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Although natural bone grafts including autografts and allografts are widely used in 

the clinics for the reconstruction of large bone defects, the development of bone graft 

substitutes (BGSs) continues to be an area of intense research. To apply the concept of 

tissue engineering in the development of BGSs, osteogenic growth factors and/or stem cells 

are incorporated into engineered scaffolds to mimic the bone tissue microenvironment. In 

the Kohn lab, BGSs based on E1001(1k), an intrinsically osteoconductive tyrosine-based 

polycarbonate, and beta-tricalcium phosphate (β-TCP) nanocrystals, were custom-

fabricated (abbreviated as E1001(1k)/β-TCP scaffolds) and tested in various critical size 

calvarial models in combination with recombinant human bone morphogenetic protein 2 

(rhBMP-2). To test the in vivo performance of this type of BGSs in long bone defect 

reconstruction, comparison study was conducted between E1001(1k)/β-TCP scaffolds and 

a clinically used β-TCP-based BGS (i.e., chronOS®) in a critical size sheep tibia model, 

with both constructs carrying a low dose of rhBMP-2 (1.1 mg per defect). It was found that 
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E1001(1k)/β-TCP scaffolds have comparable in vivo performance to chronOS®. More 

importantly, new bone regenerated in E1001(1k)/β-TCP scaffolds demonstrated a more 

physiological morphology, indicating ongoing bone remodeling into compact bone tissue.  

A critical component in the bone microenvironment is the osteogenic growth factor 

(GF) phase. Though rhBMP-2 being one of the most studied GFs in the bone regeneration 

field, adverse effects associated with supraphysiological dosing is reported. Therefore, it is 

necessary to establish a reliable in vitro-in vivo correlation to determine the proper rhBMP-

2 doses as well as to evaluate the efficacy of rhBMP-2 delivery systems. To date, the 

various study design in examining rhBMP-2 release profile in vitro has precluded 

comparative analyses. Due to the aforementioned concerns, a systematic evaluation of the 

most widely used in vitro rhBMP-2 activity assays is reported in Chapter 3. It was found 

that each model cell line (i.e., W-20-17, MC3T3 and C2C12) has an optimal dose-response 

range upon rhBMP-2 induction. In addition, a correlation between protein concentration 

(as measured by enzyme-linked immunosorbent assay) and protein activity (as measured 

by alkaline phosphatase induction from W-20-17 cells) was established. It was found that 

the expression system used to produce the rhBMP-2 had the most significant effect on its 

activity and stability in vitro. 

In the previous in vivo studies, E1001(1k)/β-TCP scaffolds have been successfully 

utilized as carriers of rhBMP-2 to assist the healing process of critical size bone defects. 

However, the scaffold-only treatments typically demonstrate moderate osteoconductivity 

in vivo due to the lack of biological cues in synthetic polymers. On the other hand, owing 

to the unique redox chemistry, chelation capability with metal ions and Michael-type 

addition from thiols and amines, catechol functionality has triggered great interest in the 
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tissue engineering field. In Chapter 4, E1001(1k) analog polymers were functionalized 

with catechol side chains for enhanced bioactivity. It was found that the modified polymers 

were able to support mesenchymal stem cell, human osteoblast and MC3T3 cell growth. 

In addition, the surface anchoring catechol groups assist nano-sized silver deposition on 

the polymer surface by immersion-coating in silver nitrate solution, and the Ag-decorated 

surface has excellent antibacterial properties against Escherichia coli and Staphylococcus 

aureus. The versatile secondary functionality introduced by catechol modification makes 

the E1001(1k) analog polymers suitable for multiple bone-related applications. 
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1 Introduction 

1.1 Scaffold-Based Bone Tissue Engineering for Large Bone Defects 

Under healthy conditions, bone possesses intrinsic healing capacity without forming 

scar tissue. However, the regenerative process is impeded in the reconstruction of large 

bone defects caused by infection, trauma, tumor resection and diseases like osteoporosis.1 

Bone grafting is the primary treatment for augmenting the bone regeneration process in the 

cases mentioned above. The three types of bone grafts are autografts, allografts and bone 

graft substitutes (BGSs).2 Generally, the regeneration capacity of bone grafts is measured 

by their osteoinductivity, osteoconductivity and osteointegration.3 Osteoinduction implies 

recruitment of mesenchymal stem cells (MSCs) and stimulation of MSCs to differentiate 

into preosteoblasts.3 Osteoconduction refers to the attachment and growth of bone cells on 

the bone graft surface.3 Osseointegration means a structurally and functionally fused 

connection between the native bone and the orthopedic implant.4 Bone grafting from either 

autografts and allografts is a common surgical procedure in orthopedic and maxillofacial 

surgeries.5 Due to the quantity restrictions and the additional surgical procedure of 

autografts harvesting, and the immunogenicity as well as rejection reactions of allografts, 

the investigation of BGSs as bone graft alternatives has gained intense attention.  
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1.2 Application of Recombinant Bone Morphogenetic Protein 2 

The components of the bone microenvironment include a matrix of hydroxyapatite 

nanocrystals and collagen fibers; a cellular phase of osteoblasts, osteoclasts, and osteocytes; 

and a biomolecule phase of growth factors and cytokines.2, 6-8 To mimic the natural bone 

tissue, stem cells and/or growth factors are incorporated into scaffolds for enhanced 

osteoinductivity and osteoconductivity in the development of BGSs.  

For the use of stem cells, adult MSCs are the most widely investigated cell type in 

the search of proper BGSs. Up to date, despite numerous promising reports on bone 

regeneration of critical size defects in various animal species, the use of MSCs for bone 

repair remains in a preclinical stage.  A couple of critical issues need to be addressed before 

they are ready for clinical use: (1) the epigenetic and genetic changes of MSC population 

resulting from not standardized isolation protocols; (2) the genetic differences of MSCs 

isolated from various tissues and donors.7 

Growth factors are proteins that bind to certain receptors on cell membranes and 

initiate a cascade of signaling inside cells. This cellular recognition leads to signal 

transduction to the nucleus, activating transcription factors and thus affecting gene 

expression. As a result, critical biological functions like matrix synthesis and tissue 

differentiation are manipulated.8 Critical growth factors in the bone regeneration process 

include fibroblast growth factors (FGFs), vascular endothelial growth factor (VEGF), 

insulin-like growth factors (IGFs) and bone morphogenetic proteins (BMPs).8 BMPs were 

isolated from the demineralized bone matrix by Urist in 1965,9 and they were found to not 

only play a key role in embryonal development but also maintain and regenerate adult 

tissues and organs.10-11 To this date, around 20 BMPs have been identified, with BMP-2 
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and BMP-7 having the most potent osteogenic ability to induce bone and cartilage 

formation.12 In 2002, rhBMP-2/absorbable collagen sponge (ACS) loaded with a rhBMP-

2 solution at 1.5-mg/mL (INFUSE® Bone Graft, Medtronic Spinal and Biologics, 

Memphis, TN) was approved by U.S. Food and Drug Administration (FDA) for spinal 

fusion procedures. Later, the same device was FDA-approved for open tibial fractures in 

2004 and as an alternative to autografts for sinus augmentations as well as alveolar 

defects associated with extraction sockets in 2007.13 The large share of preclinical and 

clinical research efforts together with triple FDA approvals directed particular attention 

to rhBMP-2, making it one of the most investigated, reported and significantly advanced 

growth factors in orthopedics. Though there is a vast amount of preclinical reports on the 

utilization of tissue-engineered scaffolds as carriers to deliver rhBMP-2 to the injury sites, 

a critical limitation to the current rhBMP-2 therapy is the need for supraphysiological doses 

due to the fast inactivation of proteins and local clearance.  

Since rhBMP-2 could induce ectopic bone formation, it is evolutionarily designed 

to be a poorly soluble protein and binds strongly to the extracellular matrix to avoid 

exposure to responsive tissues during bone healing. However, vast amounts of local 

administration causes precipitation-rendered rhBMP-2 inactivation and excessive diffusion 

of rhBMP-2 into the surrounding tissue, which leads to high treatment costs and high risk 

of side effects such as infections, severe swelling, heterotopic ossification.13-14 Therefore, 

in order to eliminate adverse effects, it is very important to develop proper carriers (i.e., 

scaffolds) that provide a sustained release of rhBMP-2 within the clinically relevant dose 

window.  
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Moreover, the source of rhBMP-2 influences its molecular structure and thus results 

in different osteogenic activity and stability. The extraction of native BMP from animal 

bones is impeded by its low concentration in bone tissues (~several mg per kg), different 

physiological properties due to species differences and risk of pathogen transfer. To satisfy 

the bulk demand of research and clinics, commercially available BMP-2s in the market are 

expressed as recombinant proteins from Escherichia coli,15 Chinese Hamster Ovary (CHO) 

cells16 and Human Embryonic Kidney 293 cells (HEK-293).17 It should be noted that BMP-

2 polypeptide expressed from CHO and HEK-293 cells undergo glycosylation, whereas 

polypeptides expressed from prokaryotic cells like E. coli do not have glycosylation.18 

Though all rhBMP-2s have exhibited bone-forming activities in vivo,19-20 the lack of 

glycosylation reduces the solubility and bioactivity of E. coli-derived rhBMP-2 in vitro, 

thus having influences on its effective dose in vivo compared to mammalian cell-derived 

rhBMP-2s.21 To date, there are not systematic literature comparisons on evaluating the 

efficacy of rhBMP-2 from different sources. On second thought, since it is necessary to 

establish an in vitro - in vivo correlation to help predict the performance of delivery systems 

as well as rhBMP-2 dosage window, a standardized protocol needs to be established for 

this purpose. 

 

1.3 The Evolution of Biomaterials and Bone Graft Substitutes 

As the knowledge of the bone tissue microenvironment has advanced in the past 

decades, the requirements and properties of BGSs have evolved and resulted in changes in 

the prerequisites of biomaterials used for implant devices fabrication. Hench defined the 

three generations of biomaterials throughout this evolution,22 and it should be pointed out 
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that there is currently still active research for each generation of biomaterials. The first 

generation of biomaterials for BGSs requires bio-inert materials that have matching 

mechanical properties to the bone tissue, including metals such as titanium, ceramics such 

as alumina and polymers such as polypropylene and polymethylmethacrylate.22 A common 

issue with these materials is the encapsulation of implants in vivo caused by inflammatory 

responses.23  

Second generation BGSs aim to enhance to osteoconduction of devices and avoid 

fibrous tissue formation around the implants. To this point, biodegradable synthetic 

polymers like polylactide (PLA), poly(ε-caprolactone) (PCL), poly(lactic-co-glycolic acid) 

(PLGA) and natural polymers like chitosan and hyaluronic acid were applied in the 

fabrication of BGSs, the idea is to control the degradation of polymers into harmless 

byproducts as bone regeneration occurs. Composites made from polymers and bioactive 

ceramics were also introduced to improve the osteoconductivity and mechanical properties 

of the polymeric BGSs. Besides, to make polymer surfaces more “bioactive”, either 

physically adsorbed or bioconjugated proteins/peptides can be modified onto device 

surfaces.6, 24  

The third generation of biomaterials appeared at the same time as the scaffolds-

based tissue engineering started to emerge,25  with the ultimate goal of stimulating specific 

stem cell responses at the molecular level. Therefore, the combination of bioactivity and 

biodegradability become the most important characteristic of third-generation biomaterials. 

Although synthetic biodegradable polymers used in bone tissue engineering can be 

synthesized with tailored degradation rates and mechanical strength, they usually lack cell 

recognition sites and are hydrophobic. Owing to their limitations, secondary 
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functionalization on those polymers is necessary to improve their bioactivity in order to 

make them better candidates for BGS fabrication.26 

 

1.4 Catechol-Modified Biomaterials 

The inherent design of nature-inspired materials greatly advanced the development 

of functional materials with unique properties. Notably, the investigation of wet adhesion 

phenomenon of mussels leads to the discovery of 1,2-dihydroxybenzene (catechol) 

functionality in underwater adhesion, it was found that the synergistic effect from 3,4-

dihydroxy-l-phenylalanine (DOPA) and lysine-enriched mussel foot proteins contribute to 

their extraordinary wet adhesion ability in the marine environment, with the catechol 

structure from DOPA mainly responsible for bridging attachments between surfaces.27-31 

With these intriguing findings, it was later discovered in 2007 that dopamine, with a similar 

chemical structure to DOPA, can undergo self-polymerization in alkaline aqueous 

conditions.32 The resulting polydopamine (pDA) serves as a biocompatible coating on 

inorganic and organic substrates and allows for further functionalization with bioactive 

components.33   

Catechol plays essential roles in many organisms as they interact with both 

inorganic (e.g., transition metal ions, metal oxides) and organic (e. g., amino acids) species 

through non-covalent forces (i.e., hydrogen bonding, π-stacking, chelation) and chemical 

reactions.34 A unique property of catechol is its chelation with transition metals to give 

catechol-metal complexes.34 Interestingly, it was reported that the catechol in polydopamine 

enriches calcium ions on the coating surface and facilitates the formation of hydroxyapatite (HA) 

in simulated body fluid, the orientation of HA crystals resembles natural HA in the bone tissue.35 
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Similar mineralization arising from the chelation between surface-anchoring catechol and zinc 

ions was also observed on poly(propylene carbonate)-block-poly(4-vinylcatechol acetonide) 

membranes.36 pDA has been widely investigated as a bioactive orthopedic implant coating due 

to its surface-independent nature.  

To date, the mechanism of pDA formation and the ultimate chemical structures of 

pDA remain a subject of debate.37 The undefined structure of pDA gave rise to the 

exploration of other categories of catechol-containing biomaterials, where catechol groups 

are chemically introduced either to natural polymers such as chitosan,38 alginate,39 and 

hyaluronic acid40 or synthetic polymers such as PEG-based polymers,41 

polymethacrylates,41 polyacrylates,41 and polyesters.42-45 In the past decade, most mussel-

inspired biomaterials are synthesized for their applications in bioadhesives and surface 

coatings in the biomedical field. Catechol-functionalized hydrogels from polysaccharides, 

polymethacrylates/polyacrylates and PEG-based polymers have been extensively tested for 

surgical sealants and glues in moist conditions.46-48 For surface coatings-related 

applications, aside from the surface-independent pDA, catechol-functionalized polymers 

have between utilized to anchor macromolecules, functional groups or nanoparticles to 

device surfaces. Such medical applications include the creation of anticoagulant surfaces 

for cardiovascular devices49 and antifouling surfaces for antibacterial needs in the 

orthopedic implant industry.50  

Furthermore, due to the chemical reaction between catechol and its oxidized form 

(quinone) with amines and thiols from proteins, the interactions between catechol and cells 

were investigated and triggered intense interests in the tissue engineering field. For instance, 

it has been discovered that the adhesion and migration of NIH 3T3 fibroblasts cultured on 
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catechol-conjugated PCL-block-PEG nanofibers are proportional to the presence of 

catechol groups (nmol level) in a serum-free medium.43 In a second study, a catecholized 

hyaluronic acid (CA-HA) hydrogel improved human adipose-derived stem cells 

(hADSCs)-induced angiogenesis in a critical limb ischemia mouse model. The same 

hydrogel promotes the best bone formation in a critical size mouse calvarial defect model 

in combination with rhBMP-2 compared to controls.51 Moreover, it was found that pDA 

coating significantly promotes the attachment and proliferation of human umbilical vein 

endothelial cells (HUVECs) due to the quinone-mediated (oxidized catechol) fibrinogen 

adsorption on pDA. On the contrary, pDA coating also dramatically decreased the adhesion 

and proliferation of human umbilical artery smooth muscle cells (HUASMCs) owing to 

the presence of catechol groups in pDA. The redox chemistry of catechol in pDA is sable 

to control cell fates by altering  specific protein adsorption.52-53 The above mentioned in 

vitro and in vivo studies make catechol-containing materials particularly interesting for the 

development of third-generation biomaterials. 

