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ABSTRACT 

An effective therapeutic agent for treatment of bone diseases is expected to 

exhibit a high affinity to bone. Several drug delivery approaches were taken in this thesis 

work in order to develop a bone targeting platform. A method was first developed to 

obtain cleavable protein-bisphosphonates (BPs) conjugates with 2-(3-mercapto-

propylsulfanyl)-ethyl-l,l-bisphosphonic acid (thiolBP) through disulfide linkage. The 

resultant protein-BP conjugates were readily cleaved in the presence of physiological 

thiols. To increase bone targeting efficiency while minimizing chemical modification of 

proteins, polymeric ligands containing multiple copies of BPs were constructed for 

protein conjugation by using thiolBP incorporated into poly(Z-lysine) (PLL) and 

poly(ethylenimine) (PEI), respectively. The in vitro and in vivo mineral affinity of the 

polymer-BP conjugates and unmodified polymers showed that the cationic polymers 

displayed a strong affinity to hydroxyapatite (HA), which makes them suitable for 

designing delivery systems to bone. In virtue of better retention of protein integrity 

without direct modification, a nanoparticulate (NP) drug delivery system was then 

explored for growth factors - based on NPs fabricated from bovine serum albumin (BSA) 

and stabilized with PEI coating. Using the bone morphogenetic protein-2 (BMP-2), an 

encapsulation efficiency of > 90% was obtained in NPs. In vitro release kinetics showed 

PEI coating on the NPs efficiently controlled the release of BMP-2. The bioactivity and 

toxicity results indicated that BMP-2 in BSA NPs coated with 0.1 mg/mL PEI 

demonstrated tolerable toxicity, and retained BMP-2 bioactivity. The in vivo 

pharmacokinetics showed that PEI coating effectively reduced the initial burst release of 

BMP-2, and prolonged the BMP-2 retention time at implantation site in the rat 



subcutaneous model. However, no bone formation was found in PEI-coated NP implants 

due to the toxicity of PEI in NP formulations that abolished BMP-2 activity. PEGylated 

PEI was then employed to reduce the toxicity of PEI, and PEI-PEG coated NPs not only 

possessed reduced size and zeta potential compared with PEI-coated NPs, but also 

successfully induced bone formation in the rat ectopic model. All together, the work 

presented herein expands the utilization of BPs in bone targeting efforts, as well as 

establishes a foundation for BMP-2 delivery based on a nanoparticulate formulation. 
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CHAPTER I 

Progress in Bone-Seeking Medicinal Agents and 

The Need for Drug Delivery to Bone1 

'Some of the contents in this chapter have been previously published in: S. Zhang, G. 
Gangal, and H. Uludag. 'Magic bullets' for bone diseases: progress in rational design of 
bone seeking medicinal agents. Chem. Soc. Rev., 36 (2007) 507-531. 
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2.1 Local and Systemic Bone Regeneration 

Bone tissue constitutes our bodily scaffold around which our organs are 

compartmentalized. It is a dynamic tissue that maintains the mineral balance in an 

organism, as well as providing an environment for cellular machinery involved in 

different physiological functions [1]. The bone tissue undergoes constant remodeling, 

where tightly regulated anabolic and catabolic processes enable bone adaptation during 

the lifespan of an organism. In addition to the cells involved in regulating bone tissue 

mass, i.e., bone-depositing osteoblasts, bone-resorbing osteoclasts and regulatory 

osteocytes, bone tissue also provides a home for a diverse array of cells involved in 

systemic functions. Immune regulatory cells involved in host defense, mesenchymal stem 

cells involved in tissue healing/repair, and hematopoietic precursors destined for systemic 

gas transport, are distinct cell populations residing in the bone tissue. 

Bone remodeling occurs in focal and discrete packets, namely, bone remodeling 

unit, throughout the skeleton, and it takes a finite period of time estimated to be about 

3~4 months for each packet remodeling which is geographically and chronologically 

separated from other packets. The sequence of this process is — osteoclastic bone 

resorption followed by osteoblastic bone formation to repair the defect, which formed the 

bone structural unit [2]. A sudden injury to the skeletal integrity can be recuperated 

because of the innate regeneration capability of the mineralized tissue. However, bone 

tissue regeneration is problematic when the skeletal challenge of bone disorders were 

mainly associated with the aberrant behavior of cellular components residing in the 

skeletal system [3], for example, the imbalance in bone remodeling favoring osteoclast-

mediated bone resorption resulted in osteoporosis, and the malignant differentiated B 
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lymphocytes localized exclusively in bone marrow led to multiple myeloma [3]. The 

potential candidate for alternating cell behavior is growth factors, which are endogenous 

proteins present in bone matrix, regulating cellular activity and capable of stimulating 

new bone formation [4]. Benefiting from the recombinant DNA technology, large 

quantity of proteins were produced and pursued as pharmacological agents for bone 

regeneration. 

Bone grafting was traditionally employed in local bone regeneration at specific 

skeletal sites where bone integrity was compromised. Though effective acceleration of 

bone healing and augmentation of bone mass were achieved by bone grafting [5], the 

disadvantages associated were donor-site morbidity and potentially limited supply of 

suitable bone from patients of autografts, and the possibility of diseases transmission for 

allografts. With the demonstration of efficacy and safety, localized delivery of growth 

factors is becoming increasingly prevalent in treatment of local bone defects, and recently 

the recombinant human bone morphogenetic protein-2 (rhBMP-2) in type I collagen 

sponge has been approved by U.S. FDA (Food and Drug Administration) for spinal 

fusion, tibial fractures, as well as dental applications in humans (InFUSE® Bone Graft) 

[6]. In the InFUSE® Bone Graft Kit, the concentration of rhBMP-2 is 1.5 mg/mL in the 

solution upon reconstitution, and then applies to the absorbable collagen sponge (ACS) 

for no less than 15 minutes before placement inside the Fusion device (spinal fusion) or 

to the defect site (tibial fractures and dental applications). The InFUSE® Bone Graft 

should not be used for patients: 1) with a known hypersensitivity to rhBMP-2 or bovine-

derived ACS or titanium/titanium alloy; 2) with a malignant tumor in the vicinity of the 

surgery area; 3) with pregnancy, or 4) with an active infection at the operative site (from 
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www.fda.gov). Currently, growth factors that are principle regulators of the skeleton are 

employed in preclinical and clinical studies for local bone repair, such as BMPs [6], 

transforming growth factor J3-1 (TGF-pi) [7], TGF-|32 [8], fibroblast growth factors 

(FGFs) [9], insulin-like growth factors (IGFs) [10], platelet-derived growth factors 

(PDGFs) [11] and the combination of growth factors for a synergistic effect [12]. By the 

combination of matrices or scaffolds with these bioactive growth factors, local 

introduction of such agents for bone repair can minimize the systemic side effects since a 

gradual release of growth factors from the implantation site limited critical concentration 

to be reached at other sites. 

As a non-invasive mean for bone regeneration, systemic administration of growth 

factors was explored as an alternative to local surgical implantation. The typical 

administration routes are intravenous (IV) and subcutaneous (SC) injection. Systemic 

bone formation is quite beneficial for bone diseases where a generalized bone loss is 

associated, for example, osteoporosis. Growth factors investigated in animal models by 

systemic administration, such as bFGF [13] and BMP-2 [14], were shown to be capable 

of stimulating bone formation systemically. Recently, the human parathyroid hormone 

(hPTH) 1-34, has been approved for osteoporosis therapy [15]. Despite the achievement 

of growth factors in systemic bone regeneration, there are two critical drawbacks 

associated: i) the instability of proteins under in vivo conditions due to their short half-

lives, which necessitates repeated administration of proteins to maintain a certain level of 

concentration at bone sites for pharmacological effects; and ii) since proteins are 

ubiquitous modulators of cellular activities, and they do not have the affinity specific to 

bone mineral; consequently, systemic administration of a given protein is likely to exhibit 

4 
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non-specific distribution at extraskeletal sites, resulting in undesired side effects. These 

undesirable activities have been the main impediment in the clinical evaluation of 

systemic administration of growth factors. Therefore, drug delivery techniques that can 

guide the proteins specifically to bone are expected to facilitate this process. 

There are two distinct delivery systems to target drugs to bone: the conjugation of 

"bone-seeking" moieties directly onto drugs or drug carrier and the colloidal drug 

delivery system where the drug is physically encapsulated into the delivery system. The 

former was exemplified as drug modification with tetracycline, bisphosphonates (BPs) or 

poly (aspartic acid) based on their high bone affinity. The latter consists of liposomes, 

natural or synthetic polymeric nanoparticles (NPs) and micelles, etc. This thesis will 

focus on protein-BPs modification and polymeric nanoparticulate drug delivery system in 

these two categories. With the benefit of bone-targeting delivery, protein drugs are 

expected to exhibit high affinity to bone, restrict its pharmacological activity at bone sites 

with minimal side effects at extraskeletal sites, and effectively be applied for systemic 

therapy by injection, or local therapy by implantation. 

2.2 Drug Targeting to Skeletal Tissue 

Bone tissue is distinguished from the rest of our tissues by the presence of a 

massive mineral phase, i.e., biological apatite. Approximately 3-4 kg of mineral mass is 

present in our bodies, and two-third of this mineral mass is estimated to be present in the 

bone tissue [16]. More than 99% of bodily calcium deposits are located in the bone. 

Except the dental tissue and pathological calcifications, such as kidney stones and 

calcified atherosclerotic plaques, no other tissue systems contain such a concentrated 
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mineral phase. The mineral phase in bones can serve as a unique receptacle for 

absorption of molecules from the systemic circulation, and molecules in circulation that 

display a preferential affinity to the biological apatite have the potential to seek and 

concentrate in the bone tissue. Several endogenous proteins exhibit a significant affinity 

to biological apatite, so that their interactions with mineralizing surfaces serve to 

facilitate or inhibit mineral formation process in vivo. However, the current recombinant 

proteins useful for medicinal purposes do not express a strong affinity to bone. Below the 

structure of biological apatite, as well as the structural features of proteins responsible for 

mineral affinity are reviewed, since these features will help to understand interactions of 

endogenous molecules with bone, and might ultimately be utilized as a means for bone 

targeting. 

2.2.1 Biological Apatite of Bone 

Bone mineral was recognized as an analog of naturally-occurring geological HA 

in the 1920s [17]. The unit cell of crystalline HA has the chemical formula of 

Caio(P04)6(OH)2 with an ideal Ca:P stoichiometric ratio of 1.67:1 (Figure 1-1 A). 

However, the analysis of bone mineral shows a Ca:P ratio ranging from 1.3:1 to 1.9:1 

[18]. This deviation is mainly attributed to the carbonated groups that present distorting 

the crystal structure of most biological apatites [19,20]. The kinetic factors arise in solid-

solution equilibrium during mineralization, which may give rise to creation of vacancies 

at Ca2+, P04
3", and OH" sites, substitution of other cations (such as Mg2+ for Ca2+), and 

protonation of PO43" to substitute HPO42" in the crystal lattice (Figure 1-1B and 1-1C) 

[21]. Moreover, the organic phosphate in the bone matrix might also partly contribute to 
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this deviation [18]. Two primary classes of binding sites in such a structure are provided 

by the superficial Ca2+ for anions and PO43' for cations. Zeta (Q potential of synthetic HA 

("HA" refers to synthetic HA herein till the end of this paragraph) surface increases from 

negative to positive with increasing Ca:P ratio from 1.55 to 1.70 [22]. This effect is likely 

due to excess Ca2+ neutralizing the surface anions such as CO32" or OH" located in the 

PO43" defects. The surface charge of HA was recently probed by titration to determine the 

ability of the surface to adsorb H+ (and/or OH") in an indifferent (non-interacting) 

electrolyte solution [23]. The pH at which the point of zero charge occurs for synthetic 

HA was found to be ~7.3. HA accumulated positive charge more readily below the point 

of zero charge than it accumulated negative charge above the point of zero charge, 

consistent with previous observations [22]. The Ca2+ ions in solution were readily 

exchanged during deprotonation of HPO42", indicating the dynamic nature of HA surfaces 

[23]. 

Unique insights into HA surfaces are beginning to be acquired with the Atomic 

Force Microscope (AFM) [24,25]. By virtue of functionalizing the AFM tip with specific 

chemical groups, the nature of surface charge on HA crystals could be probed in addition 

to the surface topography. To obtain precise and positionally-sensitive measurement of 

surface properties of HA, Vandiver et al. [26] measured the electrostatic forces between 

AFM tips derivatized with -COO" and -NH3+, and the synthetic polycrystalline HA at 

nm-resolution. The results revealed that HA has a net negative surface charge per unit 

area with an average value of -0.019C/m , consistent with previous measurements [27,28], 

at the given pH (6.0) of the system. More importantly, HA did not present a uniform 

charge density over its surface; the surface charges varied greatly as a function of 
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distance within a grain boundary; a ~7-fold variation over a distance of -400 nm within 

the boundaries of a grain. This variation presumably resulted from a variation of surface 

PO4 " groups, and suggests a heterogeneous template for molecular binding within a 

single grain. The same approach (with -COO" and -NH3+ functionalized tips) was also 

adopted for probing protein-free apatite enamel surfaces [29]. These surfaces exhibited a 

net positive surface charge at the neutral pH due to Ca2+ rich surface layers on 

biologically derived crystals [30,31]. Within each crystal (approximately 90 nm in width, 

50 nm in thickness and >1000 nm long,) the surfaces exhibited a 'striated' pattern of 

alternative surface charge, perpendicular to the crystal "c"-axis in the absence of any 

topographical changes on the surfaces. Using enamel surfaces where the endogenous 

proteins were extracted under neutral conditions, the striated pattern of the surface 

became more pronounced under low pH (4-5.5) conditions [32]; i.e., the functionalized 

tips exhibited significant frictional variations while sliding on the etched surface. The 

striated pattern was readily observed with AFM tips derivatized with -COO", but not -

NH3+ derivatized tips. Therefore, it is likely that this striated pattern corresponds to the 

distribution of Ca2+ on the HA surface (Figure 1-1D). Other mechanisms, such as 

protonation surface moieties, mobility of charges in and out of buffer environment and/or 

dissolution of crystal interfaces, are also likely reasons for appearance such striated 

patterns. 

An important consideration for the design of bone-seeking agents is the 

relationship between the observed heterogeneity in charge distribution and molecular 

binding: do such variations lead to differences in quantitative and/or selective molecular 

binding? A well-studied molecule in this context is amelogenin, a peptide macromolecule 
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known to play a physiological role in mediating mineralization in enamel formation. 

Recent studies have indicated that the -COOH rich C-terminus of the protein binds and 

orients the molecule on HA surfaces [33]. The protein forms 10-20 nm aggregates under 

physiological conditions [34], so that its HA binding is not likely to involve specific 

secondary motifs. However, the aggregated protein still binds to the discrete regions on 

enamel surfaces consistent with the cationic banding pattern [25,35]. Even with synthetic 

HA, a recombinant amelogenin exhibited -64% surface coverage, selectively interacting 

with some of the crystal faces, but not uniformly with all available surfaces [36]. The 

binding pattern is not unique to the amelogenin, and heterogeneous binding patterns were 

also observed by two other anionic proteins: (i) bovine serum albumin, which has no 

significant role in biomineralization [35], and; (ii) phosphophoryn, which is also involved 

in modulating biomineralization [36]. Whereas albumin desorption was complete with a 

high molar (500 mM) phosphate buffer, a significant fraction of amelogenin nanospheres 

remained bound to enamel crystals under these conditions, indicating also a variation in 

the strength of binding among the surface sites. 

The striated pattern of biological apatite (enamel) was also revealed after 

investigating the surface binding of a totally synthetic macromolecule, a -COOH-

terminated 7th-generation polyamidoamine (PAMAM) dendrimer [37,38]. However, a -

NH2-terminated PAMAM dendrimer exhibited a diffuse, as opposed to a striated, binding 

pattern. Both functional groups were >95% ionized under the utilized experimental 

conditions (in distilled water, at pH 7.4), so that the electrostatic interactions were 

considered to be the main contributor to the surface binding. In fact, a -CH3-terminated 

PAMAM, unlike its -COOH and -NH2-terminated analogs, was readily removed from 
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the enamel surfaces (the desorption buffer: 100 mM and 200 mM phosphate buffer at pH 

7.4) [37], indicating the terminal groups of the PAMAM, rather than the internal 

hydrophobic moieties or polar amide linkages, to be the participants in the enamel matrix 

interactions. These results were indicative of a diffuse pattern of anionic charges 

(presumably PO43") on enamel surfaces, unlike the 'clustered' cationic charges (primarily 

Ca2+). Although the exact structural features responsible for these variations are not 

known, the substitution of H-bonding for Ca2+, or variations in apatite solubility (due to 

carbonate or Mg2+ substitutions) could be likely reasons [32,39]. These results might 

also suggest a stronger interaction between the basic groups and the surface, whose 

variations in ionic composition do not necessarily influence the conducive binding of 

basic groups. 

2.2.2 Bone Affinity of Proteins 

The amphoteric nature of the bone mineral presents a complex mosaic of charges 

to proteins due to Ca2+, PO43", OH" and other ill-defined substituents formed under 

physiological conditions. Such ionic species provide ample sites for binding of proteins 

via electrostatic interactions. The affinity of specific proteins for HA is the basis for 

influencing the nucleation, orientation, and growth of bone apatite under physiological 

conditions [40], ultimately regulating mineralization to suit the needs of an organism. The 

interactions of proteins with HA were first probed in 1956 under chromatographic 

conditions by Tiselius et al. [41], revealing the electrostatic nature of the underlying 

interactions. Gorbunoff and Timasheff [42-44] subsequently conducted a comprehensive 

investigation of HA binding using an extensive set of proteins whose isoelectric points 
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(pi) ranged from 3.5 to 11.0. Basic proteins (high pi) were proposed to bind to HA 

primarily via non-specific electrostatic interactions between the -NH3+ groups and 

anionic moieties on the HA surface, while acidic proteins (low pi) were bound 

specifically by complexation of their -C(0)-0" moieties to Ca2+ sites on HA. A 

concentrated charge density was necessary for a significant protein binding, and diffuse 

distribution of the charged groups on a protein generally weakened the HA binding (see 

below). The binding mediated by the -C(0)-0" groups was proposed to be rather specific, 

since replacement of-C(0)-OH by -S(0)(0)-OH obliterated the binding [45]. Both the 

ionic composition and the pH of the immediate environment influenced the interactions 

94-

of proteins with HA. For acidic proteins, HA binding is enhanced in the presence of Ca 

ions in medium [46], and elution of the acidic proteins is difficult to achieve even with 

Ca2+ concentration as high as 3 M. In addition to direct effects on HA binding, Ca + in 

solution was proposed to facilitate HA binding by inducing an optimal configuration of 

protein a-helixes most suitable for HA binding [47], which was observed in circular 

dichroism spectra for an analog of matrix Gla protein [48]. The a-helical conformation 

was proposed to act as a scaffold, aligning the charged residues of proteins in a 
94- "̂  

complementary pattern to the Ca ions in a hydroxyapatite crystal lattice. The PO4 " in 

solution suppresses the HA binding of acidic proteins, possibly due to competitive 

binding of the phosphate ions with the Ca2+ on HA. On the other hand, the basic proteins 

are eluted by cationic ions Na+, K+, and especially Mg2+ and Ca2+ [49]. Acidic proteins 

generally display increased HA binding with decreasing pH. Since protein -C(0)-OH 

groups will be less ionized at lower pH, and, hence, display a lower propensity towards 

cationic moieties in HA, this pH effect was likely due to increased hydrogen bonding 
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interaction between acidic proteins and HA surface and/or an overall decrease in the 

collective surface charge of HA (i.e., protonation of PO4 " to HPO4 " at lower pH) [50]. 

Also the possible change in the conformation of the proteins (i.e., more favorable binding 

configuration at lower pH) [51,52], a stronger HA interactions mediated by the protein -

NH3+ groups (i.e., due to higher extent of amine protonation at lower pH) are all likely 

factors contributing to enhanced protein binding at lower pH. 

An active area of mineralization research has focused on elucidating protein 

structural motifs responsible for HA binding, with the expectation that optimal 

distribution of "point" interactions imparts a unique, and stronger mineral affinity as 

compared to simple additive effect of the interacting components [53-58]. Consecutive 

aspartic acid residues found in osteopontin, and consecutive glutamic acid residues found 

in osteonectin and bone sialoprotein are two specific protein motifs shown to concentrate 

anionic groups for a superior mineral affinity [53]. A minimum length of six anionic 

residues was necessary, and poly(aspartic acid) was shown to be superior for HA binding 

[59]. This simple sequence of consecutive amino acids have been utilized to facilitate 

binding of RGD-peptides (arginine-glycine-aspartic acid peptides involved in cell-surface 

integrin binding) to HA [60,61], as well as in drug delivery efforts to design model drugs 

with high affinity to bone mineral [62]. 

In the absence of consecutive aspartic/glutamic acid residues, post-translational 

modification of proteins with acidic moieties provides an alternative means for imparting 

mineral affinity. Phosphorylation of serine/tyrosine imparts a high affinity to proteins by 

virtue of phosphate binding to the mineral, analogous to pyrophosphate binding to HA. 

Phosphophoryn binding to bone is a well-known example where dephosphorylation of 
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specific protein residues reduces its mineral binding [63]. Partial dephosphorylation of 

bovine osteopontin with alkaline phosphatase also reduced its ability to bind HA [64]. 

Phosphorylated sequences may act in concert with other acidic residues for HA binding; 

using several isoforms of salivary statherins, the N-terminal sequence Asp-pSer-pSer-

Glu-Glu [65-67] was found to be responsible for the HA affinity. The phosphorylated 

serines in this case provided the appropriate high-charge density in the absence of long 

acidic amino acid repeats, and induced a helical conformation conducive for HA binding. 

Several uncharged polar residues (e.g., glutamine, tyrosine and threonine) adjacent to the 

Asp-pSer-pSer-Glu-Glu sequence additionally participated in H-bonding interactions 

with the HA surface. y-Carboxylation of glutamic acid residues also enhances mineral 

affinity. In a recent model of HA binding [68], osteocalcin was found to display 3 a-

helical regions, where 3 glutamic acid residues in helix a-1 were y-carboxylated to create 

an extensively anionic surface, and in conjunction with an adjacent aspartic acid, 

coordinated 5 Ca2+ ions on HA surfaces. The spatial arrangement of the Ca2+ binding 

moieties on osteocalcin was well-aligned with the Ca2+ arrangement in a synthetic 

analogue of HA (note that exact arrangement of Ca2+ ions in bone mineral might be 

significantly different from this HA model). Other post-translation modifications, such as 

carbohydrate moieties, sulfation and sialic acid addition, may also contribute to increased 

bone binding (as observed after comparison of native bone sialoprotein, and unmodified 

bone sialoprotein expressed in E-coli without post-translational modification [52,69]). 

Gericke et al. [70] suggested that osteopontin, whose binding propensity was usually 

ascribed to aspartic acid-rich sequences, incorporates phosphorylated sequences that 

caused alternations in protein conformation (detected by Fourier Transform-Infrared 
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spectroscopy, FT-IR) to influence the interaction of osteopontin with HA. Finally, 

transglutaminase-sensitive sequences present in osteopontin can be crosslinked to form 

an osteopontin-network, and provide another avenue for post-translational control of 

mineral affinity [71]. Upon polymerization, a conformational change in osteopontin 

structure was observed with circular dichroism spectroscopy, suggesting a more-ordered 

structure for the osteopontin polymer as compared to the monomeric form of the protein 

[71]. A more ordered structure was more likely to provide the HA binding motif by the 

spatial arrangement well-aligned with the HA lattice. It was suggested that the initiation 

of HA crystallization required protein aggregates rather than the single osteopontin 

monomers [72]. 

The structural studies in recent years have clearly indicated the availability of 

several distinct acidic protein motifs for HA binding. It is likely that the strength and the 

specific protein binding sites on HA will depend on the details of the interacting motif. 

No information is available about the differences in the binding mode of the different 

motifs on biological apatite. A recent study, which utilized octacalcium phosphate as a 

model matrix, indicated poly(aspartic acid) interacted preferentially with Ca2+ ions 

exposed on the hydrated {100} surface parallel to the c-axis of the crystals [73]. The 

phosphorylated proteins, on the other hand, interacted specially with the apatite-like 

motifs on the {010} surface through occupation of the exact lattice site of the crystal 

phosphate groups. The availability of both motifs in a single protein, such as osteopontin, 

is likely to enhance the affinity due to additive binding of the two motifs to different sites 

on apatite. 
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Relatively little is known about the structural motifs responsible for HA binding 

of basic proteins. It is generally accepted that the binding arises due to interactions 

between the protein -NH3+ and the anionic moieties of HA. Using site-directed 

mutagenesis of lysozyme (pl~ll), where individual amino acids were replaced with 

alanine, Lys-1, Lys-13, Arg-14 and Arg-10 residues were found critical for HA contact, 

which were all located on the protein surface away from the active site of the enzyme 

[74,75]. This preliminary study also suggested that cationic charges on a protein may 

form 'clustered' patterns on a protein site, possibly enhancing the strength of HA 

interactions reminiscent of anionic protein motifs. 

Unfortunately, these mineral-interacting proteins do not have a medicinal value at 

the present time. On the other hand, the current recombinant proteins useful for medicinal 

purposes do not express a strong affinity to bone due to lack of structural motifs or lack 

of post-translational modification. One then is faced with engineering the proteins to 

impart a mineral affinity to make them useful in bone diseases. This is most effectively 

achieved with BP substitution. 

2.3 Progress in Bone-Seeking Medicinal Agents 

2.3.1 Non-BP Medicinal Agents for Bone Targeting 

Several molecules demonstrated bone affinity that can be used as osteotropic 

moieties [76]. The well-known antibacterial agent tetracycline exhibits a strong affinity to 

bone. As one of the earliest studies on tetracycline conjugation with drugs, Pierce et al. 

reported the delivery of a carbonic anhydrase inhibitor, acetazolamide [77]. In vitro 

results showed high HA affinity of the conjugate, and the drug was able to release from 
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the conjugate after hydrolysis with some retention of its activity. Later, P-estradiol-3-

benzoate [78], 3-Estrone [79], and bone growth factor TGF-P [80] were successively 

conjugated to tetracycline for bone-targeting delivery. Another moiety demonstrated bone 

affinity was 4-carboxy-3-hydroxy-l,2-pyrazole, which was examined in a study 

conducted by Willson et al. for the enhancement of estrogen's affinity to HA [81]. Due to 

the complicated chemical structure and poor stability during chemical modification of 

tetracyclines, their further utilization as bone-targeting moiety was hindered. As an 

alternative, BPs, with exceptional osteotropicity, are very attractive for bone-targeting 

delivery because of their suitability for chemical modification and "universal" carrier 

property - their ability to load almost any drug (This will be discussed in details later). 

Recently, the mineral-binding protein motifs provide a guide to develop more 

physiological molecules for bone targeting. Poly(aspartic acid) and poly(glutamic acid) 

are prototypical molecules where the mineral affinity is afforded by totally metabolizable 

and endogenous moieties. In vivo targeting for small molecules, fluorescein 

isothiocyanate (FITC) [62] and 17(3-estradiol [82], and recently a polymeric ligand [45], 

was successfully demonstrated by using poly(amino acids). y-Carboxyglutamic acid in an 

a-helix conformation [47], phosphorylated serines/tyrosines [83,84], and lysine/arginine 

are other elements found in protein motifs that may be assembled into bone-seeking 

agents [74]. Their potential to be physiologically metabolized with no trace of targeting 

moiety left behind makes them worthwhile to explore. 
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2.3.2 Structural Basis of Bisphosphonate Affinity to Bone 

The exceptional selectivity of BPs to bone mineral rather than other tissues 

lacking a mineral phase is the basis for their value in clinical practice. Due to the affinity 

of spatially-optimized, deprotonated -O" to the bone apatite, the bisphosphonic acid form 

of the compound is the bone-seeking entity. Monophosphonates, phosphonate esters, 

chemically-modified phosphonate groups (e.g., methylated phosphonates, phosphono-

phosphinates or bisphosphinates), or compounds with P-N-P and P-C-C-P backbones all 

display reduced affinity to mineral to make them not useful for bone therapy [85]. 

Though non-geminal diphosphonates are biologically inactive as anti-calcification agents, 

introduction of a keto group at the a-carbon makes bisacryl-phosphonates active as anti-

resorptive agents with lower potency than the BPs [86] (Figure 1-2). The 

pharmacological activity of BPs varies a great deal from compound to compound [87], in 

line with variations in the Ri and R.2 substituents shown in Figure 1-3. Whereas an 

increased affinity to HA is desirable to further increase bone concentrations of active 

agents, it is important for the BP levels not to reach inhibitory concentrations on 

mineralization of osteoid in bones [88]. 

There are two main considerations in the design of BP-based drugs: (1) the 

relative affinity for bone mineral, and (2) the inhibitory effect on cellular mechanisms 

responsible for bone resorption. These aspects are fulfilled by different parts of the BP 

molecules and early studies suggested they did not necessarily rely on each other. The P-

C-P linkage along with the 3-D configuration of the R.2 substituent determines the 

interaction with specific cellular targets essential for the pharmacological activity. The 

2(HO)-(0)P-C-P(0)-(OH)2 moiety, on the other hand, is responsible for chelation of Ca2+ 
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in HA; the bite distance of deprotonated oxygens, -O"—"0-, between the two 

phosphonates is 2.9-3.1 A, and this separation is within the range found for the oxygens 

in HA [89,90]. This is presumably the ideal distance for the chelation of Ca ions in HA. 

The affinity of BPs for bone mineral was proposed to bear no relationship to their marked 

differences in antiresorptive potencies [91]. BPs with a -OH group in the Ri position 

have increased affinity for bone mineral (so called 'bone-hook' effect, as suggested by 

Russell et al. [92]) and the R2 substituent was believed to play a nominal role in the bone 

affinity; BPs with variable R2 substituents but a common -OH in the Ri position bound 

with equal affinity to bone mineral; For example, olpadronate and etidronate (see Figure 

1-3), two BPs with considerably different R2 substituents, could displace [14C]-3-

dimethylamino-1 -hydroxypropylidene-1,1 -bisphopshonate (dimethyl-pamidronate) from 

mouse fetal bones with equal potency, but clodronate, which lacked the -OH moiety on 

the Ri position, was -10 times less potent in such a displacement [91]. The differences in 

binding can be explained with the mode of binding [88]; i.e., bidentate binding, 

involving two de-protonated -0" from each phosphonate moiety binding to HA Ca2+ (as 

in the case of clodronate) vs. tridentate binding involving participation of the -OH at the 

Ri position. Although tridentate binding is generally accepted, the amino-BPs 

pamidronate and alendronate contain -OH groups in gauche configuration, which enable 

formation of an intramolecular N-H—O (hydroxyl) H-bond and impairs tridentate binding 

under some conditions [89,90]. Tridentate binding can also be obtained with an -NH2 

group in the Ri position [93,94]. The amino-substituted BPs and their -OH analogs 

(etidronate, pamidronate and olpadronate, in this case) bound with similar affinity to 
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mouse bones in vitro, and inhibited the growth of calcium oxalate crystals to the same 

extent [94]. 

Recent studies, however, indicated that R2 substituent may also influence the HA 

affinity of BPs [95,96]. Nancollas et al. compared the binding affinities of several BPs to 

HA, all of which consisted of the same Ri substituent (-OH), but differing R2 substituents 

[95]. Different HA binding affinities were observed among the BPs, with a decreasing 

rank order of zoledronate > alendronate > ibandronate ^ risedronate > etidronate. The 

corresponding affinity constant K, which was calculated from kinetics of HA crystal 

growth, were 3.47, 2.94, 2.36, 2.19, and 1.19 x 106 M'1, respectively. These results were 

attributed to the differences in the protonation of R2 substituent, dictated by the pKa of the 

ionizable moieties. In addition, measurement of ^-potential of the BP-treated HA 

suggested that changes in the overall charge of the crystal surface, which was best 

explained by molecular charges on the R2 substituent. The latter affected HA binding of 

additional BPs by enhancing or suppressing further binding on the surface. Under 

physiological conditions, higher binding was obtained when the pKa of the R2 substituent 

was >7. Consistent with the HA growth studies, the BP affinity to HA was determined by 

a direct method under chromatographic conditions; a decreasing order of HA affinity was 

obtained with zoledronate, risedronate and an risedronate analogue in which one of the 

phosphonate groups was replaced by a -C(0)-OH. Moreover, a recent computational 

model (3D) demonstrated the differences in HA affinities of different BPs, with the 

consideration of the interaction of the N side chain conformations with the [001] surface 

of HA [97]. This model also showed similar rank order in HA affinity as the above 

studies (note that ibandronate was not included in the simulation study). Along the same 
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lines, a sulfate-bearing BP, whose Ri and R2 substituents were -H and -CH2-SO3H, 

respectively, was compared in vivo to the -OH-bearing etidronate's capacity to target to 

bone [98]. Equivalent or better bone targeting was achieved (at 1 hr and at 24 hrs, 

respectively) with this non-hydroxyl bearing BP as compared to etidronate. Therefore, 

increasing evidence is accumulating to confirm the subtle contribution of R2 substituent 

to the mineral affinity, which could be utilized to further enhance the ability of BPs to 

seek bone. 

