence of exogenous rhBMP-2 or releasate were determined at 7, 14 and 21 days as 

described earlier in this section.  

In a separate experiment, dried 3D TyrPC scaffolds with or without rhBMP-2 (5 

μg/scaffold), as previously described, were placed in a well of 48-well plate, and a clone 

ring was used to secure the scaffold. The cell suspension (200 μL) was directly seeded on 

the 3D TyrPC scaffolds.  Proliferation, ALP, and calcium content of the ECM of 

MC3T3-E1 cells cultured on 3D TyrPC scaffolds with or without rhBMP-2 were 

measured at days 7, 14, 21, as previously described. 

 

Statistical analysis 

All datawere reported as the mean and standard deviation. Statistical analyses were 

performed using single factor analysis of variance (ANOVA) with a posthoc 

multicomparison test (Tukey-Kramer method) with a significance level established as p ≤ 

0.05. 
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Results 

Polymer and sample characterization 

GPC characterization following polymer synthesis resulted in molecular weights 

of 271 and 262 kDa and polydispersity of 1.3 and 1.2 for E1001(1K) and M1002(1K), 

respectively. 1H NMR confirmed the expected chemical composition of the terpolymers. 

SEM images of the pore architecture of the 3D scaffolds revealed a bimodal pore 

distribution of micropores (<20 μm) and macropores (200 – 400 μm) in addition to an 

open pore architecture with high pore interconnectivity. Furthermore, there were oriented 

micropores surrounding the macropores, as previously described.10 After 6 weeks of 

incubation in PBS at 37 oC, retention of molecular weight (Mn) of DTE-containing, 

E1001(1K), and DTM-containing, M1002(1K), scaffolds was 15.6 and 8.0%, 

respectively, and the E1001(1K) scaffolds degraded more slowly than the M1002(1K) 

scaffolds (Figure A2.3). Molecular weight retention was greater for E1001(1K) and 

M1002(1K) than for the previously investigated TyrPC terpolymers.10 Additionally, no 

mass loss was observed for either of the current polymer scaffolds over the 6-week test 

period, whereas mass loss was measured in the previous terpolymer scaffolds after 1 

week.10 Compression molded films were transparent and were 100 μm in thickness. 

  

MC3T3-E1 Cell viability and attachment 

Fluorescence microscopic images suggested 97% cell viability after 1 and 4 days 

of culture. Each scaffold possessed a bimodal pore distribution, micropores (<20μm), and 

macropores (200 – 400 μm). After cell seeding, the cells were well attached and spread 

throughout the scaffold surfaces and appeared to migrate into the pores. There were no 

macroscopic differences in cell morphology between the two scaffolds (Figure A2.4A). 
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After 24 h of culture, the cells fully covered the polymer surfaces. There was no 

macroscopic difference in cell attachment between days 1 and 4. To assess cell 

infiltration into the 3D tyrosine-derived polycarbonate scaffold, cell distribution on and 

throughout the scaffolds was were no significant differences in cell density by a 

proliferation assay 

(Figure A2.5A) and no macroscopic difference in cell density was detected on the surface 

at days 4 and 14, the cells, however, appeared to have penetrated more deeply into the 

scaffolds at day 14 than at day 4 (Figure A2.4B). 

 

Proliferation 

On the 2D surfaces (i.e., tissue culture polystyrene: TCPS and 2D TyrPC film), 

the cell proliferation reached a plateau after 7 days and remained at a similar level 

thereafter (Figure A2.5A). On 2D TCPS surfaces, the cell density was significantly 

greater than 2D TyrPC film. At day 1, the cell density on 3D tyrosine-derived 

polycarbonate scaffolds was significantly greater than on the 2D surfaces. However, 

unlike the increase seen with 2D controls, cell proliferation on 3D TyrPC scaffolds 

remained constant over 21 days. There was no significant difference in DNA 

concentration between E1001(1K) and M1002(1K) scaffolds except at day 21, when 

DNA concentration on M1002(1K) was significantly greater than that on E1001(1K) 

scaffolds.  
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Osteogenic differentiation 

ALP activity on each scaffold monotonically increased throughout 21 days of 

culture, regardless of scaffold polymer composition (Figure A2.5B). At all time periods, 

the cells on 3D TyrPC scaffolds produced significantly greater ALP activity compared 

with the 2D surfaces (i.e., 2D TCPS and 2D TyrPC film). ALP activity on 3D E1001(1K) 

scaffolds was greater than on 3D M1002(1K) scaffolds, except at day 21, when no 

significant differences were determined. There were no significant differences in ALP 

activity on 2D surfaces, except at day 21, when the protein activity on 2D TCPS was 

significantly lower than 2D TyrPC film.  