 

1.5 Thesis Organization 

In this thesis, Chapter 2 reports on the fabrication and characterization of 3 cm-

long and tubular scaffolds made from a tyrosine-derived polycarbonate and β-TCP 

nanocrystals. The rhBMP-2 loading method and release profile were then investigated and 

developed for the human-sized scaffolds. The in vivo segmental bone regeneration 

performance of those scaffolds loaded with rhBMP-2 was compared to a clinically used 

chronOS® (TCP-based BGSs) with the same dose of rhBMP-2 (1.1 mg per defect) in a 30 

mm critical size sheep tibia model. The current study aims at translating our previous 
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success in critical size calvarial defects to a long bone defect model in large animals. Bone 

formation in both treatment groups was assessed by microCT and histology analyses. 

Then, a systematic investigation of the experimental parameters of the most widely 

used in vitro rhBMP-2 bioactivity assays is presented in Chapter 3. In this chapter, the 

dose-responses of model cell lines (W-20-17, MC3T3 and C2C12) upon rhBMP-2 

induction were elaborated in terms of alkaline phosphatase (ALP) expression. In addition, 

a correlation between protein concentration (as measured by ELISA) and protein activity 

(as measured by ALP induction from W-20-17 cells) was established. Finally, the 

bioactivity and stability of rhBMP-2 from different resources were evaluated in vitro. 

Though E1001(1k)/β-TCP scaffolds can be utilized as carriers for rhBMP-2 

delivery in the reconstruction of critical size bone defects, the scaffold itself  demonstrated 

limited osteoconductivity in vivo due to the lack of biological cues on the structure of 

E1001(1k).54-55 In Chapter 4, E1001(1k) analog polymers were functionalized with 

catechol groups for enhanced bioactivity. The cell-material interaction was studied using 

human osteoblasts, MSCs and MC3T3 cells. In addition, the catechol-assisted silver 

deposition on the polymer surface was investigated, and the antibacterial capacity of the 

resulting polymer films was tested against E. coli and S. aureus. 
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2 Segmental Bone Regeneration with Tyrosine-Derived 

Polycarbonate/Beta-Tricalcium Phosphate Scaffolds in A 

Critical Size Sheep Tibial Model 

2.1 Introduction 

Segmental bone loss caused by high-energy trauma, infection and malignancy is 

particularly challenging to orthopedic surgeons and poses the threat of significant disability 

for patients. The gold standard for the reconstruction of long bone defects (< 5 cm) is 

autograft transplantation. However, the application of autografts is subjected to limited 

availability and donor site morbidity.1 While allografts serve as an alternative to autografts, 

they are associated with possible disease transmission and immune rejection. These 

transplants may also result in insufficient integration, and the lack of internal stress-

oriented remodeling could potentially lead to fracture at the allograft-host interface.2 

The complications and shortcomings of autografts and allografts have motivated 

scaffold-based tissue engineering strategies for the development of bone graft substitutes 

(BGSs). Ideally, the synthetic bone regeneration scaffold should be made from an 

osteoconductive biomaterial that can be further enhanced with osteoinductive proteins and 

osteogenic cells.1 Recombinant human bone morphogenetic proteins (rhBMPs), especially 

rhBMP-2, has been extensively used for this purpose,3 while bone marrow or fat-derived 

mesenchymal stem cells (MSCs) are the preferred cell type used in prior studies.4 The 

application of rhBMP-2 has been approved by the U.S. Food and Drug Administration 

(FDA) and European Medicines Evaluation Agency (EMEA) for anterior lumbar spinal 

fusion and open tibia fractures treatment.5 Well-known disadvantages of the clinical use of 
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rhBMP-2 relate to the high cost of rhBMP-2 and the occurrence of side effects such as 

adipose tissue formation6 and ectopic bone formation,7 especially at higher doses. Thus, 

another area of active research is the development of carriers that require lower doses of 

rhBMP-2 while still leading to successful bone regeneration.8     

 Previously, tyrosine-derived polycarbonates composed of desaminotyrosyl-

tyrosine ethyl ester (DTE), desaminotyrosyl-tyrosine (DT) and poly(ethylene glycol) (PEG) 

have been developed to provide proper mechanical properties, biodegradability, and 

biocompatibility for bone regeneration. Intrinsically osteoconductive poly(DTE -co-10%-

DT-co-1%-PEG (1k)) (E1001(1k)) emerged as an excellent candidate for bone scaffolds, 

where the polymer is composed of 89 mol% DTE, 10 mol% DT and 1 mol% PEG with the 

molecular weight of 1000 Da.9-11 The in vivo performance of E1001(1k) scaffolds doped 

with beta-tricalcium phosphate (β-TCP) nanocrystals and supplemented with rhBMP-2 has 

been investigated in critical size rat mandibular, rabbit calvarial and goat calvarial defect 

models.6, 12-14 The scaffolds supplemented with rhBMP-2 were found to be biocompatible, 

bioresorbable and osteoconductive.6, 9-10, 13-14 Interestingly, E1001(1k)/β-TCP scaffolds 

with 400 µg rhBMP-2 promoted complete filling of trabecular bone over 20 mm critical 

size goat calvarial defects at 16 weeks.14 

To date, the clinical translation of tissue engineering strategies for segmental bone 

reconstruction is limited by the lack of robust findings from preclinical trials in large 

animal models. Very few papers compare the different augmentation strategies in the 

preclinical models, leaving the positive outcomes inconclusive.15 Among the various 

animal species used for preclinical trials, adult sheep are considered reliable animal species 

for the evaluation of segmental bone regeneration due to the similarity in tibiae dimensions 
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and the degree of weight-bearing.16 In the past decades, composite scaffolds fabricated 

from hydroxyapatite (HA), TCP, bioactive glass or polymers were intensively tested in 

sheep tibial defects ranging from 1 cm to 4.5 cm.17 The majority treatments of segmental 

defect reconstruction involve incorporation of MSCs into scaffolds, whereas very few 

papers reported growth factor (GF, such as BMP-2 and BMP-7) application alone18-22 or in 

combination with MSCs.23 Particularly, for the critical size sheep tibial defect scaled at 3 

cm, polycaprolactone (PCL) and TCP composite scaffolds (PCL/TCP) induced only 

limited new bone regeneration21, 24 but had the comparable bone formation and superior 

strength to autografts when loaded with 3.5 mg rhBMP-7 at 12 months.21 In a successive 

study, similar PCL/TCP scaffolds with honeycomb structures and 3.5 mg rhBMP-7 were 

able to accelerate and guide the formation of mechanically competent bone, resulting in 

increased mineral particles and collagen fiber orientation along the tibial axis at 12 months 

to allow proper weight-bearing.22  Other osteogenic GFs have also been applied. For 

example, it has been reported that HA granules mixed with 2.5 mg rhBMP-7 were able to 

generate bone that has no comparable mechanical strength and bridging to autografts at 12 

weeks.19 Though the investigation of in vivo performance of synthetic scaffolds and 

osteogenic GFs is relatively rare, the effective dose of GFs is above 2 mg per 3 cm-defect.18-

23 

In the current study, we aimed to translate positive results from previous calvarial 

models to a more challenging 30 mm critical size sheep tibial defect model. To our 

knowledge, the dose of rhBMP-2 (1.1 mg per defect) applied is the lowest reported 

amongst comparable studies where acellular composite scaffolds and rhBMP-2 were 

applied.25-28 Furthermore, the formulation of trabecular bone mimetic E1001(1k)/β-TCP 
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scaffolds and rhBMP-2 was compared to a clinically used β-TCP-based BGS (chronOS®) 

with the same dose of rhBMP-2. Segmental bone regeneration and the remodeling process 

were investigated for 17 weeks by radiographic, micro computed tomography and 

histological analyses. The morphology of newly formed bone was qualitatively examined 

to assess the bone remodeling process. 

 

2.2 Materials and Methods 

2.2.1 Materials 

E1001(1k) was synthesized by Cyalume Technologies Holdings, Inc. (Ft. 

Lauderdale, FL, USA). β-TCP nanocrystals came from Berkeley Advanced Biomaterials, 

Inc. (San Leandro, CA, USA). Custom-made punches and fixtures for scaffold fabrication 

were assembled by F&A Machine Co. (Middlesex, NJ, USA). β-TCP granules were from 

ChronOS DePuy Synthes Products (West Chester, PA, USA). rhBMP-2 loaded to 

E1001(1k)/β-TCP was provided by Dr. Changsheng Liu at East China University of 

Science and Technology (ECUST, Shanghai, China). rhBMP-2 loaded to β-TCP granules 

was from Medtronic (Minneapolis, MN, USA). 1, 4-dioxane, sodium chloride (NaCl), 

sodium hydroxide (NaOH), bovine serum albumin (BSA), penicillin/streptomycin were 

from Sigma Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle Medium (DMEM) 

and L-glutamine came from Life Technologies (Carlsbad, CA, USA). Fetal bovine serum 

(FBS) came from Atlanta Biologicals (Flowery Branch, GA, USA). Dulbecco's phosphate-

buffered saline (DPBS) and Water for Injection (WFI) for Cell Culture were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA). P-nitrophenyl phosphate (PNPP) 

was purchased from VWR (Vadnor, PA, USA). Enzyme-linked immunosorbent assay 
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(ELISA) kit comes from PeproTech (Rocky Hill, NJ, USA). The W-20-17 rat stromal cell 

line was obtained from ATCC (Manassas, VA, USA). For histology analyses, 

methylmethacrylate was purchased from Fisher Scientific Company (Suwanne, GA, USA). 

EXAKT methylmethacrylate histology slide was from EXAKT Technologies, Inc. 

(Oklahoma City, OK, USA). Chemicals for staining came from Alfa Aesar (Ward Hill, 

MA, USA). 

 

2.2.2 Scaffold Fabrication and Characterization 

The porous E1001(1k)/β-TCP scaffolds used for the sheep tibial study were 

fabricated by a combination of solvent casting, porogen leaching and phase separation 

techniques according to previously described procedures.9 Briefly, β-TCP nanocrystals 

(Berkeley Advanced Biomaterials, Inc.; San Leandro, CA) and 212 - 425 µm NaCl 

particles (Sigma Aldrich; St. Louis, MO) were mixed with E1001(1k) solution in 1,4-

dioxane (Sigma Aldrich; St. Louis, MO) and deionized (DI) water. 30% of β-TCP 

nanocrystals and 70% E1001(1k) polymer by weight were used. The mixture was then cast 

into Teflon molds, frozen in liquid nitrogen and lyophilized (Labconco LFZ-2.5L, 

Hampton, NH). Tubular scaffolds were shaped from the dry molds by using custom-made 

punches and fixtures (F&A Machine Co.; Middlesex, NJ) to give dimensions of 30 mm 

(length) ´ 15 mm (outer diameter) ´ 8 mm (inner diameter). The cores punched out of the 

cylinders were reserved for characterization. 

 The NaCl was then leached out from the mold in DI water and the salt-free 

scaffolds were dried under vacuum. The skin (2 mm from the surface) of scaffolds was 

removed by razor blades in a custom-made shaping mold. To ensure consistent pore 
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architecture and β-TCP distribution throughout the construct as well as the reproducibility 

of lab-scale fabrication, E1001(1k)/β-TCP scaffolds, together with the corresponding cores 

generated during fabrication, were sectioned into three 10 mm-long segments (i.e., top, 

middle and bottom) (Figure 2.1). Scaffolds from three different batches were characterized. 

The pore architecture of each section from a single scaffold was examined by scanning 

electron microscope (SEM, Phenom ProX, Nanoscience Instruments, Alexandria, VA, 

USA). The weight percentage of β-TCP in scaffold sections and open porosity of core 

sections were quantified by Thermal Gravimetric Analysis (TGA, Mettler Toledo, LLC., 

Columbus, OH, USA) and micro Computed Tomography (microCT, SkyScan 1172, 

Bruker, Kontich, Belgium), respectively. 

 

2.2.3 In Vitro rhBMP-2 Loading and Release    

To examine the release kinetics of rhBMP-2 from E1001(1k)/β-TCP scaffolds, 

model scaffolds with the dimensions of 2.6 mm (thickness) x 15 mm (outer diameter) x 8 

mm (inner diameter) were fabricated. rhBMP-2 (ECUST) solution in DI water was loaded 

to the scaffolds through a semi-vacuum loading method (80 µg/scaffold, n = 4). To mimic 

in vivo conditions, the center of scaffolds was blocked by 30 mm-long pieces from 

intramedullary rods. The scaffolds were placed into 3 mL assay medium of W-20-17 cells 

(ATCC; Manassas, VA) that was prepared according to ASTM Standard F2131-02 and 

incubated at 37 ºC and 5% CO2. The basal medium was prepared according to ASTM 

Standard F2131-02 (Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 

200 mM L-glutamine (Life Technologies; Carlsbad, CA), 10% fetal bovine serum (FBS; 

Atlanta Biologicals; Flowery Branch, GA) and 0.5% gentamicin (Sigma Aldrich; St. Louis, 
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MO)). E1001(1k)/β-TCP scaffolds loaded with DI water served as negative controls. The 

assay medium was collected and changed on Day 1, 2, 3, 5, 7 and 14. The collected media 

containing released rhBMP-2 was stored at -80 ºC till further analyses. The rhBMP-2 

concentration in the release media was quantified by ELISA (PeproTech; Rocky Hill, NJ). 

The bioactivity of released rhBMP-2 was determined using ASTM Standard F2131-02. 

Briefly, W-20-17 cells were plated at a density of 105 cells/cm2 in 96-well tissue culture 

plates. After 24 h of incubation at 37 ºC, the media was replaced with 100 µL of 

sample/well and incubated at 37 ºC for another 24 h. The media was aspirated and wells 

were washed with 200 µL/well DPBS (Thermo Fisher Scientific; Waltham, MA) once. 

Cells were lysed in 50 µL water for injection (WFI) and lysed through two freeze-thaw 

cycles. An equal volume of P-nitrophenyl phosphate (PNPP) solution (VWR; Vadnor, PA) 

was added to each well for development. The PNPP solution was prepared at 3.4 mg/mL 

in glycine buffer according to ASTM Standard F2131-02. The plates were developed at 

room temperature for 1 h and the reaction was stopped by the addition of 100 µL/well 0.2 

N NaOH solution. Absorbance was measured at 405 nm.   