Finally, the overall hydrophobicity of BPs has been shown to influence the bone 

targeting ability [99]. This observation was derived from studies where BP conjugates 

from a diverse group of compounds and drugs (e.g., 17p-estradiol, diclofenac, and 

benzene) were constructed. As expected, the hydrophobicity of the conjugates was 

significantly different among BPs with different side-group (R2 substituent being the 

major variable), based on the calculated octanol/water partition coefficient (calculated log 

P) of the acid-form of the compounds. The use of the acid form is a simplification, but it 

is justifiable considering that the exact nature of the BP complexes with metal ions such 

as CaZT and NaT in vivo is difficult to predict. The calculated log P of the acid form will 

presumably be closely related to the calculated log P of the ion-chelated form. After 

systemic administration, an inverse correlation was obtained between the calculated log P 

and the ability of the compounds to deposit to bones, which ranged from 6 to 70% of the 

administered dose. All compounds used in that study contained a hydrogen on the a-

carbon, and lacked either a -OH or -NH2 at this position. Using such a uniform 

population of BP conjugates has likely contributed to the relatively good correlation 

between the calculated log P and the skeletal deposition. The authors expected the 
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hydrophobicity of BPs to determine the propensity of the BP-metal chelates formed 

between the endogenous ions in circulation and exogenous BPs through the interaction 

between negatively charged phosphate groups on BPs and positively charged metal ions 

to precipitate in systemic circulation; i.e. chelates with more hydrophobic character will 

presumably be removed faster by the macrophages. These results highlight the need to 

use smaller, hydrophilic BPs as the basis of bone-specific carriers. 

2.3.3 Functional Bisphosphonates for Protein Targeting to Bone 

The exceptional affinity of BPs to HA has previously been used to transport 

several classes of therapeutic agents to bone tissue. These included: (i) anti-neoplastic 

agents intended to control cancerous cell growth, (ii) anti-bacterial agents to inhibit 

bacterial colonization, and (iii) anti-osteoporosis agents acting to protect against the 

excessive bone loss with advancing age. In addition, BPs are beginning to be utilized as 

the building blocks of generic carriers that can transport a spectrum of molecules to bone, 

rather than linking them directly to a given molecule for its delivery to bone. 

To impart a mineral affinity to a protein, one needs to couple the BPs to proteins 

in aqueous media. Unlike the majority of BP constructs summarized here and in the 

previous reviews [3,100,101], this consideration rules out the possibility of using BP 

esters that are not soluble under aqueous conditions, and whose de-esterification after 

protein coupling is likely to abolish the protein activity. High-temperature conditions, pH 

extremes, and exposure to highly reactive, non-specific reagents (e.g., free radicals) are 

not possible if one wishes to retain the activity of the proteins. Water-soluble BPs with 

readily-reactive functional groups need to be employed for this purpose. Three most 
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common moieties for convenient protein chemistry are -NH2, -SH, and -C(0)OH groups; 

hence, BPs with these groups will be ideal for chemical schemes designed for protein 

substitution. The current schemes for the synthesis of such BPs were previously provided 

[3], and below the strategies for modifying such groups for protein attachment were 

summarized. 

2.3.3.1 Amino-Bisphosphonates The ethyl/methyl ester of l-arninomethylene-1,1-

bisphosphonate has been the starting compound for synthesis of several BP conjugates of 

small molecular drugs. 2-iminothiolane derivatization of the -NH2 group was readily 

achieved to provide a free -SH group (Scheme 1-1), which was used for further 

conjugation with proteins [102]. The heterofunctional crosslinkers, such as N-

succinimidyl-3-2(pyridyldithiopropionate) (SPDP) [103] and JV-succinimidyl-4-(JV-

maleimido-methyl)cyclohexane-l-carboxylate (SMCC) [104], were capable of reacting 

with the introduced -SH group to give an NHS ester of the BP with labile disulfide (-S-

S-) linkage or stable thioether (-S-C-) linkage, respectively (Scheme 1-1). In both cases, 

the S-NH2 of protein lysines readily reacted with the NHS ester to link the BPs to the 

proteins via relatively-stable amide linkages. 4-(Maleimidomethyl)-cyclohexane-l-

carboxyl-hydrazide (MMCCH) has been also used in this approach to link the thiolated 1 -

aminomethylene-l,l-bisphosphonate to the protein carbohydrate groups [104]. In this 

case, the carbohydrate moieties were first oxidized with NaIC>4 to convert the vicinal -

OH groups into -C(O) -H groups, which were reactive with the hydrazide moiety of 

MMCCH [104]. Modifying carbohydrate moieties could be preferable since they are not 

usually an integral part of the protein pharmacophore, unlike the amino acids in the 
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peptide core. In the absence of carbohydrate residues, which is the case for is-co/z'-derived 

recombinant proteins, conjugating BPs to proteins via cleavable - S - S - linkages offers 

the obvious advantage of slowly releasing the protein from the conjugated BP to exert its 

pharmacological activity freely. 

It was reported that 3-amino-l-hydroxypropylidene-l,l-bisphosphonate 

(pamidronate) were utilized to prepare a near-infrared emitting diagnostic after reaction 

with an NHS-ester of a fluorescent dye [105]. Similarly, 4-aminobutylene-l,l-

bisphosphonate (alendronate) was reacted with an NHS ester of poly(ethylene glycol) 

before conjugation to a polymeric carrier [45]. As an alternative to NHS esters, 4-

aminobutylene-l,l-bisphosphonate was capable of coupling to a tetrafluorophenol ester 

of a short peptide, triglycine, leading to a BP-(glycine)3 conjugate with an amide linkage 

[105]. The feasibility of-NH2 coupling to aldehyde groups have been also reported [106]. 

2.3.3.2 Thiol-Bisphosphonates To obviate the need for thiolating amino-BPs, a thiol-

containing BP, 2-(3-mercapto-propylsulfanyl)-ethyl-l,l-bisphosphonic acid [103] was 

recently utilized for protein coupling. It was shown to be effective in imparting a mineral 

affinity to proteins after SMCC and SPDP mediated couplings (Scheme 1-2). Under 

equivalent reaction conditions, a similar extent of BP substitution could be obtained on 

the model protein albumin when either thiolated l-aminomethylene-l,l-bisphosphonate 

or 2-(3-mercapto-propylsulfanyl)-ethyl-l,l-bisphosphonic acid were utilized [103], 

suggesting that the reactivity of the -SH group being the primary determinant of coupling 

efficiency. Unlike the NHS-mediated reactions with amino-BPs, which require a 

relatively high pH, the -SH group of the BP could be derivatized within a broader pH 
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range; coupling in the pH range of 4.5 to 8 was successful. This could be advantageous to 

accommodate proteins with minimal solubility or undergoing denaturation at the higher 

pH. 

The thiol groups of BPs are also reactive with epoxides under neutral pH 

conditions (Scheme 1-2) [107]. An amine group at the P-position was found necessary 

for this reaction, since a -SH linked to the a-carbon of BPs with an aliphatic chain was 

unreactive with the epoxide moieties. The conjugates will yield a thioether in the tether, 

which is expected to be more stable than the disulfide linkages. This chemistry was 

successfully used to graft thiol-BPs onto biological matrices (i.e., heart valves, [107]), 

and it should be straight-forward to adopt it with epoxide-containing linkers for 

modification of soluble proteins. 

2.3.3.3 Carboxyl-Bisphosphonates The length of the tether between protein lysine 

groups and the substituted BPs was found to influence the imparted mineral affinity [108]; 

a shorter tether length gave a higher mineral affinity as compared to longer tether lengths. 

BPs with -C(0)-OH groups could be utilized to minimize tether length, since this group 

affords activation with carbodiimides for coupling to protein amines with "zero" tether 

length. Two -C(0)-OH-bearing BPs with dendritic structures were recently reported 

[109,110]. The compounds incorporated two (diBPs) and four bisphosphonic acids 

(tetraBPs) with a single -COOH moiety, as shown in Figure 1-4. In addition to minimal 

tether lengths, the compounds were designed to 'load' multiple copies of BPs per protein 

substitution site, so that a higher substitution efficiency could be achieved with reduced 

extent of protein modifications. This is an important consideration in order to minimize 
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any changes in the protein activity as a result of BP substitution. It was feasible to attach 

a maximum of 3-4 diBPs molecules per albumin (-66 kD), 6-7 diBPs molecules per IgG 

(-150 kD), and 3-4 tetraBPs molecules per albumin after activation with water-soluble 1-

ethyl-3-(3-dimethylamino-propyl)-carbodiimide/N-hydroxy-succinimide (EDC/NHS). 

These levels of substitutions were generally lower than the SMCC- and SPDP-mediated 

coupling of conventional BPs, where a maximum of 15-20 BPs could be attached per 

albumin or IgG. The lower extent of conjugation efficiency for the dendritic BPs is 

possibly due to the steric hindrance of the substituted ligands, but the obtained 

substitution efficiencies were sufficient for bone targeting. 

2.4 Colloidal Drug Delivery Systems Targeting to Bone 

An exciting area beginning to be explored is the development of bone-specific 

carriers that complexes the medicinal agent without the need for direct modification of 

the agent per se. Colloidal drug delivery systems (CDDS) provide a promising approach 

in this regard. CDDS consists of liposomes, nanoparticles, dendrimers, emulsions and 

micelles, with the length scales below a micron [111]. CDDS offers protection of drugs 

against chemical and enzymatic degradation when delivered in vivo and optimizes the 

release profile of the loaded drug in a controlled manner. The flexibility in tailoring the 

internal and surface structure of CDDS has led to the adoption of colloidal drug carriers 

as the platform for a wide range of current therapeutics, as a mean to achieve new 

delivery modes and improve their therapeutic potentials. 

To attain the goal of bone-specific CDDS, it is important to note that bones 

possess a membrane consisting of lining cells, which function as a marrow-blood barrier; 
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the accessibility of exogenous large substances to the bone surface is extremely limited 

[112]. Thus, drug carriers prefer to be small size; complexes with large diameter are not 

suitable. This is not likely to be a critical issue when NPs are utilized for local delivery of 

proteins after implantation, but it will be a significant issue when NPs are injected 

systemically. Since HA is the most practical template for bone-targeting, CDDS should 

exhibit high affinity to HA in systemic delivery and prolong the retention of the loaded 

drug at bone defect site to maximize the pharmacological effect. Furthermore, it is 

imperative that the CDDS composition should be biocompatible and biodegradable, to 

minimize the interference with normal cellular activities by excessive inflammatory 

reactions, and the possible adverse effects of residual carriers influence on the 

mechanical integrity of repaired bone [113]. Given the many types of CDDS, this section 

will focus on the local and systemic delivery of growth factors by polymeric NPs for 

bone regeneration. 

Polymeric NPs delivery system has been fabricated from polyesters (e.g. 

poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA)), proteins (e.g. albumin, 

gelatin and protamine), polysaccharide (chitosan), polycyanoacrylate (e.g. 

poly(butylcyanoacrylate)), lipids (e.g. trimyristin and glyceryl behenate) and 

polyelectrolyte (e.g. polyethylenimine) [114]. Among them, the conventional synthetic 

polyester, with PLA and PLGA as representatives, have been extensively studied due to 

their low toxicity, well-understood degradation pattern and established processing 

methodologies, which ensures better prediction and control the system behavior [115]. 

Protein NPs, made from natural polymers, possess excellent biocompatibility and 

biodegradability in physiological system. Albumin NPs have been extensively studied as 
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drug delivery systems, and Abraxane as a carrier of anticancer drug paclitaxel has been 

accepted in human use [116]. One concern about protein NPs is the immunogenic 

reactions and disease transmission, but proteins produced from recombinant technology 

or plant origin should overcome this concern [6]. The abundant functional groups 

(amines, carboxylic groups and thiol groups) on proteins provide plentiful opportunities, 

including covalent or non-covalent interactions with ligands, to tailor the protein carrier 

for the appropriate targeting of NPs delivery system. Solid lipid NPs is another attractive 

approach with their good tolerability and biodegradation, but their lipophilic nature might 

pose an impediment for the encapsulation of hydrophilic peptides, and the fabrication 

procedure with high pressure could possibly induce protein degradation [117]. Except the 

abovementioned polymeric NPs, other materials were less popular in clinical 

development due to their less understood biologic fate after administration [115]. 

In current preclinical and clinical trials, the primary focus is local delivery of 

growth factors for bone repair [113]. The prolonged retention of bioactive growth factor 

at the bone repair site can maintain the concentration of these factors to allow the 

migration of responsive cells to the area for proliferation and differentiation. The simplest 

delivery system for growth factor is to incorporate the growth factor directly into the 

carrier, for example, the impregnation of BMP solutions with collagen sponge is a 

commonly used technique to fabricate BMP-2 delivery devices [118]. However, the 

passive adsorption might induce the conformational change of the proteins and could not 

afford precisely control over the release of protein [113]. One possible solution is the 

utilization of growth factor-binding heparin in combination with the carrier, so that the 

growth factors, such as bFGF, BMP-2, TGF-p, could be bound specially to the carrier for 
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a more sustained release [119]. This approach limited to the special binding property of 

the growth factors. Another alternative and more attractive approach is to incorporate the 

growth factor containing-NPs in matrices or scaffolds, so that the release of growth factor 

can be controlled in a more desirable way, since the NPs surface can be engineered 

appropriately for the preferred release pattern [120,121]. Recent studies provided various 

engineering approach to modify and control the growth factor release from the carrier. 

Wei et al. investigated BMP-7 encapsulated into PLGA NPs which were then post-seeded 

into PLLA scaffold in rat ectopic model [122]. The in vitro release kinetics indicated the 

NPs-containing scaffold could provide a sustained release of BMP-7 for up to 6 weeks, 

and the release profile was controlled by the PLGA molecular weight and composition. 

This NP-containing scaffold induced significant bone formation while passive adsorption 

of BMP-7 into PLLA scaffold failed to generate bone at 6 weeks. The suggested reason 

was the BMP-7 nanosphere-scaffold delivery system released and localized BMP-7 for a 

desired duration at the implantation site, while simple adsorption of BMP-7 into the 

scaffold likely gave a bolus or pulse release of BMP-7 with substantial loss of bioactivity, 

leading to the failure of bone formation. Another study conducted by Park et al. 

investigated the controlled release of growth factor from TGF-p3-containtaing 

heparin/poly(i-lysine) NPs immobilized on PLGA microsphere matrix [123]. The NPs 

and matrix combination provided sustained delivery of TGF-(3 3, and were able to 

promote neocartilage formation after 4-week cultivation with mesenchymal stem cells in 

vitro. By using NPs for BMP-2 delivery, Chung et al. studied the BMP-2 loaded heparin-

functionalized PLGA NPs in fibrin hydrogel on the rat calvarial critical size defect model 

[124]. Heparin was entrapped onto the surface of PLGA NPs with the purpose of specific 
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complexation with BMP-2, and then BMP-2 loaded NPs were incorporated into fibrin gel. 

Significantly higher bone formation was found in the BMP-2 loaded NP-flbrin gel 

complex, compared to the BMP-2 loaded fibrin gel without functionalized NPs at 4 

weeks, which suggested that a more controlled release of BMP-2 was achieved in the 

former carrier. Encapsulation of growth factors into NP then combined with different 

matrix or scaffold as hybrid carrier for local bone defect replacement has been 

demonstrated to be a successful strategy to achieve prolonged release of bioactive growth 

factors. The release of protein from the carrier can be tailored by the modification of NPs. 

This is a versatile approach that can be expanded to many bioactive molecules. Since size 

of particles is not a critical issue in local delivery of growth factors, massive studies were 

also performed by encapsulating growth factors into microspheres for an prolonged 

retention time and enhanced pharmacological effect [7,125-127]. 

Unlike growth factor delivery by NPs for local therapy, size and surface charge of 

NPs are the main properties that can influence the clearance and biodistribution of NP 

carriers upon systemic administration [128]. The smaller size of particles seems to be an 

advantage since smaller NPs were removed more slowly from blood circulation than 

larger ones [129] , and the longer circulating carriers have a better chance to reach their 

target and lead to a therapeutic effect. Studies showed a size-dependent activation of the 

complement system for particles sizes below 1 urn [130]. It was also reported that no 

enhancement of phagocytic uptake was recorded at particle sizes below 200 nm [128]. 

Yet, the particles with extremely small size («100nm) was reported to be able to cross 

the fenestration in the hepatic sinusoidal endothelium, leading to a hepatic accumulation, 

although this was associated with the deformity of particles such as liposome particles 
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[131]. Moghimi et al suggested the size of solid NPs should not exceed 200 nm for 

effective long-circulating time in vivo [128]. With regard to bone tissue, due to a 

membrane of lining cells forming a marrow-blood barrier [112], not all NPs localized to 

bone are accessible to bone-resident cells. One study showed that NPs < 150 nm 

exhibited an increased localization in bone marrow, while NPs ~ 250 nm were mostly 

sequestered in the spleen and liver, presumably by the selective filtration in these organs 

[132]. Surface charge is another factor that plays an important role in determining the in 

vivo fate of NPs. Ionic interaction was considered as one of the principal driving forces 

for protein adsorption, and subsequently activated the opsonization process with 

promoted particle recognition and uptake [133]. Though this process can be reduced by 

smaller NPs size, neutral and hydrophilic NPs surface possesses a much lower 

opsonization rate than the charged and hydrophobic NPs [134]. Another alternative to 

reduce the opsonization and phagocytosis of NPs is surface-modified NPs with 

polyethylene glycol (PEG), an established method to reduce non-specific protein 

adsorption. Some factors, including PEG density, the spatial conformation and PEG chain 

flexibility should be in consideration for this approach [129]. 

So far, few studies were performed on systemic delivery of growth factors based 

on NP system for bone-targeting. Recently, two NP delivery systems with the potential to 

target to bone were reported: liposome/PEG/BPs NPs [135] and PLGA-PEG/PLGA-BPs 

NPs [136]. The former composed of liposomes as drug reservoir and cholesteryl-

trisoxyethylene-bisphosphonic acid (CHOL-TOE-BP) serving as bone-targeting ligand, 

was prepared by lipid film extrusion method. The average size of NPs was between 100 

and 135 nm with a polydispersity index < 0.1. The zeta potential was negative, and 

30 



increased as the BP content increased. In vitro binding assay showed the NPs possessed a 

high affinity to HA (-100%). The latter, PLGA-PEG/PLGA-BPs NP system, was 

prepared from the dialysis method, with a hydrophobic drug estrogen encapsulated and 

alendronate as the targeting moiety. The NP possessed a size of-50 nm, but no report on 

zeta potential values. This NP system demonstrated an in vitro HA affinity (~ 50% to 

80%), and the observed binding was increased as PLGA-BP content increased, but the 

binding of unfunctionalized NPs were not reported. In vivo evaluations of the 

pharmacokinetics and tissue distribution of these two NP systems still need to be probed 

for their bone-targeting capability. Nevertheless, these studies provided useful 

information in the design of bone-targeting delivery based on NPs, and with the 

appearance of more bone-binding ligands, such as N-(2-hydroxypropyl)methacrylamide 

(HPMA)-alendronate copolymer [137] and poly(N-acryl pamidronate-co-N-

isopropylacrylamide [138], as well as cationic polymer PEI and PLL [139], more related 

investigations will be inspired in the near future. Such a developed NP delivery system 

for growth factor will be truly "generic", in that a design system should be able to deliver 

a range of therapeutic agents rather than molecule-specific. 
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Figure 1-1. Schematic representation of the biological apatite. A. The synthetic 
hydroxyapatite (HA; Caio(P04)6(OH)2) is represented by the stoichiometric ratio of Ca2+, 
PO43" and OH- ions. B. Substitution of other cations (e.g., Mg2+) and anions (e.g., HPO42") 
are typical for the physiological apatite. C. Non-equilibrium formation conditions also 
create defects in the apatite structure, leading to ionic gaps in the crystal structure. D. 
Recent investigations of physiological apatite crystals have suggested charge densities 
organized in larger scales (>10 nm) in the form of 'bands' (as revealed by probing 
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This thesis is comprised of a total of eight chapters. Each chapter is intended to be 

self-sufficient as a complete study and each chapter is formatted in such a way that it can 

serve as a 'manuscript' suitable as a stand-alone publication. 

CHAPTER I introduces the necessity for systemic and local bone regeneration, 

as well as the most recent advances in development of bone-seeking medicinal agents. 

Given the specific advantages of protein therapy, the utilization of protein growth factors 

to stimulate new bone formation was discussed in this chapter. In order to overcome the 

side-effects elicited by protein distribution to extraskeletal sites, bone-specific drug 

delivery system is needed to restrict the therapeutic agents to bone for effective bone 

regeneration. As the basis for drug targeting to bone, the structure of biological apatite 

and bone affinity of proteins are presented. With the emphasis on bisphosphonates (BPs), 

bone-seeking agents are discussed and several functional BPs for protein conjugation 

were explored. As an approach to better retain the integrity of growth factors, colloidal 

drug delivery system is subsequently discussed, with a focus on polymeric 

nanoparticulate (NP) delivery system. 

The scope of the dissertation is presented in CHAPTER II (the present chapter). 

Based on the exceptional bone affinity of BPs, protein-BPs conjugation was 

initially developed by Uludag and co-workers, and it was demonstrated to be a feasible 

means to impart bone affinity to proteins. Protein-BP conjugates with cleavable linkages, 

which can allow proteins to be released from such conjugates, are preferable over 

conjugates with stable linkages. To this end, 2-(3-mercaptopropylsulfanyl)-ethyl-l,l-

bisphosphonic acid (thiolBP) was conjugated onto fetuin, a model protein, using N-

succinimidyl-3-(2-pyridyldithio) propionate (SPDP) in order to create disulfide-linked 
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conjugates. This work is summarized in CHAPTER III. The mineral affinity of 

disulfide-linked protein-BP conjugates was assessed by hydroxyapatite (HA) binding 

assay. The cleavage of the disulfide linkage was investigated in the presence of the 

physiological thiols, Z-cysteine, £>Z-homocysteine, and Z-glutathione. The cleavage rate 

of the three thiols was compared, as well as the cleavage of the conjugates in solution and 

bound to HA. 

In order to increase bone targeting efficiency while minimizing the extent of 

protein modification, a polymeric molecule containing multiple copies of BPs was 

constructed for protein conjugation. This work is summarized in CHAPTER IV. Poly(Z-

lysine) (PLL) and poly(ethyleneimine) (PEI) were utilized as the polymeric backbones to 

incorporate the thiolBP, by using JV-hydroxysuccinimidyl polyethyleneglycol maleimide 

(NHS-PEG-MAL) and succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1 -carboxylate 

(SMCC) as linkers, respectively. In vitro mineral affinity of the polymer-BP conjugates 

was assessed, in comparison with the unmodified cationic polymers. A strong affinity of 

cationic polymers to HA was unexpectedly observed. This led to more detailed studies on 

polymer binding, including the effect of polymer concentrations and molecular weight 

(MW) on binding. Furthermore, the mineral affinity of polymer-BP conjugates was 

investigated in a subcutaneous implant model in rats with a commercially available 

calcium phosphate implant matrix (Skelite™). This data not only provided information 

about the factors controlling the extent of cationic polymer adsorption to HA, but also 

pointed out to the potential of cationic polymers for drug delivery to bone. 

Recently, NP-based drug delivery has gained importance for improving the 

potency of therapeutic agents. To explore the potential of NPs for growth factor delivery, 
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bovine serum albumin (BSA) NPs, obtained by a coacervation process, was fabricated 

and surface modified with cationic PEL Such NPs were intended for delivery of a bone-

inducing growth factor, Bone Morphogenetic Protein-2 (BMP-2) and my work on this 

approach is summarized in CHAPTER V. Different concentrations of PEI were utilized 

for coating BSA NPs to stabilize the colloidal system and to control the release of BMP-

2. The PEI coating for NP stabilization eliminated the commonly used but undesirable 

chemical cross-linker glutaraldehyde. The NPs were characterized by size and zeta-

potential measurements, as well as by Scanning Electron Microscopy and Atomic Force 

Microscopy. The encapsulation efficiency and in vitro release kinetics during a 10-day 

period was determined by NP-encapsulated 125I-labeled BMP-2. The bioactivity of the 

encapsulated BMP-2 and the toxicity of the NPs were examined by the Alkaline 

Phosphatase (ALP) induction assay and the MTT assay, respectively, using human 

C2C12 cells. The results indicated that BMP-2 encapsulated BSA NPs (BMP-2/BSA 

NPs) coated with 0.1 mg/mL PEI demonstrated tolerable toxicity, retained the bioactivity 

of BMP-2, and efficiently controlled the release rate of BMP-2 in vitro. 

Based on the promising in vitro results with NP delivery system, CHAPTER VI 

describes the in vivo pharmacokinetics and osteoinductivity studies of the BMP-2/BSA 

NPs coated with PEI in a rat ectopic model. In vivo pharmacokinetics showed that PEI 

coating effectively reduced the initial burst release of BMP-2, and prolonged the 

retention of BMP-2 at the implantation site. Despite the advantage from release kinetics, 

the PEI-coated BMP-2/BSA NPs failed to induce bone formation in implants. The 

subsequent experiments identified the increased PEI concentration in implantation 

formulations to abolish the BMP-2 osteogenic activity. The results generated in this 
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chapter demonstrated the benefits of PEI coating in release kinetics, but highlighted the 

toxicity of PEI coating which resulted in unsuccessful bone induction. 

An established method for decreasing polymer toxicity and improving 

biocompatibility, namely PEGylation, was employed to reduce the toxicity of NP 

formulations in CHAPTER VII. The toxicity of PEI-PEG conjugate was determined and 

compared to the unmodified PEI. The BSA NPs coated with PEI-PEG were characterized 

by size, zeta potential measurement and the morphology by AFM. In comparison with 

PEI-coated NPs, dramatic reduction in size and zeta potential were observed by PEI-PEG 

coated BSA NPs. The ALP induction activity and toxicity of the PEI-PEG coated BMP-

2/BSA NPs were subsequently studied. Finally, the osteoinductive activity of the PEI-

PEG coated NPs were investigated in a rat ectopic model, which resulted in successful 

bone formation in this assay. The work described in CHAPTERS V, VI, and VII 

established the foundation of a novel drug delivery system based on polymer-coated, 

protein NPs that can control the release of encapsulated drugs and have the potential to 

target bone after further engineering. 

All together, the work presented in this dissertation expands the utilization of BPs 

for protein targeting to bone. It provides a foundation for a nanoparticulate drug delivery 

system based on albumin particles surface modified by cationic polymers. As discussed 

in CHAPTER VIII on future studies, this dissertation also provides information for 

numerous additional studies to further expand our knowledge in the fields of drug 

delivery and bone tissue engineering. 
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CHAPTER III 

Cleavage of Disulfide-Linked Fetuin-Bisphosphonate 

Conjugates with Three Physiological Thiols1 

The contents of this chapter have been previously published in: S. Zhang, J. E. I. Wright, 
G. Bansal, P. Cho and H. Uludag. Cleavage of disulfide-linked fetuin-bisphosphonate 
conjugates with three physiological thiols, Biomacromolecules, 6 (2005) 2800-2808. 
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INTRODUCTION 

Hydroxyapatite (HA: Cai0(PO4)6(OH)2) is one of the most important bioceramics 

for medical and dental applications, as it is the main inorganic constituent of hard tissues 

like bone and teeth [1]. HA has been used in conjugation with protein growth factors to 

stimulate bone formation locally. The binding of proteins to the mineral is dependent on 

different structural properties of proteins; whereas some proteins, such as the members of 

Bone Morphogenetic Proteins (BMPs) exhibit strong affinity to mineralized matrices, 

other proteins do not exhibit a strong affinity to mineral matrices [2]. Previous studies 

showed that chemical derivatization of proteins with bisphosphonates (BPs) is an 

effective means to enhance the mineral affinity of a wide-range of proteins, irrespective 

of their size and the overall charge [3-9]. The BP-class of molecules has an exceptional 

affinity for bone mineral HA. They are chemical analogues of the endogenous 

pyrophosphate (H2O3P-O-PO3H2), where the central, hydrolytically liable P-O-P linkage 

has been replaced by the hydrolysis-resistant P-C-P linkage. This substitution also 

provides a center for derivatization so that a variety of structural modifications can be 

made on BPs [3]. 

Fetuin has been used as a model protein to investigate the factors influencing the 

imparted mineral affinity as a result of BP conjugation. Fetuin is one of the most 

abundant noncollagenous proteins found in bone, with a concentration of about 1 mg/g of 

bone in rat, bovine and human bone [10], and it plays an important role in modulating 

bone growth and remodeling as well as ectopic calcification in vivo. BPs were conjugated 

to both the peptide core and carbohydrate residues of the protein, and both types of 

conjugations imparted a high mineral affinity to the fetuin in proportion to the number of 
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BP substituted per protein [8]. The effect of tether length on the mineral affinity of fetuin-

BP conjugates were also reported; it was possible to construct fetuin-BP conjugates with 

various tether lengths, but the shorter tether lengths gave a superior affinity to mineral 

matrices [9]. The BP conjugation scheme used to construct the desired conjugates relied 

on chemical cross-linkers that coupled the thiol group of a BP to an amine group of 

proteins via thioether linkages. These linkages were initially chosen since they are known 

to be stable under various conditions, such as the medium pHs and the presence of serum 

[5]. However, for in vivo applications, conjugates with cleavable linkage might be 

desirable since proteins can be released in free form in situ to perform their functions [11]. 

Bioconjugates with cleavable linkages are typically based on ester or disulfide linkages, 

which are both regarded as liable under physiological conditions [12,13]. In contrast to 

ester linkages that are sensitive to the presence of water (hence, making it difficult to 

work with ester-conjugates in aqueous buffers), the disulfide linkages are stable in 

aqueous conditions, but susceptible to cleavage with free thiols. 

The purpose of this study was to explore the feasibility of constructing fetuin-BP 

conjugates with cleavable disulfide linkages. Commercially available iV-succinimidyl-3-

(2-pyridyldithio)propionate (SPDP) was used as a cross-linker to construct fetuin 

conjugates with a thiol-containing BP, 2-(3-mercaptopropylsulfanyl)-ethyl-l,l-

bisphosphonic acid (thiolBP). The cleavage of the fetuin-thiolBP conjugates was 

investigated in the presence of three thiols: Z-cysteine, £>Z-homocysteine, and L-

glutathione. These compounds are the most abundant thiols in physiological milieu such 

as serum. Our results indicated that fetuin-thiolBP conjugates formed with disulfide 

56 



linkage imparted the desired mineral affinity to the fetuin, and that this affinity was 

eliminated upon cleavage of the disulfide linkage with thiols. 

MATERIALS AND METHODS 

Materials 

SPDP was acquired from Molecular Biosciences (Boulder, CO). Fetuin, L-

glutathione (reduced) and picrylsulfonic acid solution (TNBS; 5 (w/v) %) were obtained 

from Sigma (St. Louis, MO). N-ethylmaleimide (NEM) was obtained from Eastman 

Organic Chemicals (Rochester, NY). N,N-dimethylformamide (DMF) was from Caledon 

Laboratories (Georgetown, Ontario). Tetraethyl methyelenebisphosphonate, diethylamine, 

paraformaldehyde, calcium hydride (CaH.2), p-toluenesulfonic acid monohydrate, 1,3-

propanedithiol, DZ-homocysteine, aqueous tetrabutyl ammonium hydroxide and 60-270 

mesh silica gel were acquired from Aldrich (Milwaukee, WI). Bromotrimethyl silane 

(BrSi(CH3)3) was obtained from Acros Organics (Fairlawn, NJ). Methanol, 1-butanol, 

carbontetrachloride (CCI4), methylene dichloride (CH2O2), chloroform (CHCI3), 

dimethyl sulphoxide (DMSO) and boric acid were from Fisher (Fairlawn, NJ). Z-cysteine 

was obtained from J.T. Baker Chemical Co. (Phillipsburg, NJ). Toluene was obtained 

from BDH (Toronto, Ontario). 5,5'-Dithio-bis-(2-nitrobenzoic acid) (DTNB) was 

obtained from PIERCE (Rockford, IL). The Spectra/Por dialysis tubing with MW cutoff 

of 12-14,000 Da was acquired from Spectrum Laboratories (Rancho Dominguez, CA). 