Significant differences in OCN expression were detected on 2D and 3D scaffolds 

(Figure A2.5C) where the phenotypic expression on 2D was significantly less than the 

3D scaffolds. There was also a significant difference in OCN for 3D TyrPC scaffolds at 

days 14 and 21, with the cells cultured on 3D E1001(1K) producing more OCN, 

compared to 3D M1002(1K) scaffolds.  

   There was a significant difference in calcium content between 3D E1001(1K) and 

M1002(1K) scaffolds (Figure A2.5D). The calcium deposition on 3D TyrPC scaffolds 

was significantly higher than the 2D surfaces.  

 

rhBMP-2 release profiles 

The release profiles from the scaffolds showed an initial burst release up to day 5 

followed by little release up to day 15 (Figure A2.6A). There were no statistical 

differences in the cumulative rhBMP-2 release between the 3D TyrPC scaffolds at each 
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time period except day 2, suggesting that either E1001(1K) or M1002(1K) did not alter 

the rhBMP-2 release profile. 

 

Bioactivity of rhBMP-2 releasates 

The MC3T3-E1 cell density (Figure A2.6B) was similar among scaffold treatment 

groups at each time period, except at day 7, where the cell densities were significantly 

greater in the presence of rhBMP-2 releasates compared with the control (no releasates). 

The ALP activity (Figure A2.6C) in the presence of rhBMP-2 releasate at each time 

period was significantly greater than when cells were not exposed to rhBMP-2. There 

was no significant difference in ALP activity between exogenous rhBMP-2 and rhBMP-2 

releasate from 3D TyrPCs at all time periods, except at day 4, indicating that the rhBMP-

2 released from TyrPC scaffolds was biologically active. 

 

Osteogenic differentiation on TyrPC containing rhBMP-2 

The MC3T3.E1 cell densities (Figure A2.7A) cultured on the scaffolds with or 

without rhBMP-2 were similar throughout the time periods.  It is noteworthy that 

rhBMP-2 containing scaffolds showed a decrease in DNA amount between days 14 and 

21. Cell detachment may have occurred from the surface at day 21 possibly because of 

overconfluent cells.  

ALP activity (Figure A2.7B) of the cells on the scaffolds with rhBMP-2 was 

significantly greater than that on the scaffolds without rhBMP-2 at day 14. There was 

also significant difference in calcium deposition between 3D TyrPC scaffolds with and 

without rhBMP-2 at day 21 (Figure A2.7C). 
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Discussion 

The purpose of the study was to determine the osteogenic properties of 

E1001(1K)- and M1002(1K)-based scaffolds as a substratum forMC3T3-E1 cells as well 

as the delivery of rhBMP-2 and the promotion of osteogenic differentiation. Antecedent 

to in vivo applications, in vitro data provide a valuable guide for the fine-tuning of 

potential substratum mimetics for tissue engineering. Valuable outcome data were 

obtained in this study with the goal of progressing to in vivo work.  

The degradation data (Figure A2.3) suggested that the properties of TyrPC were 

easily tuned by altering alkyl groups in the DTR building block, DT, and PEG content.  

Molecular weight retention was successfully increased over previous TyrPC 

terpolymers,10 primarily through a reduction in DT content from15 to 10mol %.  

M1002(1K) degraded more quickly than E1001(1K) because of the increase in PEG 

content and presence of a less hydrophobic pendent chain. 

More importantly, TyrPC scaffolds containing an ethyl ester pendent chain and 1 

mol % PEG promoted greater expression of ALP and OCN as well as mineralization 

when compared with the scaffolds with a methyl ester pendent chain and 2 mol % PEG. 

The data also suggest that changes in chemical composition of the TyrPC scaffolds could 

make a significant difference in cellular response and physical properties such as scaffold 

degradation. 