 

2.2.4 In Vivo Study 

Twelve skeletally mature sheep with a mean body weight of 70 kg were used. The 

sheep were cared for in accordance with the guidelines of, and in an animal facility 

approved by The Animal Care and Use Review Office (ACURO). Anaesthesia was induced 

with intravenous ketamine (2.2 mg/kg) and diazepam (0.1 mg/kg) and maintained by 

isoflurane and oxygen inhalation after endotracheal intubation. Prophylactic cephazolin 

antibiotic (1 g intravenously) was given at induction and at the end of surgery. The surgical 
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procedure involved a medial approach to the tibia and removal of a 30 mm mid-diaphyseal 

osteoperiosteal tubular segment. The distal bone segment was reamed with 6 mm and 8 

mm reamers until an 8 mm nail could be accommodated. E1001(1k)/ β-TCP scaffolds were 

implanted in the sheep tibia and periosteum was stripped off the site to avoid interference 

in interpreting growth results. The rhBMP-2 solution was loaded into E1001(1k)/β-TCP 

scaffolds prior to surgery using a custom-made semi-vacuum loading chamber to give a 

dose of 1.1 mg rhBMP-2 per scaffold. rhBMP-2 loaded in E1001(1k)/β-TCP scaffolds was 

provided by Dr. Changsheng Liu at East China University of Science and Technology 

(ECUST, Shanghai, China). rhBMP-2 loaded to β-TCP granules was sourced from 

Medtronic (Minneapolis, MN, USA). ChronOS® granules (DePuy Synthes Products; West 

Chester, PA) were mixed with the rhBMP-2 solution (Medtronic, 1.1 mg) and packed 

around the defect. The distal ends were stabilized using an intramedullary nail (Innovative 

Animal Products, Rochester, Minnesota) with two 4.5 mm cortical screws at each end. 

Within all treatment groups, animals were randomly assigned for a total of 6 per group. 

Transdermal fentanyl patches (150 µg/hr) and oral phenylbutazone (1 g once daily) were 

used for 72 hours after surgery to minimize pain and inflammation. Animals were 

examined twice daily for signs of pain and the ability to weight-bear following surgery.  

 

2.2.5 Radiological Analysis  

Mediolateral radiographs were taken immediately after surgery to document the 

position of the defect and to confirm the correct nail placement. Radiographs of the 

reconstructed sites in anteroposterior view and mediolateral view were taken at 4, 8, 12 
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and 17 weeks post-operation so that the progress of bone regeneration and remodeling 

could be assessed.  

 

2.2.6 Micro Computed Tomography (microCT) Analyses 

Scans were performed on a microCT scanner (Skyscan 1172, Bruker-microCT, 

Belgium) at a resolution of 10 μm, a voltage of 60 kVp, a current of 170 mA, and with a 

0.5 mm aluminum filter (ImageIQ; Cleveland, Ohio USA). Projection image 

reconstruction was performed using Skyscan system software. Bone volume was 

quantified using CTAn v.1.13 software.  

 

2.2.7 Histology and Histomorphometry Analyses 

Midshaft tibia bone blocks were subject to graded ethanol substitution and 

infiltrated with methyl methacrylate (Fisher Scientific; Suwanne, GA) that was 

polymerized by exposure to ultraviolet light. The polymerized block was cut along the 

sagittal plane to give antero/posterior sections with a Buehler Isomet 1000 Precision Saw 

(Buehler, Lake Bluff, IL) and the cut surface of one block ground to a uniform 1200 grit 

finish using a Buehler Metaserv 250 Grinder-Polisher. The ground surface was mounted to 

an EXAKT methylmethacrylate histology slide (EXAKT Technologies, Inc.; Oklahoma 

City, OK) with cyanoacrylate adhesive, sawn through with the Exakt 300 CP Band System, 

and ground to ca. 110 μm thickness with the Exakt 400CS Grinding System. The sections 

were then polished using diamond suspension on the Buehler Metaserv to a 1 μm surface 

finish and approximately 100 μm final section thickness. 
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Histological sections were surface-stained with Stevenel’s Blue29 and 

counterstained with van Gieson’s picrofuchsin (Alfa Aesar; Ward Hill, MA). Conventional 

light microscopy (LM) and circularly polarized light (CPL) using a Leica-Leitz DMRX/E 

Universal Microscope (Leica Microsystems, Wetzlar, Germany) employing a Leica PL 

Fluotar 5/0.12 objective lens were used to image the histology slides. LM and CPL images 

of approximately 10,000 x 50,000 pixels at 1.29 μm/pixel for anterior and posterior cortices 

each were acquired with a QIClick color video camera (QImaging, Surrey, BC) and 

automated Marzhauser stage (Märzhäuser Wetzlar, Wetzlar, Germany) using Objective 

Imaging Surveyor montaging software (Objective Imaging, Cambridge, UK). 

A region of interest was identified that encompassed the area between the stumps. 

A custom electronic mask was created for each slide and was positioned similarly onto 

every slide. High magnification images of interfaces at the proximal and distal ends as well 

as the bone regenerate were taken. The following measurements were taken as a percentage 

of the region of interest: new bone area, trabecular area, trabecular thickness, trabecular 

number, trabecular separation, trabecular surface (perimeter), marrow space area, area of 

cartilage tissue, and the area of fibrous tissue. 

 

2.2.8 Statistical Analysis 

All statistical analyses were carried out in GraphPad Prism 7 software. Single factor 

analysis of variance (ANOVA) was performed followed by a multiple comparison post-

hoc test (Tukey-Kramer method) with an established significance of p ≤ 0.05. Data were 

reported as mean ± standard error (SE).  
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2.3 Results and Discussion 

2.3.1 E1001(1k)/β-TCP Scaffold Fabrication and Characterization 

Bioengineered scaffolds hold great potential for bone regeneration applications 

because of the wide variety of fabrication techniques and materials of reproducible strength. 

An optimal scaffold requires proper osteoinduction, osteoconduction, and osteointegration. 

Although polymers and ceramics have their advantages for osteogenic applications, they 

are also subjected to certain drawbacks (e.g., ceramics are brittle). Consequently, calcium 

phosphate is incorporated into the polymer matrix to increase the osteointegration potential 

of scaffolds.30 

 

 

 

 

  



 

 

25 

 

Figure 2.1 Molds for scaffold fabrication: 15 mm punch (A); 8 mm punch (B); 8 mm punch 

in 15 mm cylinder holder (C); modified arbor press for punches (D). Demonstration of 

tubular scaffolds for critical size sheep tibial model: E1001(1k)/β-TCP scaffolds and the 

core punched out of the cylindrical mold (E); top view of the scaffold (F); representative 

transverse section of the core constructed from microCT scans, interconnected pore 

architecture can be observed (G); scaffold fitted into 8mm intramedullary nail used for the 

tibial defect model (H). 
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E F G 

H 



 

 

26 

Table 2.1 Open porosity of top, middle and bottom parts from a single long, tubular 

E1001(1k)/β-TCP scaffold. 

Open porosity (%) Scaffold 1 Scaffold 2 Scaffold 3 

Top 90.72 91.12 89.46 

Middle 91.61 91.70 91.35 

Bottom 92.14 91.73 91.63 

Average 91.49 91.52 90.81 

Standard Error 0.41 0.20 0.68 

 

Table 2.2 Weight percent of β-TCP of top, middle and bottom parts from a single long, 

tubular E1001(1k)/β-TCP scaffold. 

β-TCP Content (%) Scaffold 1 Scaffold 2 Scaffold 3 

Top 26.4 25.9 26.7 

Middle 24.4 21.9 21.9 

Bottom 24.7 25.2 23.2 

Average 25.2 24.3 23.9 

Standard Error 0.63 1.21 1.45 
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Figure 2.2 Representative SEM images of long, tubular E1001(1k)/β-TCP scaffolds: Top 

section (A-B), middle section (C-D), bottom section (E-F). The scaffolds have bimodal 

pore architecture, with macro-pores (red arrows) between 200 - 400 µm and micro-pores 

(yellow arrows) positioned on the walls of macro-pores at around 20 µm. β-TCP (white 

granules) distributes on the surface of the polymer network. 

 

Herein, we developed a composite scaffold made of a biodegradable tyrosine-

derived polymer (E1001(1k)) with β-TCP nanocrystals30. The punches and fabrication 

devices are demonstrated in Figure 2.1 A-D. As demonstrated in Figure 2.1E-H, the tubular 

scaffolds are shaped for the size of adult sheep tibiae and would be fixed on intramedullary 

nails in the sheep tibial defects.  
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To ensure excellent reproducibility of scaffold fabrication on a lab-scale, 

E1001(1k)/β-CTP scaffolds from three different batches were sectioned and examined, the 

average values of top, middle and bottom sections of a single scaffold were compared. The 

average open porosity and β-TCP wt% remained constant at around 91% (Table 2.1) and 

26% (Table 2.2), respectively. The consistency in open porosity and β-TCP contents 

throughout the E1001(1k)/β-TCP bone scaffolds suggested a reproducible fabrication 

procedure in the lab. In the meanwhile, the morphology of porous network and distribution 

of CaP inside scaffolds were investigated by SEM. The interconnected macropore network 

(200-400 µm) of E1001(1k))/β-TCP scaffolds mimicked cancellous bone morphology 

(Figure 2.1G, Figure 2.2A-C) and can thus provide topographical and physical cues for 

osteoblast lineage progression. The micropore structure (Figure 2.2B-F) would be an ideal 

platform for the transportation of nutrients and benefit long-term fixation of bone implants 

in terms of osteointegration with the native bone.30 

Tubular and porous E1001(1k)/β-TCP scaffolds with dimensions of 30 mm (length) 

´ 15 mm (outer diameter) ´ 8 mm (inner diameter) were engineered and fabricated for a 

30 mm critical size sheep tibial model (Figure 2.1). The scaffold was designed to be 

implanted in the defect area with an 8 mm intramedullary rod and bolts. SEM images 

demonstrated that for a single E1001(1k)/β-TCP scaffold, all three sections have bimodal 

pore size distribution, with macropores (200 - 400 µm) and 20 µm micropores positioned 

along the walls of macropores. In addition, β-TCP particles were distributed evenly on the 

surface of scaffolds as white particles (Figure 2.2). A representative section of micro-CT 

scans performed on E1001(1k)/β-TCP scaffolds showed the interconnected pore structure 
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(Figure 2.1G). Each E1001(1k)/β-TCP scaffold has a homogeneous pore network with 

open porosity of approximately 91% and 25 wt% β-TCP particles (Table 2.1, Table 2.2).  

 

2.3.2 In Vitro Release and Bioactivity of rhBMP-2 from Scaffolds 

To enhance the osteogenic potential of the E1001(1k)/β-TCP scaffolds, the 

scaffolds were employed as carriers for rhBMP-2. In our previous study, full bone 

regeneration was achieved by using 400 µg rhBMP-2 in a 20 mm critical size goat calvarial 

model.31 To maintain a comparable dose per unit volume, the E1001(1k)/β-TCP bone 

scaffold was loaded with 1.1 mg of rhBMP-2 in the current study, and to our knowledge, 

this dose among the lowest in comparable segmental defect large animal models. 

 

  



 

 

30 

 

Figure 2.3 RhBMP-2 release from E1001(1k)/β-TCP scaffolds in vitro. The release profile 

was measured over 14 days. The % cumulative release of rhBMP-2, concentration in 

supernatants was quantified by ELISA at each time points (n = 4) (A); bioactivity of 

released rhBMP-2 in supernatants, measured as rhBMP-2-induced ALP expression from 

W-20-17 cells (B), the dotted line indicates background (BKG) OD readings at 405 nm (n 

= 4). 

 

To apply the concept of tissue engineering, scaffolds were employed as carriers for 

rhBMP-2. For the current study, we intended to translate our previous success in various 

critical size calvarial defect models into a half weight-bearing segmental defect model in 

large animals. Previous studies showed that full bone regeneration was achieved by using 

400 µg rhBMP-2 in a 20 mm critical size goat calvarial model.14 Therefore, to maintain 

similar dose window, 1.1 mg of rhBMP-2 was loaded into each scaffold for the in vivo 

study, and to our knowledge, this dose among the lowest in comparable segmental defect 

large animal models where the use of acellular scaffolds and rhBMP-2 were implanted.25-

28 Ideally, effective rhBMP-2 treatment requires sustained delivery from the carrier 

during the first couple of weeks and maintenance of the local concentration within the 

therapeutic window.3 The in vitro release kinetics of rhBMP-2 from E1001(1k)/β-TCP 
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model scaffolds were interpreted by measuring the cumulative percentage of rhBMP-2 in 

the culture media as a function of time. The scaffolds demonstrated a biphasic rhBMP-2 

release profile. An initial burst release over 5 days was observed, where ~27% of the loaded 

protein was released. This was followed by a sustained release over 14 days (Figure 2.3A), 

suggesting possible protein adsorption to the hydrophobic polymeric scaffold surface.10 In 

addition, E1001(1k)/β-TCP scaffolds have higher porosity (c.a. 90%) compared to 

chronOS® granules (72 ± 6%), thus providing larger surface area for physical binding of 

rhBMP-2 and increased retention of rhBMP-2 inside the scaffold matrix. 

Since the release of a biomolecule from a carrier does not ensure biological activity 

because conformational changes can inactivate proteins,3 the bioactivity of released 

rhBMP-2 was measured by ALP induction in W-20-17 cells. The ALP induction was 

compared to the background signal from water-loaded scaffolds at the same time points. In 

Figure 2.3B, results showed that the rhBMP-2 released from the scaffolds was active up to 

14 days (p < 0.05, n = 4), whereas supernatant from control scaffolds loaded with water 

yielded no ALP response and have comparable signals to background (Figure 2.3B). 

Therefore, E1001(1k)/β-TCP scaffolds release active rhBMP-2 over the course of 14 days, 

which is imperative for appropriate bone regeneration.  

 

2.3.3 Radiolucent Scaffolds for Monitoring of New Bone Growth In Vivo 

In order to qualitatively assess bone formation in vivo, radiographs were taken 

immediately after the surgery and monthly over the course of the study. The radiographs 

are collected in Figure 2.4. 
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Figure 2.4 Representative radiological images of the critical size segmental defects at 0, 4, 

8, 12 and 17 weeks post-operation: anteroposterior (AP) view (A1-5) and lateral view (B1-

5) of the E1001(1k)/β-TCP + rhBMP-2 group; AP view (C1-5) and lateral view (D1-5) of 

the chronOS® + rhBMP-2 group. For the E1001(1k)/β-TCP + rhBMP-2 group, radiolucent 

scaffolds were not visible right after surgery, and bone formation was observed starting at 

4 weeks. The bridging was observed as early as 8 weeks, signs of consolidation and 

remodeling were demonstrated between 8-17 weeks. Due to the radio-opacity of β-TCP 

granules, the healing process was not clearly visible for the chronOS® + rhBMP-2 group. 
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In contrast to the chronOS® + rhBMP-2 group, the radiolucent nature of E1001(1k) 

and relatively low β-TCP content (25 wt%) in the formulation allows for monitoring of the 

bone remodeling progress over the course of the 17-week experiment. The E1001(1k)/β-

TCP composite scaffolds were radiolucent immediately following implantation (Figure 

2.4A1, B1), and new bone formation was observed in the center of defects as early as at 4 

weeks (Figure 2.4A2, B2). This could be due to the early burst release of bioactive rhBMP-

2 promoting the healing process (Figure 2.3).  Mineralization and remodeling of the newly 

formed bone were seen from 8 weeks to 17 weeks (Figure 2.4A3-5, B3-5). Although β-

TCP in chronOS® appeared radiopaque at week 0 (Figure 2.4C1, D1), an increase in 

radiopacity associated with new bone formation was observed in the defect area (Figure 

2.4C2-C5, D2-D5). The radiolucent nature of our composite scaffolds is beneficial for 

patient assessment post orthopedic surgeries in the clinical setting. 