The phosphate buffer (pH=7.0) used for conjugation reactions was obtained by mixing 

0.1 M dibasic sodium phosphate and 0.1 M monobasic sodium phosphate solutions. The 

carbonate buffer (pH=10.0) used for dialysis was obtained by mixing 0.2 M sodium 
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bicarbonate and 0.2 M sodium carbonate solutions. The borate buffer (pH=9.4) used for 

TNBS assay was obtained by mixing 0.2 M boric acid in 0.1 M NaOH and 0.1 M NaOH 

to the appropriate pH value. In-house deionized water (ddlHbO) used for dialysis, and 

buffer preparations were derived from a Milli-Q purification system. 

Synthesis of 2-(3-mercapto-propylsulfanyl)-ethyl-l,l-bisphosphonic acid (thiolBP, 

Scheme 1) [14] 

Briefly, a mixture of diethylamine (0.58 g, 8 mmol) and paraformaldehyde (1.21 g, 

40 mmol) in 24 mL of methanol was warmed until clear. Heat was removed, 

tetraethylmethylene-bisphosphonate 1 (2.33 g, 8 mmol) was added and the mixture was 

refluxed for 24 hours. Methanol was removed in vacuo and then toluene was added. 

Catalytic amount of p-toluenesulfonic acid monohydrate was added to the intermediate 2. 

The mixture was refluxed and concentrated after 14 hours. The product was diluted with 

CHCI3 and washed with water, and then the organic layer was dried over MgSCv This 

gave 1.54 g (71% yield) of tetraethyl ethylidenebisphosphonate 3. Then 3 (0.79 g, 2.64 

mmol) was dissolved in CH2C12 (10 mL) and BrSi(CH3)3 (3.85 ml, 29.10 mmol) was 

added dropwise using syringe at 0 °C, then reacted for 48 hours at room temperature. 

CH2CI2 was evaporated under vacuum, the free acid was extracted into ddHiO (1 mL) 

and neutralized with 40% aqueous tetrabutyl-ammonium hydroxide to pH=4. The 

solution was dried in vacuo at 50-60 °C and evaporated under the same conditions with 

1-butanol (5 mL) to an oily residue 4. Then 4 was dissolved in 1-butanol (1 mL) and 

stirred with 1, 3-propanedithiol (1.33 mL, 13.22 mmol) for 2.5 hours at 118-124 °C under 

N2 atmosphere. The mixture was cooled and diluted with H2O. The unreacted materials 
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were thoroughly extracted with hexane. The aqueous layer was vacuum concentrated to 

give a yellow colored oily product, thiolBP 5, along with residual 1-butanol (1-butanol 

was not completely removed since it does not participate in conjugation reactions). The 

structure of thiolBP was confirmed by ^-NMR: 8H (D20): 3.01 (td, 2H, J=6.7 and 

J=15.3), 2.71 (t, 2H, J=7.2), 2.63 (t, 2H, J=7.1), 2.37 (tt, 1H, J=6.7 and J=22.3), 1.90 (p, 

2H, J=7.2), which were consistent with the reported values in the literature [15,16]. 

ThiolBP Conjugation to Fetuin (Scheme 2) 

The conjugation method used in this study was similar to the published procedure 

from our group [5], except the thiol-reactive succinimidyl-4-(N-maleimidomethyl)-

cyclohexane-1-carboxylate (SMCC) was replaced with thiol-reactive dithiopyridine-

containing SPDP. Briefly, a fetuin solution (5 mg/mL in 100 raM phosphate buffer, 

pH=7.0) was incubated for 30 minutes with 5 mM NEM to extinguish any free thiols in 

fetuin. The NEM-treated fetuin solution was then incubated for 3 hours with various 

concentrations of SPDP (see Figure legends), which was initially dissolved in DMF. To 

remove the unreacted linker, the samples were thoroughly dialyzed against 100 mM 

phosphate buffer (pH=5.0). ThiolBP solutions (in 100 mM phosphate buffer, pH=7.0) 

were then added directly to the SPDP-reacted fetuin solutions at equal volumes to give 

final thiolBP concentrations of 2 mM. The reaction was allowed to proceed for 1 hour at 

room temperature, and the unreacted thiolBP was removed by dialysis against 200 mM 

carbonate buffer (x3) and ddH20 (*2). 

Extent of ThiolBP Substitution 
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The protein concentrations in dialyzed samples were determined using the 

Bradford Protein assay [17]: a 50 uL sample was added to 1 mL of the protein reagent, 

which consisted of 0.01% (w/v) Coomassie Blue R-250, 4.7% (w/v) ethanol, and 8.5% 

(w/v) phosphoric acid. The sample absorbances were determined at 595 nm. A calibration 

curve was based on known concentrations of fetuin standards. An organic phosphate 

assay [18] was then used to determine thiolBP concentration in samples. Briefly, 50 uL 

of sample was mixed with 30 uL of 10% Mg(N03)2 in 95% ethanol in glass tubes and 

ashed over a flame. After boiling in 0.3 mL of 0.5 N HC1 for 15 minutes, 0.1 mL of 

ascorbic acid (10% w/v) and 0.6 mL of ( N H ^ M o y C V ^ O (0.42% w/v in 1 N H2S04) 

were added to the tubes and the samples were incubated at 37 °C for 1 hour. The 

absorbances were determined at 820 nm and a calibration curve based on known 

concentrations of thiolBP standards was used to calculate the thiolBP concentrations in 

the conjugate samples. The thiolBP concentration of a sample (mM) was divided by its 

protein concentration (mM) to yield an average thiolBP substitution, i.e., the number of 

thiolBPs conjugated per fetuin. When necessary, thiolBP was also conjugated to bovine 

serum albumin (BSA) using the methodology described for fetuin ([SPDP] = 2 mM, 

[thiolBP] = 1 mM in this case). 

HA Binding Assay 

The mineral affinity of proteins was determined by using a HA binding assay as 

described previously [5]. Briefly, a 100 \xL protein sample was diluted to 400 uL with a 

100 mM phosphate buffer to give a buffer molarity of 75 mM (pH=7.0). The diluted 

samples were then added to microcentrifuge tubes containing 5 mg of HA in duplicate. 
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As a reference (i.e., 0% binding), the samples were incubated in microcentrifuge tubes 

without HA. All samples were shaken for 3 hours at room temperature and centrifuged, 

and the protein concentration in the supernatant was determined using the Bradford assay. 

HA binding (expressed as %binding) was calculated as follows: 100% x [(protein 

concentration without HA) - (protein concentration with HA)] + (protein concentration 

without HA). 

DTNB and TNBS Assays [19] 

In some studies, DTNB and TNBS assays were used for assessment of thiol and 

amine concentration in solution, respectively. For the DTNB assay, 20 uL of a solution is 

added to a cuvette along with 970 oL of 100 mM phosphate buffer (pH=7.0) and 10 uL 

of 100 mM DTNB (dissolved in DMSO). The solution was allowed to incubate for 15 

minutes, and then the absorbance was read at 412 nm. For the TNBS assay, 20 uL of test 

sample, 130 uL of 100 mM phosphate buffer (pH=7.0) and 850 uL of 1 mM TNBS in 

borate buffer (pH=9.4) were added to a cuvette. Then the samples were incubated for 1 

hour at 37 °C, and the absorbance was read at 367 nm. Known concentrations of thiol 

and amine compounds served for the respective calibration curves. 

Conjugate Cleavage with L-Cysteine, DL-Homocysteine and L-Glutathione 

The cleavage of conjugates in solution was determined by dialyzing the proteins 

against 50 mM Tris buffer (pH=7.0) containing varying concentrations of Z-cysteine, DL-

homocysteine and /.-glutathione. Disulfide cleavage was expected to release free BPs to 

be removed by dialysis, leading to a reduction in thiolBP substitution of the proteins. 
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Following dialysis against Tris buffer, the samples were dialyzed extensively against 

double distilled water (ddl-bO) to remove the cleaving thiols from the protein solutions. 

Cleavage of disulfide linkages was expressed as the changes in BP substitution (i.e., 

changes in number of thiolBP per fetuin). HA binding assay was further carried out on 

these samples and the %HA binding was determined as mentioned above. 

For conjugate cleavage on HA surfaces, the fetuin-thiolBP conjugates were 

initially bound to HA by adding 100 uL of protein sample and 200 uL of 150 mM 

phosphate to microcentrifuge tubes containing 5 mg of HA, and shaking for 3 hours at 

room temperature. The conjugate stability while bound to HA was then investigated by 

adding 100 uL of various concentrations of Z-cysteine, Z)Z-homocysteine and L-

glutathione (0-10 mM) dissolved in 100 mM phosphate buffer (pH=7.0). The incubation 

was at room temperature on an orbital shaker. At desired time points, the tubes were 

centrifuged, and aliquots of the supernatant were taken for protein concentrations to be 

assessed with the Bradford assay. The %HA binding was calculated based on the amount 

of protein released into the supernatant. 

RESULTS 

The extent of thiolBP substitution on fetuin was shown in Figure 3-1 A, where the 

thiolBP concentration during the conjugation reaction was maintained at 2 mM and the 

SPDP concentration was changed. Increasing the concentration of SPDP during the 

process of conjugation led to a concentration-dependent increase in the number of 

thiolBPs attached onto fetuin. The conjugates had 3.3 thiolBP/fetuin at the highest 

concentration of SPDP used (5 mM). The control conjugate (i.e., fetuin reacted with 0 
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mM SPDP) had 0.4 thiolBP/fetuin, which presumably reflected the fraction of thiolBP 

that was not removed by dialysis. The HA binding of the conjugate was proportional to 

the extent of thiolBP substitution (Figure 3-1B). These results also corroborated the fact 

that HA binding was mediated by the conjugated thiolBP. 

Next, we explored the changes in the extent of thiolBP substitution for the 

conjugates after incubation with thiols (Figure 3-2). The conjugates were incubated with 

the chosen thiols for 24 hours in solution, and then dialyzed extensively to remove 

cleaved BP and the thiols. Incubation with Z-cysteine, Z)Z-homocysteine and Z-

glutathione all reduced the extent of thiolBP substitution of the conjugates. The extent of 

thiolBP substitution decreased as the concentration of thiols increased (Figure 3-2A). In 

line with the decrease in thiolBP substitution, the %HA binding of the conjugates was 

also decreased (Figure 3-2B). Changes in the thiolBP substitution and %HA binding 

both pointed out that DZ-homocysteine had the highest ability to cleave the conjugates 

among the three thiols. The correlation between the extent of thiolBP substitution and the 

%HA binding is shown in Figure 3-2C. A single correlation between the two variables 

was evident among the cleaved samples. The extent of thiolBP cleavage, and the nature 

of thiol used for conjugate cleavage did not seem to result in a different type of 

correlation. 

The cleavage of the fetuin-thiolBP conjugates was then investigated after the 

conjugates were bound to HA (Figure 3-3). It was not possible to directly detect the 

changes in thiolBP substitution, since the binding medium contained a high concentration 

of phosphate (100 mM phosphate buffer). Changes in %HA binding were assessed after 0, 

4 and 24 hours of thiol incubation. The %HA binding was decreased with the increase of 
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thiol incubation time. Comparing the cleavage among the three thiols, DZ-homocysteine 

again appeared to exhibit the highest cleavage ability. 

In a parallel experiment, the DTNB and TNBS assays were used to investigate the 

binding of the cleaving thiols to HA (all thiol compounds had both -NH2 and -SH 

groups). This was performed to investigate the changes in the thiol concentration, if any, 

during the cleavage period of HA-bound fetuin-thiolBP conjugates. The thiols were 

incubated with the HA in the absence of proteins. There was no significant loss of -NH2 

and -SH groups in the supernatants of HA incubated with Z-cysteine, Z>Z-homocysteine 

and Z-glutathione (Figure 3-4), suggesting that there was little binding of the compounds 

to HA. 

A critical issue is the relative effectiveness of the thiols to cleave the conjugates in 

solution vs. on HA. To this end, cleavage after 24 hours of thiol incubation was compared 

based on %HA binding results, after normalizing the results with respect to the 

conjugates incubated without any thiols (Figure 3-5; data from Figure 3-2 and Figure 3-

3). There was no significant difference in the effectiveness of Z-cysteine (Figure 3-5A) 

and Z)Z-homocysteine (Figure 3-5B) to cleave the conjugates either in solution or on HA. 

Z-Glutathione, on the other hand, gave a better cleavage of the conjugates on HA (Figure 

3-5C) that was most evident at the highest concentration (3 mM) tested. 

Finally, the cleavage of BSA-thiolBP conjugates was investigated to determine the 

cleavage of conjugated thiolBP anchored with a disulfide-linkage to a different protein. 

As with fetuin, (i) all three thiols reduced the thiolBP substitution in a concentration-

dependent manner upon incubation of BSA-thiolBP conjugates with thiols in solution, 

and (ii) ZU-homocysteine gave the most cleavage with the BSA-thiolBP conjugates 
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(Figure 3-6). %HA binding of these conjugates was correspondingly reduced (not 

shown). A comparison of the cleavage of BSA-thiolBP conjugates in solution vs. on HA 

was shown in Figure 3-7. Similar to the results summarized in Figure 3-5, the cleavage 

of BSA-thiolBP conjugates was expressed as a percentage of uncleaved samples (i.e., 

conjugates incubated with 0 mM thiol). For Z-cysteine (Figure 3-7A) and DL-

homocysteine (Figure 3-7B), there was no difference in the two modes of cleavage but 

Z-Glutatahione (Figure 3-7C) gave a higher cleavage on HA surface that was most 

evident at the highest incubation concentration (at 3 mM). 

DISCUSSION AND CONCLUSIONS 

The main objective of this work was to investigate the cleavage of the disulfide-

linked fetuin-thiolBP conjugates by three thiol compounds commonly found in the 

physiological milieu. These results are preparatory to further studies designed to evaluate 

the potential application of the cleavable fetuin conjugates in vivo. The fetuin conjugates 

prepared for the thiol cleavage had thiolBP substitutions of 3.3-4.9 thiolBP per protein. 

This extent of substitution was sufficient to impart a significant mineral affinity, as 

evident by strong (>70%) HA binding in this study. Previous studies also indicated this 

level of substitution to be sufficient for a significant mineral affinity when 

calcium/phosphate-based scaffold are implanted subcutaneously in a rat model [8]. The 

BSA-thiolBP conjugates had higher thiolBP substitutions than the fetuin-thiolBP 

conjugates, consistent with the larger size of this protein {-66 kDa vs. ~48 kDa, 

respectively) and availability of greater numbers of -NH2 groups for the SPDP 

derivatization. 

65 



The stereo configurations of the thiol compounds are shown below: 

0 H NHo ° 

ii \ r 2 ii 
HO—C—C—CH2CH2-C 

I 
HN H O 

V II 
HSH2CC—C 

HSH2C—C—C—OH HSH2CH2C—HC—C—OH i.H _ ^ _ 0 H 

^-Cysteine Z)Z,-Homocysteine Z-Glutathione (reduced) 

The physiological concentration of Z-cysteine in extracellular fluids such as plasma is 

0.2-0.3 mM, at least 10-times higher than the other two thiol compounds used in this 

study (Z>Z-homocysteine: -0.01 mM; Z-glutathione: -0.01 mM) [20-22]. This makes Z-

cysteine most likely thiol for in vivo cleavage of disulfide-linked conjugates. 

Cysteinylglycine, another thiol with relatively high plasma concentration (0.03-0.06 mM), 

was not utilized in this study since we could not locate a commercial source of the 

compound. Many other thiol compounds, such as cysteamine, mycothiol, ergothioneine 

and ovothiol, are present in biological milieu but their concentrations are significantly 

lower than the thiol compounds employed in this study [23], and they are not expected to 

be significant participants in the disulfide cleavage. I-Glutathione is unique among the 

thiols in that it is the predominant low molecular-weight thiol (0.5-1 OmM) present 

intracellularly, but its extracellular concentration is relatively low (e.g. 0.002-0.02mM in 

plasma) [24]. Thus, Z-glutathione may be the most significant participant in the 

intracellular cleavage of the disulfide-linked BP conjugates. This study did not address 

the cell-based cleavage of BP conjugates. Whereas Z-glutathione was largest among the 

thiol compounds used in this study, the cysteine precursor Z>Z-homocysteine contained a 

-SH group that was separated form the a-C with an extra methylene group. This makes 
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the -SH group of Z)Z-homocysteine sterically less hindered. All three thiol compounds 

gave identical calibration curves (absorbance at 412 nm vs. molar concentration) by the 

DTNB assay (not shown), indicating that the compounds had equivalent thiol content per 

mol basis, and were not oxidized. 

All three thiols cleaved the fetuin-thiolBP conjugates in a concentration-

dependent manner, as evident by the reduction in thiolBP substitution, and loss of HA 

affinity. Significant cleavage was observed at thiol concentrations of ~0.3 mM (the 

physiological concentration of Z-cysteine) but not at -0.1 mM or less (the physiological 

concentrations of DZ-homocysteine and Z-glutathione). Based on the established 

mechanism of disulfide cleavage [25], the cleavage should occur by: (i) ionization of the 

attacking thiol (R - SH <-> R - S~ + H+); (ii) nucleophilic attack of the resultant thiolate 

on the disulfide ( Fetuin -S -S -BP + R-S' <-> Fetuin -S-S -R+S -BP), and; (iii) 

protonation of the leaving thiolate group (" S - BP + H+ <-» HS - BP ). The concentration 

dependent cleavage is consistent with the availability of increasing thiolate concentration 

in the reaction medium. Since the cleavage is performed with the thiolate anion (rather 

than unionized thiol), the extent of thiol ionization will determine the disulfide cleavage 

rate. The fractional dissociation (i.e., [RS"]/[RSH]) of thiol compounds is dictated by 

their ionization constants (pKa), which are 8.37, 8.87 and 8.75 for Z-cysteine, DL-

homocysteine, and l-glutathione at 25 °C, respectively [26]. The fractional dissociation is 

given by 10"pK7(10"pKa + 10"pH) [25]. Given the medium pH of 7.0 in our studies, the 

fractional dissociation of Z-cysteine, Z)Z-homocysteine, and Z-glutathione was expected 

to be 0.041, 0.013 and 0.017, respectively. Assuming an equivalent reactivity of the 

thiolate anions (i.e., irrespective of the parent thiol compound), Z-cysteine was expected 
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to give the highest cleavage rate, whereas DZ-homocysteine was expected to give the 

lowest cleavage at a fixed thiol concentration. This was contrary to our observations, 

where Z)Z-homocysteine yielded the highest extent of disulfide cleavage rate among the 

three thiols (see Figures 3-2, 3-3, and 3-6). Therefore, DZ-homocysteine thiolate seems 

to be intrinsically more reactive towards the disulfide linkage, possibly due to less steric 

hindrance of the thiolate anion for the disulfide attack. The Z-glutathione and Z-cysteine 

had similar cleavage rates of the disulfide linkage, despite the expected lower extent of L-

glutathione dissociation, and the larger size of the glutathione thiolate that will lead to 

more sterically hindered thiolate. 

The established mechanism of disulfide cleavage also suggests the incorporation 

of the cleaving thiolate into conjugates. We were concerned that the HA affinity of the 

cleaved conjugate might have been differentially affected by the nature of the cleaving 

thiol in this case. Figure 3-2C, however, indicates that once the thiolBP is cleaved from 

the conjugate, the HA affinity was significantly diminished and that the final product, 

irrespective of the cleaving thiol compound, appeared to have a similar correlation 

between the extent of thiolBP substitution remaining and the resultant HA affinity. This 

was additionally supportive of the thiolBP to be primarily responsible for the exhibited 

HA affinity under our experimental conditions, rather than other functional groups on the 

proteins. 

The cleavage experiments were also performed when the thiolBP-conjugates were 

already bound to HA. This was important to explore since, after the conjugates are 

delivered in vivo, the contact of proteins with circulating thiols might be obscured due to 

protein binding to the mineral matrix. Our earlier studies suggested a difference in the 
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rate of disulfide cleavage (cleaving species: Z-cysteine) whether the conjugates were in 

solution or on HA [14]. The results in this study showed no significant difference in 

conjugate cleavage in solution and on HA surface when the cleaving species was Z-

cysteine and DZ-homocysteine. This was the case for both fetuin and BSA conjugates 

with different extent of thiolBP substitutions. Interestingly, cleavage by Z-glutathione 

was enhanced on HA surfaces for both fetuin and BSA conjugates. We initially thought 

that differences in the HA binding of thiols might lead to differential thiol concentration 

on HA surfaces (e.g., if Z-glutathione had bound better to HA), and this might have 

explained better cleavage of HA-bound conjugates with Z-glutathione. Our data, however, 

indicated no significant binding of any of the thiols to HA (see Figure 3-4). We also 

envisioned the possibility of differences in soluble thiol oxidation during the cleavage 

reaction, but data in Figure 3-4 also argues against this possibility since insignificant loss 

of thiol was noted during the cleavage experiments. Therefore, the reason(s) for the better 

Z-glutathione-mediated cleavage of conjugates on HA is not presently known. 

Our future studies will focus on in vivo cleavage of the disulfide tethers in the 

thiolBP conjugates. Since the BP-conjugates could be used for systemic therapy after 

intravenous injection, or local therapy after implantation with mineral-based carriers, it 

will be critical to determine the cleavage rates once the conjugates reach to bones in the 

former case, or after the conjugates are implanted with matrices in the latter case. 

Conjugate cleavage in vitro did not seem to require any additional components apart from 

the cleaving thiol compounds, but it will be important to determine if this is the case in 

vivo as well, or if enzymatic components in plasma or bone environment will contribute 

to the conjugate cleavage as well. 
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In conclusion, the results of this study indicated that thiolBP conjugation to fetuin 

was controlled by varying the concentrations of the crosslinker SPDP. The extent of HA 

binding was proportional to the thiolBP substitution on the conjugates. The cleavage of 

the disulfide linkage in thiolBP-fetuin conjugates was explored by the physiological 

thiols Z,-cysteine, DZ-homocysteine and Z-glutathione, and all three thiols were found to 

be capable of cleaving the conjugates. DL-homocysteine exhibited the fastest cleavage of 

conjugates in solution, possibly due to less sterically hindered thiol in this compound. 

The %HA binding of the conjugates was decreased in line with the removal of thiolBP 

from the conjugates. Two ways of cleavage of protein-thiolBP conjugates, in solution and 

on HA surface, were performed, and our results showed no significant difference between 

these two cleavage methods for I-cysteine and DZ,-homocysteine, while I-glutathione 

cleaved the conjugates better after the proteins were bound to HA surfaces. Future studies 

will focus on in vivo delivery of the cleavage in order to assess cleavage kinetics of the 

disulfide-linked thiolBP conjugates under physiological conditions . 

# This disulfide cleavage of protein-BP conjugate was further evaluated in vivo with a 
subcutaneous implant model in rats, in comparison with the stable thioether linkages, and 
reported by our group (J.E.I. Wright et al., Biomaterials, 27 (2006) 769-784). 
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Figure 3-1. ThiolBP substitution on fetuin at various concentrations of SPDP (A) and 
%HA binding of the conjugates (B). The protein samples were first reacted with the 
indicated SPDP concentrations, then incubated with 2 mM thiolBP for 1 hour, and finally 
dialyzed to remove unreacted compounds. For control fetuin, there was a small extent of 
thiolBP remaining in the sample but no significant HA binding. The conjugates with >2 
thiolBP/fetuin gave a strong %HA binding. 
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Figure 3-2. Changes in thiolBP substitution of the conjugates after incubation with 0 
(control), 0.1, 0.3, 1 and 3 mM I-cysteine, DL-homocysteine and I-glutathione. 
Conjugates were incubated with the thiols for 24 hours, and the number of thiolBP/fetuin 
was determined for each sample after extensive dialysis. A. A decline in the thiolBP 
substitution was evident as the concentration of thiols was increased. B. %HA binding 
was also decreased for the conjugates incubated with all of the thiols. C. Correlation 
between %HA binding and thiolBP substitution of the conjugates (data from A and B 
were combined for this analysis). All results are mean ± SD of duplicate measurements. 
Based on A and B, DZ-homocysteine appeared to exhibit the fastest cleavage rate among 
the three thiols. 
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Figure 3-3. Changes in %HA binding of the conjugates after incubation of HA-bound 
conjugates with Z-cysteine (A), DZ-homocysteine (B) and Z-glutathione (C). The 
conjugates were first allowed to bind to HA for 3 hours, followed by the addition of the 
thiols to the HA supernatants while on an orbital shaker. The protein concentrations in 
the supernatants were determined at 0, 4 and 24 hours to calculate %HA binding. The 
%HA binding decreased with (i) increasing incubation time, and (ii) increasing thiol 
concentration. A similar trend was observed for the three chosen thiols, and DL-
homocysteine exhibited the most conjugate cleavage after 24 hours among the three 
thiols. 
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Figure 3-4. Changes in thiol and amine concentrations (mean ± SD) when the indicated 
thiols were incubated with HA in the absence of proteins. DTNB and TNBS assays were 
used for thiol and amine groups in solution, respectively. Both the thiol groups (A) and 
the amine groups (B) did not change significantly during the 24 hour incubation period, 
indicating little binding of the thiol compounds to the HA. 
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Figure 3-5. Comparison of the cleavage of fetuin-thiolBP conjugates in solution and 
bound to HA. The data from Figure 3-2B and Figure 3-3 (only 24 hour time point) were 
normalized with respect to incubation with 0 mM thiol (control sample) to directly 
compare the two modes of cleavage. There was no difference in cleavage in solution or 
on HA when the conjugates were incubated with Z-cysteine and Dl-homocysteine, while 
I-glutathione cleaved the conjugates to a higher extent on HA surface (especially at the 
highest concentration used). 
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Figure 3-6. Changes in the thiolBP substitution for BSA-thiolBP conjugates in solution 
after incubation with Z-cysteine, Z)Z-homocysteine, and Z-glutathione. The control refers 
to the conjugate sample incubated without any thiols (i.e., uncleaved). The thiolBP 
substitution was decreased with increasing thiol concentrations in solution and DL-
homocysteine exhibited the highest cleavage ability among the three thiols. 
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Figure 3-7. Comparison of the cleavage of BSA-thiolBP conjugates in solution and 
bound to HA. As in Figure 3-5, the data in this figure was obtained by normalizing the 
conjugate cleavages with respect to an uncleaved sample (i.e., sample incubation with 0 
mM thiol) to directly compare the two modes of cleavage. The two modes of cleavage 
were similar for the samples incubated with Z-cysteine and DZ-homocysteine, while L-
glutathione cleaved the conjugates to a higher extent on HA surface (especially at the 
highest concentration used). 
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CHAPTER IV 

The Interaction of Cationic Polymers and Their 

Bisphosphonate Derivatives with Hydroxyapatite1 

'The contents of this chapter have been previously published in: S. Zhang, J.E.I. Wright, 
N. Ozber and H. Uludag. The interactions of cationic polymers and their bisphosphonate 
derivatives with hydroxyapatite, Macromol. Biosci., 7 (2007) 656-670. 
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INTRODUCTION 

Bisphosphonates (BPs) is a class of bone-seeking compounds due to the strong 

affinity of the spatially-optimized anionic phosphonates to bone mineral. BPs originated 

from the inorganic pyrophosphonate, which binds to bone mineral surface and prevents 

its dissolution. By replacing the P-O-P linkage in pyrophosphates with the P-C-P linkage, 

BPs become resistant to hydrolysis, and exhibit a prolonged persistence in situ [1]. A 

high percentage of administered BPs deposits to bones, and get concentrated at sites with 

a high metabolic turnover [2]. Because of this unique feature, much effort has been made 

to conjugate therapeutic agents with BPs to impart osteotropicity to the agents. Previous 

studies demonstrated that direct conjugation of BPs onto proteins is an effective means to 

enhance the mineral affinity of a wide-range of proteins, such as albumin (66 kDa), 

lysozyme (14 kDa) and Imunoglobulin G (150 kDa) [3-6]. Retaining bioactivity after 

conjugation is the central issue with the BP-derivatized proteins. In order to design bone-

seeking proteins with minimal modification, dendritic BPs with two and four copies of 

BPs in a single molecule, were synthesized [6,7] with the purpose of introducing a high 

density of bisphosphonic acids on a single protein site. These multimeric BPs were 

advantageous over the conventional BPs for bone targeting, but did not exhibit a 

proportional increase in bone targeting efficiency as the BP content was increased. 

Presumably, a lack of flexibility in such compounds and possible steric hindrances to 

mineral access limited the ability of the compounds to impart a stronger mineral affinity 

to the conjugated molecules. 

An alternative to such sterically constrained ligands is polymers incorporating 

multiple copies of BPs. Polymeric drug delivery systems are well-known for their ability 

82 



to provide a longer half-life of therapeutics in circulation, increasing drug solubility and 

stability, and improving the therapeutic efficiency for certain proteins and cancer 

therapies [8]. By employing polymers as an intermediate between a protein and BPs, 

multiple copies of BPs can be linked to proteins via a flexible linkage. This approach is 

preferable to directly conjugating several BPs onto proteins, in that a possible adverse 

effect on protein bioactivity could be minimized due to the need for minimal attachment 

site on proteins. The polymeric ligands for bone-targeting was initially reported by 

Kopecek group, based on N-(2-hydroxypropyl)methacrylamide (HPMA) polymers with 

bone-targeting alendronate ((4-amino-l-hydroxybutylidene)bisphosphonic acid) and 

poly-Z)-Aspartic acid moieties [9]. Wang et al [10] synthesized a poly(N-

isopropylacrylamide)-based hydrogel with pamidronate ((3-amino-l-

hydroxypropylidene)bisphosphonic acid), where pamidronate was incorporated into 

polymers with a monomeric BP suitable for polymerization. 

We propose to construct polymeric bone-targeting ligands by conjugating a 

conventional BP, 2-(3-mercaptopropylsulfanyl)-ethyl-l,l-bisphosphonic acid (thiolBP), 

to poly(Z-lysine) (PLL) and poly(ethylenimine) (PEI). PLL and PEI are two cationic 

polymers previously used for drug delivery; whereas PEI is a synthetic polymer, PLL is a 

polypeptide composed of the amino acid lysine. Ample primary amines are available in 

the polymers for chemical modification, so that multiple ligands can be introduced into 

the polymers, as was the case of chlorin e6 conjugation to PLL in photodynamic therapy 

[11], and P-cyclodextrin conjugation to PEI in DNA delivery [12]. A critical issue in 

designing such linkers is the inherent affinity of the cationic polymers for HA. Cationic 

proteins, such as lysozyme, are known to bind to bone mineral [13], and polycations with 
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a high density of positive charges might exhibit a similar interaction. The HA, 

Caio(P04)6(OH)2, with its ensemble of oppositely charged ions [14], displays a slightly 

negative surface charge under physiological milieu since the point of zero charge of HA 

is -7.3 [15], making it conducive for binding of cationic molecules. 

This paper represents the first step in our efforts to construct bone-targeting 

technology based on polymeric-BP linkers. By utilizing two separate crosslinkers, N-

hydroxysuccinimidyl polyethyleneglycol maleimide (NHS-PEG-MAL) for PLL and 

succinimidyl-4-(N-maleimidomethyl)-cyclohexane-l-carboxylate (SMCC) for PEI, 

polymer-BP conjugates were constructed. The mineral affinity of the conjugates was 

compared to the affinity of native polymers. The binding was assessed in the absence of 

competing ions (conditions conducive for molecular binding), as well as in high 

phosphate buffers, which compete effectively for binding of macromolecules to the 

mineral phase. In addition, binding in the presence of serum was assessed to mimic the in 

situ conditions. Finally, the mineral affinity of a select set of polymers was evaluated in a 

rat subcutaneous implant model using mineral-based carriers. Our results indicated that 

the chosen cationic polymers displayed a strong mineral affinity, and BP conjugation to 

the polymers did not impart any additional mineral affinity to the polymers. 