The observations may be due to the difference of hydrophobicity/hydrophilicity, 

surface properties of the polymers, or both.14 Therefore, the more hydrophobic (i.e., 

E1001(1K)) terpolymer backbone may provide a more permissive substrate for cell 

adhesion proteins such as fibronectin and vitronectin. This response is encouraging in 

light of the fact that fibronectin is reported to induce cell attachment.15 Extracellular 



185 

 

 

matrix (ECM) proteins, especially fibronectin and vitronectin, mediate osteoblastic – 

ECM interactions via integrin receptors α5β1 or αvβ3.16, 17  Hence, it is reasonable to 

deduce the outcome we measured may be a consequence of the hydrophobic segments of 

the polymer backbone initially recruiting cell adhesion proteins from the serum. The 

proteins may preferentially attach to the more hydrophobic TyrPC scaffolds (i.e., 

E1001(1K) vs M1002(1K)) and induce cell attachment to the scaffolds. Purportedly, the 

cells attached on the scaffolds may secrete significantly more ECM proteins, including 

osteogenic proteins, which initiate a differentiation cascade for the preosteoblasts.13 

Although the DNA data (Figure A2.5A) showed no significant differences between 

E1001(1K) and M1002(1K) scaffolds after 24 h of postculture, the attached cells on 

E1001(1K) scaffolds may produce more ECM proteins than M1002(1K) scaffolds 

through the hydrophobic interaction between the surface and the cells attached. This 

outcome may initiate osteogenic progression of the cell. 

Moreover, surface properties of the TyrPC scaffolds could play an important role 

to promote desired biological outcomes. Supporting this speculation is the observation 

that surface roughness and microtopography are powerful stimulants of osteogenic 

differentiation and mineralization for osteoblasts.18, 19 Furthermore, differences in the rate 

of hydrolysis of the pendent side chain11 and the products formed as a result of this 

hydrolysis (e.g., ethanol for DTE-containing polymers vs. methanol for DTM-based 

polymers) may result in variation in the biological outcome. Finally, PEG-containing 

polymers will induce exogenous and intracellular reactive oxygen species (ROS) 

production and may cause changes in cell signal transduction pathways.20  Therefore, the 

difference in the PEG content of the polymers used in this study may have contributed to 

the reported findings. 
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Although 3D scaffolds are more relevant for the in vivo environment, cellular 

responses have not necessarily been favorable on 3D porous substrates such as PLGA.21, 

22  The initial cell seeding densities on 3D TyrPC scaffolds were similar in magnitude as 

those reported for other 3D cultures such as collagen or PLGA.19, 23 The cell seeding 

efficiency on the 3D TyrPC scaffolds was lower at 24 h of postculture than that on 2D 

surfaces considering the difference in the initial cell seeding densities (Figure A2.5A). 

The observed differences, therefore, may be due to the limited surface area of 3D 

scaffolds available for cell seeding as well as nonhomogeneity of cell distribution on the 

3D scaffolds.19, 22 

Absence of vascularity and interconnected pores in 3D scaffold may either 

significantly hinder or delay osteogenic differentiation and mineralization because of 

mass transit limitation of nutrients and oxygen throughout the scaffolds.24 In this study, 

however, 3D TyrPC scaffolds supported cell ingrowth and subsequent osteogenic 

differentiation of MC3T3-E1 cells rivaling the 2D TyrPC film and TCPS. We deduce that 

this outcome is likely a result of the 3D TyrPC scaffolds having a pore structure that is 

similar to bone.10 Consequently, this “bone-mimetic” pore architecture may provide 

topographical and physical cues as well as proper mass transfer of nutrients and oxygen, 

which are crucial for osteoblast lineage progression. The 3D topographical and physical 

cues cannot be replicated with 2D surfaces, and thus this distinction may offer a 

compelling feature for the superiority in outcome with the 3D TyrPC scaffolds.  In 

addition, when TyrPC scaffolds were supplemented with rhBMP-2, ALP activity and 

calcium deposition increased as compared with TyrPC without rhBMP-2 (Figure A2.7). 

This is not an unexpected outcome. However, it is highly noteworthy to underscore that 

controlled release of a biomolecule from a delivery scaffold does not ensure biological 



187 

 

 

activity, for example, changes in the conformation of the protein biological may mitigate 

against receptor_ligand binding and subsequent internalization and cell up-regulation. In 

fact, rhBMP-2 releasate was equivalent in biological activity to the rhBMP-2 

administered exogenously. Furthermore, in terms of rhBMP-2 release kinetics, there was 

an initial burst release of rhBMP-2 up to 5 days, followed by a little release over 15 days. 