 

2.3.4 MicroCT Analysis 

In order to provide a higher resolution to the bone regenerative capabilities of the 

E1001(1k)/β-TCP scaffolds and chronOS®, micro-CT scans were performed on the 17-

week explants. Qualitative and quantitative results are summarized in Figure 2.5. 
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Figure 2.5 Representative reconstructed microCT images of 17-week sheep tibia explants: 

transverse (A) and sagittal (B) section from the E1001(1k)/β-TCP + rhBMP-2 group; 

transverse (C) and sagittal (D) section from the chronOS®+ rhBMP-2 group. Quantitative 

analyses on the reconstructed region of interests: trabecular bone and cortical bone volumes 

(E); bone mineral density with or without β-TCP contents from BGS materials (F). No 

significant difference was found between the two treatment groups (n = 6). 
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All treatments gave satisfactory bone bridging in 3 out of 6 cases without a clear 

discontinuity between the native cortical bone and the new bone regenerated (Figure 2.5B, 

D), the rest of the samples have partial bridging according to the reconstructed 3D image 

(data not shown here). Transverse sections in the middle of defects showed bone ingrowth 

from the native tibial bone into the constructs (Figure 2.5A-B). The morphology of newly 

formed bone within E1001(1k)/β-TCP scaffolds resembles trabecular bone (Figure 2.5B), 

whereas the new bone in chronOS® appears dense (Figure 2.5D). In addition, residual β-

TCP granules in chronOS® are visible as bright spots in scans from the 

chronOS®+rhBMP-2 group (Figure 2.5C-D), indicating the β-TCP filling is not 

completely resorbed by surrounding tissue at 17 weeks. Furthermore, quantitative 3D 

morphometry analysis on the reconstructed representations of explants was conducted. It 

should also be noted that the quantitative microCT analyses are difficult to some degree, 

owing to the need to distinguish between the CaPs residual in the defects at 17 weeks and 

the mineral content in new bone. Therefore, the quantitative mciroCT results should be 

carefully reviewed. The total bone volume and bone mineral density (BMD) with or 

without β-TCP were not statistically different between E1001(1k)/β-TCP + rhBMP-2 and 

chronOS® + rhBMP-2 groups (Figure 2.5E-F). No significant difference was found 

between the two treatment groups, indicating comparable bone regeneration performance 

of E1001(1k)/β-TCP scaffolds to that of chronOS®.  
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2.3.5 Histological Analyses  

Histology images of both study groups were summarized in Figure 2.6 and Figure 

2.7, and were taken at different magnifications to assess the morphology of the newly 

regenerated bone as well as the interface of native tissue and newly formed mineralized 

tissue. Histomorphometry data are presented in Figure 2.8. 
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Figure 2.6 Representative histological images of explants from the E1001(1k)/β-TCP 

scaffolds + rhBMP-2 group: (A-B) Anterior and posterior section along the sagittal plane; 

(C-E) zoomed-in images (5X and 20X) of the proximal interface, regenerate and distal 

interface. Mineralized tissue stains red, nonmineralized structure stains various shades of 

blue, residual calcium minerals from scaffold materials stains black (yellow arrows). 

Newly-formed Haversian-like systems can be easily identified in the 20X images, and 

indicated in 5X images (5x). Scale bars are 200 µm. 
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Figure 2.7 Representative histological images of explants from the chronOS® + rhBMP-2 

group: (A-B) Anterior and posterior section along the sagittal plane; (C-E) zoomed-in 

images (5X and 20X) of proximal Interface, regenerate and distal interface. Mineralized 

tissue stains red, nonmineralized structure stains various shades of blue, residual calcium 

minerals from scaffold materials stains black (yellow arrows), newly formed Haversian-

like systems is pointed out by red arrows. Scale bars are 200 µm. 
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Figure 2.8 Summary of 2D histomorphometric analyses on the sagittal histology sections, 

both anterior and posterior parts were stained and quantified. The % bone area, % new 

bone formation, % porosity area, % fibrous area, % cartilage area within the region of 

interest (ROI) were not significantly different between the anterior and posterior sections 

from the same explant and between the two treatment groups (n = 6). 

 
The histology analyses give a similar picture of bone regeneration from the 

microCT scans. Bridging on both sides with newly regenerated bone was observed in 50% 

of the cases (3 out of 6) at 17 weeks in both treatment groups, the rest samples either had 

bridging on one side or had bone ingrowth. Residual β-TCP crystals present in the 

E1001(1k)/β-TCP (Figure 2.6D-E, blue arrow) and chronOS® (Figure 2.7B, blue arrow) 

formulations were detected in the newly formed bone. Since the structure and arrangement 

of the existing bone can have a significant effect on its mechanical competence, the 

morphology of native bone-scaffold interfaces and that of the regenerated bone was 

examined. Defects treated with E1001(1k)/β-TCP scaffolds + rhBMP-2 provide the best-

remodeled interface between native and new bone (Figure 2.6C, E). The aligned texture of 
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the native cortical bone blends evenly into the newly formed bone, and new Haversian-like 

systems can be easily identified in the sections from the E1001(1k)/β-TCP + rhBMP-2 

group (Figure 2.6C-E). Slides from the ChronOS®+rhBMP-2 group provide a similar 

remodeled interface (Figure 2.7C, E). However, the new bone has a coarser texture and 

appeared denser compared to that formed within the E1001(1k)/β-TCP scaffolds (Figure 

2.7A-B). This may reflect a less than physiological hyperstimulation of bone formation 

and/or a reduction in the rate of bone remodeling within the chronOS® construct. 

To quantitatively assess the extent of new bone regeneration within each construct, 

2D histomorphometry analyses were performed on the histology slides from all six animals 

in each group. The % new bone area in the region of interest (ROI) was quantified as 

follows: 53% for E1001(1k)/β-TCP + rhBMP-2 and 57% for chronOS® + rhBMP-2 

(Figure 2.8). The evaluation of % fibrous area gives 16% for E1001(1k)/β-TCP + rhBMP-

2 and 21% for chronOS® + rhBMP-2 (Figure 2.8). No statistical difference was observed 

between the two treatment groups. Histomorphometry shows that the bone regeneration 

performance of the E1001(1k)/β-TCP + rhBMP-2 formulation is akin to that of chronOS® 

+ rhBMP-2 (Figure 2.8). It should be noted that this study concentrates on evaluating the 

bone regeneration capacity of E1001(1k)/β-TCP scaffolds carrying a low dose of rhBMP-

2 in comparison to clinically relevant formulations, namely chronOS® + rhBMP-2, in a 

segmental large animal model. Although the time period of in vivo study is relatively short 

for the investigation of the long-term reconstruction of segmental bone defects,1, 32-34 and 

the dose of rhBMP-2 delivered to the 30 mm gap in sheep tibiae is far lower than the 

reported values in literature,27 this study does suggest that E1001(1k)/β-TCP scaffolds have 
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comparable bone regeneration performance to clinical relevant controls (chronOS®) based 

on qualitative and quantitative microCT and histological analyses on the explants. 

 

2.4 Conclusion 

In conclusion, we compared the in vivo performance of the E1001(1k)/β-TCP 

scaffolds to clinically applied chronOS® with an extremely low dose of rhBMP-2 (281 

ng/mm3) for 17 weeks in a human-like critical size sheep tibial model. The porous scaffolds 

are custom-shaped into 30 mm long tubes for sheep tibiae and show proper pore sizes inter-

connected pore network that resembles native cancellous bone for optimal cell infiltration 

and proliferation.  In vitro release studies demonstrated that the scaffolds were able to 

sustain a release of bioactive rhBMP-2 over 2 weeks, providing early biological cues for 

bone regeneration. Radiographs on the defects from the E1001(1k)/β-TCP + rhBMP-2 

revealed callus tissue formation as early as 4 weeks due to the radiolucent nature of 

E1001(1k)/β-TCP scaffolds. Histomorphometry analyses revealed that the bone 

regenerated from the E1001(1k)/β-TCP scaffolds were not significantly different from the 

bone regenerated using chronOS® implants. Qualitative microCT and histology analyses 

on the explants revealed that both groups have comparable bone regeneration interfaces. 

However, histology sections from the E1001(1k)/β-TCP + rhBMP-2 group show more 

signs for physiological remodeling into compact bony tissue than those from the chronOS® 

+ rhBMP-2 group. It should be noted that the use of a human-like sheep model makes these 

results highly translational for the prediction of clinical outcomes and suggest that 

E1001(1k)/β-TCP scaffolds are promising candidates for the reconstruction of long bone 

defects with considerably low amounts of osteogenic factors.  
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3 In Vitro Evaluation of Recombinant Bone Morphogenetic 

Protein-2 Bioactivity for Regenerative Medicine  

 
Reprinted with edits, the definitive version of this chapter has been published in the 

following form: Fung, S. L.; Wu, X.; Maceren, J. P.; Mao, Y.; Kohn, J., In Vitro Evaluation 

of Recombinant Bone Morphogenetic Protein-2 Bioactivity for Regenerative Medicine. 

Tissue Eng Part C Methods 2019, 25 (9), 553-559. 

 

3.1 Introduction 

Bone morphogenetic protein-2 (BMP-2) is a potent inducer of osteogenic 

differentiation.1-4 It is currently the only Food and Drug Administration (FDA)-approved 

osteoinductive factor used clinically for bone fusion applications in the USA.5 BMP-2 can 

be isolated from native bone, or more commonly, expressed as a recombinant human 

protein (rhBMP-2). The structure and function of the native human BMP-2 have been 

thoroughly addressed.6 Mature, bioactive BMP-2 molecules are in the form of a dimer 

composed of two monomeric units linked by disulfide bonds. Reduction of these disulfide 

bonds results in the complete loss of bioactivity.6 RhBMP-2 has been showed to increase 

alkaline phosphatase (ALP) expression through the Wnt signaling pathway in many cell 

types, making ALP expression a universal marker for measuring rhBMP-2 bioactivity in 

vitro.7 

rhBMP-2 can be produced in various expression systems, including a mammalian 

source, such as the Chinese hamster ovary (CHO) or human embryonic kidney (HEK) cells; 
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or a bacterial source, such as E.coli.7-8 Recombinant proteins produced in mammalian cells 

are glycosylated in their final form, whereas those produced in bacterial cells do not 

undergo this post-translational modification.8 Although it has been reported that 

glycosylation is not essential for the biological activity of rhBMP-2,9-11 the glycosylation 

influences the biological function of the protein, especially in its effect on interactions 

between the protein and its carrier and on its distribution once delivered in the body. For 

example, it was shown that despite small differences in the isoelectric point (pI) of the 

E.coli- and CHO-derived rhBMP-2, the pharmacokinetics (PK) varied significantly in vivo 

due to the reduced solubility of the non-glycosylated protein.9 In the case of rhBMP-2 

mixed with a fibrin carrier, the reduced solubility of non-glycosylated rhBMP-2 improved 

the healing rate of critical-sized defects in a rat calvarial model.11  

Different cell lines have been used to measure rhBMP-2 bioactivity in vitro. W-20-

17 cells are derived from the bone marrow of a W++ mouse strain. These cells express low 

basal levels of ALP, however, upon induction with >6 ng/mL rhBMP-2 for 24 hours, cells 

express higher than basal levels of ALP in a dose-dependent manner without an effect on 

cell proliferation.12 The W-20-17 cell line has been used to determine the bioactivity of 

rhBMP-2 delivered in hydrogels and microspheres,10, 13-14 and is also the cell line in the 

American Society for Testing and Materials (ASTM) Standard Test Method for In vitro 

Biological Activity of Recombinant Human Bone Morphogenetic Protein-2 (rhBMP-2) 

(F2131-02). rhBMP-2 also has the ability to redirect C2C12 cells, a myoblast cell line, 

down the osteogenic lineage.1 ALP activity, osteocalcin production, and parathyroid 

hormone-induced 3’,5’-cAMP production were all upregulated upon incubation with >100 

ng/mL rhBMP-2, which suggests the emergence of an osteoblastic phenotype. These 
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concentrations were also sufficient to inhibit myotube formation. Transforming growth 

factor beta-1 (TGF-b1) induction resulted in a decrease in osteocalcin production and ALP 

activity, which confirms the specificity of rhBMP-2 in converting myoblasts towards the 

osteoblastic lineage.1 Therefore, C2C12 cells are used as a model cell line to measure 

rhBMP-2 bioactivity in many studies.15-18 Other cells such as osteoblast progenitor cells 

(MC3T3) have also been used to determine the bioactivity of BMP-2.19-21  

In this study, we evaluated and compared the assay sensitivity of the most widely 

used rhBMP-2 bioactivity assays.  We explored the dose-response of W-20-17, C2C12, 

and MC3T3 cells to the same batch of rhBMP-2 (E.coli-derived rhBMP-2). Next, we 

compared the bioactivity and stability of rhBMP-2 from different commercial sources. The 

results of our systematic study will help researchers to choose an appropriate bioactivity 

assay based on their research needs.  

 

3.2 Materials and Methods 

3.2.1 Cell Culture 

C2C12 cells were (ATCC CRL-1772) cultured according to the manufacturer’s 

instructions. Cells were maintained in DMEM (Dubecco’s Modified Eagle Medium, Life 

Technologies) containing 10% fetal bovine serum (FBS, Atlanta Biologicals) and 35 

µg/mL gentamicin (Sigma Aldrich). Cells were passaged prior to reaching confluence, and 

media was changed every 3-4 days. MC3T3-E1 cells (ATCC CRL-2593) were cultured in 

complete Alpha Minimum Essential Medium (aMEM, Life Technologies) containing 10% 

FBS and 35 µg/mL gentamicin. Cells were passaged upon reaching confluence, with media 

changes every 3-4 days. W-20-17 cells (ATCC CRL-2623) were cultured according to the 
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ASTM Standard Protocol (F2131-02). Basal media was prepared by dissolving 13.3 g of 

Dulbecco’s modified Eagle’s medium with 4500 mg/L glucose and 4.0 mM L-glutamine 

(Sigma Aldrich) and 2.226 g sodium bicarbonate (Sigma Aldrich) in 800 mL of purified 

water. The pH was adjusted to 7.3 ± 0.1 using 0.2 N HCl, and the final volume was brought 

to 1 L. The basal media was then sterile filtered through a 0.2 µm PES filter into sterile 

bottles, and then supplemented with heat inactivated FBS (10%), L-Glutamine (8 mM, Life 

Technologies), and gentamicin (50 µg/mL). Cells with the passage numbers between 3-6 

were seeded at a 2 x 105 cells per T162 flask, and cultured for 4 days prior to seeding for 

bioactivity assays. All cells were cultured at 37oC, 5% CO2 and >95% humidity. 

  

3.2.2 rhBMP-2 Sources 

Recombinant human bone morphogenetic protein-2 (rhBMP-2) was obtained from 

East China University of Science and Technology (ECUST) or purchased from Peprotech, 

R&D Systems, or Humanzyme. The source information for the rhBMP-2 and international 

standard used is described in Table 3.1. 
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Table 3.1 Product information for commercially available rhBMP-2s and the international 

standard. 