MATERIALS AND METHODS 

Materials 

The synthesis of 2-(3-mercaptopropylsulfanyl)-ethyl-l,l-bisphosphonic acid 

(thiolBP) was described in Ref [16]. Branched PEIs (Mw -25 kDa and Mw ~2 kDa), and 

triethylamine were obtained from Aldrich (Milwaukee, WI). HBr salt of PLL with 
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different MWs, acetic anhydride, picrylsulfonic acid solution (TNBS; 5% w/v), 1,3,4,6-

tetrachloro-3a,6a-diphenylglycouril (TCDG), and N-succinimidyl-3-(4-hydroxy-phenyl) 

propionate (SHPP) were obtained from Sigma (St. Louis, MO). Fluorescein 

isothiocyanate (FITC) was obtained from PIERCE (Rockford, IL). Na125I (in 100 mM 

NaOH) was obtained from Perkin-Elmer (Wellesley, MA). SMCC was from Molecular 

Biosciences (Boulder, CO) and NHS-PEG-MAL (3.4 kDa) from NEKTAR (Huntsville, 

AL). The Spectra/Por dialysis tubing with 12-14 kDa cut-off was acquired from 

Spectrum Laboratories (Rancho Dominguez, CA). Distilled/de-ionized water (ddH20) 

used for buffer preparations were derived from a Milli-Q purification system. Serum used 

in binding studies were freshly prepared from Sprague-Dawley rats, after allowing the 

blood obtained by cardiac puncture to clot, and removing the clotted fraction by 

centrifugation (stored at -20 °C). The Skelite™ implants were obtained from Millenium 

Biologix Inc. (Mississauga, Ontario). Synthetic HA was prepared according to the 

method of Tiselius et al. [17], with modifications of Bernardi et al [18]. Briefly, 200 mL 

of 0.5 M CaCl2 and 200 mL of 0.5 M Na2HP04 were added to 20 mL of 1 M NaCl at a 

rate of 250 mL/hour under stirring. The precipitate was washed with ddH20, suspended 

in 400 mL dH20, and 10 mL of 40% (w/w) NaOH was added to the precipitate. The 

mixture was boiled for 1 hour under stirring, washed with ddH20, re-suspended in 400 

mL of 10 mM sodium phosphate buffer (pH=6.8) and heated to just boiling. This was 

repeated once more with 1 mM sodium phosphate buffer and the mixture was boiled for 5 

minutes. The HA crystals were blade-like (see Supplementary SEM image, Figure S4-1), 

as described in the original procedure. 
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ThiolBP Conjugation to Polymers (Scheme 4-1) 

Conjugation ofthiolBP to PLL. The PLL used in conjugations was labeled with FITC to 

better quantify the polymer amounts in samples at low polymer concentrations. The PLL 

was first dissolved in 100 mM phosphate buffer (pH=7.0), precipitated with excess 

ethanol, and washed with 100% ethanol to remove small amines that might have 

interfered with conjugation reactions. The PLL (2 mg/mL in 100 mM phosphate) was 

then incubated with 0.1 mM FITC (prepared as 10 mM stock solution in DMSO) for 2 

hours, and precipitated by 100% ethanol and re-dissolved in phosphate buffer (100 mM, 

pH=7.0) before conjugations. The thiolBP was conjugated to FITC-labeled PLL by using 

NHS-PEG-MAL as the linker. The NHS-PEG-MAL and thiolBP was separately 

dissolved in 100 mM, pH=7.0 phosphate (5 and 10 mM, respectively), and mixed at 

equal volumes for 1 hour at room temperature (see Legends for exact concentrations). 

Then, FITC-PLL dissolved at 2 mg/mL in 100 mM phosphate (pH=7.0) was added to this 

solution at equal volume, and incubated for 2.5 hours at room temperature. To remove 

the unreacted linker and thiolBP, the samples were thoroughly dialyzed against 200 mM 

carbonate buffer (><3) followed by dialysis against ddHiO (><2). 

Conjugation ofthiolBP to PEL A series of SMCC solutions dissolved in DMF was 

mixed with equal volume ofthiolBP solutions in 100 mM phosphate buffer (pH=7.0) for 

1 hour at room temperature (see Legends for exact concentrations). The PEI solutions 

(3.2 mg/mL in 100 mM, pH=7.0 phosphate buffer; PEI purified by dialysis) were then 

added to the SMCC/thiolBP solutions at equal volumes, and incubated for 2.5 hours at 

room temperature. To remove the unreacted reagents, the samples were thoroughly 
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dialyzed against 200 mM carbonate buffer (*3) followed by ddH20 dialysis (x2). Where 

indicated, the PEI conjugates were labeled with FITC after the conjugation reaction for 

binding studies. A stock solution of FITC (10 mM in DMSO) was added to the polymer 

samples for 2.5 hours to give a final concentration of 0.1 mM FITC, after which the 

samples were dialyzed against ddH20 (x2) to remove the unreacted FITC. 

Modification of Primary Amines on PEI 

One set of samples was prepared by reacting PEI (25 kDa) with different [NHS-

PEG-MAL] without thiolBP addition. Briefly, the NHS-PEG-MAL was dissolved in 100 

mM, pH=7.0 phosphate (see Legends for concentrations) and PEI solution (3.2 mg/mL in 

100 mM phosphate, pH=7.0) was added to this solution at a volume ratio of 2:1 for 

PEI:NHS-PEG-MAL. The samples were incubated for 2.5 hours at room temperature, 

then dialyzed against 100 mM phosphate buffer (pH=5.0). Another set of samples was 

prepared by reacting PEI with different concentrations of acetic anhydride for different 

degree of acetylation [19]. The reactions were carried out in glass vials in anhydrous 

methanol at room temperature for 24 hours. Triethylamine (10% mole excess based on 

the amount of acetic anhydride) was added to quench the acetic acid formed as a side 

product during the reaction. The samples were dialyzed against 100 mM phosphate buffer 

(pH=8.0) and ddH20. 

Biochemical Assays 

TNBS Assay [20] The TNBS assay was used for assessment of [amine] in solution. 20 

uL of a test sample, 130 uL of 100 mM phosphate buffer (pH=7.0) and 850 uL of 1 mM 
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TNBS in borate buffer (pH=9.4) were added to a cuvette, and the samples were incubated 

for 1 hour at 37 °C. The absorbance of the solutions was read at 367 nm. Serially diluted 

cysteine solutions typically served for the calibration curve. 

Phosphate Assay [21] The [thiolBP] in conjugates was determined by measuring the 

total phosphate in the samples. 50 uL of sample was mixed with 30 uL of 10% 

Mg(N03)2 in 95% ethanol in glass tubes and ashed over a flame. After boiling in 0.3 mL 

of 0.5 N HC1 for 15 minutes, 0.6 mL of (NH^MoyChHt^O (0.42% w/v in 1 N H2S04) 

and 0.1 mL of ascorbic acid (10% w/v) were added to the tubes and the samples were 

incubated at 37 °C for 1 hour. The absorbance was determined at 820 nm by a UV 

spectrophotometer (Pharmacia Biotech, Ultrospec®2000), and a calibration curve based 

on known concentrations of thiolBP was used. Where indicated, the [thiolBP] (in mM) 

generated here was divided by the [polymer] (in mM) in each sample to obtain an 

average thiolBP substitution; i.e., the number of thiolBPs per polymer molecule. The 

[polymer] was based on either TNBS assay (for PEI) or FITC fluorescence (for PLL) 

with the appropriate standard curves for each polymer preparation. 

Copper (ID/PEI Complexation Assay [22,23] A spectroscopic method was additionally 

used for determining [PEI]. This was necessary to confirm that TNBS-based assay for 

[PEI] did not result in an underestimate due to amine modifications (i.e., since amine 

modification by various reactions might lead to lower TNBS signal, hence lower [PEI] -

note that most reactions for this study utilized <10% amine modification). 100 uL of 

samples was added to 100 uL of 20 mM Cu(S04)2 solution, and the mixture was diluted 
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to 500 \iL with 100 mM acetate buffer (pH = 5.4). The absorbance was read at 630 nm. 

Known concentration of native PEI served as the calibration standards. Modification of 

primary amines of PEI with acetic anhydride was found not to affect the calibration curve 

(not shown), confirming that the assay was insensitive to primary amine modification. 

Assessment of Mineral Affinity 

The mineral affinity of the polymers was investigated by using HA and 

unprocessed bone matrix from rat femurs/tibiae [24]. In a typical HA binding assay, a 

100 uL polymer sample was diluted with 300 uL of phosphate buffer (pH=7.0) to give 

0 - 300 mM phosphate (see Legends for final [polymer] in the binding medium). The 

diluted samples were then added to microcentrifuge tubes containing 5 mg of HA in 

duplicate. As a reference (i.e., 0% of binding), the samples were incubated in tubes 

without HA. The tubes were incubated at room temperature on an orbital shaker for 3 

hours, and centrifuged to separate the matrix from the supernatant. The ligand 

concentration in the supernatant was determined by either the TNBS assay or by 

fluorescence for FITC-labeled polymers. For the latter, a 200 |a.L of the aliquot was added 

to black 96-well plates (NUNC, Rochester, NY) and the fluorescence (A,ex: 485 nm; Xem: 

527 nm) was determined with a multiwell plate reader (Thermo Labsystems, Franklin, 

MA). The [ligand] in supernatants were calculated based on appropriate calibration 

curves, and used to calculate %HA binding as: 100% x {([ligand] without HA) -

([ligand] with HA)} / ([ligand] without HA). 

Modifications of this procedure were used to explore the effect of various 

parameters on binding. In some studies, fresh rat serum was added to the binding buffer 
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at 20-50% (v/v) to investigate the effect of serum on binding efficiency. In this case, only 

FITC-labeled polymers were utilized, and assay conditions were adjusted (20 uL sample 

+ 180 uL of 100 mM phosphate buffer, pH=7.0) to ensure no interference of serum on the 

fluorescence measurements. 

In one series of studies, HA was replaced with bone matrix (50 mg bone matrix 

with size range of 0.1-2 mm), and binding was assessed with FITC-labeled ligands as 

above. The bone matrix was prepared as described previously.[3] The bone matrices were 

washed with phosphate buffered saline (PBS, pH=7.2) (*3) with centrifugation between 

washes, and the fluorescence in the supernatant and washes were determined. Percent 

ligand binding was calculated as above. 

Assessment of In Vivo Affinity in Rat Subcutaneous Implant Model 

In vivo mineral affinity of the native PEI and a thiolBP-PEI conjugate was 

assessed by using 125I-labeled polymers, and Skelite™ matrices, according to the 

methodology described in a previous publication [24]. The extent of thiolBP substitution 

for the conjugates was determined prior to implantation. 8-week-old female Sprague-

Dawley rats were purchased from Biosciences (Edmonton, Alberta). The rats were 

acclimated for 1 week under standard laboratory conditions (23 °C, 12 hours of light/dark 

cycle) prior to the beginning of the study. While maintained in pairs in sterilized cages, 

rats were provided standard commercial rat chow, and tap water ad libitum for the 

duration of the study. All procedures involving the rats were approved by the Animal 

Welfare Committee at the University of Alberta (Edmonton, Alberta). 
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Preparation of Radiolabeled Polymer. Polymers were first conjugated to the unlabelled 

Bolton & Hunter reagent SHPP in 50 mM carbonate buffer (pH=9.4), followed by 

addition of 125I to the tyrosine ring of SHPP [25]. Briefly, SHPP was dissolved in DMSO 

at 2.4 mg/mL and 4 uL of this solution was added to 600 uL of -0.05 mg/mL (~30 |ig) 

polymer solutions in 50 mM carbonate buffer (pH=9.4). The mixture was incubated for 

30 min at room temperature and then dialyzed against PBS (pH=7.2, ><3). 

Microcentrifuge tubes were coated with TCDG (200 uL of 20 mg/mL TCDG in 

chloroform), and 10 JJ,L of polymer solution was added to the coated tubes, along with 50 

uL of PBS and 20 uL of 0.2 mCi of Na125I. After reacting for 25 min, free 125I was 

separated from the radiolabeled polymer by using a Sephadex G-25 column. After 

precipitating an aliquot of the purified samples with 20% trichloroacetic acid (TCA), the 

counts in the supernatant and the precipitate was determined with a y-counter (Wizard 

1470; Wallac, Turku, Finland), and it was confirmed that all iodinated samples contained 

<6% free 125I. 

Implantation. The Skelite™ implants (4x4x4 mm3 cubes) were prepared by soaking 30 

uL of 125I-labeled polymer solutions into the implants. The exact counts in the added 30 

uL solution was determined and used as the implanted polymer dose. 12 rats were 

utilized for implantation in total. Once rats were anesthetized with inhalational 

Metofane™ (methoxyflurane; Janssen Inc., Toronto, ON), two wet implants were 

implanted subcutaneously into bilateral ventral pouches in each rat. At indicated time 

points, 2 rats were euthanized with CO2, the implants recovered, and the counts 

associated with the excised implants were quantified by using a y-counter. Tissue 
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surrounding the implants were also recovered and counted. The amount of polymer 

retention, expressed as a percent of implanted dose, was calculated as follows: 100% x 

[(final counts in implant)/(initial counts in implant)]. The results are summarized as mean 

± SD of %implant retention of polymers for 4 implants at each time point. Statistical 

differences between the group means were analyzed by the 2-sided Mest. 

In Vitro Binding to Skelite™. The affinity of radiolabeled polymers for Skelite™ matrix 

was assessed in vitro as in HA binding assay. The binding was performed by incubating 

polymer-soaked Skelite™ matrices (prepared as above) in serum-containing PBS 

(pH=7.2, 50% v/v) for 2 hours. The matrices were then extensively washed with PBS 

(pH=7.2) to remove any fluid entrapped within the pores of the matrices. The Skelite™ 

matrices were separated from the supernatant by centrifugation, and the counts in the 

matrices and the supernatant were determined. The Skelite™ binding was calculated as 

follows: {(counts in matrix) + (counts in supernatant + washes + matrix)} x 100%. 

RESULTS AND DISCUSSION 

This study was conducted as a first step towards our ultimate goal, namely to 

construct bone-seeking therapeutic agents with BP-incorporating polymeric targeting 

groups. Two sets of experiments were conducted towards this goal: (i) the mineral 

affinity of two cationic linkers (PLL and PEI) considered suitable for BP attachment was 

first determined; (ii) the thiolBP was subsequently conjugated to the chosen polymers, 

and the mineral affinity of the resultant thiolBP derivatives were compared to the 
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unmodified polymers. An in vitro HA binding assay as well as a rat subcutaneous implant 

model were used for assessment of the mineral affinity. 

Interaction of Cationic Polymers with HA 

PLL Interaction with HA. The HA affinity of unmodified PLL was first assessed with 

different MW PLLs (4, 9, and 25 kDa) in various [phosphate] (i.e. concentration of 

phosphate) (pH=7.0). The [PLL] in the supernatant of HA binding assay was determined 

by either TNBS assay, which is based on the quantitation of primary -NH2 groups, and 

fluorescence measurements by using FITC-labeled PLL (Figure 4-1A and 4-1B, 

respectively). For the 4 kDa PLL, a strong binding was obtained in 0 mM phosphate 

buffer by both assays, but the extent of binding was lower upon increasing the [phosphate] 

in the buffer. HA binding of 9 and 25 kDa PLLs was relatively stronger in all phosphate 

buffers. Assessment by FITC-labeled PLL gave a similar result, albeit the binding values 

obtained was relatively lower than the values from the TNBS assay, which was expected 

to be more accurate since it does not chemically modify the polymers, and cannot 

inadvertently influence the HA binding of the polymers. Our previous studies indicated 

that FITC-labeling underestimated HA binding when the [FITC] used for labeling was 

>0.1 mM [26]. Even though we used [FITC] of 0.1 mM, it is likely that we are slightly 

underestimating the HA affinity of PLL from this method. Nevertheless, we continued to 

utilize the FITC-labeled PLL, since certain binding conditions did not allow us to use the 

TNBS assay (see below). 

The PLL will be positively charged during the binding assay, given the pKa of e-

NH2 in PLL (10.5) and our experimental pH (7.0). The reduction in binding with 
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increasing [phosphate] was most likely due to increased electrostatic shielding between 

the charged moieties of the PLL and the HA surface responsible for macromolecule 

adsorption to HA surfaces. With increased shielding at higher [phosphate], the strength of 

the point interactions between the PLLs and the HA was expected to be reduced. The 4 

kDa PLL, which contained a relatively lower number of interacting species, was expected 

to be more significantly influenced as a result of increasing shielding, consistent with our 

results. The 9 and 25 kDa PLL contained more interacting species that presumably 

compensated for the shielding effect. 

The effect of serum on binding was investigated next since in vivo bone binding is 

expected to take place in the presence of serum constituents capable of competing for 

mineral binding (e.g., serum proteins and other cations such as Ca2+) [27]. The binding in 

the presence of serum was evaluated by the FITC-labeled PLL, since serum interfered 

with the TNBS assay (Figure 4-2). Both HA and bone particles were used in this assay to 

better mimic the in vivo binding substrate. In 0 mM phosphate buffer, the presence of 

serum (20% v/v) reduced PLL binding to HA by -15% and by a more significant fraction 

of -60% to bone particles. In 100 mM phosphate buffer, the presence of serum had 

unnoticeable effect on PLL binding to HA (-3% decrease), while reducing PLL binding 

to bone by -20%. The binding pattern in 300 mM phosphate was similar to the one 

observed in 100 mM phosphate buffer. The more significant serum inhibition observed in 

0 mM phosphate was presumably due to stronger binding of serum components to the 

mineralized matrices, which competed more effectively with the PLL adsorption to the 

mineral matrices. One competing species will be serum albumin, whose mineral binding 

is strong in the absence of phosphate, but loses mineral binding all together in 100 mM 
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phosphate in our HA binding assay [26]. This effect was more prominent for PLL 

binding to the bone particles. The synthetic HA should be composed of well hydrated 

particles, which is expected to present a greater surface area for adsorption, partially 

compensating for the increased competition of serum constituents. Nevertheless, these 

results indicated a strong affinity of the cationic PLL to both HA and bone particles in the 

presence of a significant quantity of competing serum components. The level of PLL 

binding seen in this highly standardized binding assay was equivalently to the binding of 

BPs previously reported by our group [26]. 

PEI Interaction with HA. PEI contains a combination of primary, secondary and tertiary 

amines with an isoelectric point of 10.8 [28]. Unlike the linear PLL, the branched PEI 

assumes a spherically symmetric, compact molecule in solution [29]. All of the PEI 

amines are expected to be charged under our experimental conditions since the pKa are 

10.63, 10.98 and 10.65 [30]. The HA binding of 2 commercially available PEI molecules 

(2 and 25 kDa) was assessed at 0-300 mM [phosphate], and in a [PEI] range of 0.1 to 1.0 

mg/mL. For both 2 (Figure 4-3A) and 25 kDa (Figure 4-3B) PEI, %HA binding was 

decreased as a function of [PEI] in all phosphate buffers. The total amount of binding, 

however, was increased with increasing [PEI] in the medium (Figure 4-3C). Comparing 

the binding of 2 vs. 25 kDa PEIs, no significant differences appeared at the 0 mM 

phosphate buffer, but a difference was evident at 100 and 300 mM phosphate buffers 

(Figure 4-3C); the larger MW PEI gave a significantly higher adsorption at high 

[phosphate]. This is unlike the PLL binding, where higher [phosphate] reduced the 

polymer binding. A strong PEI binding to HA was also noted by others under 
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chromatographic conditions, where PEI removal from a HA column was not possible 

even with a 400 mM phosphate [31]. 

The non-electrostatic (i.e., hydrophobic) effects were likely the reason behind 

increased PEI binding with increasing [phosphate]. Van de Steeg et al. [32], who 

investigated the polyelectrolytes adsorption on oppositely charged surfaces based on a 

model by Bohmer et al. [33], proposed a transition region between the "screening-

reduced adsorption regime" (i.e., increasing [salt] reducing polyelectrolyte adsorption) 

and "screening-enhanced adsorption regime" (i.e., increasing [salt] increasing 

polyelectrolyte adsorption). In the latter case, screening of repulsive forces among 

polyelectrolyte segments dominates the binding behavior. Whereas a purely electrostatic 

interaction is always attenuated as a result of increased ionic strength, the binding of a 

shielded polyelectrolyte may increase if additional attractive forces exist between the 

polyelectrolyte and the surface. PEI is known to display non-electrostatic interaction with 

charged surfaces [34]. Similar to our results, PEI adsorption on silica surfaces was 

observed to increase at higher ionic strengths, which was attributed to the presence of a 

significant non-electrostatic affinity of PEI to the surfaces. At pH=7.0, PEI is positively 

charged, and HA surface bears only slight negative charge density since its point of zero 

charge is ~7.3. In the absence of buffer salts (0 mM phosphate), the repulsive segment-

segment interactions in PEI were expected to impede binding of other PEI molecules to 

HA surface. PEI is known to be flexible on surfaces and undergo significant 

conformational change to spread on surfaces [28,35]. The extent of PEI spreading (or 

compactness) was directly influenced by the packing density on surfaces [28]. Shielding 
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such interactions at higher [phosphate] will facilitate additional PEI binding to surfaces, 

and this mechanism appeared to be in effect for PEI binding on HA in our system. 

The effect of serum on PEI binding to HA was evaluated by FITC-labeled PEI (25 

kDa, Figure 4-4). In 0 mM phosphate, the presence of serum (20% v/v) reduced the 

binding by -60%, and the higher serum percentage (50% v/v) continued to reduce the 

binding by a further ~6%. The binding in 100 and 300 mM phosphate buffers were 

similar: a -10% decrease in binding from -90% to -80% in the presence of 20% v/v 

serum, and a further decrease of -10% binding in 50% v/v serum. A stronger serum 

competition was again evident at 0 mM phosphate (as discussed in the case of PLLJ and, 

as was the case with PLL, a strong HA affinity was retained by the 25 kDa PEI at higher 

[phosphate]. 

It is important to note that the extent of PEI binding to HA was similar or superior 

to the binding values of BP to HA reported by us [26]. Although one is tempted to 

compare the HA affinity of PLL and PEI, differences in binding conditions and molecular 

properties (such as MW) do not allow us to reach to a broad conclusion on this issue. Our 

experimental data does not indicate any obvious difference for the two polymers under a 

select set of conditions, where MW - 25 kDa, [polymer]: -0.2 mg/mL, pH=7.0 and when 

TNBS assay was used for assessment of binding (since FITC labeling of polymers might 

differentially affect the HA binding). 

ThiolBP Conjugation to Cationic Polymers and HA Affinity of the Conjugates 

ThiolBP Conjugation to PLL. Our in vitro binding assay confirmed the strong affinity of 

amino-BPs to HA in previous studies [26]. Similar to cationic polymers, the amino 
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groups in such BPs might have contributed to strong HA adsorption. The thiolBP 

displayed a lower affinity to HA, but both BPs were equally potent in imparting a mineral 

affinity in their conjugate forms [26]. Due to the convenience of derivatizing -SH groups, 

we chose thiolBP for conjugation to polymers. Since both PLL and PEI already possessed 

high HA affinity, thiolBP conjugation was explored to determine whether the substituted 

polymers will display a further increase in mineral affinity. 

Initial studies indicated the previously-used crosslinker SMCC [5] to be 

unsuitable for PLL modification, since it yielded insoluble products due to 

hydrophobicity of the SMCC. Although subsequent thiolBP conjugation to insoluble 

SMCC-derivatized PLL was explored to increase aqueous solubility, this strategy was not 

successful. The hydrophilic polyethyleneglycol (PEG) based heterofunctional linker 

NHS-PEG-MAL (3.4 kDa) was alternatively explored [36]. Unlike SMCC, NHS-PEG-

MAL reaction with PLL gave readily soluble products in aqueous buffers, making it 

suitable for conjugations. To obtain conjugates with different thiolBP substitutions, PLL 

was reacted with different [NHS-PEG-MAL], which was first reacted with excess 

thiolBP before addition to PLL. FITC-labeled PLLs were used in preparing the 

conjugates, so as to estimate the PLL concentration from fluorescence measurements. 

The [PLL] and [thiolBP] in the recovered samples are shown in Figure 4-5A and 4-5B, 

respectively. The results showed that the PLL reacted with higher [NHS-PEG-MAL] 

were retained in the samples to a higher extent after dialysis. The MW cut-off during 

dialysis was 12-14 kDa, and unreacted PLLs and PLLs with lower modifications were 

expected to be readily lost during this process (Though 25 kDa PLL showed higher HA 

binding in previous section, PLL MWs of 4 and 9 kDa were chosen for BP conjugation 
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since these MWs were less than the 12-14 kDa cut-off). This was by design since it was 

our intent to remove unreacted PLLs during the dialysis step. As expected, no thiolBP 

was recovered for the control samples where the thiolBP was omitted during the reaction 

of the PEG linker with PLL (Figure 4-5B). Based on the recovered thiolBP 

concentrations, the substitution efficiencies on the conjugates were estimated to be 3-4 

thiolBP/PLL. This level of anionic thiolBP substitution was not expected to alter the net 

positive charge of the PLL under experimental condition (pH = 7.0), given the high 

degree of cationic repeating units in the polymer. 

The binding of these conjugates were investigated in 100 mM phosphate 

(pH=7.0). With 4 kDa PLL, NHS-PEG-MAL reaction without thiolBP substitution 

completely abolished the mineral affinity of the polymer (Figure 4-5C). The NHS-PEG-

MAL reacted with the 9 kDa PLL did not exhibit any loss in HA affinity at lower [NHS-

PEG-MAL], but HA affinity was reduced when the polymer was reacted with higher 

[NHS-PEG-MAL]. The higher HA affinity of the native 9 kDa as compared to the native 

4 kDa PLL presumably afforded the better HA affinity of the corresponding conjugates 

after NHS-PEG-MAL reaction. ThiolBP conjugation recovered the mineral affinity of the 

NHS-PEG-MAL-reacted PLLs of both MWs (Figure 4-5C). 

The negative effect of PEG on surface adsorption is well appreciated [37], and 

PEG was previously shown to display no adsorption to HA [9]. It appears that PEG 

substitution caused a loss of HA affinity even for the strongly HA-adsorbing PLL if the 

MW is low (4 kDa). The larger PLL presumably retained sufficient cationic contacts with 

the surface for effective binding despite PEG substitution. The thiolBP conjugation did 

improve the mineral affinity of PLLs with reduced affinity but, in comparison to 
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unmodified PLL, the final thiolBP conjugates of PLL did not exhibit any superior affinity 

towards the HA. The situation was different with the HPMA polymer from the Kopecek 

group [9]. The HPMA polymer did not exhibit a mineral affinity on its own and, in that 

case, alendronate substitution on the polymer did impart the desired mineral affinity to 

the polymer. As an alternative to NHS-PEG-MAL, we attempted to use N-succinimidyl-

3-(2-pyridyldithio) propionate (SPDP), which was previously used to add thiolBP to 

proteins via cleavable disulfide (-S-S-) linkage [38]. As in SMCC reaction, the resultant 

modification yielded insoluble conjugates (not shown). We therefore did not pursue PLL 

any further due to undesirable properties (insolubility) of the final BP-PLL conjugates. 

ThiolBP Coniusation to PEL Unlike the PLL, controlling the [SMCC] within a certain 

range ([SMCC]:[NH2] < 1:4) led to water-soluble thiolBP-PEI conjugates after the 

reaction. The presence of additional charged moieties, in the form of secondary and 

tertiary amines in PEI, might have led to better solvation of this molecule after 

modification with the hydrophobic SMCC. Others have also reported soluble PEI 

conjugates after the polymer was modified with hydrophobic molecules, such as lauryl-

groups or o,o'-dihydroxyazobenzene [39]. To control the extent of thiolBP substitution, 

the PEI (25 kDa) was reacted with varying [SMCC], and the extent of thiolBP 

substitution was calculated. Unlike PLL, PEI in all samples was recovered to an 

equivalent degree (not shown) and there was a good relationship between the [SMCC] 

and the extent of thiolBP substitution on PEI (Figure 4-6A). Up to -20 thiolBP per PEI 

was obtained at the highest [SMCC] of 3 mM. The large SD for the PEI sample reacted 

with 3 mM SMCC was a result of the partial precipitation of the samples, indicating the 
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limit of solubility for this type of derivatization. The substitution pattern in Figure 4-6A 

was similar to many other proteins used for BP conjugation, such as albumin [3] and 

fetuin [5], and it was highly significant (p<0.001). 

The HA binding (in 100 mM phosphate, pH=7.0) for thiolBP-PEI conjugates is 

shown in Figure 4-6B. The thiolBP conjugation to PEI did not seem to exhibit any 

enhancement of mineral affinity as compared with the unmodified PEI. On the contrary, a 

small decreasing trend in HA affinity was noted as a function of thiolBP substitution 

(Figure 4-6B, insert). Note that the dashed line in Figure 4-6B was not intended as a 

curve fit, but rather to guide the eye for a trend in this data set. The highest SMCC used 

in this reaction was 3 mM, while the amine concentration from the PEI was -12 mM in 

the reaction medium. A significant fraction of amines was expected to be unmodified 

during this reaction. 

The importance of primary amines in PEI binding to HA was further investigated 

by chemically modifying the amine groups of PEI. The NHS-PEG-MAL was used to 

determine if hydrophilic PEG substitution could prevent HA adsorption reminiscent of 

the PLL. Acetic anhydride was used to convert the cationic primary amines into neutral -

NH-C(0)-CH3 groups without attaching any bulky substituents on the amines. The HA 

affinity was significantly different depending on the type of modification (Figure 4-7); 

whereas PEG attachment gave a strong inhibition of HA binding, acetic anhydride 

modification did not affect HA binding to a significant degree even when -70% of the 

amine groups were modified. Therefore, loss of HA affinity was considered to be due to 

PEG attachment per se, rather than actual modification of the amine groups. It appears 

that primary amine modification was not detrimental for binding in the case of PEI, and 
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that either (i) secondary and/or tertiary amines contributed to the overall mineral affinity, 

or (ii) a small percentage of unmodified primary amines (< 30%) was sufficient for strong 

HA binding. As with PLL, the strongly adsorbing nature of the PEI did not allow the 

thiolBP to manifest a beneficial mineral affinity on this macromolecule after substitution. 

In Vivo Affinity of PEI and thiolBP-PEI Conjugate 

In order to investigate if BP substitution will impart a superior mineral affinity to 

cationic polymers in vivo, mineral affinity of native PEI and a thiolBP-PEI conjugate (6.3 

thiolBP/PEI) was determined in a rat subcutaneous implant model. Commercially 

available Skelite™, a multi-phase calcium phosphate matrix (67% Si-stabilized 

tricalcium phosphate and 33% HA), was used as an implant in this study. Skelite™ is a 

single-piece microporous scaffold used in clinical osteoconductive bone repair. 

Implanting particulate HA may cause difficulties for complete implant recovery [40], 

whereas Skelite™ can be conveniently recovered as a single piece. The in vitro affinity 

of 125I-labeled polymers for Skelite™ was shown in Figure 4-8A. Since the polymers 

were suspended in saline for implantation, the binding was assessed in PBS with 50% v/v 

serum. The thiolBP-PEI conjugate displayed 43.3 ± 1.1% binding, while the unmodified 

PEI gave 57.6 ± 0.9% binding. As was the case with HA, no apparent benefit of the 

thiolBP substitution was evident in this in vitro binding assay using the Skelite™ 

matrices. 

The retention of the polymers in implants as well as the surrounding tissue was 

shown in Figure 4-8B. After 1 day, Skelite™ retention of thiolBP-PEI conjugate and PEI 

were 38.2 ± 2.1%> and 34.8 ± 11.8%, respectively. These values were somehow similar 
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(thiolBP-PEI) or lower (PEI) than the results form the in vitro binding assay. The binding 

of the polymers to the implants was similar at other time points and there was no 

significant differences of the implant retention between the two polymers at all explant 

times. The thiolBP-PEI conjugate exhibited a significant (pO.OOl) loss during the 7-day 

implantation period, but this value was relatively small (-20% from days 1 to 7) as 

compared to the initial 24 hours loss (-60%). A similar loss was observed for the native 

PEI, but the loss of PEI was not significant (p>0.05) during the 7-day study period due to 

the large SD on day 1. The retention in surrounding tissues (Figure 4-8B, insert) was low 

(<3%) with no significant differences between the two types of polymers at each time 

point. 

The collective results were indicative of the similar pharmacokinetics of the two 

polymers. The polymer loss during the 7-day implantation period (-20%) was lower than 

the burst release (>60%) in the first day. This observation was similar to the previous 

experiences with basic proteins, such as BMP-2 that possesses an isoelectric point of-9.0 

[41,42]. It appears that once bound, cationic polymers and proteins were retained on the 

mineral-based carriers for a prolonged time in vivo. More importantly, no apparent effect 

of the thiolBP substitution was seen on the implant pharmacokinetics of the PEI. This 

result is in line with the results from the in vitro binding studies, and indicated no 

additional factor(s) that have influenced the in vivo mineral affinity of the thiolBP-

derivatized cationic polymer. ThiolBP derivatization of proteins [3-7] always resulted in 

better mineral affinities in vitro, and this translated into better in vivo mineral affinity for 

the proteins evaluated by implantation. The inherently high affinity of cationic polymers, 

perhaps due to repeating cationic units leading to a high charge density, seems to make 
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thiolBP substitution not necessary for a high mineral affinity. Both in vitro and in vivo 

observations in this study supported this conclusion. 