This kinetic profile suggests diffusion dependence from the TyrPC polymeric network as 

well as concomitant polymer degradation.13 The total rhBMP-2 release after 15 days was 

<40% of the initial amount, suggesting possible rhBMP-2 aggregation or denaturation of 

the protein on the scaffold.25, 26 The findings in this study emphasize the need for a 

precise calibration of the important parameters of scaffolding materials such as porosity 

and hydrophobicity/hydrophilicity, which may be either overlooked or neglected by 

tissue engineers. Moreover, on the basis of the highly favorable in vitro outcome and the 

physical and chemical versatility of the TyrPC platform, it is anticipated that there will be 

a positive outcome when the TyrPC platform is exploited for bone tissue engineering 

applications in vivo. 
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Conclusions 

Biomimetic tyrosine-derived polycarbonates were synthesized and fabricated into 

3D porous scaffolds as candidate prototypes for bone tissue engineering scaffolds. The 

chemical structures of the TyrPC scaffolds designed and tested for the study promoted 

different biological outcomes. Specifically, the MC3T3-E1 preosteoblastic cells cultured 

on E1001(1K) scaffolds produced more ALP, OCN, and mineralized calcium compared 

with M1002(1K) scaffolds. Furthermore, 3D TyrPC scaffolds promoted osteogenic 

differentiation and mineralization as compared with 2D conventional tissue culture plates 

or 2D film. The MC3T3-E1 cellular responses were further stimulated when TyrPC 

scaffolds were treated with rhBMP-2. The release kinetics of rhBMP-2 from the TyrPC 

was biphasic, with an initial burst release, followed by slow release. The bioactivity of 

the rhBMP-2 releasate was equivalent to exogenous rhBMP-2 in promoting ALP activity 

and calcium deposition. The data from this study suggest that the terpolymer is 

biocompatible, is biodegradable, effectively delivers rhBMP-2, enables MC3T3-E1 

attachment, and promotes osteoblast marker expression. Consequently, it is anticipated 

that the versatile TyrPC platform can be designed to address an array of tissue 

engineering clinical criteria for bone regeneration. 
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Figure A2.1. Flow diagram of the experimental design. The first set of experiments was 
designed to determine if 3D TyrPC scaffolds supported osteogenesis of MC3T3-E1 cells 
cultured on the scaffolds. The second set was to determine the bioactivity of rhBMP-2 
releasates from 3D TyrPC scaffolds compared to the exogenous rhBMP-2. The third set 
was to determine if osteogenesis of MC3T3-E1 cells were further enhanced when the 
cells were cultured on the scaffolds containing rhBMP-2. *: E1001(1K) scaffolds were 
down-selected based on the data from 1st and 2nd sets of experiments. 
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Figure A2.2 Chemical structure of poly(DTR-co-xx%DT-co-yy%PEGMW carbonate), 
where x and y are mole fractions of DT and PEG, respectively, and where z, mole fraction 
of DTR, equals 1- xx-yy and w is the number of ethylene glycol repeat units in PEG. 
E1001(1K) polymer represent poly(DTE-co-R=ethyl ester for DTE and R=methyl ester 
for M1002(1K). 
 
 

 
Figure A2.3. In vitro degradation profiles of tyrosine-derived polycarbonate scaffolds at 
specific time periods in PBS at 37 °C.  Error bars represent means ± standard deviation 
for n=3. 
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Figure A2.4. (A) SEM images of TyrPC scaffolds and MC3T3-E1 cells cultured on 
TyrPC scaffolds up to 4 days. (B) Confocal microscopic images of MC3T3-E1 cells 
inside the scaffold (E1001(1K)) up to day 14.  The cell infiltration can be seen up to 600 
µm deep in the scaffold.   
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Figure A2.5. (A) DNA content, (B) Normalized ALP activity, and (C) OCN content and 
produced by pre-osteoblasts (MC3T3-E1) cultured on different substrates at various time 
periods. (D) Mineralized calcium deposition of the ECM at day 21. Error bars are the 
mean ± standard deviation for n=3 and * and + represents significant difference (p < 
0.05) compared to the control (TCPS) and 3D E1001(1K) scaffolds, respectively. 
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Figure A2.6. (A) Release profiles of rhBMP-2 from tyrosine-derived polycarbonates and 
bioactivity of MC3T3-E1 cells in the presence of rhBMP-2 releasates; (B) DNA content 
and (C) normalized ALP activity of the cells at selected time periods. Error bars are the 
mean ± standard deviation for n=4. The * and +  represent significant differences (p < 
0.05) from the controls, negative control (i.e., without rhBMP-2) and positive control 
(i.e., in the presence of exogenous rhBMP-2), respectively. 
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Figure A2.7 (A) DNA content and (B) Normalized ALP activity at designated time 
periods produced by pre-osteoblasts cultured on tyrosine-derived polycarbonate scaffolds 
with (rhBMP-2) or without rhBMP-2 (no rhBMP-2). (C) Mineralized calcium deposition 
of the ECM at day 21 produced by pre-osteoblasts cultured on the scaffolds containing 
rhBMP-2. Error bars are the mean ± standard deviation for n=3 and * represents 
significant difference (p < 0.05) compared to the control (i.e., no rhBMP-2). 
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APPENDIX 3 
 