Manufacturer Source Lot # 

National Institute for Biological Standards and 

Control, Blanche Lane, UK 
CHO Cells N/A 

PeproTech, Inc. Rocky Hill, NJ CHO Cells 0215595 

R & D System, Inc. Minneapolis, MN CHO Cells MSA5216021 

Medtronic, Minneapolis, MN CHO Cells N/A 

Humanzyme, Inc. Chicago, IL HEK293 Cells 0415-01 

ECUST, Shanghai, China E. Coli N/A 

R & D System, Inc. Minneapolis, MN E. Coli WN1415061 

PeproTech, Inc. Rocky Hill, NJ E. Coli 0614255 

 

To dissociate samples from their manufacturers, rhBMP-2 derived from CHO cells 

is denoted C1/C2/C3 in text. HEK293-derived and E. Coli-derived rHBMP-2 is denoted 

H1 and E1/E2/E3, respectively. Proteins received as lyophilized powders were 

reconstituted according to manufacturers’ instructions and stored at -80oC. Prior to analysis, 

concentrations of each stock solution were determined using a micro bicinchoninic acid 

(BCA) Kit (Thermo Fisher Scientific) according to manufacturer’s instructions. The 

dilution of each sample was performed based on the concentration determined by BCA 

assay. 
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3.2.3 Bioactivity Assays 

The protocol for testing in vitro bioactivity of rhBMP-2 using C2C12 cells was 

adapted from the protocols described in the literature.16 Maintenance media was prepared 

by adding FBS to a final concentration of 2% in DMEM (Life Technologies). C2C12 cells 

were plated at 1 x 104 cells/well in a 96-well tissue culture-treated polystyrene plate 

(Denville Scientific Inc.) and cultured in complete growth media (DMEM +10% FBS + 35 

µg/mL gentamicin) at 37oC for 24 hours.  rhBMP-2 was diluted to 1369 ng/mL in 

maintenance media, then serially diluted at 4.3-fold dilutions (unless otherwise noted) in a 

96-well plate. 7 dilutions were prepared. Growth media was removed, the monolayer of 

cells was washed twice with sterile PBS, and 100 µL of maintenance media was added to 

each well. 100 µL of the maintenance media containing rhBMP-2 from the dilution series 

was added, resulting in the highest concentration of the series being 684.5 ng/mL. Cells 

were cultured in the absence of rhBMP-2 to determine the background signal. Cells were 

incubated at 37oC, 5% CO2 for 72 ± 4 h unless otherwise noted. The media was removed 

from all wells. The plate was washed with 200 µL PBS. 50 µL purified water was added 

to each well, and the plate was frozen at -80oC. Plates underwent two thaw-freeze cycles. 

The plate was brought to room temperature prior to development. The assay mix was 

prepared by dissolving 170 mg p-nitrophenyl phosphate (PNPP) in 50 mL glycine buffer, 

the glycine buffer was prepared according to ASTM (F2131-02). 50 µL assay mix was 

added to each well, and the plate was incubated at room temperature on an orbital shaker. 

Measurements of absorbance at 405 nm were taken every 30 minutes on a Tecan Spark 

10M plate reader (TECAN) until the highest reading of the plate was at least 1.0 OD greater 

than the background signal. 100 µL 0.2 N NaOH was added to each well to stop the reaction. 



 

 

51 

Absorbance was measured again at 405 nm. The dose-response of MC3T3-E1 cells to 

rhBMP-2 induction was assayed using the same methods, with all cultures carried out using 

aMEM in place of DMEM. 

The protocol for testing in vitro bioactivity of rhBMP-2 using W-20-17 cells was 

adapted from the ASTM Standard (F2131-02). Assay medium was prepared by adding FBS 

(final concentration 10%), L-Glutamine (final concentration 4 mM), and 

penicillin/streptomycin (Life Technologies, final concentration 1%) to the W-20-17 basal 

medium described above. W-20-17 cells were plated at 1.0 x 105 cells/well in 200 µL assay 

medium in a 96-well tissue culture-treated polystyrene plate. rhBMP-2 was diluted as 

described above. The media was removed from the monolayer of W-20-17 cells, and 200 

µL of the assay media containing rhBMP-2 was added to each well. Assay media 

containing no rhBMP-2 was used as the background sample. Cells were incubated in the 

presence of rhBMP-2 for 24 ± 4 h unless otherwise noted. Takedown of the plates and 

development were performed as described above. Modifications to standard protocols: (1) 

 To evaluate the dose-response at higher concentrations, rhBMP-2 stocks were diluted to 

4096 ng/mL, then diluted 2-fold to achieve a final concentration range from 1 to 2048 

ng/mL; (2)  To determine the effect of incubation time on the dose-response, incubation 

times of 24 hours, 3 days, and 6 days were tested. 

 

3.2.4 Analysis of Data 

The background signal from the samples containing no rhBMP-2 was subtracted 

from the absorbance value of each test sample. The bioactivity of the sample was 

determined by fitting the data using a four-parameter logistic (4PL) equation model, where: 
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Y = measured optical density at 405 nm, 

X = concentration of rhBMP-2, 

A = minimum optical density, 

B = slope at the inflection point, 

C = ED50 (concentration that reflects that at half of the maximum concentration), and 

D = maximum optical density 

 

3.2.5 Storage Stability 

To examine a correlation between the concentration and bioactivity of rhBMP-2, a 

1 µg/mL solution of CHO-derived rhBMP-2 (C1) and E. coli-derived rhBMP-2 (E3) and 

EEBMP-2 was prepared in the assay medium of W-20-17 cells. The stock solution was 

divided into 500 µL aliquots in centrifuge tubes. The aliquots were incubated at 37°C, 5% 

CO2, RH 75%. At 6 h, 12 h, Day 1, 2, 3, 5, 7 and 14, three aliquots were collected and 

stored at -80°C prior to enzyme-linked immunosorbent assay (ELISA, PeproTech) and 

bioactivity assay. The quantified concentrations from ELISA at each time point were 

normalized to those of Day 0. The bioactivity of rhBMP-2 at each time point was measured 

following the procedure from ASTM Standard (F2131-02) with minor modification, 2-fold 

dilutions were performed on each aliquot and incubated with W-20-17 cells directly for 24 

hours. 

To evaluate the stability of rhBMP-2 at physiological temperature, a 100 ng/mL 

solution, as calculated using BCA assay, of each rhBMP-2 was prepared in the assay media 

of W-20-17 cells. The stock solution was then aliquoted into 500 µL aliquots in centrifuge 

tubes. The aliquots were incubated at 37°C, 5% CO2, RH 75%. At Day 1, 2, 3, 5, 7, 14, 21 



 

 

53 

and 28, three aliquots were collected for each rhBMP-2. The samples were stored at -80°C 

prior to ELISA (PeproTech). The quantified concentrations at each time point were 

normalized to those of Day 0. 

 

3.2.6 Statistical Analysis 

Single factor analysis of variance (ANOVA) was performed followed by a multiple 

comparison post-hoc test (Dunnett’s test) with an established significance of p ≤ 0.05. Data 

were reported as mean ± standard error (SE). All statistical analyses were carried out in 

GraphPad Prism 7 software. 

 

3.3 Results and Discussion 

Since rhBMP-2 is expressed in different biological systems and may come from 

different manufacturing processes, its bioactivity has to been measured and reported to 

facilitate the comparison of results from different laboratories. Further, for comparative 

studies, a generally-accepted bioactivity assay (used at a uniform concentration of rhBMP-

2) is critically needed.  Here, we report, for the first time, a direct comparison of different 

bioactivity assay parameters and an evaluation of the advantages and disadvantages of each 

assay. In addition, we compared the bioactivity of commercially available preparations of 

rhBMP-2 to an international standard, and assessed the effect of glycosylation on the 

stability of rhBMP-2s during incubation under physiological conditions. 
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3.3.1 RhBMP-2 Dose-Response of Model Cell Lines 

 The induction of ALP in W-20-17, C2C12, and MC3T3 cells was compared as a 

function of the concentration of an E. coli-derived rhBMP-2 obtained from ECUST. After 

72 hours of incubation with a concentration range of 1 - 2048 ng/mL of rhBMP-2, ALP 

induction was measured with PNPP as a substrate (Figure 3.1).  

 

 

Figure 3.1 Dose-response of rhBMP-2 in different model cell lines. The activity of rhBMP-

2 (obtained from ECUST) was measured in C2C12 (dashed), MC3T3 (dotted) or W-20-17 

cells (solid) after 72 hours (3 days).  Dose range from 1 ng/ml to 2048 ng/ml with 2-fold 

dilutions were tested in all three cell lines (n = 4). 

 

C2C12 cells have a detection limit of about 200 ng/mL and show a strong dose-

response at concentrations > 500 ng/mL and up to the highest concentration of rhBMP-2 

used in this study. MC3T3 cells have a lower detection limit at about 60 ng/mL, but the 

MC3T3 cell-based assay is less sensitive to variations in rhBMP-2 concentration and may 

therefore be a less desirable assay when accurate quantification is required. W-20-17 cells 
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show the greatest sensitivity, with a detection limit at 10 ng/mL. A sharp dose-dependent 

response is observed up to 100 ng/mL, after which the signal reached saturation. 

Currently in the literature, different cell lines (i.e., C2C12, W-20-17, MC3T3) and 

varying assay incubation times have been used to measure bioactivity of rhBMP-2. The 

varying responses from the three different model cell lines (Figure 3.1) highlight the 

importance of choosing the proper cell line when evaluating rhBMP-2 bioactivity in vitro. 

Each cell line analyzed in this study shows different rhBMP-2 response kinetics, making 

them suitable for different applications.   

The ASTM Standard (F2131-02) uses the W-20-17 mouse stromal cell line, which 

has a very low detection limit of 2 ng/mL. This assay is best when rhBMP-2 is present only 

in low concentrations.10, 13-14 C2C12 cells show little response at concentrations less than 

200 ng/mL in agreement with previous reports,1, 15-18 but a much greater response at higher 

concentrations (>500 ng/mL), a range at which the W-20-17 cells have already saturated 

in their signal output. C2C12 cells express constitutively high levels of Msx2, which 

suppresses the mRNA and enzymatic activity levels of ALP induced by rhBMP-2.22 This 

explains why these cells require higher concentrations of rhBMP-2 to overcome the Msx2 

suppression of ALP activity. As a myoblast cell line, the use of these cells to evaluate 

rhBMP-2 bioactivity can give key insight into the consequences of using rhBMP-2 above 

a certain concentration in vivo. The MC3T3 cells express a higher basal level of ALP 

activity compared to C2C12 and W-20-17 cells, and ALP is not upregulated to the same 

extent upon induction with rhBMP-2. However, the range over which the cells respond is 

much broader than either the C2C12 or W-20-17 cells, making it a better cell line to use if 

studying systems that take advantage of a broad concentration range.  
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3.3.2 Effect of Incubation Time on rhBMP-2 Dose-Response 

Incubation time with rhBMP-2 is another variable reported in the literature, with 

many studies reporting incubation times ranging from 1-7 days.15-18 The kinetics of ALP 

expression in response to rhBMP-2 induction may be different in different cell lines.   In 

order to evaluate the effect of incubation time on the response to rhBMP-2, we compared 

the dose-dependent responses of C2C12 and W-20-17 cells to the same E. coli-derived 

rhBMP-2 as used before using a lower range of concentrations from 0 to 684.5 ng/mL 

(Figure 3.2).  
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Figure 3.2 Effect of incubation time on rhBMP-2 dose-response. The rhBMP-2 activity 

was evaluated at the indicated period of time in C2C12 cells (A) and W-20-17 cells (B) for 

a low concentration range of 0 to 684.5 ng/mL of rhBMP-2 obtained from ECUST (n = 4). 
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As shown in Figure 3.2A, 24 hours of incubation with rhBMP-2 resulted in little 

ALP activity in the C2C12 cell line. Increasing the incubation time to 3 and 6 days 

increased the response at the highest concentrations (684.5 ng/mL), but did not improve 

the sensitivity of the cell line at lower concentrations. A different effect of incubation time 

was observed for W-20-17 cells.  A 24-hour incubation with the same low concentration 

range of rhBMP-2 increased the sensitivity of the W-20-17 cell line, as the detection limit 

was reduced to ~2 ng/mL (Figure 3.2B). The slope of the linear response range decreased, 

making the cell line more responsive over a broader range of concentrations, but less 

sensitive to small differences in concentration. As incubation time increased to 3 and 6 

days, the detection limit increased, but the slope of the linear range also increased, 

indicating an even narrower range of sensitivity.  

 

3.3.3 Comparison of Commercially Available rhBMP-2 

After choosing the W-20-17 cell line as the model cell line of choice and a 24-hour 

incubation as the incubation time, we validated the method using rhBMP-2 from 

commercial sources. The comparison of the commercially available BMP-2s with an 

international standard highlights the importance of the expression system used to produce 

the recombinant protein.  We compared the bioactivity of rhBMP-2 obtained from different 

commercial sources, CHO-derived rhBMP-2 (C1, C2, C3), E. coli-derived rhBMP-2 (E1, 

E2, E3) and HEK-293-derived rhBMP-2 (H1) (Figure 3.3).  
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Figure 3.3 Bioactivity comparison of commercially available rhBMP-2. (A) RhBMP-2 

dose-response curves obtained by incubating W-17-20 cells with rhBMP-2-containing 

media for 24 hours at the concentration range of 0.1-684.5 ng/mL. The international 

rhBMP-2 standard is indicated by the bolded line. (B) Quantification of ED50 values based 

on (A) (n = 3). ** indicates p < 0.01, **** indicates p < 0.0001. 
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As shown in Figure 3.3A, all tested samples of E. coli-derived rhBMP-2 triggered 

lower levels of ALP expression as compared to all of the samples of mammalian-derived 

rhBMP-2. This is also reflected by the ED50 values (Figure 3.3B) where higher values 

indicate lower bioactivity.  These results confirm the common observation that mammalian 

cell-derived rhBMP-2 is more active in vitro than E.coli-derived forms of rhBMP-2.   The 

most bioactive preparations among our test samples were C1 and H1, but the differences 

among all mammalian cell-derived rhBMP-2 samples were not statistically significant.  

The difference in bioactivities could arise from the lack of glycosylation of  E. coli-derived 

rhBMP-2. The glycosylated form of the protein produced in mammalian cells is more 

hydrophilic, and the post-translational modification plays an important role in recognition 

of the protein by the cells.23-24 On the other hand, it is worth noting that some studies 

demonstrate that E.coli-derived rhBMP-2 is able to trigger higher healing in vivo. This is 

probably because the lack of glycosylation increases the retention of E. coli-derived 

rhBMP-2 within the implanted carrier in vivo compared to that of the CHO-derived 

protein.25 

 

3.3.4 Storage Stability 

To define a correlation between the bioactivity of rhBMP-2 protein and protein 

concentration, a CHO-derived rhBMP-2 (C1) (Figure 3.4A) and an E. coli-derived rhBMP-

2 (E3) (Figure 3.4B) solutions (1 µg/mL) were incubated in the assay medium of W-20-17 

cells at 37°C for up to 14 days.        
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Figure 3.4 Stability of rhBMP-2 at 37°C over time. The concentration of rhBMP-2 in the 

medium was quantified using ELISA (dashed), and bioactivity by ALP induction was 

measured in response to rhBMP-2 stimulation (solid).  CHO-derived rhBMP-2 (C1) (A) 

and E. coli-derived rhBMP-2 (E3) (B) were tested using W-20-17 cells (n = 3). 
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    Both bioactivity and protein concentration in the assay medium was measured at 

different time points (Figure 3.4). For C1 (Figure 3.4) and E3 (Figure 3.4B), the decrease 

of bioactivity followed the decrease in rhBMP-2 concentration. These results indicate that 

the change of rhBMP-2 concentration can be used as an approximate indicator of a change 

in bioactivity. This may be useful in some experimental designs since it is easier to 

determine rhBMP-2 concentration by ELISA than bioactivity by ALP expression. The 

convenient measurement of rhBMP-2 concentration can be used to obtain an estimate of 

the bioactivity of the protein, assuming that rhBMP-2 is losing its bioactivity through 

denaturation or degradation that will render the epitopes unrecognizable by the antibodies 

of an ELISA. 