CONCLUSIONS AND IMPLICATIONS 

This study demonstrated the high affinity of cationic polymers towards HA. Our 

studies focused on the fundamentals of the adsorption process to better understand factors 

controlling the extent of adsorption. The cationic polymers were as effective as the well-

studied BPs for HA binding and we intend to utilize the generated knowledge for 

designing superior delivery systems to target therapeutic agents to bones. We are 

particularly interested in utilizing cationic polymers in delivering proteins capable of 

stimulation bone tissue regeneration, since bone tissue is the only tissue containing HA 

under normal physiological conditions, and ligands with high affinity to HA (cationic 

polymers) have the potential to guide the therapeutic agents to bone. 

Our results will also benefit attempts to tailor HA interfaces for cellular growth 

and differentiation. Cationic polymers have been used to facilitate cell attachment to non-

HA surfaces. Glass slides are routinely coated with PLL by simple adsorption when one 

needs to grow cells for microscopic analysis. PLL coating on widely different substrates, 

such as polystyrene [43] and hyaluronic acid [44] have been successful in promoting cell 

attachment. HA has been used as a substrate for osteogenic cells, since it is the natural 

component of the bone tissue, and it can undergo remodeling via physiological 

mechanisms. Some efforts have been directed towards improving cell adhesive properties 

of HA, but this approach has typically relied on immobilization of the tripeptide arginine-

glycine-aspartic acid (RGD) by using a poly(aspartic acid) tail that displays a high 
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affinity to HA [45-47]. PLL coating by a simple adsorption is a more convenient 

alternative to RGD immobilization given the robustness of PLL affinity to HA. The 

performance of immobilized peptides such as RGD may depend on the mode of 

immobilization (e.g., conjugation chemistry, nature of spacer between the surface and 

peptide, etc), but these issues should not be a concern when surfaces are coated with 

simple cationic polymers (it is worthwhile to mention that unlike RGD, PLL should not 

activate integrins). PEI was equally effective as PLL in HA binding in this study, making 

it an alternative reagent for creating cell-adhesive surfaces. Although relatively less 

number of studies reported a beneficial effect of PEI for cell attachment [48,49], the 

highly toxic nature of PEI might make it less attractive. Nevertheless, to the best of our 

knowledge, no attempts were made to coat HA surfaces with PLL or PEI for improved 

cell attachment, and our results provide merit of this approach. 

The PLL and PEI can be also used to immobilize mitogenic (such as bFGF) or 

morphogenic ligands (such as BMP-2) on HA surfaces [50]. Acidic proteins with low 

isoelectric points [51], or proteins under optimal ionic strength environments [52] might 

naturally bind to cationic polymers, obviating the need for chemical immobilization. 

Alternatively, coupling of proteins to cationic polymers is relatively straightforward in 

solution (no steric hindrances as seen on surfaces), and such conjugates could decorate 

HA surfaces with physiological signals to modulate cell behavior. Especially controlling 

cell differentiation in vitro before implantation of tissue constructs will greatly accelerate 

the success of tissue engraftment. Cationic polymers, due to their inherent affinity to HA, 

could enable a unique approach for drug delivery to bone, while facilitating tissue 

engineering strategies involving HA as a scaffold. 
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Figure 4-1. %HA binding of different MW PLLs (4, 9 and 25 kDa) at different 
phosphate buffers (0, 100 and 300 mM), as determined by the TNBS assay (A) and 
fluorescence measurements (B). The same concentration of PLL (0.17 mg/mL) was used 
for all binding studies. The 4 kDa PLL exhibited a strong binding in 0 mM phosphate 
buffer by both assays, but the extent of binding was lower upon increasing the [phosphate] 
in the buffer. Binding of higher MW PLLs was relatively stronger in all phosphate 
buffers. Data are shown as the mean ± SD from duplicate measurements. 
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Figure 4-2. Effect of serum on PLL binding to HA and bone matrices evaluated by a 
FITC-labeled PLL (7.5 kDa) in different phosphate buffers (0, 100 and 300 mM). Rat 
serum was added to the binding buffer at 20% (v/v), where [PLL] was 0.17 mg/mL. The 
presence of serum reduced PLL binding to both HA and bone matrices at all phosphate 
buffers investigated, with a more significant effect on the bone binding of PLL than the 
HA binding. Binding of PLL at 0 mM buffer was more significantly affected by the 
presence of the serum as compared to binding in 100 mM and 300 mM phosphate buffers. 
Data are shown as the mean ± SD from duplicate measurements. 
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Figure 4-3. %HA binding of 2 kDa PEI (A) and 25 kDa PEI (B) at different phosphate 
buffers (0, 100 and 300 mM). The PEI concentrations were of 0.1, 0.3 and 1.0 mg/mL. 
Based on A and B, total amount of PEI bound to HA (mg) was calculated as a function of 
PEI concentration for both PEIs (C). For both 2 and 25 kDa PEI, %HA binding was 
decreased as a function of increasing [PEI] in all phosphate buffers. The total amount of 
binding, however, was increased with increasing [PEI] in the medium. No significant 
differences appeared at the 0 mM phosphate buffer between 2 and 25 kDa PEI. A 
difference was evident at 100 and 300 mM phosphate, the larger PEI giving a 
significantly higher adsorption at higher [phosphate]. Data are shown as the mean ± SD 
from duplicate measurements. 
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Figure 4-4. Effect of serum on PEI binding to HA, as evaluated by a FITC-labeled PEI 
(25 kDa). Rat serum was added to the binding buffer at 20% and 50% (v/v), and the [PEI] 
was 0.17 mg/mL. The presence of serum reduced PEI binding to HA at all phosphate 
buffers investigated. Binding of PEI at 0 mM phosphate buffer was more significantly 
affected by the presence of serum than the binding in 100 mM and 300 mM phosphate 
buffers. Data are shown as the mean ± SD from duplicate measurements. 
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Figure 4-5. Quantitative analysis of PLL (A) and thiolBP (B) content of PLL samples (4 
and 9 kDa) reacted with NHS-PEG-MAL. The results indicated that the PLL reacted with 
higher [NHS-PEG-MAL] were retained to a higher extent after dialysis (A), and thiolBP 
content increased at higher [NHS-PEG-MAL] (B). C. %HA binding of the same PLL 
samples in 100 mM phosphate buffer (pH=7.0). In comparison to corresponding native 
PLLs, the thiolBP conjugates did not exhibit any superior affinity to HA. 
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Figure 4-6. ThiolBP substitution on PEI (25 kDa) at various concentrations of SMCC (A) 
and %HA binding of the conjugates in 100 mM phosphate buffer (pH=7.0) (B). The 
%HA binding of the conjugates (y-axis) as a function of thiolBP substitution (x-axis) was 
shown in the insert of B. Different symbols in A indicates different sets of conjugation 
experiments (5 all together). The correlation between thiolBP substitution on PEI and 
[SMCC] was significant (p<0.001 by /-test). Solid symbols indicates %HA binding as 
determined by the TNBS assay, while open symbols were from the fluorescence 
measurements in B. The thiolBP conjugation to PEI did not seem to exhibit any 
enhancement in mineral affinity (note that the dashed line was not intended as a curve fit, 
but rather to guide the eye for a trend in this data set). Data are shown as the mean ± SD 
from duplicate measurements. 
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Figure 4-7. %HA binding of PEI (in 100 mM phosphate buffer, pH=7.0) with different 
degree of primary amines modification by NHS-PEG-MAL and acetic anhydride. The 
polymer concentration and amine content were determined by Cu (II)/PEI complexation 
and TNBS assay, respectively. The HA affinity was significantly different depending on 
the type of modification; whereas PEG attachment gave a strong inhibition of HA binding, 
acetic anhydride modification did not affect HA binding to a significant degree even 
when -70% of the amine groups were modified. Data are shown as the mean ± SD from 
duplicate measurements. 
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Figure 4-8. %Skelite™ binding of thiolBP-PEI conjugate (6.3 thiolBP per PEI) and 
unmodified PEI by 125I-labeled polymers (A, mean ± SD from triplicate measurements), 
and implant retention of thiolBP-PEI conjugate and unmodified PEI as a function of time 
(B, mean ± SD from quadruplicate measurements.). The retention of polymers in the 
surrounding tissues was shown in the insert of B. Unmodified PEI exhibited a higher 
affinity to the Skelite™ matrix than the thiolBP-PEI conjugate in vitro (A). The thiolBP-
PEI conjugate exhibited a significant (p<0.00l) loss during the 7-day implantation period, 
however, the loss of PEI was not significant (p>0.05) during the 7-day study period due 
to large SD on day 1. There was no significant difference in implant retention between 
thiolBP-PEI conjugate and unmodified PEI at all explant times (B). 
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ure S4-1. SEM image of synthesized HA crystals used in binding study. 
The crystals are blade-like and heterogeneous in size. 
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CHAPTER V 

Polyethylenimine-Coated Albumin Nanoparticles 

for BMP-2 Delivery1 

The contents of this chapter have been previously published in: S. Zhang, G. Wang, X. 
Lin, M. Chatzinikolaidou, H. P. Jennissen, M. Laub and H. Uludag, Polyethylenimine-
coated albumin nanoparticles for BMP-2 delivery, Biotechnol. Prog., 24 (2008) 945-956. 
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INTRODUCTION 

Bone-inducing growth factor, Bone Morphogenetic Protein-2 (BMP-2), plays a 

critical role in bone healing by means of its ability to stimulate differentiation of 

mesenchymal cells to an osteochondroblastic lineage [1]. After Wozney et al. reported 

the nucleotide sequence of first bone morphogenetic proteins in 1988 [2], various BMPs 

were produced in abundance with the use of recombinant gene technology. The 

therapeutic applications involving the recombinant BMPs demonstrated robust efficacy in 

the treatment of bone diseases. For example, BMP-2 showed good ability to heal critical 

size defects in rat, rabbit, sheep, dog, and primate models [3-7] and it has become part of 

a new treatment modality in orthopaedic practice [8]. Unlike the traditional surgical 

repair that necessitates the use of autografts, stimulation of local bone healing via the 

delivery of BMPs can fulfill the aim of bone repair without morbidity associated with the 

surgical techniques. However, BMP-2 is a 32-kDa molecular weight peptide [9] and it 

exhibits a short in vivo half-life. The clinical BMP-2 administration was focused on local 

delivery by incorporating the protein into a carrier matrix to provide a slow delivery 

formulation [10]. The delivery mechanism has relied on adsorption of the protein in 

collagenous biomaterials; slow protein desorption from the implanted biomaterial has 

provided the necessary concentration at the local site. The collagen sponge appeared to be 

the most effective matrix in animal studies, and it remains the only FDA-approved 

recombinant human BMP-2 carrier in clinical practice [11, 12]. 

A better way to control the BMP-2 delivery is to encapsulate the protein in 

nanoparticles (NPs) so that the physicochemical properties of the particles can control the 

BMP-2 release more precisely. Nanoparticulate drug delivery system may provide a 
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promising mechanism, not only for local application, but also for targeted bone 

stimulation via intravascular injection. The colloidal micro/nanoparticles were originally 

explored for delivery of other cytokines. For example, erythropoietin, NGF and IL-2 

were formulated in poly(lactic acid)/poly(A£-lactic-co-glycolic acid) (PLA/PLGA) 

particles for delivery [13]. Drawbacks of these materials include low encapsulation 

efficiency and rapid initial release of proteins, as well as the need for special formulations 

to maintain protein stability [14]. Current techniques often produce NPs by employing 

harsh organic solvents, synthetic polymers, or surfactants having high toxicity or 

immunological activity [15]. More recently, BMP-2 was encapsulated in 20-40 (am 

particles of dextranglycidyl-methacrylate/poly(ethylene glycol) [16]. BMP-2 was shown 

to remain bioactive after in vitro release, which displayed a burst release for all particles 

prepared. Another study investigated the BMP-2 nanospheres prepared by a 

coacervation-co-precipitation method [17], with the use of polysaccharide/N,N-

diethylaminoethyl dextran/BSA to form particles stabilized by phosphatidyl-choline. The 

size of the particles ranged from 160 to 250 nm, but BMP-2 release from these particles 

was not investigated in that study. 

NPs based on natural biopolymers will be more advantageous over particles made 

of synthetic materials. Bovine serum albumin (BSA) is a physiological protein that was 

widely used for NP preparation by different techniques [18-21]. BSA NPs are considered 

suitable for drug delivery since they are naturally biodegradable, non-toxic and non-

antigenic. The BSA NPs can be easily prepared under mild conditions by coacervation, or 

controlled desolvation processes [22-24]. To improve NP stability, BSA NPs is typically 

cross-linked by glutaraldehyde [25-27]. The glutaraldehyde reacts with free amines on 
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BSA, and possibly with any amines on the encapsulated drug, which could adversely 

affect the drug integrity. The potential toxicity of glutaraldehyde is also a concern for in 

vivo delivery. As an alternative to glutaraldehyde, we considered the possibility of 

stabilizing BSA NPs with polyethylenimine (PEI). Branched PEI, due to its high density 

of positive charges, was expected to readily adsorb to the surface of BSA particles. The 

PEI coating could provide a means of controlling release rate of the encapsulated BMP-2. 

In this study, we explored the feasibility of such an approach by entrapping BMP-2 in 

BSA NPs and coating the particles with PEI. The results indicated that BMP-2 

encapsulated in BSA NPs retained its bioactivity, and was released from the NPs as a 

function of PEI coating on the particles. 

MATERIALS AND METHODS 

Materials 

Bovine serum albumin (BSA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT), the ALP substrate p-nitrophenol phosphate (p-NPP), 1,3,4,6-

tetrachloro-3a,6a-diphenylglycouril (TCDG), and branched PEI (Mw -25,000 by LS, Mn 

-10,000 by GPC) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Recombinant human Bone Morphogenetic Protein-2 (BMP-2, from E.coli.) was prepared 

as described before [28]. Fluorescein isothiocyanate (FITC) was obtained from Pierce 

(Rockford, IL, USA). Na125I (in 0.1M NaOH) was obtained from GE Healthcare 

(Piscataway, NJ, USA). Dulbecco's Modified Eagle Medium (DMEM), Hank's Balanced 

Salt Solution (HBSS), penicillin (10,000 U/mL solution) and streptomycin (10,000 

|j.g/mL solution) were from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum (FBS) 
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was from Atlanta Biologies (Atlanta, GA, USA). All tissue culture plastic ware was from 

Corning (Corning, NY, USA). The Spectra/Por dialysis tubings with 12-14 kDa and 100 

kDa cut-off were acquired from Spectrum Laboratories (Rancho Dominguez, CA, USA). 

Distilled/de-ionized water (ddH20) used for buffer preparations were derived from a 

Milli-Q purification system. 

Preparation of BMP-2 Encapsulated, PEI-Coated BSA NPs 

BSA NPs were prepared by a coacervation method, or desolvation, as described 

previously [29-31], except the cross-linker glutaraldehyde was eliminated in this process. 

Briefly, 250 uL of 10 mg/mL BSA solution (50 mg of BSA dissolved in 5 mL ddH20) 

was added to 250 uL of 10 mM NaCl solution (pH=7.0) in a glass vessel under constant 

stirring (600 rpm) at room temperature. The stirring was allowed to proceed for 15 min. 

Then, 72 uL of 0.5 mg/mL BMP-2 in ddfbO was added into the above solution. This 

aqueous phase was then desolvated with dropwise addition of 3.0 mL of ethanol after 2 h 

of incubation. The mixture was stirred (600 rpm) under room temperature for 3 h. The 

BMP-2 encapsulated BSA NPs so formed were coated with different PEI concentrations 

(see Legends for exact concentrations). Specially, different concentrations of PEI in 0.5 

mM NaCl solution were added to the above NPs solution by a volume ratio of 1.25 to 1. 

The coating was allowed to proceed for 1 or 4 h under stirring. The coated NPs were 

extensively dialyzed (MWCO: 12-14 kDa) against phosphate buffered saline (pH=7.3, *3) 

and, for the bioactivity studies, then against DMEM with 1% penicillin/streptomycin (xl). 

The dialyzed buffer was exchanged every 3 h. All solutions used for NP preparation were 

sterilized by passing through 0.20 um sterile filter (SARSTEDT, Aktiengesellschaft & 
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Co., Germany) before use, and the manufacture process was carried out under sterile 

conditions. 

For the determination of the percentage of BSA transformed into NPs before 

coating, the NPs were separated from the supernatant by centrifugation at 10,000 rpm for 

10 min at room temperature. The amount of BSA in the supernatant was determined by 

the Bradford protein assay [32]. To 50 uL of the supernatant, 1 mL of the protein reagent 

was added, and the samples were analyzed spectrophotometrically at 595nm. A 

calibration curve was based on known concentrations of BSA standards. The yield of 

BSA in the NPs was calculated as: 100% x {(initial amount of BSA - BSA amount in the 

supernatant)/(initial amount of BSA)}. 

Particle Size and Zeta Potential 

The mean particle size and polydispersity index of the PEI-coated and uncoated 

BSA NPs were determined by dynamic light scattering at 25°C with a Zetasizer 3000 HS 

(Malvern Instruments Ltd., UK) using a 633 nm He-Ne laser at a scattering angle of 90°. 

The surface charge of the coated and uncoated BSA NPs were investigated by measuring 

the electrophoretic mobility of the particles using the zeta potential modus of the same 

instrument at 25°C. The samples for measurement were prepared after appropriate 

dilution and suspended in 1 mM NaCl solution. Both particle size and zeta potential 

measurements were measured for three batches of particles, each measurement being the 

average of 3 runs. 

Scanning Electron Microscopy (SEM) 
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Scanning electron microscopy was used to study the morphology of the NPs. The 

samples were first dialyzed (MWCO: 100 kDa) against ddH20 (*3), then centrifuged at 

8000 rpm for 10 min (><3) to remove any free BSA and PEL The pellet was then re-

dispersed in ddHiO. 3 uL of the sample was added onto a clean silica surface, and dried 

under room temperature with natural convection. The prepared samples were, then, 

scanned on a JOEL Jamp-9500F SEM. 

Atomic Force Microscopy (AFM) 

MFP-3D AFM (Asylum Research, Santa Barbara, CA, USA) was used for the 

AFM studies of PEI-coated BSA nanoparticles. AC240TS cantilever was used 

throughout all AFM measurements. The oscillation amplitude of the scanning tip was 

registered at 0.6 V and the frequency of the oscillation was in the range of 60-70 kHz. All 

AFM imaging was under conventional ambient tapping mode AFM. The scan rate was 

typically 0.5-1.0 Hz, and the sample size was 512x512 pixels. Images were processed 

and analyzed by the Igor Pro imaging software (version 5.04B). The NP samples were 

sonificated for 5 min and then 1.5 uL of the sample was dropped onto the mica surface 

(PELCOR Mica Discs; TED PELLA, Inc.; Redding, CA, USA), and imaged after drying 

under room temperature. 

Coating Efficiency with FITC-PEI 

In one study, the amount of FITC-PEI coated on BSA NPs was determined by 

fluorescence measurements. To obtain the labeled polymer, a stock solution of FITC (10 

mM in DMSO) was added to PEI solution (10 mg/mL in ddH20) for 2.5 h to give a final 
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concentration of 0.1 mM FITC, after which the samples were dialyzed (MWCO: 12-14 

kDa) against ddH20 (><3) to remove the unreacted FITC [33]. Different concentrations of 

FITC-PEI were used to coat BSA NPs. The PEI-coated NPs (1 h and 4 h coating) were 

first dialyzed (MWCO: 100 kDa) against ddH20 (x3), centrifuged (x3) for 10 min at 

8000 rpm to remove ethanol, free BSA and uncoated PEI, and then re-dispersed in ddFFiO. 

A 200 uL of the aliquot in duplicate was then added to black 96-well plates (NUNC, 

Rochester, NY, USA) and the fluorescence (kex- 485 nm; A,em- 527 nm) was determined 

with a multiwell plate reader (Thermo Labsystems, Franklin, MA, USA). The amount of 

FITC-PEI coated on the BSA NPs was calculated based on a calibration curve generated 

by using the FITC-PEI in ddFkO. The calibration curve was also generated in a mixture 

of FITC-PEI and BSA solution (0.5 and 1.0 mg/mL of BSA, respectively), and the results 

showed that they were comparable to the calibration curve generated in ddF^O (data not 

shown). The coating efficiency of FITC-PEI was calculated as: 100% x {(final FITC-PEI 

of the pellet)/(initial FITC-PEI for coating)}. 

Encapsulation Efficiency and In Vitro Release of BMP-2 

To determine the encapsulation efficiency and in vitro release of BMP-2, BMP-2 

was labeled with 125I by using the Iodo-Gen procedure [34]. Microcentrifuge tubes were 

coated with TCDG (200 uL of 20 ng/mL TCDG in chloroform), and 20 oL of BMP-2 

solution (10 ug of BMP-2) was added to the coated tubes, along with 50 uL of 0.1 M 

phosphate buffer (pH=4.5) and 20 uL of 0.2 mCi of Na125I. After reacting for 25 min, 
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free 1XJI was separated from the radiolabeled BMP-2 by using a Sephadex G-25 column. 

After precipitating an aliquot of the purified samples with 20% trichloroacetic acid 
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(TCA), the counts in the supernatant and the pellet was determined with a y-counter 

(Wizard 1470; Wallac, Turku, Finland), and it was confirmed that the iodinated samples 

contained < 4% free I. To determine the encapsulation efficiency, I-labeled BMP-2 

was first diluted by ddfbO (1:5), and then mixed with BSA solution as described above 

to prepare the NPs. 500 uL of 125I-labeled BMP-2 encapsulated BSA NPs, uncoated and 

coated with different concentrations of PEI, were then added into the microcentrifuge 

tubes in triplicate. The samples were centrifuged at high speed for 10 min (BHG Hermle 

Z230 M Centrifuge). The counts in the supernatant and pellet were determined by a y-

counter, and the encapsulation efficiency (EE) was calculated as: EE = 100% x {(counts 

in the pellet)/ (counts in the pellet + counts in the supernatant)}. 

The NPs containing 125I-labeled BMP-2 was used to measure the release rate of 

BMP-2 in vitro. The NPs were coated with PEI concentrations of 0.6, 0.3, 0.1 and 0 

mg/mL for 1 h for this study. The release experiment was performed by incubating the 

NPs (in triplicate) in 1 mL DMEM with 1% penicillin/streptomycin at 37±1°C and under 

constant shaking. At indicated time points, the samples were centrifuged at high speed for 

10 min (BHG Hermle Z230 M Centrifuge). The counts in the supernatant and the pellet 

were determined separately by a y-counter. 1 mL of fresh release medium was added 

back to the pellet to maintain a constant volume during release period. To test for free 

iodine in the supernatant, an aliquot of the purified samples was precipitated with 20% 

TCA after each centrifugation. The counts in the TCA supernatant and the pellet were 

determined by a y-counter, and I-labeled BMP-2 released to the supernatant was 

calculated accordingly. 
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Toxicity of BSA NPs by MTT assay 

The MTT dye reduction assay [35] was used to assess the cytotoxicity of PEI-

coated NPs. Various concentrations of PEI were coated on BMP-2 encapsulated BSA 

NPs for 1 h. After coating, the samples were first dialyzed (MWCO: 12-14 kDa) against 

phosphate buffered saline (pH=7.3; x3), followed by dialysis against DMEM with 1% 

penicillin/streptomycin (xl). The samples were then centrifuged at 8000 rpm for 10 min, 

and the supernatant was removed. The same volume of fresh DMEM with 1% 

penicillin/streptomycin was added to the pellet, which was sonicated for 20 min. An 

aliquot of the supernatant and the suspended pellet was incubated with human C2C12 

cells grown on 48-well plates (in triplicate). After 48 h incubation, 100 uL of sterile 

filtered 5.0 mg/mL MTT solution in HBSS were added to 0.5 mL cell culture medium in 

each well. The plates were incubated in the dark for 2 h, the supernatant was aspirated, 

and 0.5 mL DMSO was added to each well. Then the plates were incubated for 5 min and 

mixed to dissolve the crystals. The optical density of the crystals was measured by an 

ELISA reader at 570 run. The untreated cells served as the reference. The mean optical 

density was used as a measurement of cell number/well. 

BMP-2 Bioactivity by Kinetic ALP assay 

A kinetic ALP assay was performed to determine the bioactivity of encapsulated 

BMP-2 [36]. Human C2C12 cells, grown in 48-well plates, were first incubated with the 

NPs (supernatant and suspended pellet), which were processed as described in the MTT 

assay. After 72 h of incubation, the C2C12 cells were washed with HBSS (x2) and lysed 

with 200 uL ALP buffer (0.5 M 2-amino-2-methylpropan-l-ol and 0.1% (v/v) Triton-X; 
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pH=10.5). After 1 h of lysis, 200 uL of 1.0 mg/mL ALP substrate (p-nitrophenol 

phosphate) was added to the lysed cells. The changes in optical density (A,absorbance: 405 

nm) were determined in a multiwell plate reader at an intervals of 1.5 min for 8 cycles. 

The kinetic ALP activity was expressed as the change in optical density of the wells per 

unit time (mAbs/minute). All results were expressed as mean ± standard deviation (SD) 

of triplicate wells. 

Data Analysis 

All data shown in Figures are summarized as mean ± SD of the specified number 

of replicates. The number of independent experiments (n) was specified for each Figure 

in the legends. Where indicated, statistical differences between group means were 

analyzed by the two-sided Student's Mest or single factor analysis of variance (ANOVA, 

Microsoft Office Excel 2003). 

RESULTS AND DISSCUSSION 

A new formulation of BMP-2 in NPs was pursued by first eliminating the 

glutaraldehyde used in a typical BSA NP fabrication process. The reason for this was the 

possibility of glutaraldehyde cross-linking the protein amines to the BSA matrix, 

producing a protein-conjugate, which could affect the protein release and bioactivity. 

This was noted for the encapsulation of recombinant IFN-y, a cytokine of the Thl-type 

cellular immune response, with albumin NPs. The IFN-y inside the BSA matrix 

completely abrogated its bioactivity, whereas the adsorbed IFN-y on the glutaraldehyde 

cross-linked NPs retained its bioactivity [26]. A previous study performed by the same 
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group [27], in which no release of IFN-y was observed from the glutaraldehyde cross-

linked BSA NPs, also highlighted the need to eliminate glutaraldehyde in the BSA NP 

fabrication process. In addition to proteins, glutaraldehyde cross-linking was also 

problematic for the small molecular drug doxorubicin, which gave only - 8 % free drug 

release in a 3-day study period due to drug conjugation to the BSA matrix [25]. This 

incomplete release of drug was also reported by another group studying the 

glutaraldehyde cross-linked albumin microspheres for the release of adriamycin [37]. We, 

therefore, turned to branched PEI, which is known to display exceptional affinity to 

anionic surfaces. This physical interaction between PEI and BSA matrix should not affect 

the BMP-2 integrity during encapsulation and at the same time control the release of 

BMP-2 through the network of BSA-PEI matrix formed on the NP surface (Scheme 5-1). 

The properties of NPs formed from such a process were first investigated, followed by 

the BMP-2 release kinetics and bioactivity in vitro. 

Characterization of PEI-Coated BSA NPs. 

In order to examine the influence of PEI coating, BSA NPs were prepared by 

changing the PEI concentration during the coating process as well as the contact time 

between the NPs and the PEI. Using PEI concentrations of 0.1, 0.3, 0.6 and 1.0 mg/mL, 

the size of the NPs was observed to gradually increase as the PEI coating concentration 

was increased; from 150 nm for the uncoated NPs, to -230, -280, -330, and -400 nm for 

0.1, 0.3, 0.6 and 1.0 mg/mL PEI, respectively (Figure 5-1A). A coating time of 1 or 4 h 

did not seem to make a difference in the size of the particles (Figure 5-1 A). With higher 

PEI concentration, the availability of more PEI presumably facilitated the formation of a 
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thicker and more intensive layer of a PEI-BSA network on NP surfaces [38]. The coating 

appeared to be rapid, since it seemed to be complete within 1 hour of contact between the 

NPs and the PEL The extent of PEI coating controlling the size of NPs was also reported 

for a preparation of PLA/PLGA NPs, where PEI was used to reduce the interfacial 

surface energy between the particle surface and the aqueous media [39]. Coating by using 

1.0 mg/mL PEI led to relatively significant variations in the NP size (see large SDs in 

Figure 5-1 A), probably due to higher aggregation of the BSA NPs with the availability 

of abundant PEI capable of forming linkages among the particles. The polydispersities of 

the NPs are summarized in Figure 5-1B for three independent batches of NPs. The 

relatively high polydispersity of NPs was attributed to two possible reasons: (1) the 

manual performance of the desolvation process by adding the desolvating agent, ethanol, 

to the protein solution drop by drop as mentioned by other groups before [29]; (2) some 

aggregation of particles formed for PEI coated NPs, or unstable particles disassociated 

for uncoated NPs during the dialysis process. There was no significant difference in the 

polydispersity of NPs from different PEI concentrations used for coating (ANOVA). 

The zeta-potential of the particles increased significantly as a result of PEI coating 

(Figure 5-1C), from -10 mV for uncoated NPs to +21-29 mV for the PEI coated NPs. A 

slight increase from +21 to +29 mV was exhibited for coated NPs as the PEI 

concentration was increased from 0.1 mg/mL to 1.0 mg/mL. This was indicative of 

increased PEI adsorption with increased concentration, an observation consistent with 

increasing particle size in this concentration range. There was a small increase of the zeta 

potential as the coating time was increased from 1 to 4 h, but this was not significant and 

it paralleled the effect of coating time on particle size. 
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Using the Bradford protein assay, we obtained >90% BSA transformation into the 

NPs after ethanol desolvation. This was in agreement with earlier results of Langer and 

Weber et al [29, 40]. The amount of PEI adsorption on BSA NPs was directly quantified 

by using a FITC-labeled PEI polymer and measuring the extent of adsorbed fluorescence 

on NPs. The results were summarized as PEI amount (ug) adsorbed on NPs (Figure 5-

2A). As the PEI concentration was increased, the amount of adsorbed PEI was increased 

as expected. There was no difference in the adsorbed PEI between 1 and 4 h for PEI 

coating concentration of 0.1 mg/mL, but a difference was noted for other PEI 

concentrations. Between the lowest and highest PEI concentrations used in this study, ~2-

fold and ~3-fold increase in PEI coating were seen for 1 h and 4 h coating time, 

respectively. The effect of such an increase did not have a corresponding consequence in 

size and/or charge of the NPs. The PEI coating efficiency (Figure 5-2B) was dependent 

on the PEI concentration; as expected, coating with 0.1 mg/mL PEI demonstrated the 

highest coating efficiency (-45%) among all PEI concentrations. The coating efficiency 

was increased by 4-6% as the coating time was increased from 1 to 4 h for other PEI 

concentrations. The highest coating efficiency obtained with the lowest PEI concentration 

was consistent with our previous results of PEI adsorption to hydroxyapatite: the 

percentage of hydroxyapatite adsorption was decreased as the PEI concentration 

increased; the total amount of binding, however, increased with the increasing PEI 

concentration in the medium [33]. It was interesting to note that FITC-labeled PEI 

continued to adsorb to BSA NPs from 1 to 4 h, even though this was not immediately 

clear from size and charge measurements. It is likely the adsorbed PEI was penetrating 
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into the interior of the NPs during this time without affecting the size or surface 

properties. 

As shown in Figure 5-3, the NPs generally possessed spherical shapes and 

smooth surface characteristics after analysis by SEM and AFM. Figures 5-3A and 5-3B 

are SEM images for particles coated with 1.0 and 0.1 mg/mL PEI, respectively. Whereas 

more uniform particles were evident for coating with the lower PEI concentration, 

coating with higher PEI concentration resulted in some non-spherical particles, typically 

appearing as elongated particles. Presumably this resulted from fusion of two separate 

spherical particles. This might also be the underlying mechanism for increased sizes of 

the particles measured by the dynamic light scattering. Figures 5-3C and 5-3D are 

height-mode AFM images for 1.0 and 0.1 mg/mL PEI coating, respectively. Larger 

particles for coating with 1.0 mg/mL PEI were also evident in comparing these two 

images. Figure 5-3E is the amplitude-mode AFM image for 0.1 mg/mL PEI coated BSA 

NPs with BMP-2 encapsulated (14.4 ug/mg bulk BSA). Encapsulating BMP-2 in the NPs 

did not increase the size of the particles (Figure 5-3E). 

The particle size and surface charge are two main properties that can influence 

biodistribution of colloidal carriers upon administration [41]. This is not likely to be a 

critical issue when NPs are used for local delivery of proteins after implantation, but it 

will be a significant issue when NPs are injected systemically. A positive surface charge 

of the NPs is regarded beneficial for penetrating plasma membrane [42]; however, it is a 

major disadvantage after systemic administration since cationic NPs can bind 

nonspecifically to cell surfaces and activate the complement system [43]. In addition, 

particulates are rapidly opsonized with serum proteins [44], leading to preferential uptake 
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of particles by the cells of the reticuloendothelial system (RES) and rapid clearance. 