In vivo biocompatibility assessment in rabbit critical-sized calvarial defect 

(performed by colleagues at Carnegie Mellon University and Cleveland Clinic) 

A-3.1 Rabbit critical-sized calvarial defect (as described in the methods section, 

Chapter 2) 

 

A-3.2 Histology/Histomorphometry 

The specimens were dehydrated in ascending grades of ethanol, cleared in xylene 

at 4 °C to minimize implant solvation during the processing and embedded in 

poly(methyl methacrylate). The specimens were cut and ground to 30 µm thick sections 

with an Exakt diamond band saw and MicroGrinder (Exakt Technologies, Oklahoma 

City, OK). The slides were prepared and stained with Sanderson's Rapid Bone Stain and 

counterstained with van Gieson's picrofuchsin, which resulted in soft tissue staining blue 

and bone staining pink/red.  

New bone formation within the defect was measured histomorphometrically using 

an image analysis program (Optimas version 6.5, Media Cybernetics, Bethesda, MD). 

Briefly, the defect area (region of interest, ROI) including new bone area on each 

histology section was determined on each histology section at 1.5x. The areas of new 

bone, remaining implant and connective soft tissues in the defect area were determined 

by capturing each region based on predetermined color thresholds. The percentage of 

new bone area was obtained by dividing the bone area by whole defect area. 
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A-3.3 Micro-computed tomography (μ-CT or micro-CT) 

Each specimen was placed on the scanning platform of a GE eXplore Locus 

micro-CT (GE Healthcare, Piscataway, NJ) and 360 X-ray projections were collected (80 

kVp; 500 mA; 26 min total scan time). Projection images were preprocessed and 

reconstructed into 3D volumes (20 µm resolution) on a 4PC reconstruction cluster using a 

modified tent-FDK cone beam algorithm (GE reconstruction software). 3D data was 

processed and rendered (isosurface/maximum intensity projections) using MicroView 

(GE Healthcare). Each volume was scaled to Hounsfield Units (HU) using a calibration 

phantom containing air and water (phantom plastic); a plug within the phantom 

containing hydroxyapatite was used as a bone mimic for bone mineral/density 

calculations. Volumes were imported into Matlab (R2009b, Mathworks) for automated 

batch analysis. Briefly, a fixed cylindrical volume of interest (VOI, 14 mm diameter, 5 

mm height) was applied to each volume. Since each volume was calibrated using a fixed 

standard, calcium phosphate, cortical bone, trabecular/woven bone, and scaffold content 

was determined using predefined Hounsfield Unit thresholds (>3000, 2000-3000,750-

2000, and 300-750 respectively). To account for partial volume and beam hardening 

artifacts around calcium phosphate granules, calcium phosphate regions were 

morphologically “dilated” by 5 voxels and subtracted from the trabecular/woven bone 

mask. For calculation of percent bone coverage, calcium phosphate (when present), 

cortical bone, and trabecular/woven bone masks were “added” together, a 2D maximum 

intensity projection was generated, and non-zero pixels were summed and divided by the 

initial cylindrical cross-sectional area (14 mm diameter circle).  
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A-3.4 Statistical analysis 

All data are represented as means ± standard deviations. Statistical analysis was 

performed using single factor analysis of variance (ANOVA) with Tukey–Kramer’s post 

hoc test at a significance level of p < 0.05. 
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