To determine the storage stability of different rhBMP-2 preparations, the 
concentrations of the different rhBMP-2 proteins in solution were measured by ELISA 
over time ( 

Figure 3.5).  
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Figure 3.5 Stability of commercially available rhBMP-2 at 37°C. The concentration of 

CHO cell-derived rhBMP-2 (A), E. coli derived rhBMP-2 (B) and HEK-derived rhBMP-2 

(C) at the indicated time points. The concentration was quantified by ELISA and 

normalized to that of Day 0 (n = 3). 

 

We expected that the ELISA-measured concentrations of rhBMP-2 would 
decrease over time.  This basic behavior was indeed observed for all tested samples with 
the exception of the HEK-derived rhBMP-2 (H1), which showed an unexpected degree of 
stability throughout the incubation time ( 

Figure 3.5C).  
Figure 3.5 shows sample-specific variations in storage stability at 37 °C.  There 

seems to be a general trend that the half-life of E. coli-derived BMP-2 (except for E3) 
was relatively longer compared to CHO-derived BMP-2 ( 
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Figure 3.5B). However, we did not find generally applicable correlations between 

storage stability and the source of rhBMP-2, indicating that the storage stability of any 

given sample of rhBMP-2 needs to be verified.  

 

3.4 Conclusion 

We determined the different dose-responsive behaviors of W-20-17, MC3T3 and 

C2C12 cell lines. Among those cell lines, W-20-17 cells used as described in ASTM 

Standard (F2131-02) had the lowest limit of detection with a desirable dose-dependent 

response when low concentrations of rhBMP-2 were present. C2C12 cells have a detection 

limit of about 200 ng/mL and showed a strong dose-response at concentrations > 500 

ng/mL and up to about 2000 ng/mL, the highest concentration of rhBMP-2 used in our 

study.  

A bioactivity assay using C2C12 cells may be ideal when rhBMP-2 is present in 

higher concentrations and could be used, for example, as a quality test during the 

production of rhBMP-2 batches.  Bioactivity assays using MC3T3 cells have a detection 

limit at about 60 ng/mL, but the MC3T3 cell-based assay is less sensitive to variations in 

rhBMP-2 concentration. On the other hand, incubation time is an important variable in all 

cell-based bioactivity assays. Assays based on C2C12 cells gave optimal results at long 

incubation times of up to 6 days, while assays using W-20-17 cells performed well for all 

incubation times ranging from 24 hours to 6 days.   

We observed that rhBMP-2 generated from mammalian cells showed overall higher 

bioactivity than that from E. coli. Moreover, we established a relationship between 

bioactivity as measured by ALP induction and rhBMP-2 concentration as measured by 
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ELISA. Therefore, the concentration of rhBMP-2 being released from a delivery vehicle 

within the cellular dose responsive range can be used as an indicator of rhBMP-2 

bioactivity. Our results provide guidance for the establishment of assays for the 

measurement of rhBMP-2 bioactivity under a wide range of experimental conditions.   
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4 Dopamine-Functionalized Tyrosine-Based Polycarbonates 

for Bone-Related Applications 

4.1 Introduction 

While scaffolds made of tyrosine-derived polycarbonates and calcium phosphates 

have been successfully utilized as carriers for recombinant human bone morphogenetic 

protein 2 (rhBMP-2) to trigger full bone regeneration in critical size bone defects, the 

scaffold alone treatments usually demonstrate moderate osteoconductivity in vivo due to 

the lack of strong biological cues in synthetic polymers.1-3 In the meanwhile, the free 

carboxylic groups on the polycarbonate backbone allow for further functionalization via 

reaction with amines or alcohols. For example, amino-PEG-biotin was attached to the 

backbone of E1001(1k) for further biotinylated rhBMP-2 conjugation via the biotin-

streptavidin interaction. Such surface-tethered osteogenic rhBMP-2 could further trigger 

the differentiation of mesenchymal stem cells (MSCs) in vitro.4 Similarly, other functional 

amines could be introduced into the polymer backbone at altered mole percentages by 

varying the synthetic routes. 

On the other hand, the versatile catechol chemistry opens possibilities for multiple 

biomedical applications. Catechol can be easily oxidized to o-quinone and then can 

undergo reactions with primary amines and thiol groups via Michael-type addition or Schiff 

base reaction, allowing for covalent modification of bioactive peptides and proteins on the 

material surfaces. It was also speculated that the interaction between catechol and proteins 

contributes to the enhanced cell attachment.5-8 In addition, the redox chemistry of catechol could 

induce nano-sized silver deposition on catecholized surfaces,9-10 while silver nanoparticles 

(AgNPs) have been widely recognized as an antibacterial agent against a broad range of bacteria 
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and fungi.11 It is widely acknowledged that infection at the tissue-implant interface or biofilm 

formation causes implant failures. As a result, there is a growing interest in the development of 

functional biomaterials with proper antibacterial activity in the biomedical field.12 Consequently, 

the catechol-mediated AgNP deposition on biomaterial raises many research interests for this 

purpose. So far, many trials have been performed on functionalized hydrogels like chitosan,13 

gelatin14 and poly(ethylene glycol) (PEG),15 but the reports on catechol-functionalized polymers 

films are relatively rare.16 In summary, the chelation of bidentate catechol, the redox chemistry 

of catechol to o-quinone, the nucleophilic addition on o-quinone and the ability of catechol to 

reduce ionic silver to form AgNPs make catechol remarkably useful in the orthopedics field.  

Catechol derivatives occur naturally in marine invertebrates, fruits, tea, and insects.17 

Molecules such as dopamine, L-DOPA and dihydrocaffeic acid can be applied as building 

blocks to generate catechol-containing polymers.18-20 Dopamine, being a hormone and 

neurotransmitter, is the most frequently used building blocks of catechol-modified 

polymers.5, 21 Among the vast amount of papers reported on the catechol-derived 

biomaterials, the majority of reports fall into four categories: (1) direct functionalization 

onto polymers like PEG and natural polysaccharides;13, 22-24 (2) polymerization of catechol-

containing monomers (like dopamine methacrylamide) with various monomers;21, 25 (3) 

use of catechol-modified initiators to create end-functionalized polymers; 25-32 and (4) 

peptide synthesis using L-DOPA.21, 26-38 Very few papers reported on the introduction into 

biodegradable polyesters and polycarbonates like PLA,39 polycaprolactone (PCL)40 and 

trimethylene carbonate-derived copolymers.41-42  

 In this chapter, dopamine was chosen as the catecholamine to directly functionalize 

tyrosine-derived polycarbonates through reaction with the carboxylic acid groups on the 
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backbone. Repeating units containing catechol side chains ranging from 5 to 40 mol%. The 

water contact angle measurement and Arnold’s test were conducted on spin-coated 

polymer films to confirm the presence of surface-anchoring catechol groups. Cell-material 

interaction studies were conducted to examine the compatibility of functionalized polymers 

and their osteogenic potential. Lastly, the investigation of catechol-induced AgNPs 

deposition was conducted on the polymer films and the antibacterial effects of AgNPs 

decorated polymers were elaborated. 

 

4.2 Material and Methods 

4.2.1 Materials  

           Desaminotyrosyl-tyrosine ethyl ester (DTE) and desaminotyrosyl-tyrosine tert-butyl 

ester (DTtBu) were previously synthesized at New Jersey Center for Biomaterials. E1001(1k) 

was synthesized by Cyalume Technologies Holdings, Inc. (Ft. Lauderdale, FL, USA). 1-Ethyl-

3-(3-dimethylaminopropyl)carbodiimide (EDC) was purchased from Kawaguchi Chemical 

Industry Co., LTD (Japan). N, N-Diisopropylethylamine (DIPEA) was purchased from TCI 

America (Portland, OR). Poly(ethylene glycol) (PEG) (Mw 1000 Da) is purchased from Alfa 

Aesar (Haverhill, MA). Dichloromethane (DCM) and ethanol (EtOH) were purchased from 

Fisher Scientific (Pittsburgh, PA). Agar was purchased from Becton Dickinson (Franklin Lakes, 

NJ). Dopamine hydrochloride, N-hydroxysuccinimide (NHS), anhydrous N, N-

dimethylformamide (DMF), isopropanol (IPA), dimethylsulfoxide-d6 (DMSO-d6), 

bis(trichloromethyl)carbonate (triphosgene), silver nitrate solution (AgNO3) solution (0.1 M), 

concentrate nitric acid (HNO3), concentrate hydrochloric acid (HCl), sodium molybdate, 

sodium nitrite (NaNO2), HPLC water, silver standard for ICP, tryptic soy broth (TSB), poly-L-
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Lysine hydrobromide (PLL), β-glycerophosphate, ascorbic acid, dexamethasone and 

gentamicin solution were obtained from Sigma-Aldrich Corporation (St Louis, MO). 

Escherichia coli (E. coli, ATCC700928), Staphylococcus aureus (S. aureus, ATCC25923) and 

MC3T3-E1 cells (ATCC CRL-2593) are from American Type Culture Collection (City of 

Manassas, VA). Human osteoblasts-femoral (HO-f) are from ScienCell Research Laboratories 

(Carlsbad, CA). Human mesenchymal stem cells (hMSCs) are from RoosterBio Inc (Frederick, 

MD). Osteoblast culturing medium (ObM) comes from Cell Application, Inc. (San Diego, CA). 

Dulbecco’s Modified Eagle Medium (DMEM), alpha Minimum Essential Medium (αMEM), 

fetal bovine serum (FBS), trypsin-EDTA (0.25%), Dulbecco’s Phosphate Buffered Saline 

(DPBS) come from Thermo Fisher Scientific (Waltham, MA). 

 

4.2.2 Polymer Synthesis 

4.2.2.1 Synthesis of Exx01(1k) 

                       Polycarbonates with the chemical structure of poly((99-xx)DTE-co-xx%DT-co-

1%PEG1k  carbonate) (Figure 4.1) were synthesized following previously reported procedures.2 

Briefly, the DTE and DTtBu diols were copolymerized with PEG (molecular weight 1 kDa) 

using pyridine and bis(trichloromethyl)carbonate in DCM, followed by selective removal of 

the tert-butyl ester protecting groups using TFA. The resulting polymers were purified by 

precipitation in IPA for three times and dried under vacuum to evaporate solvents. These 

terpolymers are abbreviated as Exx01(1k) where E refers to the ethyl ester side chains, xx 

is the mole percent of DT, “01” represents the polymers are composed of 1 mol% of PEG 

units. The following polymers were used in this study: E1501(1k), E2001(1k), E3001(1k) 

and E5001(1k). 
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Figure 4.1 Synthetic scheme of tyrosine-derived polycarbonates with the chemical 

composition poly((99-xx)%DTE-co-xx%DT-co-1%PEG carbonate), the terpolymers were 

abbreviated as Exx01(1k), where E is the ethyl ester pendant chain, xx is the mol% of DT, 

01 represents the polymers contain 1 mol% of PEG. 
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4.2.2.2 Synthesis of Catechol-Functionalized E1001(1k) Analogs 

   To make E1001(1k) analogs with catechol functionality, polymers with the 

chemical structure Exx01(1k) were selected and reacted with dopamine hydrochloride. A 

general procedure goes as follows (as illustrated in Figure 4.2): an Exx01(1k) polymer was 

loaded into a 3-neck round bottom flask, the flask was then purged with argon (Ar) and 

dissolved in anhydrous DMF (10 wt% solution). The solution was then degassed with Ar 

and added with EDC (1.05 equivalence to the moles of carboxylic groups in each polymer) 

and NHS (1.5 equivalence to the moles of carboxylic groups in each polymer). The reaction 

mixture was then kept stirring on ice for 1 h. After this, dopamine hydrochloride (1.05 

equivalence to the targeted % mole of functionalization) dissolved in anhydrous DMF and 

DIPEA was added into the reaction under Ar atmosphere and allowed for stirring overnight 

under Ar protection. The remaining NHS ester (10 mol%) was hydrolyzed by the addition 

of 1 mL DI water and stirred for 1 h at room temperature. The resulting polymers were 

purified by precipitation in IPA for three times and blended in water to yield white polymer 

chunks. Finally, the chunks were dried under vacuum to evaporate solvents.  
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Figure 4.2 Catechol-modified E1001(1k) analogs with different mol % of catechol side 

chains. 
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4.2.3 Characterization of Polymers 

The chemical composition of polymers was studied by 1H NMR using 500 MHz 

Varian NMR instrument in DMSO-d6 solutions. The calculation of mol% of catechol 

modification is presented as follows: 

%of	catechol

= 	
Normalized	integration	of	aromatic	protons	from	catechol

Normalized	integration	of	aromatic	proton	from	the	backbone	and	PEG 

  

The number average molecular weight (Mn) and weight average molecular weight 

(Mw) of the polymers were measured by gel permeation chromatography (GPC, Waters) in 

DMF (0.1% TFA) as the mobile phase. The GPC calibration curve was created using 

polystyrene standards (Agilent Technologies, Santa Clara, CA) ranging from 4720 Da to 

6,325,000 Da (Mw).  

 

4.2.3.1 Spin Coating         

   2% (w/v) polymer solutions were prepared in 90:10 mixture of DCM/DMF  and filtered 

through 0.45 µm PTFE filters. Glass cover slips were cleaned with 1M HCl and EtOH prior to 

use. To obtain thin films, ~90µL of the solution was placed on each 15 mm cover slip, and spin-

coated at 3000 rpm for 30s on a Headway Research Inc. (Garland, TX) spin coater.  All films 

were dried under vacuum for 48 h before use.  

 

4.2.3.2 Water Contact Angle 

  The water contact angle was measured following ASTM C813-90 using NRL C. A. 

goniometer (rame-hart, Inc, Mountain Lakes, NJ, USA). Briefly, 15 mm cover slips coated with 



 

 

76 

polymer films were individually placed on the platform, then the syringe needle was brought 

into close proximity to the film surface and then, with the test surface in a horizontal position, a 

hypodermic syringe was used to force a 20 µL drop of ultrapure water onto the surface. The 

contact angle on the left and the right side of each drop was measured. By making left- and 

right-side determinations, the effect of a slightly nonlevel surface is alleviated. Three random 

spots were measured for each cover slip and 3 individual polymer films were measured for each 

sample. Test conditions: 23 ºC, 25% RH. 