These adverse effects associated with the use of cationic NPs in vivo can be reduced with 

smaller NPs [45, 46] and lower surface charges [44]. It was reported that the extent of 

opsonization decreased as the size of the particles decreased from 800 to 200 nm, and no 

enhancement of phagocytic uptake was recorded at particle sizes below 200 nm [41]. 

However, particles below 100 nm were able to cross the fenestration in the hepatic 

sinusoidal endothelium, leading to a hepatic accumulation instead of long circulation 

times. Though deformity of particles was considered to be a factor for crossing 

endothelial fenestration [47], the albumin-based particles are regarded as a solid particle 

matrix. One study investigated in vivo distribution of surface-modified albumin NPs in 

rats, and observed no differences in blood circulation times and organ accumulation 

among positive, negative and neutral surface charged nanoparticles [48]. Evaluating in 

vivo biodistribution of the PEI-coated BSA NPs was beyond the scope of this study, but it 

appears that BSA NPs coated with lower PEI concentrations might be more desirable for 

systemic administration due to reduced size, reducing the chances of opsonization. It 

remains to be seen whether in vivo biodistribution will be unaffected by the extent of PEI 

coating, as suggested in [48], or whether PEI will impart a unique biodistribution pattern 

to the BSA NPs. 

Encapsulation Efficiency and BMP-2 Release. 

The encapsulation efficiency and in vitro release of BMP-2 was assessed by using 

I25I-labeled BMP-2 in BSA NPs. The BMP-2 encapsulation efficiency was typically 

>90% for all NPs prepared (Table 1), and it was even higher after PEI coating of the NPs. 
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A significant effect of PEI coating was readily observed on the BMP-2 release kinetics, 

analyzed by assessing the BMP-2 amount in the tissue culture release medium (Figure 5-

4A) or the BMP-2 amount retained in the NPs (Figure 5-4B). A burst release of BMP-2 

was readily evident for uncoated NPs, where >70% of the BMP-2 content was released 

into the medium within the first day. When NPs were treated with PEI, a pronounced 

decrease in the BMP-2 burst release (<15% in 1 day) was seen, while the release period 

was extended over the 10-day study period (Figure 5-4). Increasing the PEI 

concentration used for coating NPs decreased the extent of BMP-2 release; the 

cumulative release at the end of the 10 days was 51%, 42% and 29% for NPs coated with 

0.1, 0.3 and 0.6 mg/mL PEI, respectively (Figure 5-4A). The differences in accumulative 

release between 0.6 and 0.3 mg/mL, and 0.6 and 0.1 mg/mL PEI coating were significant 

(p<0.05), whereas the difference between 0.3 and 0.1 mg/mL PEI coating was not. Taken 

together, an effective layer of PEI appeared to be formed around the NP surfaces to 

control the BMP-2 release, and treatment with higher PEI concentration allowed slower 

release of BMP-2 with a minimal burst release. It is likely that the effect of PEI coating 

was mediated by two mechanisms, one in which the PEI coating physically reduced the 

BMP-2 diffusion through the NP surface, and one in which the PEI stabilized the 

particles, preventing pre-mature disintegration of the BSA NPs. In this case, microscopy 

study of uncoated NPs labeled with fluorescence over time will be useful in the 

investigation of NP disintegration. Nevertheless, the relative contribution of each 

mechanism remains to be determined. 

The 10-day, 29-51% cumulative BMP-2 release obtained with the current PEI-

coated BSA NPs was less than the VEGF release obtained from NPs formed by VEGF-
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bound dextran and PEI (-50% encapsulation efficiency with >10 days of -75% 

cumulative release) [49]. The ionic interaction between anionic dextran sulfate and 

cationic PEI built up the NPs in that system and effectively controlled the release of 

VEGF. Chitosan and poly-L-lysine were also investigated in that study as alternative 

polycations, but they all showed similar VEGF release trends. However, the influence of 

PEI concentration on particles formation and VEGF release was not examined in that 

study. Similar approach for protein delivery was also employed for the delivery of insulin 

and amphotericin B [50, 51], where 40-100% release were observed in the study period 

depending on the ionic strength and the nature of the release medium. BMP-2 is not 

readily soluble at the physiological pH, and this may explain the lower amount of BMP-2 

release in our system. A lower release, however, may be advantageous for in vivo 

application where increased retention at implant site may give a more robust bone 

induction [52]. 

Toxicity of PEI-Coated BSA NPs 

The MTT assay was employed to determine the cytotoxicity of the PEI-coated 

BSA NPs. Among the components of the prepared NPs, only PEI was expected to display 

cytotoxicity since cationic polymers strongly interact with anionic cellular surfaces and 

might compromise the integrity of cellular membranes [53]. PEI is known to induce 

cytotoxicity due to its unique architecture and an increased toxicity was noted with high 

molecular weight and branching [54]. Initial studies indeed showed a strong toxicity of 

the prepared NPs on C2C12 cells, especially for particles coated with high PEI 

concentrations (not shown). To elucidate the source of the toxicity, BSA NPs were 
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separated into two fractions by centrifugation; a supernatant containing soluble BSA and 

PEI molecules, and a pellet containing the NPs, and the cytotoxicity of these two 

fractions was evaluated separately. The supernatant of the BSA NPs displayed 

differential cytotoxicity as a function of PEI concentration used for coating (Figure 5-

5A). A clear toxicity was evident for the two higher PEI concentrations (1.0 and 0.6 

mg/mL) while the toxicity of 0.3 mg/mL PEI coating was dependent on the volume of the 

supernatant added to the cells. The lowest concentration of the PEI (0.1 mg/mL) did not 

indicate any additional toxicity as compared to the uncoated NPs. In contrast, the pellet 

containing the NPs from different preparations did not reduce the viability of the cells, 

based on the relatively similar MTT absorbance for all PEI concentrations used for 

coating (Figure 5-5B). Two additional batches of NP preparations were evaluated in the 

similar manners, and both batches gave similar results as above (not shown). 

These results were indicative of free PEI being present in the NP preparations. 

The dialysis procedure used for removing free PEI apparently did not lead to complete 

removal of the PEI, but a centrifugation process was successful to prepare the NPs with 

no/little cytotoxicity. This was important in further bioactivity testing of the NP 

preparations, since any toxicity of NPs might lead to underestimation of the BMP-2 

bioactivity retained in the NPs. The PEI immobilized on the BSA NPs was apparently not 

toxic, either due to its low concentration or its immobilized state which prevented its 

association with cellular surfaces. An independent study on PEI based DNA-polyplexes, 

reported a significant proportion of the polymer utilized remained in free form; this was 

in part responsible for cell dysfunction and cytotoxicity. After purification of the 

PEI/DNA complex, the particles demonstrated reduced toxicity [55], which suggested 
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that the purification of the NPs could reduce the toxicity of the PEI coating. It might be 

necessary to replace PEI in future studies with more biocompatible cationic polymers, but 

for the purposes of this study, PEI-coated NPs was further tested to investigate whether 

BMP-2 activity was retained in the NP formulations. 

BMP-2 Activity in PEI-Coated BSA NPs. 

ALP is an early marker of osteoblast differentiation [56]. We used the BMP-2 

induced ALP induction in C2C12 cells in vitro as a measure of BMP-2 activity. We first 

measured the ALP induction by four groups: (i) BSA NPs without BMP-2, (ii) 

BSA/BMP-2 solution that was subjected to NP formation process without the addition of 

ethanol so that no NPs was formed, (iii) BSA NPs with encapsulated BMP-2, and (iv) 

PEI (1.0 mg/mL)-coated BSA NPs with encapsulated BMP-2 (Figure 5-6). The BMP-2 

loading in the above samples was 14.4 ug BMP-2/mg bulk BSA. The samples were 

analyzed without centrifugal purification. An equivalent BMP-2 activity was evident in 

two samples, the BMP-2/BSA mixture and the BMP-2 entrapped in BSA NPs (Figure 5-

6). For the other two groups, BSA NPs without BMP-2 and PEI-coated BSA NPs with 

encapsulated BMP-2, there was no detectable activity. This was expected for the former 

group in the absence of BMP-2, as well as the latter due to excessive toxicity of PEI at 

this coating concentration (see Figure 5-5A). This study confirmed the retention of 

BMP-2 activity as a result of entrapment in BSA NPs. The fact that a similar activity was 

seen with and without NP formation suggests an equivalent level of BMP-2 retention in 

these samples. We expected almost complete entrapment of the BMP-2 in NPs based on 

the obtained encapsulation efficiencies (see Table 5-1); We also expected to retain a high 
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amount of BMP-2 in the BSA solution after processing, since (i) the dialysis tubing used 

for NP purification had a MW cut-off (12-14 kDa) smaller than the MW of BMP-2 (-32 

kDa), and (ii) the presence of abundant BSA (~100-fold higher) should stabilize BMP-2 

in solution and prevent its loss due to adsorption to the dialysis apparatus. 

A subsequent study was performed by using BMP-2 containing NPs that were 

coated with lower PEI concentrations. The NP preparations were additionally 

fractionated into a supernatant containing the soluble molecules and a pellet containing 

the NPs before the bioactivity testing. The ALP induction is shown in Figure 5-7A for 

the NPs before fractionation, in Figure 5-7B for the pellet after fractionation and in 

Figure 5-7C for the supernatant after fractionation. For the unfractionated NPs, the ALP 

activity was induced as a function of NP volume added for uncoated BSA NPs and BSA 

NPs coated with 0.1 mg/mL PEI. No significant difference was evident between these 

two groups, indicating no adverse effects of the 0.1 mg/mL PEI coating. For BSA NPs 

coated with 0.6 and 0.3 mg/mL PEI, however, the induced ALP activity decreased as the 

volume of NPs increased, presumably due to the toxicity of the higher amount of PEI in 

the medium. Upon fractionation, free PEI was expected to be removed from the 

preparation, so that bioactivity could be tested in the absence of toxicity issues associated 

with the PEI. In this case (Figure 5-7B), all PEI-coated NPs containing BMP-2 gave 

significant activity in the pellet and the level of ALP induction of BSA NPs coated with 

0.1 mg/mL PEI was significantly higher than 0.6 and 0.3 mg/mL PEI coating (p<0.05) at 

the highest volume (100 uL) of suspended pellet added. For the samples coated with the 

higher PEI concentration (0.6 and 0.3 mg/mL), there was still a decline in ALP activity at 

the higher volumes of samples added, indicating continued toxicity even for the pellet 
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fraction. It is possible that a high concentration of PEI adsorbed onto the NPs might 

directly damage the cells or be released into the medium to manifest its toxic effect. The 

NPs with the lowest PEI coating (0.1 mg/mL) gave a dose-response curve in the ALP 

induction assay without any sign of toxicity. BMP-2 entrapped in uncoated BSA NPs 

gave a little activity in the pellet fraction. This was presumably due to rapid release of 

BMP-2 into the supernatant of NP preparations, which suggested that the uncoated NPs 

are stable in ethanol, but relatively unstable during the dialysis procedure. The ALP 

activity was demonstrated when the supernatants of the same samples were analyzed in 

the bioassay; the uncoated BSA NPs gave a significant BMP-2 activity whereas the 0.6 

and 0.3 mg/mL PEI-coated NPs gave nearly no BMP-2 activity and 0.1 mg/mL PEI-

coated NPs gave some activity. Presumably, there was little release of BMP-2 for the 0.6 

and 0.3 mg/mL PEI-coated NPs samples. It is possible that the lack of BMP-2 activity is 

obscured by the toxicity of 0.3 and 0.6 mg/mL PEI samples (from Figure 5-5A), but this 

was not valid for the 0.1 mg/mL PEI-coated sample since toxicity of the original 

preparation was minimal, if any, with this sample. In this case, some release of BMP-2 

might have been achieved during the 4-day C2C12 cell incubation study, so that the 

BMP-2 was available during this time for the ALP induction. 

The results from the bioactivity studies indicated that BSA NPs coated with 0.1 

mg/mL PEI was the preferred formulation. Such NPs provided a release formulation that 

was compatible with the mammalian cells in vitro. The BMP-2 entrapped in such NP 

formulations was bioactive based on the ALP induction assay with C2C12 cells. The 

bioactivity studies also provided supportive evidence for the slower release of the BMP-2 

from these formulations, unlike uncoated BSA NPs, which displayed the most BMP-2 
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activity in the supernatant and not in the pellet containing the NPs. The fact that little 

BMP-2 was recovered from the supernatant of NP formulations is encouraging for 

developing an aqueous-based process for NP fabrication, since protein loss due to release 

from NPs will be minimized during the fabrication process. It remains to be seen whether 

this is true for other bioactive proteins; BMP-2 is usually not soluble under physiological 

conditions (i.e., ionic strength and pH) and this might have helped with improved 

encapsulation efficiency and a more-sustained release profile. More-readily soluble 

proteins might behave differently in this respect. We are aware that C2C12 cells are 

myogenic origin and more studies will be needed to assess the bioactivity of the proposed 

BMP-2 formulations with more relevant cellular phenotypes. For example, cells derived 

from bone marrow cavity [36] or osteoblastic cell lines such as mouse calvarial MC3T3-

El cells [28] will need to be further explored to better extrapolate the bioactivity results 

to physiological responses. 

CONCLUSIONS 

The bone-inducing growth factor BMP-2 was encapsulated in albumin NPs, 

which were coated with the cationic polymer, polyethylenimine, for better control of 

BMP-2 delivery kinetics. The electrostatic interaction between the anionic albumin and 

cationic PEI was sufficient to create an effective PEI coating on the NPs. The size of 

spherical nanoparticles ranged from -150 nm for uncoated BSA NPs, and significantly 

increased up to 400 nm as a function of PEI concentration used for coating the particles. 

The zeta-potential of the particles similarly increased significantly as a result of PEI 

coating. The encapsulation efficiency was typically >90% in all NP preparations. In vitro 
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release of encapsulated BMP-2 was controlled by the PEI coating of the NPs, providing a 

gradual reduction of BMP-2 release as the PEI concentration for coating was increased. 

The cytotoxicity was a significant issue for NPs coated with high concentrations of PEI, 

but it was possible to minimize the toxic effect of PEI by using lower PEI concentration 

during coating process. The overall results indicated that BMP-2 encapsulated BSA NPs 

coated with 0.1 mg/mL PEI gave tolerable toxicity, retained a robust ALP induction 

activity in C2C12 cells, and efficiently slowed the release of BMP-2 from the BSA NPs. 

These studies established the foundation for testing NP formulations for BMP-2 in animal 

models, and in particular evaluating the effect of sustained-release formulations on BMP-

2 induced bone formation. 
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TABLES 

PEI concentration 

0.6 
0.3 
0.1 
0 

(mg/mL) Encapsulation Efficiency 
Before coating 

-
-
-

90.10 ±0.38 

After coating 
96.53 ± 0.08 
96.88 ±0.15 
96.20 ± 0.27 

-

Table 5-1. Encapsulation efficiency obtained by using I-labeled BMP-2 (in triplicate). 

The coating time for all preparations was 1 h (n=2). 
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Mean ± SD 
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0.24 ±0.17 
0.27 ±0.16 
0.44 ±0.16 

1 • 1 h 
o - 4 h 
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Figure 5-1. The mean particle diameter (A), polydispersity index (B), and zeta potential 
(C) of BSA NPs coated with different PEI concentrations (n=3). Three independent 
batches for each coating concentration were used for measurements, and each 
measurement was performed in 3 runs. The mean particle diameter increased from -150 
nm for uncoated BSA NPs to -400 nm for the highest PEI coating concentration (1.0 
mg/mL). The zeta potential of the coated NPs increased dramatically as compared to 
uncoated NPs, and slightly increased as PEI concentration was increased from 0.1 to 1.0 
mg/mL for both 1 and 4 h coating times. 
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Figure 5-2. The quantification of PEI coating on BS A NPs, as measured by adsorption of 
FITC-labeled PEI (n=3). The fluorescence of the PEI adsorbed on BSA NPs was 
measured as a function of PEI coating concentration, and converted to mass (|ag) of PEI 
adsorbed (A) based on FITC-PEI calibration curve. The amount of PEI adsorbed on the 
NPs was increased with the PEI concentration and the coating time. The coating 
efficiency on BSA NPs was calculated from the adsorbed PEI and the initial PEI in 
solution (B). Note that coating concentration of 0.1 mg/mL PEI gave the highest coating 
efficiency among the PEI concentrations used. 
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Figure 5-3. SEM images of BSA NPs coated with 1.0 mg/mL PEI (A) and 0.1 mg/mL 
PEI (B). AFM images (height-mode) of BSA NPs coated with 1.0 mg/mL PEI (C), 0.1 
mg/mL PEI (D) and an amplitude-mode image of PEI (0.1 mg/mL)-coated BSA NPs with 
BMP-2 encapsulated (E). Larger diameter NPs were evident in the samples coated with 
the higher PEI concentration. 
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Figure 5-4. The release profile of BMP-2 from the PEI-coated BSA NPs with different 
PEI coating concentrations. The release was performed after encapsulating I-labeled 
BMP-2 in BSA NPs and using a release medium of DMEM containing 1% 
penicillin/streptomycin at 37±1°C (A). PEI coating time was 1 h and the results were 
expressed as the mean ± SD (triplicate) percentage of BMP-2 loaded in NPs. At each 
time point, the amount of BMP-2 in the supernatant (A) and the pellet (B) was 
determined after separating the supernatant from the NPs by centrifugation. There was a 
burst release of BMP-2 for uncoated BSA NPs within hours of incubating the NPs in the 
release medium. The burst release was effectively suppressed by PEI coating. Note that 
the gradual reduction of BMP-2 release as the PEI coating concentration was increased 
from 0.1 to 0.6 mg/mL. In case where SDs are not seen, they are smaller than the 
symbols and this study was repeated once more with similar results (n=2). 
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Figure 5-5. Cytotoxicity of BSA NPs coated with different PEI concentrations. The cell 
viability by the MTT assay was determined by using C2C12 cells incubated with the 
supernatant (A) and the suspended pellet (B) after separating the two fractions by 
centrifugation. Cells were grown in 48-well plates (in triplicate) and incubated with the 
samples for 48 h. Note that the observed toxicity was dependent on the PEI 
concentrations. In the supernatant, no toxicity was observed with uncoated BSA NPs but 
significant toxicity was evident for PEI coating concentration >0.3 mg/mL. The pellet 
separated from the supernatant, on the other hand, gave no clear toxicity for all PEI 
concentrations. Two additional batches of NP preparations were evaluated in the similar 
manners, and both batches gave similar results as above (n=3). 
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Figure 5-6. The BMP-2 activity in different NP formulations, as measured by ALP 
induction assay with C2C12 cells (in triplicate). The formulations used were a mixture of 
BSA and BMP-2 solution without NP formation (i.e., no ethanol addition), BSA NPs 
without any BMP-2, BMP-2 encapsulated in uncoated BSA NPs, and BMP-2 
encapsulated in BSA NPs coated with 1.0 mg/niL PEL The bioactivities of BMP-2 in 
BSA solution or in BSA NPs were comparable. No activity was seen in BSA NPs in the 
absence of BMP-2, and BMP-2 in NPs coated with 1.0 mg/mL PEI gave no activity, 
presumably due to toxicity of this formulation. *p<0.05 at this volume added. 
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Figure 5-7. The BMP-2 activity in different PEl coated NP formulations, as measured by 
ALP induction assay with C2C12 cells (in triplicate). The formulations were tested 
without purification (A), or after centrifugation to separate the pellet containing the NPs 
(B) and the supernatant containing the soluble molecules (C). In the original NP 
formulation (A), uncoated and 0.1 mg/mL PEl coated BSA NPs retained the BMP-2 
activity to an equivalent degree, while the NPs coated with 0.6 and 0.3 mg/mL PEl gave 
a decreasing BMP-2 activity as higher volumes added. In the pellet with NPs (B), NPs 
coated with all three PEl concentrations displayed an ALP induction activity higher than 
the uncoated BSA NPs, which showed no activity. In the supernatant (C), The uncoated 
BSA NPs induced ALP activity, while the supernatant from the PEI-coated NPs did not 
yield any BMP-2 activity except some ALP activity was observed for 0.1 mg/mL PEl 
coated NPs. This study was repeated twice more with similar results (n=3). 
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INTRODUCTION 

The bone morphogenetic proteins (BMPs) are a group of secreted proteins that 

belong to the transforming growth factor-p" (TGF-P) superfamily [1]. BMPs exert an 

osteoinductive effect by acting on the non-committed progenitor cells and causing cell 

differentiation into bone-depositing osteoblast phenotypes. BMP-2 has been shown to 

induce osteogenesis at various sites in many animal species [2-7]. The potency of BMP-2 

to successfully stimulate bone formation at the implantation site makes it an alternative 

for the autogenous bone graft in bone healing process, which required the grafting 

procedure associated with the donor-site morbidity and potentially limited supply of 

suitable autogenous bone from patients [8-10]. Currently BMP-2 is clinically used for 

treatment of fractures and spinal fusion procedure [11,12]. The clinical administration of 

BMP-2 was focused on local BMP-2 delivery. Studies showed that BMP induces bone 

induction only locally at the site of implantation, and bone induction is limited temporally 

only to the time when the BMP is present [13]. Because BMP-2 diffuse rapidly from the 

site of administration when applied without a carrier, it has been widely accepted that 

BMP-2 needs a carrier in order to maximize the osteogenic effect. The carrier maintains 

BMP-2 at the treatment site, optimizing the release profile of BMP-2, and restricts BMP-

2 to the site of application to prevent extraneous bone formation [14,15]. 

BMP-2 has been studied in different carriers for ectopic and orthotopic bone 

regeneration, including inorganic materials (e.g. hydroxyapatite [16], tricalcium 

phosphate [17] and calcium phosphate-based cements [18]), synthetic polymers (e.g. 

polylactide[19], polyglycolide [20], and poly (A^-lactide)-co-glycolide [21]), natural 

polymers (e.g. collagen [22] and hyaluronans [23]) and the composites of the above three 
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materials [24-27]. The disadvantages associated with inorganic and synthetic carriers for 

BMP-2 were the poor biodegradability and the possible inflammatory response, 

respectively [28]. Currently one of the most effective carriers for BMP-2 delivery proved 

to be the Type I bovine absorbable collagen sponge (ACS) [15]. As a natural polymer, it 

is recognized as a suitable biomaterial that can be transformed into a porous structure 

with excellent operational properties, and good biocompatibility with tissues [29,30]. The 

carrier properties of ACS have been extensively studied [31-33]. Although the 

achievement of BMP-2 delivered in collagen-based matrices is encouraging, this system 

has some inherent problems in controlling the release rate of BMP-2, often resulting in a 

high initial burst release, and consequently unable to provide a long-term BMP-2 release 

[26,34]. 

Polymer-based nanoparticle (NP) for drug delivery and targeting system was 

developed since early 1980s [35,36]. The NPs are colloidal system with a size of 

submicron. Polymer nanosphere is one type of NPs, which are matrix systems where the 

drug is dispersed within the polymer throughout the particle. In this way, the polymers 

protect the active drugs inside with a better retention of drug bioactivity, and after local 

or systemic administration, potentially target and then release the drug in a controlled, 

predictable manner. During the development of NPs, there are generally three generations 

of nanoparticles with increased targeting ability to desired tissues (Scheme 6-1). NPs 

possess the potential of eliminating problems associated with drug non-specific 

distribution, and rapid break-down and/or clearance in vivo. By encapsulating the drug in 

a protective environment, NPs increase the drug's bioavailability and provide a sustained 

release of the drug [35], which is not only beneficial for local application, but also 
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promising for bone targeting via intravascular injection. NPs made from natural or 

synthetic materials have been explored for protein delivery [37]. Previously, we reported 

that a coacervation method followed by surface coating process demonstrated the ability 

to fabricate BMP-2 encapsulated, polyethylenimine-coated albumin NPs with controlled 

size and slow release profile, and capable of inducing the alkaline phosphatase activity in 

human C2C12 cells [38]. This nanoparticle was prepared without any chemical 

modification of the ingredients, primarily the glutaraldehyde was eliminated form the 

fabrication process, and the bone-inducing protein, BMP-2, was encapsulated in the NPs. 

The encapsulation efficiency of BMP-2 in the albumin NPs was typically greater than 

90%. The surface coating with cationic polymer, polyethylenimine, effectively controlled 

the release of BMP-2 from the NPs (Chapter V). In this work, by using the PEI-coated, 

BMP-2 encapsulated albumin NPs, studies were carried out with two main goals: i) to 

examine the pharmacokinetics of BMP-2 release in vivo by implantation of the NPs 

subcutaneously into rats; ii) to assess the ability of the released BMP-2 from the NPs to 

induce bone formation in an ectopic rat model. The implantation was performed by 

loading the BMP-2 encapsulated NPs into ACS, and then subcutaneously implanted into 

rats. In the pharmacokinetics study, the local BMP-2 concentration was determined by 

using I-labeled BMP-2. The rat ectopic assay was chosen for osteoinduction study 

because of its robustness and, also, it is routinely used in numerous studies to investigate 

bioactive factors for bone formation. 
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MATERIALS AND METHODS 

Materials 

Bovine serum albumin (BSA), branched PEI (Mw -25,000 by light scattering (LS), 

Mn -10,000 by gel permeation chromatography(GPC)), ALP substrate p-nitrophenol 

phosphate (p-NPP), l,3,4,6-tetrachloro-3a,6a-diphenylglycouril (TCDG), o-

cresolphthalein, 8-hydroxyquinoline, trichloroacetic acid (TCA) and Calcium assay 

standards (Sigma diagnostic®) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

Recombinant Human Bone Morphogenetic Protein-2 (BMP-2, from E. coli) was prepared 

as described before [39]. Na125I (in 0.1 M NaOH) was obtained from GE Healthcare 

(Piscataway, NJ, USA). Metofane™ (methoxyflurane) was obtained from Janssen Inc. 

(Toronto, ON, Canada). Saline used for implantation (0.9% sodium chloride, sterile, non-

pyrogenic) was obtained from Baxter Corporation (Toronto, ON, Canada). Absorbable 

collagen Hemostatic sponge (ACS, Helistat®, sterile, non-pyrogenic) was obtained from 

Integra Life sciences Corporation (Plainsboro, NJ, USA). Triton X-100 (rein-pure 

octylphenol-polyethyleneglycol ether) was obtained from Feinbiochemica (Heidelburg, 

NY, USA). Dulbecco's Modified Eagle Medium (DMEM), Hank's Balanced Salt 

Solution (HBSS), penicillin (10,000 U/mL solution) and streptomycin (10,000 ug/mL 

solution) were from Invitrogen (Carlsbad, CA, USA). 2-amino-2-methyl-propan-l-ol 

(AMP) was obtained from Aldrich chemicals (Milwaukee, WI, USA). Hydrochloric acid 

(HC1) and concentrated sulfuric acid (H2SO4) were obtained from Fisher scientific Inc. 

(Nepean, ON, Canada). The chemicals were used as received, without any further 

purification. All tissue culture plasticware was from Corning (Corning, NY, USA).Where 
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indicated, in-house prepared distilled/de-ionized water (ddfbO) for buffer preparations 

and dialysis was derived from a Milli-Q purification system. 

Pharmacokinetics Study 

Preparation of 125I-labeled BMP-2 Encapsulated BSA NPs: The characterization of BMP-

2 encapsulated, PEI-coated BSA NPs in vitro was reported by our group previously [38]. 

In this in vivo study, BMP-2 was labeled with the radioisotope 125I [40], to determine the 

retention of BMP-2 encapsulated in the NPs. Microcentrifuge tubes were coated with 

TCDG (200 uL of 20 ug/mL TCDG in chloroform), and 20 uL of BMP-2 solution 

(containing of 10 ng of BMP-2) was added to the coated tubes, along with 50 uL of 0.1 

M phosphate buffer (pH = 4.5) and 20 uL of 0.2 mCi of Na125I in 0.1 M of NaOH. After 

reacting for 25 min, free 1ZJI was separated from the radiolabeled BMP-2 by using a 

Sephadex G-25 column. After precipitating an aliquot of the purified samples with 20% 

(w/v) trichloroacetic acid (TCA), the counts in the supernatant and the pellet was 

determined with a y-counter (Wizard 1470; Wallac, Turku, Finland), and it was 

confirmed that the iodinated sample contained < 5% free I. After iodination, 10 uL of 

125I-labeled BMP-2 was first diluted by 40 uL of ddH20 (volume ration of 1:5), and then 

mixed with BSA solution as described previously to prepare the NPs [38]. Briefly, 250 

uL of 10 mg/mL BSA solution (50 mg of BSA dissolved in 5 mL ddHiO) was added to 

250 uL of 10 mM NaCl solution (pH=7.0) in a glass vessel under constant stirring (600 

rpm) at room temperature. The stirring was allowed to proceed for 15 min. Then, 50 uL 

of 125I-labeled BMP-2 in ddH20 was added into the above solution. This aqueous phase 

was desolvated with dropwise addition of 3.0 mL of ethanol after 2 h of mixing. The 
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mixture was then stirred (600 rpm) under room temperature for 3 h. The I-labeled 

BMP-2 encapsulated BSA NPs so formed were coated with different 0.1 and 0.6 mg/mL 

PEI, respectively. PEI dissolved in 0.5 mM NaCl solution was added to the above NPs 

solution by a volume ratio of 1.25 to 1. The coating was allowed to proceed for 1 h under 

stirring. 

Implantation and in vivo Retention: 6~8-week-old female Sprague-Dawley rats were 

purchased from Biosciences (Edmonton, Alberta). The rats were acclimated for 1 week 

under standard laboratory conditions (23 °C, 12 hours of light/dark cycle) prior to the 

beginning of the study. While maintained in pairs in sterilized cages, rats were provided 

standard commercial rat chow, and tap water ad libitum for the duration of the study. All 

procedures involving the rats were approved by the Animal Welfare Committee at the 

University of Alberta (Edmonton, Alberta). The NPs containing I-labeled BMP-2 were 

coated with 0.6, 0.1 and 0 mg/mL PEI for 1 h in this study (See details in Table 6-1). 675 

uL of samples (prepared from 300 uL of NPs and 375 uL of PEI solution) were 

centrifuged at high speed for 5 minutes (BHG Hermle Z230 M Centrifuge) to remove the 

supernatant containing ethanol, NaCl and free BMP-2, BSA and PEI. Then the pellet was 

re-dispersed into 675 uL of saline for implantation. The absorbable collagen sponge 

(ACS) used for implantation was 1 cm * 1 cm square cut from a 7.5 cm x 10 cm ACS (5.0 

mm thickness). The dry sponge square cut was then soaked with 50 uL of I-labeled 

NPs sample for 15 minutes prior to implantation. The exact counts in the added 50 uL 

sample were determined by a y-counter prior to implantation, and used as the total 

implanted 125I-labeled BMP-2 dose. Once rats were anesthetized with inhalational 
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Metofane , two implants (duplicates of the same type) were implanted subcutaneously 

into bilateral ventral pouches in each rat. There were 24 rats in total utilized for 

implantation, with 3 rats in each study group (with an exception of the first time point, 

where 2 rats in each group). At indicated time points, the rats were euthanized with CO2, 

the implants were recovered, and the counts associated with the excised implants were 

quantified by using a y-counter. The amount of BMP-2 retention, expressed as a 

percentage of implanted dose, was calculated as: 100% x [(recovered counts in the 

implant)/(initial counts in the implant)]. The results were summarized as mean ± SD of 

%implant retention of BMP-2 for six implants (or four implants for the first time point) at 

each time point. 

Ectopic Bone Formation in Rat Subcutaneous Implant model 

Preparation of Implants and Implantation into Rats: Four groups of implants were 

investigated in this study, including the control saline (Gl), free BMP-2 solution (G2), 

uncoated BMP-2/BSA NPs (G3) and 0.6 mg/mL PEI coated BMP-2/BSA NPs (G4). The 

BMP-2 encapsulated BSA NPs were prepared as described previously for bioactivity 

study [38]. The NPs were centrifuged, and then the pellet was concentrated in saline to 

obtain 50 \iL of NPs re-dispersion containing 3 ug of BMP-2 [41]. Free BMP-2 solution 

was prepared by using 50 |aL of 0.06 |J.g/uL BMP-2 solutions for each implant to be in 

accordance with this requirement. 50 uL of sample from each group was soaked into a 

piece of ACS, with a dimension of 1 cm x 1cm x 5 mm for 10 min prior to implantation. 

For control group, 50 uL of saline was absorbed into ACS pieces (See details in Table 6-

2). Once rats were anesthetized with inhalational Metofane™, two implants (duplicates 
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of the same type) were implanted subcutaneously into bilateral ventral pouches in each 

rat. The implants were recovered at two time points, day 10 and day 16. At indicated time 

points, rats were euthanized with CO2, the implants were recovered, the weight was 

weighed, and ALP assay and calcium assay were carried out for the recovered implants. 

The results were summarized as mean ± SD for 6 implants at each time point. 

In a follow-up study, free BMP-2 solution was added to each group as initiator for 

bone formation together with the NPs. There were seven groups being investigated in this 

study: (1) control saline (Gl); (2) uncoated BMP-2/BSA NPs (G21); (3) uncoated BMP-

2/BSA NPs with 3 ug of free BMP-2 solution (G22); (4) 0.6 mg/mL PEI coated BMP-

2/BSA NPs (G31); (5) 0.6 mg/mL PEI coated BMP-2/BSA NPs with 3 ug of free BMP-2 

solution (G32); (6) 0.1 mg/mL PEI coated BMP-2/BSA NPs (G41); and (7) 0.1 mg/mL 

PEI coated BMP-2/BSA NPs with 3 ug of free BMP-2 solution (G42). The implants were 

prepared as described above except that G22, G32 and G42 were supplemented with 3 ug 

of free BMP-2 solution additionally before implantation (See details in Table 6-3). The 

ACS sponge for loading samples had dimensions of 1 cm x 1cm x 5 mm, and it was 

absorbed with 50 uL of desired sample volumes for 10 minutes, and then implanted 

subcutaneously into rats. There were 42 rats in total used in this study, and two time 

points, day 14 and day 21 post-implantation were tested. The results were summarized as 

mean ± SD for 6 implants at each time point. 

ALP Activity in Implants [42]: At day 10 and day 16 post-implantation, the rats were 

sacrificed, and implants were recovered. The wet weight of explants was determined 

before further investigation. After weighing, the explants were incubated in 2.0 mL of 
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PBS (lx) at 4 °C (in 24- well-plate) overnight with gentle shaking to remove any serum 

contaminant. The explants were then transferred into 1.0 mL of 25 mM of NaHCC>3 (pH 

= 7.4) containing 0.01% Triton X-100 for a 72 h incubation at 4 °C with gentle shaking. 

After 72 h of incubation, 200 uL of the sample solution (in duplicate) from each well 

were placed into a 48-well-plate, and then 200 uL of p-NPP in ALP buffer (pH = 10.5, 

containing 0.1 % of Triton X-100) was added to each extraction solution. A kinetic ALP 

assay was performed to determine the bioactivity of BMP-2 [43]. The changes in optical 

density (A,absorbance-' 405 run) were determined in a multi-well plate reader at an intervals of 

1.5 min for 8 cycles. The kinetic ALP activity was expressed as the change in optical 

density of the wells per unit time (mABS/minute). All results were expressed as mean ± 

SD of duplicate wells for each recovered implant. 

Calcium Deposition in Implants: After extraction for the measurement of ALP activity, 

the explants were first washed with 2.0 mL of PBS xl, and then transferred to a new 24-

well-plate with 1.0 mL of 0.5 N HC1 per well. Then the explants were immersed in the 

HC1 solution and left standing at + 4 °C with gentle shaking for 24 h to extract the 

calcium deposited in the sponge. The exacted concentration of calcium was quantified by 

a calcification assay with calcium standards (Sigma diagnostic® (A,abSOrbance: 574 nm)) to 

yield the amount of calcium formed. Briefly, 20 uL of the dissolved calcium solution was 

added to 50 uL of a solution containing 28 mM of 8-hydroxyquinoline and 0.5% (v/v) 

sulfuric acid, as well as 0.5 mL of solution containing 0.37 mM of o-cresolphthalein and 

1.5% (v/v) of AMP (2-amino-2-methyl-propan-l-ol). A calcium standard curve based on 

the standards was used to convert the absorbance into concentration of calcium. The level 
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of calcification was summarized as the mean concentration of calcium (mg/dL) ± SD of 

duplicate wells for each implant. 

Osteocalcin Deposition in Implants: To determine the osteocalcin content in the well, the 

remaining cell lysis solution were frozen in -80 °C freezer, thawed at a suitable time, and 

analyzed with a sandwich ELISA Kit specific for rat osteocalcin (Rat osteocalcin EIA 

Kit, Biomedical Technologies Inc., Stoughton, MA, USA, Lot#121107). The assay was 

performed with a 96-well plate. A monoclonal antibody directed against the N-terminal 

region of osteocalcin was first bound to the polystyrene wells for sample capture. 

Manufacturer supplied standards of highly purified rat osteocalcin are used to generate a 

standard curve along with the explant lysis solutions. 100 uL of sample buffer (blank), 

standards, controls and tested samples were added into designated duplicate wells. The 

plate was incubate at 37 °C for 2.5 h, and then the wells were aspirated completely and 

washed three times with 0.3 mL PBS (lx). 100 |j.L of the osteocalcin antiserum was 

added to each well and incubated at 37 °C for 1 h. The plate was washed again as 

described in last step. 100 \xL of the diluted Donkey anti-Goat IgG Peroxidase was added 

to each well and incubated at room temperature for 1 h. The plate was washed again after 

the incubation as in last step. 100 uL of the mixture of Peroxidase substrate TMB 

(3,3',5,5'-tetramethyl benzidine) solution and Hydrogen Peroxide solution (volume ratio 

= 1:1) was added to all wells and incubate at room temperature in the dark for 30 

minutes. 100 uL of Stop solution was added to all wells, swirl and measure absorbance at 

450nm. Based on the obtained calibration curve, the concentration of osteocalcin in 

explants was summarized as mean ± SD of duplicate wells. 
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Micro Computer Tomography (micro-CT) Imaging for Explants: Before decalcified, the 

recovered implants were scanned on a micro-CT scanner (Skyscan-1076, Skyscan, 

Belgium). The recovered implants were taken out from ALP lysis buffer which stored at 

4 °C, and then placed into a 1.5 mL microcentrifuge tube, scanning together with a micro-

CT standard. The scanning process was typically -23 minutes per sample (Voltage: 

48kV; Current: 100 uA; Filter: Titanium 0.025mm; Rotation step: 0.35 degree; Imaging 

pixel size: 18 um; Frame Averaging: 3). The scanned images were reconstructed into 3D 

image withNRecon Reconstruction software (version 1.5.1). 

In vitro ALP Activity for NPs with Implant Formulation 

To determine the in vitro ALP activity for the implant formulations, the NP 

samples were produced by the same method as for the implant, with 50 uL of sample 

containing 3 ug of BMP-2. Four PEI coating concentrations were tested in this study, 

0.01, 0.03, 0.1 and 0.6 mg/mL PEI, as well as two control groups, free BMP-2 solution 

and the uncoated BMP-2/BSA NPs. The NPs solution was fractionated into supernatant 

and pellet by centrifugation at 8000 rpm for 10 min. The supernatant was discarded, and 

the pellet was re-dispersed into DMEM containing 1% of penicillin/streptomycin. The re-

dispersion was centrifuged again to obtain the supernatant and the pellet for ALP assay. 

The two fractions were incubated with human C2C12 cells for 72 h, and a kinetic ALP 

procedure was described before [38]. 

In vitro ALP Activity for NPs with Different BMP-2 Loading 
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In order to investigate the effect of encapsulated BMP-2 dosage on the in vitro 

ALP activity, NPs was prepared with different BMP-2 dosages. Three dosages of NP, 

3.6, 7.2 and 14.4 ug per batch (7.2, 14.4 and 28.8 uL of 0.5 mg/mL BMP-2) were 

encapsulated into BSA NPs. The final mass ratio of BMP-2 to BSA in the NPs increased 

from 1.44%, 2.88% to 5.76%, respectively. The NPs was then coated with 0.01, 0.03 and 

0.1 mg/mL PEI, with the uncoated BMP-2/BSA NPs serving as a control. The NPs were 

produced by the same method as for the implant formulation. After coating, samples were 

first centrifuged to remove the supernatant containing ethanol, NaCl and free polymer. 

The pellet was then re-dissolved in DMEM containing 1% penicillin/streptomycin. This 

re-dispersion was centrifuged again, to separate the supernatant and pellet for a kinetic 

ALP assay. There were two volumes of the pellet dispersion incubated with C2C12 cells 

for each BMP-2 dosage, giving an estimated concentration of 1.0 and 0.5 (ig/mL of 

BMP-2 in the final medium. For the supernatant fraction, the same volumes as of the 

pellet dispersion were added to cells. The kinetic ALP assay procedure was described as 

before [38]. 

Long-term (28 days) in vitro ALP Study of the Encapsulated BMP-2 Bioactivity 

The long term bioactivity of BMP-2 released from NPs was assessed in vitro by 

determining its ability to stimulate the ALP activity in human C2C12 cells. There were 

five groups examined in this study: (1) BSA NPs without any BMP-2 encapsulated; (2) 

free BMP-2; (3) uncoated BMP-2/BSA NPs; (4) 0.1 mg/mL and (5) 0.6 mg/mL PEI 

coated BMP-2/BSA NPs. The final BMP-2 concentration in the culture medium was 1.0 

(ag/mL in all groups except the blank BSA NPs. The free BMP-2 group was prepared by 
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dilution of the stock 0.5 mg/mL of BMP-2 solution to a final concentration of 1.0 ng/mL, 

with the use of BSA and NaCl mixture that of the same ratio for making NPs. The NPs 

were fabricated by the same procedure as described before [38], with a mass ratio of 

BMP-2 to BSA of 1.44% (wt). For the coating, 300 uL of NPs were mixed with 375 |xL 

of 0.6 or 0.1 mg/mL PEI solution for 1 h, respectively; while for the uncoated BMP-

2/BSA NPs, 300 uL of NPs were mixed with 375 uL of 0.5 mM of NaCl solution. BMP-

2 encapsulation efficiency was assumed to be 100%, and the NPs were added to cell 

culture medium to give the desired 1.0 (ig/mL concentration. There were six of such 

aliquots prepared for each sample for the 6 time points to be examined. These aliquots 

were placed on an orbital shaker, and incubated at 37 °C with 5% of CO2 under gentle 

shaking. At each time point (1, 5, 8, 14, 22 and 28 days), one aliquot of each sample was 

taken out, centrifuged (6000 rpm for 3 min and then 8000 rpm for 2 min), the supernatant 

and the pellet were separated, and then the pellets were re-dissolved in 675 \xL of DMEM 

with 1% of penicillin/streptomycin. Human C2C12 cells were seeded in 48-well-plates, 

and used after 24 h of seeding. Samples were added to the cells at volumes of 100, 50 and 

25 and 0 uL, with the final volume per well of 0.5 mL. A kinetic ALP assay was 

performed to determine the bioactivity of encapsulated BMP-2 as described before [38]. 

Statistical Analysis 

All quantitative data were expressed as the mean ± standard deviation (SD). In the 

pharmacokinetics study, statistical analysis was performed by unpaired Student's /-test. 

In the ectopic bone formation study, statistical analysis was performed by the non-

parametric Mann-Whitney-Wilcoxon test. Where indicated, statistical differences 
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between group means were analyzed by single factor analysis of variance (ANOVA) or 

Kruskal-Wallis one-way analysis of variance (for non-parametric test). A value of/K0.05 

was considered statistically significant. 

RESULTS 

Long-term (28 days) in vitro ALP Study of the Encapsulated BMP-2 Bioactivity 

A 28-day in vitro study was used to examine the bioactivity of BMP-2 retained in 

NPs (Figure 6-1). The well-established C2C12 cells were used for this purpose and our 

intention was to determine the preservation of BMP-2 activity in a 4-week time period, in 

order to better understand in vivo bone induction by NP formulations of BMP-2. Free 

BMP-2 demonstrated the highest ALP activity in the supernatant as expected at all time 

points, except day 5 and day 8 where some ALP activity appeared in the pellet of free 

BMP-2. This might be due to some precipitation of BMP-2 protein. Due to the unstable 

nature of the uncoated BMP-2/BSA NPs, the ALP activity was mainly in the supernatant 

instead of the pellet because of a fast release of BMP-2 into the supernatant for the study 

period. For 0.1 mg/mL PEI coated NPs, the ALP activity was mainly in the pellet during 

the study period. The ALP activity in the supernatant initially increased (day 1 to day 5) 

and later decreased (day 14 to day 28) for these NPs. For the 0.6 mg/mL PEI coated NPs, 

the ALP activity in the pellet was lower than 0.1 mg/mL PEI coated NPs until day 8, after 

which they were equivalent. The ALP activity in the supernatant of 0.6 mg/mL PEI 

coated NPs was not as evident as the 0.1 mg/mL PEI coated NPs. The results from the 

NPs containing no BMP-2 were not included in the figure, since the ALP activity in both 

the pellet and supernatant was close to zero at all time points. This long term study 
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indicated that BMP-2 encapsulated in PEI-coated BSA NPs was released over a 

prolonged period and it remained in a bioactive form both in the supernatant as well as in 

the pellet. We then proceeded to implant studies in the chosen animal model. 

Pharmacokinetics of BMP-2 in NPs 

The in vivo BMP-2 retention in PEI-coated and uncoated NPs is shown in Figure 

6-2. After 1 day post-implantation, the burst release was more significant for the 

uncoated NPs, with only 22% of the implanted dosage remaining in the ACS. A reduced 

BMP-2 burst release was observed for both 0.6 and 0.1 mg/mL PEI coated NPs, with 

83% and 67% of BMP-2 implanted dosage remaining in the implants, respectively. At 4 

and 7 days post-implantation, the BMP-2 retention percentage for 0.6 and 0.1 mg/mL PEI 

coated BMP-2/BSA NPs were 51% and 33%, and 47% and 30%, respectively. For the 

uncoated BMP-2/BSA NPs, the BMP-2 retention percentage was 12% and 10% for day 4 

and day 7 post-implantation, respectively. There was no significant difference in the 

BMP-2 retention percentage between 0.6 and 0.1 mg/mL PEI coated NPs; on the other 

hand, the differences between the uncoated NPs and PEI coated NPs were significant at 

all time points (p < 0.03 by ANOVA). The pharmacokinetics results indicated that slow 

release of BMP-2 was achieved by PEI coating on NPs compared with the uncoated NPs. 

Ectopic Bone Formation 

To assess the therapeutic potential of nanoparticulate BMP-2 delivery system, the 

BMP-2 encapsulated NPs were subcutaneously implanted into rats. We used an implant 

dose of 3 ug BMP-2 per 50 uL of NP solution and, to achieve this, the NPs were 
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concentrated by centrifugation. The rats were sacrificed at day 10 and day 16 post-

implantation. The wet weight of the recovered implants at the time points was determined 

(Figure 6-3A). To compensate for the weight loss, the ALP activity and calcium 

deposition were normalized against the weight of the recovered implants. The results of 

ALP assay showed a higher ALP activity in the uncoated BMP-2/BSA NPs and free 

BMP-2 solution, compared to the control and 0.6 mg/mL PEI coated BMP-2/BSA NPs, 

which did not demonstrate any significant signal of ALP activity at both time points 

(Figure 6-3B). The relatively large error bars is typical of this in vivo bioassay, where the 

response usually follows non-normal distribution among the study groups. The 

calcification assay for the recovered implants also showed that calcium deposition was 

evident on day 16 in both the uncoated BMP-2/BSA NPs and free BMP-2, but not 

detected in the control and 0.6 mg/mL PEI coated BMP-2/BSA NPs (Figure 6-3C). 

Comparing the two time points, there was an increased ALP activity at day 16 than day 

10, so did the calcification assay for both the uncoated BMP-2/BSA NPs and free BMP-2. 

The correlation between the ALP activity and calcium deposition of all the recovered 

implants was shown in Figure 6-3D. A significant linear relationship tested by Pearson 

correlation was observed between ALP activity and calcification for day 10 (pO.OOOl, 

two-tailed), and day 16 (pO.OOOl, two-tailed) post-implantation. 

Next, an ELISA assay was performed for the osteocalcin level in the recovered 

implants (Figure 6-4). Osteocalcin is a non-collagenous matrix protein that is synthesized 

by mature osteoblasts. It is a good marker of bone deposition since osteocalcin is not 

present at early calcification stages, but is expressed in concert with calcification deposits 

[44]. The results showed that the free BMP-2 and BMP-2/BSA NPs groups demonstrated 
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significantly higher osteocalcin level compared with the control group and 0.6 mg/mL 

PEI coated BMP-2/BSA NPs at both day 10 and day 16 (p < 0.05). The osteocalcin level 

obtained for free BMP-2 and BMP-2/BSA NPs group was increased from day 10 to day 

16 significantly (p < 0.02 for both groups). There was no evident ostaocalcin deposition 

in PEI-coated BMP-2/BSA NPs, since there was no significant difference between the 

control and PEI-coated BMP-2/BSA NPs for both time points (p> 0.70). 

In order to further investigate the ectopic bone formation by PEI-coated BMP-

2/BSA NPs, a follow-up study was conducted with two changes: (1) a lower 

concentration of PEI (0.1 mg/mL) was additionally used for NP coating, and (2) free 

BMP-2 was added to the study groups in order to ensure osteoinduction in the implants. 

In this way, any detrimental effect of relatively high concentration of PEI could be 

explored. The investigated time points were day 14 and day 21. There was a significant 

weight loss, -50 to 80%, for all the recovered implants from day 14 to day 21 (Figure 6-

5A). There was no ALP activity or calcification in the blank control group (Gl) at both 

time points. The uncoated BMP-2/BSA NPs, with and without free BMP-2 addition (G21 

and G22), showed higher ALP activity than all other groups at both day 14 and day 21 

(Figure 6-5B). At day 14, the uncoated BMP-2/BSA NPs with free BMP-2 (G22) 

demonstrated the highest ALP activity among all groups, while at day 21 it exhibited 

equivalent ALP activity with the uncoated BMP-2/BSA NPs without additional free 

BMP-2 (G21). On the other hand, both PEI (0.6 and 0.1 mg/mL) coated NPs, with or 

without free BMP-2 addition, did not demonstrate any significant ALP activity compared 

to control, even at day 21 (p>0.31). The calcium deposition results exhibited similar trend 

as to the ALP activity, except the uncoated BMP-2/BSA NPs with free BMP-2 addition 
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deposited much more calcium than the NPs without free BMP-2 at day 21 (Figure 6-5C). 

The ALP activity initiated by BMP-2 increased and saturated at 3 weeks while the 

calcium deposition augmented steadily with time was also observed in other studies 

[45,46]. This was considered in accordance with the course of bone formation in the 

subcutaneous tissue. The PEI-coated NPs, with and without free BMP-2 addition, did not 

display any evident calcium deposition compared to control at both time points (p>0.24 

and p>0.32 for day 14 and day 21, respectively). The overall results suggested an 

undesired effect of PEI on osteoinductive activity for PEI-coated BMP-2/BSA NPs. The 

correlation between ALP activity and calcification was significant for day 14 explants 

(pO.OOOl, two-tailed), but not quite evident for day 21 explants (p < 0.01, two-tailed) 

(Figure 6-5D). The micro-CT images for recovered implants at day 14 visually 

demonstrated the calcium deposition inside the implanted sponge (Figure 6-6), which 

were in accordance with the ALP assay and calcification results. Based on micro-CT, 

only group G22 (free BMP-2 + BMP-2/BSA NP) gave a strong osteoinduction and 

adding free BMP-2 to PEI-coated NPs did not give an increase in calcification. 

In vitro ALP Activity for NPs Used for Implantation 

The in vitro ALP activity was performed by using NPs that were produced under 

identical conditions to implantation formulations (Figure 6-7). The NPs were 

concentrated before they were separated into pellet and supernatant, and then incubated 

separately with C2C12 cells. The expected final BMP-2 concentration in culture medium 

was 1.0 and 0.5 \xg/mL for the two different volumes added. The results showed that the 

pellet fraction of NP coated with 0.6 and 0.1 mg/mL PEI did not induce any ALP 
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activity. Incubation with the aforementioned pellet caused cell death after visual 

inspection of the incubated cells under microscope. No evident ALP activity was induced 

by the pellet fraction even for the 0.03 mg/mL PEI coated NPs. Only the pellet fraction of 

0.01 mg/mL PEI coated NPs showed induced ALP activity, and it was higher than the 

pellet of uncoated NPs. In the supernatant, free BMP-2 was used as a positive control, 

which showed the highest ALP activity. However, all other samples did not give evident 

ALP activity except the 0.01 mg/mL PEI coated NPs. This was indicative of toxicity of 

the concentrated NP formulations that was used for implantation. 

In vitro ALP Activity for NPs with Different BMP-2 Loading 

Higher BMP-2 loading in NPs were investigated in order to reduce the PEI 

packing on NPs by decreasing the extent of NP "concentration". 3.6, 7.2 and 14.4 ug of 

BMP-2 were the three encapsulated dosages used in this study. The lowest encapsulated 

dosage, 3.6 ug of BMP-2, was the dosage used throughout previous studies. The PEI 

coating concentration was between 0.1 and 0.01 mg/mL in this study. The final BMP-2 

concentrations to be used were 1.0 and 0.5 ug/mL in the culture medium, and to achieve 

these, the pellets were concentrated at different times (Figure 6-8A), with 13.5, 6.75 and 

3.38 times for 3.6, 7.2 and 14.4 ug of BMP-2 dosage, respectively. In the pellet fraction, 

the ALP activity of different BMP-2 loadings showed that the 3.6 ug of BMP-2 dosage 

did not induce any ALP activity at both BMP-2 concentrations tested for 0.1 mg/mL PEI 

coated NPs; however, the 7.2 ug of BMP-2 dosage, showed some ALP activity, and the 

14.4 ug of BMP-2 dosage exhibited a dose-respondent ALP activity for 0.1 mg/mL PEI 

coated NPs. For 0.03 and 0.01 mg/mL PEI coated NPs, the pellet fraction of all three 
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BMP-2 dosages showed induced ALP activity, and it was dose-respondent (Figure 6-8B, 

C). In the supernatant, no significant ALP activity was observed for all formulations 

tested, except the 0.01 mg/mL PEI coated NPs, which showed the highest ALP activity 

with the 3.6 |ug of BMP-2 dosage, and as BMP-2 encapsulated dosage increased, the ALP 

activity decreased (Figure 6-8D, E). Overall speaking, the ALP activity of PEI-coated 

NPs demonstrated an increasing tendency as the PEI coating concentration decreased 

from 0.1 to 0.01 mg/mL. In the pellet fraction, the ALP activity increased as the BMP-2 

loading amount increased, while in the supernatant the ALP activity decreased as the 

BMP-2 loading amount increased. 

DISCUSSION 

BMP-2 is a potent stimulant of bone formation as it induces the differentiation of 

mesenchymal stem cells into bone-depositing osteoblast cells [47]. The necessity of a 

carrier for BMP-2 delivery is due to the short biological half-life of BMP-2 at implant 

site; moreover, safety issues arising from uncontrolled outflow of free BMP-2 solution 

after implantation makes the use of a carrier necessary. In order to develop an effective 

and safe approach for BMP-2 delivery, we previously reported a BMP-2 delivery system 

based on PEI-coated BSA NPs [38]. The previous in vitro BMP-2 release study suggested 

that the release of BMP-2 from the NPs can be controlled by the PEI concentration used 

for coating the NPs [38]. In this study, we first evaluate if the BMP-2 bioactivity is lost in 

a 4-week time period in the NP formulations, since it is imperative to maintain BMP-2 

bioactivity over a long period in delivery formulations. Our 28-day in vitro ALP study 

suggested that BMP-2 remained bioactive over the entire time period for both the 
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uncoated and PEI-coated NPs (0.1 and 0.6 mg/mL PEI for coating). Compared to the 

uncoated NPs, PEI-coated NPs exhibited enhanced ALP activity in the pellet, which 

suggested that PEI coating effectively controlled BMP-2 released from NPs. This was 

consistent with the previous in vitro release study [38]. The controllable release pattern 

was also observed for other PEI coating systems for drug release [48-50]. Moreover, 

stabilization of BSA NPs by PEI coating eliminates the exposure of BMP-2 to chemical 

cross-linking agent, usually glutaraldehyde, during the fabrication process, thus enabling 

better integrity of BMP-2 biological activity. We then continued to examine this BMP-2 

delivery system by evaluating the in vivo pharmacokinetics of BMP-2 and the 

osteoinduction activity of the BMP-2 delivered by NPs in a rat ectopic model. It was our 

intention to explore a relationship between local retention of BMP-2 in implants and the 

osteoinductivity of encapsulated BMP-2. 

Pharmacokinetics of BMP-2 Delivery 

The pharmacokinetics of BMP-2 in different carriers, such as ACS, demineralized 

bone matrix and bone mineral, has been studied thoroughly [31,32,41]. Previous studies 

suggested that BMP loss from the implanted matrix-based carriers occurred in two phases: 

an initial burst release and a gradual protein loss afterwards [41]. BMP implant 

concentration did not affect the in vivo pharmacokinetics [31]. It was shown that BMP-2 

retention was -10% in ACS after 7 days by subcutaneous implantation [41]. In this study, 

with the same methodology [41], a similar retention was achieved for the uncoated BMP-

2/BSA NPs. This study also showed more than 30% of BMP-2 was retained in the ACS 

with the presence of PEI coated BMP-2/BSA NPs at 7 days post-implantation. It clearly 
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indicated that PEI coating on BSA NPs can effectively reduce the initial burst release of 

BMP-2 from ACS for both 0.6 and 0.1 mg/mL PEI coating. The BMP-2 retention at 

implant site is expected to depend on several factors, including diffusion of BMP-2 

and/or NPs, the degradation rate of NPs, the degradation rate of collagen, and the 

interactions among BMP-2, BSA, PEI and collagen. The NP size should also play a role 

in BMP-2 release, but this issue was not explored in this study. The uncoated BSA NPs 

demonstrated an initial burst release of BMP-2. This was not surprised since the BSA 

NPs without a PEI coating will be unstable [38], facilitating degradation of BSA in vivo. 

After coating, the interaction of PEI with BSA NPs might delay this process, since the 

PEI coating layer forms a barrier that better maintains the integrity of BSA NPs. 

Although this study did not investigate the degradation pattern of BSA NPs, Lin et al. 

studied the degradation of albumin NPs in rat serum in vitro [51]. The results indicated 

17% of albumin NPs were degraded after 4 days at 37 °C. However, the albumin NPs 

tested in that study was cross-linked with glutaraldehyde, which was not used in our NPs. 

It's also not known if in vivo degradation is impeded or facilitated as compared to the in 

vitro condition. In our hands, one in vivo pharmacokinetics study by subcutaneous 

implantation in rats showed similar release pattern of free BMP-2 and BMP-2 entrapped 

in BSA NPs (data not shown). This suggested that BSA NPs without coating is not very 

stable in vivo. A more precise way to investigate the degradation rate of BSA NPs is to 

fabricate the NPs with I25I-labeled BSA, and then implant them for pharmacokinetics 

analysis. 

Though in vivo pharmacokinetics of BMP-2 release was studied in numerous 

delivery systems, there were few studies on BMP-2 release from the NP delivery system. 
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Hosseinkhani et al. investigated the in vivo release of BMP-2 from a gel-like nano-

scaffold, which was constructed by self-assembled peptide amphiphile (PA) nanofibers 

[45]. By injecting the 125I-labeled BMP-2 incorporated nano-scaffold subcutaneously into 

the back of rats, the results showed no initial burst release of BMP-2 at day 1, and 

30-40% of BMP-2 remained in the nano-scaffold at day 7. This retention percentage was 

comparable to our results of BMP-2 retention in PEI-coated NPs. Based on the 

1 01 

degradation profile of PA nanofibers by using I-labeled PA, the mechanism for BMP-2 

release was proposed as a combination of diffusion and degradation of PA nanofibers. 

Another study conducted by Ruhe et al. investigated the in vivo release of BMP-2 from 

PLGA (poly(A£-lactic-co-glycolic acid)) microparticles (40-50 um)/calcium phosphate 

(Ca-P) composites [52]. 1J1I-labeled BMP-2 was entrapped into the PLGA particle made 

from two different molecular weights (MW) of PLGAs. The results showed that the 

release of entrapped BMP-2 from low MW PLGA/Ca-P composites was faster than high 

MW PLGA. The faster degradation of low MW PLGA than high MW was suggested as 

the reason for this different release pattern. The PLGA/Ca-P exhibited relatively high 

retention of BMP-2, with 50-70% at day 28, was attributed to the released BMP-2 

binding to Ca-P cement. Yamamoto et al. investigated BMP-2 release from 

glutaraldehyde cross-linked gelatin hydrogels with different water contents [46]. The 

finding showed that the longer retention of BMP-2 was achieved by the lower water 

content of the hydrogel. Since BMP-2 release was governed by the degradation of the 

hydrogel carrier, the water content in the hydrogel was proposed as the likely determinant 

of BMP-2 release, via its effect on hydrogel degradation. 
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Ectopic Bone Formation 

Implantation of BMP-2 at osseous or extraosseous site results in new bone 

formation. The BMP-2 concentration required for bone induction depends on the type of 

the defect, and the state of the organism in the evolutionary scale, with larger amount of 

BMP-2 being needed for higher organisms [53]. It is thought that large animals may have 

a smaller pool of available responsive stem cells from the bone and soft tissue envelopes 

than small animals [14]. It was suggested that 2 ug of BMP-2 at the implantation site is 

minimal for the osteoinduction in a rat ectopic model [41], but this is expected to depend 

on the choice of carrier. Our in vitro NP formulation is designed to provide 3 ug of BMP-

2 in 675 uL of NP solution. It was our intention to implant NPs containing 3 jag of BMP -

2 for the in vivo bone formation study. This was achieved by "concentrating" the 675 uL 

of NP solution containing 3 (xg of BMP-2 by centrifugation, into a 50 uL volume, and 

then this 50 uL volume per implant was implanted into rat. In this way, the NPs were 

concentrated by 13.5 times. 

Reports on the initiation of BMP-2 induced bone formation after implantation 

provide different times, ranging from day 5 to day 10 [54-56]. We evaluated bone 

formation at 10 days and 16 days after implantation for the first study. Free BMP-2 

loaded ACS implants and the uncoated BMP-2/BSA NPs loaded in ACS induced robust 

bone formation, based on all investigated markers of bone formation. In contrast, the NPs 

coated with 0.6 mg/mL PEI did not demonstrate any osteoinduction. This was not 

consistent with the BMP-2 pharmacokinetics, since higher amount of BMP-2 was 

retained in PEI-coated NPs than the uncoated NPs at the implant site. Since BMP-2 

functions only locally, the more retention of BMP-2 in the carrier, the more bone 
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formation should have been observed. Takita et al. reported that the slow release of BMP-

2 from a carrier can give a late response of bone formation [57]. However, it might not 

apply to this condition since the bone formation was evaluated at a relatively late phase 

of 16 days post-implantation. Therefore, two possible reasons were attributed to this 

phenomena: (i) the lack of the initial burst release of BMP-2 could not recruit enough 

responsive cells in the surrounding to initiate the bone formation process, and the 

relatively slow release afterwards could not accumulate the BMP-2 at a critical threshold 

concentration at the implantation site to induce the bone formation, as suggested in the 

studies of Saito et al [58] and Yamamoto et al [46]; (ii) the cytotoxicity of PEI 

dissociated from the NPs surface is detrimental, which might abolish BMP-2 bioactivity. 

Either one or a combination of these two reasons could impede bone formation. 

We first tested the necessity of initial burst release of BMP-2, by delivering free 

BMP-2 along with the NP formulations. With the uncoated NPs, the addition of free 

BMP-2 greatly increased the bone formation as compared to NPs without additional 

BMP-2. With regard to PEI-coated NPs, there was little sign of bone formation in the 

recovered implants, even with the addition of free BMP-2. Two recovered implants in the 

0.6 mg/mL PEI-coated groups was an exception (both from the same rat), which showed 

good osteoinduction. This might be due to uneven re-dispersion of the concentrated pellet, 

which contained less PEI but relatively more BMP-2 for these two implants. Therefore, 

the collective observations point out to cytotoxicity of PEI, which abolished the BMP-2 

bioactivity even with free BMP-2. Since previous result showed that the pellet of PEI-

coated NPs (0.1 and 0.6 mg/mL PEI) induced ALP activity in vitro in the original 

formulation [38], which was before the "concentration" process to obtain 3 (J.g/50 uL of 
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BMP-2 in NPs solution for the implantation, the abolishment of BMP-2 activity should 

be due to the NP "concentration" process. The effect of this process was an increase in 

BSA amount, but such a high concentration of BSA seemed to be compatible with the 

osteoinductive process. We previously identified PEI to be the most toxic component in 

our system [38] and it looks like this "concentration" process was too excessive for PEI. 

The cytotoxicity of PEI was well-documented when PEI concentration above a certain 

level, since cationic polymers strongly interact with anionic cellular surfaces, which 

might compromise the integrity of cellular membranes, and inhibit normal cellular 

process [59,60]. 