 

4.2.3.3 Visualization of Surface-Active Catechol Moieties 

      To qualitatively visualize the presence of surface-exposed catechol groups, Arnow’s 

test was performed on the spin-coated polymer films.43-44 Briefly, polymer-coated cover slips 

were placed individually into 24-well plate, then the following reagents were sequentially added 

into each well to generate a red/brown color on the polymer films with the presence of catechol: 

200 µL 0.5 M HCl and 200 µL nitrite-molybdate (0.02 v/v%), 200 µL 1M NaOH and 200 µL 

DI water. Films were incubated for a couple of minutes and then the films were washed with 

DI water. Images were taken and contrast was manually adapted to highlight the differences 

between different groups.  

 

4.2.4 Cell-Material Interaction 

4.2.4.1 Interaction with Human Osteoblasts-Femoral (HO-fs) 

In vitro HO-fs culture was conducted using cells from passages 3. HO-fs were 

cultured on those PLL-coated 10 cm cell culture dishes until they reached ~90% confluence. 

The cells were lifted using 0.25% trypsin-EDTA solution before use. Spin-coated polymer 
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films containing 0%, 5%, 10%, 20% and 40% catechol were sterilized by immersion in 70% 

IPA for 30 mins, then dried on sterile absorbent paper. The films were then individually 

transferred into each well of 24-well plates and washed with 1 mL 1X DPBS. Cell seeding 

was performed by adding 1 mL of cell suspension (8 x104 cells/mL) in serum-free DMEM 

(n =1) or 1 mL of cell suspension (4 x104 cells/mL) in ObM (n = 4). The cell-seeded films 

were incubated at 37°C, 5% CO2 and 95% humidity.  

To examine the cell adhesion, one film from each medium was fixed in 4 % 

paraformaldehyde (in PBS) after 2-h incubation with cell suspensions and stained with 

rhodamine phalloidin (Invitrogen, Carlsbad, CA), followed by counterstaining of 4’,6-

diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA) following manufacturer’s 

instructions. All films were imaged by a Zeiss Observer D1 using the DAPI filter (335–

383 excitation, 420–470 emission), Alexa 555 filter (538–562 excitation, 570-640 emission) 

and an AxioCam MRm digital camera. To examine the proliferation and ALP expression 

of HO-fs, the cell suspension in ObM was removed after initial overnight incubation and 

continued culture in the same medium. The cell proliferation was measured by alamarBlue 

assay (Bio-Rad, Hercules, CA) on Day 1, 2 and 3. For the ALP expression experiment, 

cells were lysed on Day 3. The ALP level was quantified using Alkaline Phosphatase 

Activity Fluorometric Assay Kit (BioVision, Milpitas, CA). The dsDNA contents were 

measured using Quant-iT™ PicoGreen® dsDNA Kit (Invitrogen, Carlsbad, CA). All data 

obtained from Tecan SPARK M10 plate reader. 
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4.2.4.2 Interaction with MC3T3 cells  

In vitro MC3T3 cell culture was conducted using cells from passages 6. MC3T3 

cells were cultured in 10 cm cell culture dishes in αMEM containing 10% FBS (i.e., growth 

medium, GM) until they reached ~90% confluence. The cells were then harvested using 

0.25% trypsin-EDTA solution before use. Polymer films containing 0%, 5%, 10%, 20% 

and 40% catechol were sterilized in 70% IPA as described in Section 4.2.3.1. After 

preconditioning the films in 1mL GM for 1 h at 37 ºC, 0.5 mL cell suspension in GM (4 x 

104 cells/mL, n = 6) was added to each well and incubated at 37°C, 5% CO2 and 95% 

humidity overnight. Then the cell suspension was removed and the cells were cultured in 

1mL GM. The cell proliferation (Day 1,  4, 7, 14) ALP expression and DNA contents were 

measured (Day 7, 14) as described in Section 4.2.3.1. 

 

4.2.4.3 Interaction with hMSCs 

In vitro hMSCs culture was conducted using cells from passages 4. MSCs were 

cultured in 10 cm cell culture dishes in αMEM containing 10% FBS and 35 µg/mL 

gentamicin (Growth medium, GM) until they reached ~90% confluence, the cells were then 

harvested using 0.25% trypsin-EDTA solution before use. Polymer films containing 0%, 

5%, 10% and 20% catechol were sterilized in 70% IPA as described in Section 4.2.3.1. 

After preconditioning the films in 1mL GM for 1 h at 37 ºC, 565 µL cell suspension in GM 

(1.8 x 104 cells/mL) was added to each well and incubated at 37°C, 5% CO2 and 95% 

humidity overnight. Then the media was removed and the cells were cultured in 1mL GM 

or the same amount of osteogenic medium (OS, namely GM containing 20 mM β-

glycerophosphate, 50 μg/ml of ascorbic acid and 100 nM dexamethasone). The ALP level 
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and DNA contents were measured as described in Section 4.2.3.1 on Day 7 and Day 14 (n 

= 4). 

 

4.2.5 Antibacterial Properties of E1001(1k) and Catechol Polymers 

4.2.5.1 Ag Deposition on Spin-Coated Polymer Films 

The catechol-assisted AgNPs deposition was conducted by immersion the films in 

AgNO3 solutions at various concentrations. Briefly, a 100 mM AgNO3 solution (Sigma) 

was diluted to the desired concentration using Milli Q water. Each spin-coated polymer 

film (15 mm) was then immersed in 2 mL solution and agitated for 24 h in the dark. The 

Ag-coated films were rinsed with Milli Q water and excess water was removed using 

KimWipe. All films were further dried under vacuum overnight before further tests. 

 

4.2.5.2 SEM on the Ag-coated Films 

Scanning electron microscopy (SEM, Phenom ProX) was used to observe the 

morphology of the Ag-coated polymer films. All films were mounted on alumina stubs 

using conductive carbon tapes and imaged without metal coating. 

 

4.2.5.3 Quantification of AgNO3 Uptake of E1001(1k) Films 

To quantify the amount of AgNO3 uptake of E1001(1k) films during catechol-

assisted Ag deposition,      spin-coated E1001(1k) films were first immersed in AgNO3 

solution ranging from 0 mM to 100 mM following the protocol described in Section 4.2.4.1. 

After this, the films were digested in 171 µL concentrate HNO3 and diluted with HPLC 

water to give 2% HNO3 solution (n = 4). The amount of silver ions was measured by 
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inductively coupled plasma optical emission spectrometry (ICP-OES, PerkinElmer ICP-

OES Optima 7300 DV) and calculated against a silver standard for ICP (Sigma). 

 

4.2.5.4 General Procedure for In Vitro Antibacterial Tests 

The in vitro antibacterial activity of silver-decorated films was tested against E. 

coli (Gram-negative) and S. aureus (Gram-positive) using a spread plate method. Bacteria 

inoculum was performed by taking a single colony from a freshly streaked tryptic soy agar 

(TSA) plate with a loop and cultured in 1mL of sterile tryptic soy broth (TSB) at 37ºC and 

shaking until the optical density (OD) readings at 600 nm measured between 0.2-0.6, the 

bacteria inoculum was further diluted with sterile 1X DPBS to giving a concentration of 1 

x 106 CFU/mL. The number of CFUs was estimated based on the fact that OD600 = 1.0 

corresponds to 109 CFU/mL.45 Before antibacterial tests, spin-coated polymer films were 

soaked in 70% IPA for 15 mins and rinsed in sterile DI water for 15 mins twice. The 

abovementioned bacteria solution in 1x DPBS was then dropped onto sterilized films at a 

density of 100 µL/cm2. After 24 h incubation at 37 ºC, 100 µL of the dissociated bacteria 

suspension as well as their serial dilutions in TSB were inoculated onto TSA plates, 

respectively. The plates from E. coli tests were incubated for 24 h before CFU counts, 

whereas the plates from S. aureus tests were incubated for 48 h before CFU counts. For all 

experiments, sterile glass cover slips were used as negative controls. The antibacterial 

effect from silver was calculated as Log Reduction: 

Log	Reduction = log 10(
CFU	of	controls

CFU	of	experimental	groups) 
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4.2.5.5 Influence of AgNO3 Concentration Used for Coating on Antibacterial 

Properties 

To assess the influence of AgNO3 concentration used for Ag coating on the 

antibacterial effects, spin-coated E1001(1k) films and an E1001(1k) analog with 20% 

catechol were coated in AgNO3 solution ranging from 0 mM to 100 mM following the 

protocol described in Section 4.2.4.1. Antibacterial tests against E. coli and S. aureus were 

conducted according to the protocol described in Section 4.2.4.4 (n = 4). 

 

4.2.5.6 Influence of Catechol Contents on Antibacterial Properties 

To investigate the antibacterial properties of polymers with different catechol 

contents, spin-coated films containing 0-40% catechol were coated in 10 mM AgNO3 

following the protocol described in Section 4.2.4.1. Antibacterial tests against E. coli and 

S. aureus were conducted according to the protocol described in Section 4.2.4.4 (n = 4). 

 

4.2.6 Statistical Analysis 

Single factor analysis of variance (ANOVA) was performed followed by a multiple 

comparison post-hoc test (Tukey’s test) with an established significance of p ≤ 0.05. Data 

were reported as mean ± standard error (SE). Data processed in GraphPad Prism 7 software.  

 

4.3 Results and Discussion  

4.3.1 Characterization of Exx01(1k)  

The synthesis of E1501(1k), E2001(1k), E3001(1k) and E5001(1k) was done by 

condensation polymerization with coupling reagent triphosgene, the step-growth 
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polymerization yield polymers with Mw around 300 kDa, the molecular weight data and 

PDI was collected in Table 4.3. The chemical composition of each polymer was identified 

by 1H NMR (Table 4.1). The % mole of each monomer component was calculated based 

on the integration of amide protons (D, I) at ~8.3 and ~8.2 ppm, aromatic protons (A) at 

~7.2 ppm and methylene protons from PEG (K) at ~4.1, ~3.6 and ~3.5 ppm. The polymer 

compositions were within ± 1 mol% of the intended values (Table 4.2). 

 

 

 

Figure 4.3 Chemical structure of Exx01(1k). 

 

Table 4.1 Assignment of 1H NMR chemical shifts of Exx01(1k). 

Proton 
Chemical Shift 

(ppm) 
Proton Chemical Shift (ppm) 

A 7.2 G 4.0 

B 2.4 H 1.1 

C 2.7 I 8.2 

D 8.3 J 12.8 

E 4.4 K 3.5, 3.6, 4.1 

F 2.8, 3.0   
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Table 4.2 Chemical composition of Exx01(1k). 

Polymer 
Chemical composition (mol%) 

%DTE %DT %PEG1k 

E1501(1k)  83.2  15.8  1.0 

E2001(1k) 79.8 18.5 0.8 

E3001(1k) 70.0 29.0 1.0 

E5001(1k)  49.6 49.6 0.8 

 
4.3.2 Catechol-Modified E1001(1k) Analogs  

The DT units in Exx01(1k) were partially functionalized with dopamine, a constant 

10 mol% of DT unites was retained to assemble E1001(1k). The structure of catechol-

modified polymers was determined by 1H NMR and chemical shifts are illustrated in Figure 

4.4, the presence of new amide peaks at 8.9 ppm (D) and 7.9 ppm (E) indicate successful 

functionalization of carboxylic groups from DT with dopamine. The phenolic protons at 

8.6 and 8.7 ppm (A) and aromatic protons from catechol indicate the presence of catechol 

in the polymer chains. The retained amide peak at 8.2 ppm (C) indicates the presence of 

DT units after functionalization. The amides from DT had been partially downshifted due 

to the increased number of amide bones and resulting hydrogen bonding. Owing to the 

increase of hydrogen bonding between polymer chains after functionalization, the mol% 

of catechol modification was calculated from aromatic protons of catechol at 6.5 – 6.6 ppm, 

aromatic protons from the backbone at ~7.2 ppm and methylene protons from PEG at ~4.1, 

~3.6 and ~3.5 ppm. The catechol % and molecular weight data were summarized in Table 

4.3. The calculated % of catechol modification is close to theoretical values. 
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Figure 4.4 Chemical structure and 1H NMR chemical shift assignment for catechol-

modified polymers, the modification of E2001(1k) with 10 mol% of catechol was 

demonstrated here. 
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Table 4.3 Mol% of catechol modification calculated from 1H NMR spectra and molecular 

weights of polymers before/after functionalization. 

Base 

Polymer 

Intended 

Y% 

Catechol 

% Catechol by 

1H NMR 

Estimation 

Mw/PDI Before 

Functionalization 

Mw/PDI After 

Functionalization 

E1501(1k) 5 6.o 303kDa/1.5 298kDa/1.7 

E2001(1k) 10 10.9 208kDa/1.5 263kDa/1.6 

E3001(1k) 20 22.5 215kDa/1.5 269kDa/1.7 

E5001(1k) 40 39.7 310kDa/1.5 363kDa/2.0 

 

 
4.3.3 Surface-Active Catechol Moieties 

As illustrated in Figure 4.5, the chemical modification of dopamine was done in 

bulk, and to allow for interaction with cell and further functionalization on surfaces, it is 

critical to have surface accessible catechol moieties from dopamine when the polymers are 

processed for further applications. Therefore, water contact measurements and Arnow’s 

test were conducted to qualitatively confirm the presence of surface-active catechol 

moieties on spin-coated films.  
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Figure 4.5 Illustration of catechol-assisted silver deposition on polymer films. 

 
 
Table 4.4 Water contact angles of polymers with different catechol contents. 

 
 

 

Figure 4.6 Arnow’s test showing surface-active catechol moieties on spin-coated films, the 

presence of catechol indicated by increased brown tone. 
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 Water contact angle measurement ( 

Table 4.4) showed that the incorporation of 5% and 10% catechol side chains did 

not significantly influence the surface hydrophilicity. However, when the catechol content 

increased to 20% and above, the contact angle dropped significantly. This is due to the 

presence of more catechol groups on the surface and thus increased the hydrophilicity of 

polymer surfaces. Also, the color change from Arnow’s test (Figure 4.6) demonstrates that 

as the catechol mol % increase in the bulk polymer, the resulting films had more catechol 

moieties present on the surface, yielding deeper brown color. Both experiments indicated 

that dopamine-modified polymers can be used for catechol-mediated functionalization and 

could potentially interact with cells. 

 

4.3.4 Cell-Material Interactions  

4.3.4.1 Catechol-HO-f Interaction  

To examine if the catechol-modification could potentially enhance the cell 

attachment and alter tyrosine-based polycarbonates more bioactive, HO-fs were cultured 

on spin-coated polymer films and examined for proliferation as well as ALP expression. 

As shown in Figure 4.7, HO-fs have different degrees of initial adhesion behaviors in the 

serum-free medium. The actin network spreads out more as the catechol content increases, 

suggesting an interaction between the cell membrane and surface-active catechol moieties. 

This finding agrees with the literature report,40 where enhanced fibroblast adhesion was 

observed on catechol decorated PCL nanofibers in a serum-free medium. However, the 

Catechol % 0 5 10 20 40 

Contact angle 68.8 ± 0.3 67.9 ± 0.3 67.8 ± 0.3 64.5 ± 0.7 62.2 ± 0.4 
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HO-fs adhesion appeared similar in ObM containing serum proteins (Figure 4.7) regardless 

of catechol contents. It could be attributed to the nonspecific protein adsorption on 

hydrophobic polymer surfaces overwhelming the reaction between catechol and actin 

networks.46 For the HO-fs proliferation, no significant difference was found between 

E1001(1k) and catechol functionalized analogs at all time points (Figure 4.8). However, 

HO-fs grown on films containing 10% and 20% catechol have more ALP expression 

compared to those on E1001(1k) films (Figure 4.9), suggesting that those two kinds of 

polymers could have helped the maintenance of osteoblasts. No significant difference was 

found within the rest groups. 
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Figure 4.7 HO-fs adhesion on catechol-containing polymer films in a serum-free medium 

and a complete medium (ObM). Cells are stained with actin (red) and DAPI (blue). Scale bars 

are 100 µm.  

 
Figure 4.8 Proliferation of HO-fs on polymer films containing different mol% of catechol 

(n = 3). 

  
Figure 4.9 ALP expression from HO-fs after a 3-day culture on catechol-modified polymer 

films (n = 3). * indicates p<0.05. 
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4.3.4.2 Catechol-MC3T3 cell Interaction 

The cellular response from MC3T3 cells to the presence of catechol moieties was 

studied in the same way as HO-fs studies. The initial attachment of MC3T3 cells was 

similar across all polymers in a complete medium. This observation is consistent with that 

of HO-fs attachment in ObM. The cell proliferation data are presented in Figure 4.10, all 

polymers were able to support cell proliferation until Day 7. No significance was found 

between Day 7 and Day14, indicating that cells reached confluency and those cells on films 

containing 40% catechol had significant metabolic activity drop compared to other groups 

on Day 14.  

The ALP activity was quantified to assess the osteogenic differentiation of MC3T3 

cells. As demonstrated in Figure 4.11, MC3T3 grown on all polymers had significantly 

higher ALP expression at Day 14. Cells on catechol-containing films behaved similarly to 

E1001(1k) on Day 7. Cells on polymers containing 5% and 10% catechol had comparable 

ALP activity to those on E1001 (1k), whereas the ALP activity from cells on 20% and 40% 

catechol had significantly lower ALP expression compared to E1001(1k), 5% and 10% 

catechol groups at Day 14. These results revealed that the introduction of catechol groups 

into tyrosine-derived polycarbonate backbones has minimal effects on the proliferation of 

MC3T3 cells. However, the sole presence of catechol functionality does not stimulate the 

osteogenic differentiation of MC3T3 as the catechol contents increases. 
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Figure 4.10 Proliferation of MC3T3 cells on polymer films containing different mol% of 

catechol (n = 3). * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001, **** 

indicates p<0.0001. 

  
Figure 4.11 ALP expression from MC3T3 cells after 7-day and 14-day culture on catechol-

modified polymer films (n = 3). * indicates p<0.05, ** indicates p<0.01, *** indicates 

p<0.001, **** indicates p<0.0001. 
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4.3.4.3 Catechol-hMSCs Interaction 

The interaction between hMSCs and surface-active catechol moieties was 

investigated based on the aforementioned studies. Since the cell viability on catechol-

modified polymer films is not deteriorated and polymers with 40% catechol seemed to 

decrease the ALP expression in MC3T3 cells on Day 14, only the ALP activity was 

investigated for E1001(1k) as well as its analogs containing 5 - 20% catechol side chains.  

  

Figure 4.12 ALP expression from hMSCs after 7-day and 14-day cultures in osteogenic 

medium (OS) and growth medium (GM) on catechol-modified polymer films (n = 4). ** 

indicates p<0.01, **** indicates p<0.0001. 
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side chains. Moreover, the highest ALP activity was detected from cells on polymers with 

5% catechol groups on Day7 in OS, polymers with 10-20% catechol groups have 

comparable ALP activities to the E1001(1k) group. 

The series of cell-material interaction studies showed that the surface-active 

catechol moieties have a limited osteogenic effect on hMSCs or MC3T3 cells, and only 

enhanced HO-fs adhesion in a serum-free medium. This is likely due to the intense serum 

protein adsorption on the polymer surface in complete media,46 the dramatic differences in 

concentrations and dimensions between serum proteins and catechol groups impeded direct 

contact of catechol moieties with living cells. It can be concluded that secondary 

functionality (i.e., transition metal ions, peptides, proteins, nanoparticles) needs to be 

introduced via catechol groups to make the base polymers more bioactive. 

 

4.3.5 Antibacterial Properties of E1001(1k) and Catechol Polymers 

The unique catechol redox chemistry allows for nano-sized silver deposition on 

functionalized surfaces (Figure 4.5). In this section, the catechol-assisted AgNPs 

deposition on E1001(1k) analogs were investigated and the antibacterial properties of the 

Ag-decorated polymer films were tested against model gram-negative bacteria (E. coli) and 

gram-positive bacteria (S. aureus). 

 

4.3.5.1.1 Quantification of AgNO3 Uptake of E1001(1k) Films 

Since the deposition of Ag is performed by immersing the films in AgNO3 solutions 

for 24 h, the polymer films would absorb a trace amount of AgNO3 through water uptake. 
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Preliminary studies on the antibacterial properties of catechol-modified polymer suggest 

that E1001(1k) films have certain an antibacterial activity after soaking in AgNO3 solutions, 

whereas the untreated polymer films showed no killing of E. coli and S.aureus (Figure 

4.14). Furthermore, SEM images of the soaked E1001(k) films showed no Ag aggregates 

on the surface (Figure 4.15). Those observations lead to the speculation of AgNO3 

incorporation into E1001(1k) films by water uptake during Ag deposition. Herein, the Ag 

contents in E1001(1k) films were measured by ICP-OES. As indicated in Figure 4.13, the 

amount of AgNO3 detected is proportional to the AgNO3 concentration used for soaking. 

Since Ag+ and metallic AgNPs have comparable antibacterial activities and the effective 

concentration range of Ag+ is super low,47-48 the existence of Ag+ in E1001(1k) renders the 

antibacterial effect from catechol-assisted AgNPs indistinguishable from controls. 

Therefore, the determination of a proper AgNO3 concentration range for AgNPs deposition 

is crucial.  

 

Figure 4.13 AgNO3 uptake into E1001(1k) films during immersion coating of AgNPs 

measured by ICP-OES. 
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4.3.5.2 Antibacterial Properties of Uncoated Polymer Films  

The antibacterial tests on untreated polymer films suggested that both E1001(1k) 

and E1001(1k) analog with 20% catechol are not intrinsically active against E. coli. While 

the polymer with 20% catechol demonstrates a slight antibacterial activity against S. aureus 

compared to the glass control, E1001(1k) shows no killing effect of the model gram-

positive strain (Figure 4.14). 

 

Figure 4.14 Antibacterial tests against E. coli and S. aureus on unmodified polymer films. 

Glass is used as a control (n = 4). **** indicates p<0.0001. 

 

4.3.5.3 Effects of AgNO3 Concentration for AgNPs Deposition 

To investigate the best AgNO3 concentration for AgNPs deposition, E1001(1k) 

films and films containing 20% catechol were immersed separately in a gradient of AgNO3 

solutions. SEM images (Figure 4.15) showed that the 5 mM AgNO3 solution yielded sparse 

AgNPs (< 100 nm) deposited as bright spots, and as the concentration goes up, AgNPs 

started to distribute more uniformly on the surfaces. However, when the concentration 

exceeds 50 mM, the emergence of Ag aggregates on the order of microns accompanied by 
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the decrease of AgNPs was observed. On the contrary, E1001(1k) films showed smooth 

surfaces throughout the concentration gradient tested.  

 

Figure 4.15 SEM images of catechol-assisted AgNPs deposition on polymer films through 

dip-coating in different AgNO3 concentrations. Scale bars are 10 µm. 

 
  For antibacterial tests, films with 20% catechol showed a nearly full reduction of 

E. coli in all AgNO3 concentrations used, whereas treated E1001(1k) films illustrated a 

concentration-dependent killing effect. Significant differences between the activities 

against E. coli was observed in the range of 5-20 mM AgNO3 (Figure 4.16A). On the other 

hand, S. aureus appeared more resistant to silver species, a significant difference between 

the activities against S. aureus was observed for 10 and 50 mM AgNO3 (Figure 4.16B). 

Representative agar plates coated with bacteria suspension cultured on films were collected 

in Figure 4.17 and Figure 4.18. 
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Figure 4.16 The influence of altering AgNO3 concentration used for dip-coating on the 

antibacterial properties of E1001(1k) and E1001(1k) analog with 20% catechol against E. 

coli (A) and S. aureus (B) (n = 4). * indicates p<0.05, ** indicates p<0.01, **** indicates 

p<0.0001. 
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Figure 4.17 Representative TSA plates coated with E. coli suspension without dilution. 

 

 

Figure 4.18 Representative TSA plates coated with S. aureus suspension without dilution. 
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4.3.5.4 Influence of Catechol Contents on Antibacterial Strength  

Based on the studies discussed in Section 4.3.3.3, 10 mM AgNO3 was chosen as 

the proper concentration for AgNPs deposition. The antibacterial properties of polymers 

with different catechol contents were investigated in this section. The presence of surface-

active catechol is able to facilitate AgNPs formation (< 100 nm) on all modified polymer 

films, as the catechol content increases to 40 mol%, larger aggregates started to appear 

(Figure 4.19). 

 

 

Figure 4.19 SEM images of catechol-assisted AgNPs deposition on polymer films 

containing different mol% of catechol side chains, all films were dip-coated in 10 mM 

AgNO3 solution. Scale bars are 10 µm. 

 

Antibacterial tests revealed strong activities of polymers containing 20% and 40% 

catechol against E. coli (log reduction ~8, Figure 4.20A). Polymers with 5% and 10% 

catechol showed equal or less of a killing effect of E. coli to E1001 (1k). According to 

Figure 4.20B, the polymers containing 20% and 40% catechol have significantly higher 

log reduction (3~4) than the other three groups, the log reduction of 5% and 10% catechol 

groups were not significantly different from the E1001(1k) control. It can be concluded 

from these results that only polymers with 20-40% catechol will have enough antibacterial 
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activity at 10 mM coating concentration. Representative agar plates coated with bacteria 

suspension cultured on films were collected in Figure 4.21. 

 

 

Figure 4.20 The influence of catechol contents on the antibacterial properties of polymers 

against E. coli (A) and S. aureus (B) (n = 4) when dip-coating in 10 mM AgNO3. * indicates 

p<0.05, ** indicates p<0.01, *** indicates p<0.001, **** indicates p<0.0001. 

 

 

Figure 4.21 Representative agar plates coated with bacteria suspension without dilution. 
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4.4 Conclusion 

With the intention to improve the bioactivity of E1001(1k), dopamine was 

successfully modified as side chains onto tyrosine-derived polycarbonates. Surface-active 

catechol moieties from dopamine side chains were confirmed with water contact angle 

measurement and Arnow’s test. In vitro cell studies revealed that the catechol modification 

maintains good cell viability of the resulting polymers compared to E1001(1k). However, 

the sole presence of catechol has limited stimulation on osteogenic cell differentiation. 

Secondary biofunctionalization mediated by catechol is necessary to improve the 

bioactivity of these polymers. On the other hand, it was found that the surface anchoring 

catechol moieties could assist nano-sized silver deposition on surface, the decorated 

surface could be readily performed on all catechol-modified polymers, with proper coating 

condition screened out, polymers with 20% and 40% catechol were found to possess strong 

antibacterial activity against E. coli and S. aureus. 
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5 Conclusion and Future Perspectives 

This doctoral research aimed to investigate the efficacy of physically and 

chemically incorporated components in the development of scaffold-based bone tissue 

engineering strategies. Critical components of bone tissue microenvironment including the 

scaffold phase and the osteogenic GFs phase were investigated and addressed in detail.  

The conventional BGS developed in the Kohn lab involves a porous composite 

scaffold made from a polycarbonate (i.e., E1001(1k)) and various calcium phosphate 

minerals as well as a physically incorporated osteogenic growth factor (i.e., rhBMP-2) to 

mimic the bone microenvironment. Chapter 2 of this thesis focused on expanding the in 

vivo tests of E1001(1k)/β-TCP scaffolds from craniofacial defects to long bone defects in 

a critical size large animal model. The comparable performance of E1001(1k)/β-TCP 

scaffolds to the clinically relevant BGS chronOS® and more physiological morphology of 

new bone within the scaffolds make E1001(1k)/β-TCP scaffolds a promising candidate for 

large bone defect reconstruction. It should be noted that the long bone reconstruction is a 

prolonged process, fully functional tibial bone could have been obtained given a longer 

period of the in vivo study. More importantly, the dose of rhBMP-2 applied in this study is 

the lowest ever reported for acellular scaffolds, the in vivo bone void filling could have 

been improved further with slightly elevated doses. 

Though rhBMP-2-containing devices have been approved by FDA for treatment of 

multiple bone injuries, adverse effects have been observed in clinical applications due to 

supraphysiological levels of rhBMP-2 present in the devices. In Chapter 3, a systematic 

study on in vitro rhBMP-2 bioactivity assays was conducted to help address the proper 

rhBMP-2 dosing for in vitro and in vivo studies. The determined optimal dose-response 
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ranges and rhBMP-2 induction time using W-20-17, MC3T3 and C2C12 cell assays can 

be useful in terms of the selection of proper cell lines for evaluation of rhBMP-2 release in 

vitro. The ED50 values of rhBMP-2 expressed from E. coli, CHO cells and HEK 293 cells 

will assist the evaluation of rhBMP-2 efficacy in vitro and eventually lead to the 

determination of proper doses for in vivo studies. In addition, it was observed that the 

bioactivity quantified from the W-20-17 cellular assay is proportional to the concentration 

of rhBMP-2 quantified by ELISA upon incubation at 37 ºC. Therefore, the bioactivity 

retention of rhBMP-2 during in vitro studies could be indicated by the concentration 

quantified through ELISA. The methodology and rhBMP-2 bioactivity data reported in this 

chapter bring insight into the development of bone tissue engineering strategies using 

rhBMP-2 as the signaling phase. 

In Chapter 4, the polycarbonate used for bone scaffold fabrication was further 

investigated with chemically functionalized catechol side chains to create a more bioactive 

polymeric platform. Though the modified polymers were able to support HO-fs, MC3T3 

cells and hMSCs growth, the catechol functionality has limited osteogenic effects on MSCs 

and MC3T3 cells. Therefore, secondary functionalization on surface-anchoring catechol 

moieties with osteogenic GFs or peptides through the Michael-type addition on oxidized 

quinones might be necessary for stronger osteogenic stimulation. Another application that 

arises from surface-active catechol moieties is their ability to assist nano-sized silver 

deposition on the polymeric surface through the redox reaction between catechol and silver 

ions in aqueous solutions. It was found that the antibacterial strength of Ag-decorated films 

is proportional to the AgNO3 used for AgNPs deposition as well as the mol% of catechol 

side chains in the E1001(1k) analogs. The antibacterial activities of E1001(1k) analog 
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polymers introduced by catechol functionalization could beneficial in the field of 

antibacterial coating on orthopedic implants. Moreover, given the versatile nature of 

catechol chemistry, the catechol-modified polycarbonates could potentially have bone-

related applications in facilitating the biomineralization of calcium phosphate through the 

chelation between calcium ions and catechol, and bioconjugation of bioactive molecules 

on the polymeric surfaces for important physiological events during bone injury healing 

such as angiogenesis. 

 

 