In order to test if the "concentration" process was detrimental to BMP-2 activity, 

ALP assay was performed in vitro by using NP formulation identical to implant 

formulations. The results clearly manifested that no ALP activity was detected for the 0.6, 

0.1 and even 0.03 mg/mL PEI coated NPs; only 0.01 mg/mL PEI coated NPs 

demonstrated ALP activity after NP "concentration". Cell death was visually observed 

after cells incubated with 0.6 and 0.1 mg/mL PEI coated NPs. Since the "concentration" 

process concentrated NPs 13.5 times (from 675 uL to 50 uL), PEI coating concentration 

became 8.10, 1.35, 0.40, 0.14 mg/mL PEI for 0.6, 0.1, 0.03 and 0.01 mg/mL PEI coating, 

respectively. Previously, in vitro ALP study showed that PEI coating concentration on 

BSA NPs higher than 1.0 mg/mL totally demolished any ALP activity with C2C12 cells 

[38]. With regard to the implants containing PEI-coated NPs, the concentrated PEI 

reached ~31.9 ug and -16.7 ug PEI per implant (calculated from PEI concentration and 

coating efficiency [38]) for 0.6 and 0.1 mg/mL PEI coating, respectively. When adding 

this 50 uL of implantation formulation into the culture medium, the final PEI 
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concentration was 63.8 and 33.4 ug/mL for 0.6 and 0.1 mg/mL PEI coating, respectively. 

Since the toxicity of PEI is usually displayed at > 3.0 ug/mL, these concentrated samples 

from the implantation formulation clearly abolished the BMP-2 activity. Based on the 

above results, the absence of bone formation for implants containing PEI-coated BMP-

2/BSA NPs should be attributed to the "concentration" process that accumulated 

excessive PEI. 

One way to reduce PEI "concentration" is to increase BMP-2 loading in NPs. 

Three BMP-2 dosages, 3.6, 7.2 and 14.4 |j,g of BMP-2 were utilized in this study. For 

example, for 3.6 ug of BMP-2 NP formulation, after the "concentration" process, the PEI 

concentration was equivalent to 1.35 mg/mL PEI coating for 0.1 mg/mL PEI coating. For 

7.2 and 14.4 ug of BMP-2 used, the PEI concentration became 0.68 and 0.34 mg/mL, 

respectively, after "concentration" (Figure 6-8A). By this approach, the BMP-2 amount 

contained in NPs is in the practical implant range while the amount of PEI is reduced. 

The results clearly manifested that the ALP activity was retained for high BMP-2 dosage 

with low PEI "concentration" extent, but not for the low BMP-2 dosage with high extent 

of concentrated PEI. These results point out a way for new formulations with PEI-coated 

BMP-2/BSA NPs - use higher BMP-2 encapsulated amount. This is the objective we will 

investigate in the next study. 

The concentration and retention time of BMP-2 at the implant site play an 

important role in inducing new bone formation [61]. The optimal condition is not clear at 

present. To clarify the optimal conditions, the cellular and biochemical studies are 

required to evaluate the effect of BMP-2 release kinetics on the proliferation and 

differentiation of osteoprogenitor cells in the body. In consideration of clinical 
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application of BMP-2, reducing the dose of BMP-2 for successful bone regeneration and 

diminishing the potential side effects elicited by BMP-2 at extraskeletal sites is a critical 

issue. A controlled and localized delivery system to deliver the appropriate amount of 

BMP-2 and efficiently retain BMP-2 at the site for bone regeneration remains a goal to 

tackle. NP could be important in this respect, since they can be engineered for precise 

release rates. Future studies are directed towards this goal. 

CONCLUSIONS 

We designed and tested the pharmacokinetics and osteoinduction of a BMP-2 

delivery system based on PEI-coated BSA NPs by using a rat subcutaneous implant 

model. The results of pharmacokinetics study suggested that PEI coating on BSA NPs 

effectively reduced the initial burst release of BMP-2 from the NPs. The PEI 

concentrations for coating, 0.6 and 0.1 mg/mL, did not make a significant difference in 

BMP-2 retention in vivo. In the case of osteoinduction study, our findings indicated that 

the uncoated BMP-2/BSA NPs was capable of inducing new bone formation after 

implantation. However, the PEI-coated BMP-2/BSA NPs did not demonstrate new bone 

formation at both the 0.6 and 0.1 mg/mL PEI coating concentrations. Presumably the 

"concentration" process of NP preparation, which was necessary for osteoinduction, also 

increased the toxicity of coated PEI. This was confirmed by the outcome of in vitro ALP 

activity assay with the "concentration" preparations. Our future studies are designed to 

reduce the toxicity of PEI coating on NPs by lowering the PEI concentrations, or 

chemically modified PEI with ligand, for example, poly(ethylenglycol), to reduce the 

cytotoxicity, in order to keep BMP-2 bioactive for the induced bone formation. 
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TABLES 

Table 6-1. Study groups for pharmacokinetics assessment 

Implant 
set 

1 

2 

3 

Group 

ACS + BMP-2/BSA 
NP 

ACS + BMP-2/BSA 
NP coated with PEI 

(0.1 mg/mL) 
ACS + BMP-2/BSA 
NP coated with PEI 

(0.6 mg/mL) 

Amount per 
implant (u.L) 

50 

50 

50 

no. of rats 
(implants) 

2 (4), 3 (6), 3 (6) 

2 (4), 3 (6), 3 (6) 

2 (4), 3 (6), 3 (6) 

Harvest 
(days) 

1,4,7 

1,4,7 

1,4,7 

Evaluation 

Counts 

Counts 

Counts 

Table 6-2. Study groups in ectopic bone formation at the rat subcutaneous model 

Implant 
set 

G1 

G2 

G3 

G4 

Group 

ACS 

ACS + BMP-2/free 

ACS + BMP-2/BSA 
NP 

ACS + BMP-2/BSA 
NP coated with PEI 

(0.6 mg/mL) 

BMP-2 
dose per 

implant(ug) 

0 

3 

3 

3 

BSA 
dose 
(mg) 

0 

0 

0.2 

0.2 

no. of rats 
(implants) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

Harvest 
(days) 

10,16 

10, 16 

10, 16 

10, 16 

Evaluation 

weight, 
Ca2+, ALP 

weight, 
Ca2+, ALP 

weight, 
Ca2+, ALP 

weight, 
Ca2+, ALP 

Table 6-3. Study groups in ectopic bone formation with additional free BMP-2 at the 
rat subcutaneous model 

Implant 
set 

G1 

G21 

G22 

G31 

G32 

G41 

G42 

Group 

ACS 

ACS + BMP-2/BSA 
NP 

ACS + BMP-2/BSA 
NP coated with PEI 

(0.6 mg/mL) 

ACS + BMP-2/BSA 
NP coated with PEI 

(0.1 mg/mL) 

BMP-2 dose 
per implant 

(ng) 

0 

3 + 0 

3 + 3 

3 + 0 

3 + 3 

3 + 0 

3 + 3 

no. of rats 
(implants) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

Harvest 
(days) 

14,21 

14,21 

14,21 

14,21 

Evaluation 

weight, Ca2+, ALP, 
Micro-CT 

weight, Ca2+, ALP 
Micro-CT 

weight, Ca2+, ALP 
Micro-CT 

weight, Ca2+, ALP 
Micro-CT 
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SCHEMES 

<*"•• Polymer 

Drug 

B 

1st generation 2nd generation 

Passive Targeting 

3rd generation 

Active Targeting 

Scheme 6-1. Schematic representation of polymer nanospheres and the three generations 
of NPs. (A) Polymer nanospheres are matrix systems where drugs are dispersed within 
the polymer throughout the particle; (B) The development of three generations of NPs. 

nd The 1 generation is the unmodified NPs; the 2 generation of NPs is surface-modified 
with polyethylene glycol (PEG) for passive targeting; and the 3rd generation of NPs is 
surface decorated with molecules that are able to recognize a biological target for active 
targeting (adapted from ref [36]). 
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125T Figure 6-2. Pharmacokinetics study of BMP-2 retention in BSA NPs investigated by I-
labeled BMP-2 in the rat ectopic assay (logarithmic scale). The results were summarized 
as the percent retention of the implanted BMP-2 dose as a function of time. Both 0.6 and 
0.1 mg/mL PEI coated BMP-2/BSA NPs gave significantly higher BMP-2 retention at all 
time points than the uncoated BMP-2/BSA NPs (p<0.03 by ANOVA). 
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Figure 6-3. In vivo investigation of the osteoinductive effect with different NP 
formulations. Gl: ACS alone; G2: ACS loaded with free BMP-2 solution; G3: ACS 
loaded with uncoated BMP-2/BSA NPs; G4: ACS loaded with BMP-2/BSA NPs coated 
with 0.6 mg/niL PEL In all the tested groups, the amount of BMP-2 is 3 ug except the 
control group without any BMP-2. A. Wet weight of recovered implants at day 10 and 
day 16; B. Normalized ALP activity of different study groups at day 10 and day 16; C. 
Normalized calcium deposition of different study groups at day 10 and day 16; D. 
Correlation between calcium deposition and ALP activity of the recovered implants at 
day 10 and day 16. 
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Figure 6-4. Osteocalcin deposition in implants at day 10 and day 16. The osteocalcin 
level in free BMP-2 and the uncoated BMP-2/BSA NPs was significantly higher than the 
control and 0.6 mg/mL PEI coated BMP-2/BSA NPs at both day 10 and day 16 (p<0.05). 
PEI-coated BMP-2/BSA NPs did not demonstrate any osteocalcin content at both time 
points, with no significant difference from the control ACS group (p>0.70). 
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Figure 6-5. In vivo investigation of osteoinductive effect by using free BMP-2 to initiate 
bone formation. Gl: ACS alone (0 u-g of BMP-2 in this group); G21: ACS loaded with 
uncoated BMP-2/BSA NPs (3 ug of BMP-2 in this group); G22: ACS loaded with 
uncoated BMP-2/BSA NPs addition with 3 ug of free BMP-2 (6 ug of BMP-2 in this 
group); G31: ACS loaded with BMP-2/BSA NPs coated with 0.6 mg/mL PEI (3 \ig of 
BMP-2 in this group); G32: ACS loaded with BMP-2/BSA NPs coated with 0.6 mg/mL 
PEI addition with 3 ug of free BMP-2 (6 ug of BMP-2 in this group); G41: ACS loaded 
with BMP-2/BSA NPs coated with 0.1 mg/mL PEI (3 ug of BMP-2 in this group); G42: 
ACS loaded with BMP-2/BSA NPs coated with 0.1 mg/mL PEI addition with 3 u.g of 
free BMP-2 (6 ug of BMP-2 in this group). A. Wet weight of recovered implants at day 
10 and day 16; B. Normalized ALP activity of different study groups at day 14 and day 
21; C. Normalized calcium deposition of different study groups at day 14 and day 21; D. 
Correlation between calcium deposition and ALP activity of the recovered implants at 
day 14 and day 21. 
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Figure 6-6. Micro-CT images of the bone formation study with free BMP-2 addition. 
The implants were recovered at day 14 post-implantation. The groups in the study were 
as following: Gl: ACS loaded with saline; G21: ACS loaded with BMP-2/BSA NPs; G22: 
ACS loaded with BMP-2/BSA NPs + 3 ug of free BMP-2; G31: ACS loaded with BMP-
2/BSA NPs coated with 0.6 mg/mL PEI; G32: ACS loaded with BMP-2/BSA NPs coated 
with 0.6 mg/mL PEI + 3 ug of free BMP-2; G41: ACS loaded with BMP-2/BSA NPs 
coated with 0.1 mg/mL PEI; G42: ACS loaded with BMP-2/BSA NPs coated with 0.1 
mg/mL PEI + 3ug of free BMP-2. 
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Figure 6-7. In vitro ALP activity for NPs produced by "concentration" reminiscent of 
implant conditions. The NPs were centrifuged for 13.5-fold concentration, and ALP assay 
was performed with both the pellet (A) and supernatant (B). No significant ALP activity 
was observed for both the pellet and supernatant of PEI coating concentration above 0.01 
mg/mL. The excessive PEI after the "concentration" process appeared to be detrimental 
to the bioactivity of BMP-2. 
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Figure 6-8. In vitro ALP assay for NPs with different BMP-2 encapsulated dosages. 
According to the different BMP-2 loading dosage, different extent of "concentration" 
process was performed to prepare NPs for ALP assay (Figure 6-8A). B and D are the 
ALP activity of pellet and supernatant fractions from NPs containing 1.0 u.g/mL of BMP-
2 in the culture medium. C and E are the ALP activity of pellet and supernatant fractions 
from NPs containing 0.5 ug/mL of BMP-2 in the culture medium. This was achieved by 
adding different volumes of NP solution to the culture medium. PEI concentration of 0.01, 
0.03 and 0.1 mg/mL were used for coating. The result showed that the "concentration" 
process indeed affects the bioactivity of BMP-2, and the higher extent of "concentration", 
the more detrimental effect of PEI to BMP-2 activity. 
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BMP-2 Delivery 
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INTRODUCTION 

Bone morphogenetic proteins (BMPs) play an essential role in bone formation 

and healing, and they were demonstrated to elicit new bone formation both at ectopic and 

orthotopic sites in various animal models [1-8]. Due to the limitations of biologically 

derived grafts in repair of bone defects, an alternative approach to stimulate new bone 

formation is becoming increasingly more prevalent by the utilization of BMPs. Numerous 

studies have examined the effects of implant treatment for osseous defect with BMPs. 

With the validation of efficacy and safety for bone repair [9-12], BMP-2 has been 

recently approved by FDA for spinal fusion in humans (InFUSE® Bone Graft). Since the 

rapid diffusion of BMP-2 away from the application site and the loss of bioactivity, 

exogenous administration of BMP-2 in buffer solution does not yield satisfactory new 

bone induction, especially in higher mammals [13,14]. A controlled and localized 

delivery system for BMP-2 would be appropriate for effective bone regeneration. Studies 

have demonstrated a correlation between the osteoinductivity of BMP-2 and its retention 

in various carriers in vivo [15-17]. Based on these observations, it was suggested that the 

enhancement of protein retention in the carrier can potentially improve the performance 

of BMP-2 function at the implantation site. 

Currently delivery of BMP-2 in collagen matrices, though successful in 

preclinical and human clinical trials, demonstrated some drawbacks [18]. Initial burst 

release is a concern when BMP-2 simply absorbed onto/into the carrier, which will result 

in less retention time period for BMP-2. By entrapment or covalent binding of BMP-2 to 

the carrier, the initial burst release could be suppressed, and a prolonged retention time is 

expected. However, the difficulty in retaining the protein biological activity limited the 
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utilization of covalent binding to the carrier. Alternatively, bone growth factors have been 

physically entrapped into micro/nanoparticles (MPs/NPs), liposomes, hydrogels, foams 

or bone cements [19]. As an efficient and simple delivery system developed in 1980s, 

NPs delivery system holds promise for BMP-2 delivery for bone regeneration. This 

system provides methods for releasing drug in very defined regions over a prolonged 

time, and preserves the drug's bioactivity, which can be beneficial for local application, 

as well as targeted delivery via intravascular injection [20]. We previously reported that 

BMP-2 can be encapsulated in PEI-coated BSA NPs with encapsulation efficiency above 

90%, and retained its bioactivity after in vitro release. The release of BMP-2 from NPs 

can be controlled by the PEI coating concentrations [21]. The PEI-coated, BMP-2 

encapsulated BSA NPs was also examined in a rat ectopic model by subcutaneous 

implantation for osteoinduction activity (Chapter VI). However, the osteoinductive 

effect was not achieved by the NPs at all PEI coating concentrations examined, 

presumably because the NP formulation for implantation increased the toxicity of coated 

PEI, which consequently abolished the bioactivity of BMP-2. 

PEGylation of polymers is an established method for increasing polymer 

biocompatibility, as well as minimizing aggregation of particulates by providing steric 

stabilization and a prolonged circulation time after systemic injection [22,23]. The ample 

primary amine groups on PEI facilitate PEG modification. In this report, we designed a 

new approach for BSA NPs coating, by utilization of PEGylated PEI, in order to reduce 

the toxicity of PEI coating on NP and increase the biocompatibility of this delivery 

system. N-hydroxysuccinimidyl-poly(ethyleneglycol)-maleimide (NHS-PEG-MAL) was 

employed as a linker to attach PEG fraction onto PEI [24]. The BMP-2 encapsulated 
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BSA NPs coated with PEI-PEG was evaluated for the osteoinduction activity of released 

BMP-2 in a rat ectopic model by subcutaneous implantation, and this BMP-2 delivery 

system successfully induced new bone formation. 

MATERIALS AND METHODS 

Materials 

Bovine serum albumin (BSA), branched PEI (Mw -25,000 by LS, M„ -10,000 by 

GPC), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), the ALP 

substrate p-nitrophenol phosphate (p-NPP), o-cresolphthalein, 8-hydroxy-quinoline, 

dimethyl sulfoxide (DMSO) and picrylsulfonic acid solution (TNBS; 5% w/v) were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). Recombinant Human Bone 

Morphogenetic Protein-2 (BMP-2, from E.coli.) was prepared as described before [25]. 

Fluorescein isothiocyanate (FITC) was obtained from PIERCE (Rockford, IL, USA). N-

hydroxysuccinimidyl-polyethylene glycol-maleimide (NHS-PEG-MAL, 3400 Da) was 

obtained from NEKTAR (Huntsville, AL, USA). Dulbecco's Modified Eagle Medium 

(DMEM), Hank's Balanced Salt Solution (HBSS), penicillin (10,000 U/mL solution) and 

streptomycin (10,000 ug/mL solution) were from Invitrogen (Carlsbad, CA, USA). 2-

amino-2-methyl-propan-l-ol (AMP) was obtained from Aldrich chemicals (Milwaukee, 

WI, USA). Triton X-100 (rein-pure octylphenol-polyethyleneglycol ether) was obtained 

from Feinbiochemica (Heidelburg, NY, USA). Fetal bovine serum (FBS) was from 

Atlanta Biologies (Atlanta, GA, USA). The chemicals were used as received, without any 

further purification. The Spectra/Por dialysis tubing with 12-14 kDa and 100 kDa cut-off 

was acquired from Spectrum Laboratories (Rancho Dominguez, CA, USA). All tissue 
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culture plasticware was from Corning (Corning, NY, USA). Distilled/de-ionized water 

(ddHiO) used for buffer preparations were derived from a Milli-Q purification system. 

Preparation of PEI-PEG Conjugate [24] 

The PEI-PEG conjugates were prepared by reacting PEI (branched, 25 kDa) with 

different concentrations of NHS-PEG-MAL. Briefly, the NHS-PEG-MAL was dissolved 

in 100 mM, pH =7.0 phosphate buffer (see Legends for exact concentrations), and PEI 

solution (3.6 mg/mL in 100 mM phosphate buffer, pH = 7.0) was added to this solution at 

a volume ratio of 1:1. The samples were incubated for 2.5 hours at room temperature, 

then dialyzed against 100 mM phosphate buffer (pH = 5.0) (x2), and subsequently 

dialyzed against ddEkO (x2). The remained PEI content in PEI-PEG conjugate was 

determined by TNBS assay to quantify the primary amine groups. The substitution 

percentage of PEG on PEI was determined by the reduction of primary amine 

concentration on PEI, and calculated as: 100% x [(initial amine concentration) - (final 

amine concentration)]/(initial amine concentration). 

Preparation of BMP-2 Encapsulated, PEI-PEG Coated BSA NPs 

Briefly, 250 uL of 10 mg/mL BSA solution (50 mg of BSA dissolved in 5 mL 

ddKbO) was added to 250 uL of 10 mM NaCl solution (pH = 7.0) in a glass vial under 

constant stirring (600 rpm) at room temperature. The mixing was allowed to proceed for 

15 min. Then, 72 uL of 0.5 mg/mL BMP-2 solution (in ddlrbO) was added into the above 

solution. This aqueous phase was then desolvated with dropwise addition of 3.0 mL of 

ethanol after 2 h of incubation. The mixture was stirred (600 rpm) under room 
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temperature for another 3 h. The BMP-2 encapsulated BSA NPs so formed were coated 

with different PEI-PEG concentrations (see Legends for exact concentrations). Different 

concentrations of PEI-PEG in 0.5 mM NaCl solution were added to the above NPs 

solution by a volume ratio of 1.25 to 1 (polymer to NPs). The coating was allowed to 

proceed for 1 h on an orbital shaker (450 rpm). The coated NPs were extensively dialyzed 

(MWCO: 12-14 kDa) against phosphate buffered saline (pH=7.3, ><3) and, for the 

bioactivity studies, then against DMEM with 1% penicillin/streptomycin (xl). The 

dialyzed buffer was exchanged every 3 h. All solutions used for NP preparation were 

sterilized by passing through 0.20 \xm sterile filter (SARSTEDT, Aktiengesellschaft & 

Co., Germany) before use, and the manufacture process was carried out under sterile 

conditions. 

Characterization of PEI-PEG Coated BSA NPs 

The mean particle size and polydispersity index of the PEI-coated and uncoated 

BSA NPs were determined by dynamic light scattering at 25°C with a Zetasizer 3000 HS 

(Malvern Instruments Ltd., UK) using a 633 nm He-Ne laser at a scattering angle of 90°. 

The surface charge of the coated and uncoated BSA NPs were investigated by measuring 

the electrophoretic mobility of the particles using the zeta potential modus of the same 

instrument at 25°C. The samples for measurement were prepared after appropriate 

dilution and suspended in 1 mM NaCl solution. The particle size measurement was the 

average of 3 runs, with each run containing 10 sub-runs. The zeta potential measurements 

were the automatic mode, being the average of 3 runs. 
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Samples were also dialyzed against ddFbO for AFM (atomic force microscopy) 

images. The NP sample was sonificated for 5 min and then 1.5 uL of the sample was 

dropped onto the mica surface (PELCOR Mica Discs; TED PELLA, Inc.; Redding, CA, 

USA), and imaged after drying under room temperature [21]. MFP-3D AFM (Asylum 

Research, Santa Barbara, CA, USA) was used for the AFM studies of PEI-PEG coated 

BSA NPs. Images were processed and analyzed by the Igor Pro imaging software 

(version 5.04B). 

Coating Efficiency with FITC-PEI-PEG and FITC-PEI 

The amount of FITC-PEI-PEG coated on BSA NPs was determined by 

fluorescence measurements. To obtain the labeled polymer, PEI (10 mg/mL) was first 

reacted with FITC as described before [21]. The obtained FITC-PEI was then reacted 

with different concentrations of MAL-PEG-NHS (see Legends for exact concentrations). 

The FITC-PEI-PEG conjugates so formed were dialyzed (MWCO: 12-14 kDa) against 

100 mM phosphate buffer (pH = 5.0) (2x), and subsequently dialyzed against ddH20 (2x) 

to remove the unreacted MAL-PEG-NHS. Different concentrations of FITC-PEI-PEG 

and FITC-PEI were used to coat BSA NPs. The coating time was 1 h. The coated NPs 

were dialyzed (MWCO: 100 kDa) against ddH20 (3x), centrifuged for 30 min at high 

speed (BHG Hermle Z230 M Centrifuge) to remove ethanol, free BSA and uncoated 

polymer, and then re-dispersed in ddHiO. A 200 uL of the aliquot in duplicate was then 

added to black 96-well plates (NUNC, Rochester, NY, USA) and the fluorescence (A«x: 

485 nm; A,em- 527 nm) was determined with a multiwell plate reader (Thermo Labsystems, 

Franklin, MA, USA). The amount of FITC-PEI-PEG or FITC-PEI coated on the BSA 
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NPs was calculated based on a calibration curve generated by using the FITC-PEI-PEG 

or FITC-PEI in ddHiO. The coating efficiency of polymer was calculated as: 100% x 

{(final FITC-polymer of the pellet)/(initial FITC-polymer for coating)}. 

Cytotoxicity of PEI-PEG and PEI 

The cytotoxicity of PEI-PEG and PEI was assessed by MTT dye reduction assay 

[21]. Two different PEG modified PEI, 3 mM and 1 mM (expressed as PEI-PEG-3mM 

and PEI-PEG- ImM, respectively) was examined in this study. Sample concentrations, 

both the unmodified PEI and PEI-PEG, were quantified in terms of PEI content. Various 

concentrations of PEI and PEI-PEG in ddHiO solutions (See Legends for details) were 

added to human C2C12 cells grown on 48-well plates with 0.5 mL DMEM (10 % FBS 

and 1% penicillin/streptomycin) in triplicate. After 48 h incubation, the MTT assay was 

performed as described before [21]. In order to determine the cytotoxicity of PEI-PEG or 

PEI coated BSA NPs, MTT assay was carried out for NPs. The NPs were prepared as 

described above, and then coated with 0.03, 0.1 and 0.3 mg/mL PEI or PEI-PEG for 1 h 

on an orbital shaker. PEI-PEG concentration was quantified in terms of PEI content. 

After coating, samples were dialyzed against PBS (pH = 7.4) (2*), and then DMEM with 

1% penicillin/streptomycin (lx). Human C2C12 cells grown on 48-well plates were 

incubated with various concentrations of PEI and PEI-PEG in triplicate for 48 h. After 48 

h incubation, MTT assay was performed as described before [21]. 

ALP Assay for PEI-PEG and PEI Coated NPs 
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As a parallel study to the above MTT assay for NPs, the bioactivity of BMP-2 

encapsulated in PEI-PEG or PEI coated BSA NPs was studied by ALP assay. The NPs 

were prepared the same way as in the MTT assay aforementioned. Different volumes of 

NPs solutions were added to the C2C12 cells. The final BMP-2 concentrations in the 

culture medium were 0.5, 0.25, 0.125 and 0.0625 ug/mL by adding 50, 25, 12.5 and 6.25 

uL NPs solutions to the wells, respectively. Human C2C12 cells, grown in 48-well plates, 

were incubated with NPs solutions for 72 h. After 72 h of incubation, the ALP assay was 

performed as described before [21]. 

In vitro Assessment for NPs of Implant Formulation 

Prior to in vivo ectopic bone formation study, the NPs formulation was tested in 

vitro for cytotoxicity and ALP activity determination. Briefly, 120 uL of 1.0 mg/mL 

BMP-2 in ddHiO was added to the mixture of 125 uL of 10 mg/mL of BSA solution and 

12.5 uL of 100 mM of NaCl solution in a glass vessel (9.6% wt BMP-2 in BSA). The 

mixture was stirred at 600rpm for 1 h under room temperature. Then 1.0 mL of 100% 

ethanol was added dropwise to the mixture, and stirred for 3 h at 600rpm to form BMP-2 

encapsulated BSA NPs. The so formed NPs were then coated with 0.1 mg/mL PEI or 0.1 

mg/mL PEI-PEG-3mM, which were dissolved in 0.5 mM NaCl solution. The volume 

ratio for NPs to polymer for coating was 1:1. The coating was allowed to proceed for 1 h 

on an orbital shaker. The uncoated sample was processed the same way as the coated 

samples, except by adding 0.5 mM of NaCl solution to the NPs. Then samples were 

dialyzed against PBS (pH = 7.4) (2*) and DMEM (1% of penicillin/streptomycin) (1*). 

Different volumes of NPs solution were incubated with human C2C12 cells grown on 48-
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well plate. The final BMP-2 concentrations in the culture medium were 1.0, 0.5, 0.25 and 

0.125 ug/mL by adding different volumes of NPs solution to cells (See Legend for 

details). The wells without any NPs solution served as control. After 48 h incubation, the 

medium was aspirated, and 0.5 mL of fresh DMEM (1% of penicillin/streptomycin and 

10% of fetal bovine serum) was added per well. MTT assay was then performed as 

described before [21]. The ALP activity was assessed after NP solutions incubated with 

cells for 72 h, and the kinetic ALP procedure was described as before [21]. 

Ectopic Bone Formation with PEI Coated and PEI-PEG Coated NPs 

Preparation of Implants and Implantation into Rats: The BMP-2 encapsulated BSA NPs 

formulations were prepared as described aforementioned in the in vitro assessment 

section. This NP preparation ensured that 3 ug/50 uL BMP-2 in NP solution after dialysis 

(assuming the encapsulation efficiency is -100% [21]) without further concentrating the 

NPs. There were four groups examined in this study: (1) ACS alone; (2) ACS loaded with 

the uncoated BMP-2/BSA NPs; (3) ACS loaded with 0.1 mg/mL PEI-PEG coated BMP-

2/BSA NPs and (4) ACS loaded with 0.1 mg/mL PEI coated BMP-2/BSA NPs. Samples 

were dialyzed against PBS (pH = 7.4, 2*). The ACS was cut into 1 cm x 1 cm * 0.5 cm 

piece, to absorb 50 uL of sample for each piece. For the unloaded ACS, 50 |̂ L of PBS 

(pH = 7.4) was absorbed into ACS (See details in Table 1), and allowed to soak for -15 

minutes before implantation. 6~8-week-old female Sprague-Dawley rats (average weight: 

240 g) were purchased from Biosciences (Edmonton, Alberta). The rats were acclimated 

for 1 week under standard laboratory conditions (23 °C, 12 hours of light/dark cycle) prior 

to the beginning of the study. While maintained in pairs in sterilized cages, rats were 
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provided standard commercial rat chow, and tap water ad libitum for the duration of the 

study. All procedures involving the rats were approved by the Animal Welfare 

Committee at the University of Alberta (Edmonton, Alberta). Once rats were anesthetized 

with inhalational Metofane™, two implants (duplicates of the same type) were implanted 

subcutaneously into bilateral ventral pouches in each rat. The pouches were closed with 

staples. There were 24 rats utilized in this study, with each group containing 3 rats at 

designated time point (10 and 16 days). Rats were euthanized with CO2 at indicated time 

points, the implants were recovered, weighed before further investigation. ALP assay and 

calcium assay were carried out for the recovered implants. The results were summarized 

as mean ± SD for 6 implants at each time point. 

Kinetic ALP Assay for Recovered Implants: At day 10 and day 16 post-implantation, the 

rats were sacrificed, and implants were recovered. After weight determination, the 

explants were incubated in 2.0 mL of PBS (lx) at 4 °C (in 24-well-plate) overnight with 

gentle shaking, to remove any serum contaminants. The explants were then transferred 

into 1.0 mL of 25 raM of NaHC03 (pH = 7.4) containing 0.01% Triton X-100 for a 72 h 

incubation at 4 °C with gentle shaking. After 72 h incubation, 200 uL of the lysis solution 

(in duplicate) from each well were placed into a 48-well-plate. Then 200 uL of p-NPP in 

ALP buffer (pH = 10.5, containing 0.1 % of Triton X-100) was added to the lysis 

solution. A kinetic ALP assay was performed to determine the bioactivity of BMP-2 [21]. 

The changes in optical density (A,abSOrbance: 405 nm) were determined in a multi-well plate 

reader at an intervals of 1.5 min for 8 cycles. The ALP activity was expressed as the 

change in optical density of the wells per unit time (mABS/minute). 
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Micro Computer Tomography (micro-CT) Imaging for Explants: Before decalcification, 

the recovered implants were scanned on a micro-CT scanner (Skyscan-1076, Skyscan, 

Belgium) for both day 10 and day 16 post-implantation. The recovered implants were in 

ALP lysis buffer, which stored at 4 °C, and then placed into a 1.5 mL microcentrifuge 

tube, scanned together with a micro-CT phantom standard. The scanning process was 

typically 23~30 minutes (Voltage: 48kV; Current: 100 uA; Filter: Titanium 0.025mm; 

Rotation step: 0.35 degree; Imaging pixel size: 18 um; Frame Averaging: 3). The scanned 

images were reconstructed into 3D image with NRecon software (version 1.5.1). The 

bone volume formed in the sponge was automated measured by the micro-CT scan with a 

unit of mm3. 

Calcium Deposition into Implants: After micro-CT scan, the recovered implants were 

first washed with 2.0 mL of PBS (lx), and then transferred to a new 24-well-plate, 

immersed in 1.0 mL of 0.5 M HC1 at 4°C for 24 h to extract the calcium deposited in the 

sponge. The extraction process was under gentle shaking on an orbital shaker. The 

concentration of calcium in this solution was quantified by a calcification assay with 

calcium standards (Sigma diagnostic® (A,absorbance: 574 nm)) to yield the amount of calcium 

formed. Briefly, 20 uL of the dissolved calcium solution was added to 50 uL of a 

solution containing 0.028 M of 8-hydroxyquinoline and 0.5% (v/v) sulfuric acid, as well 

as 500 uL of a solution containing 3.7 x 10"4 M of o-cresolphthalein and 1.5% (v/v) 

AMP. A calcium standard curve based on the standards was used to convert the 

absorbance into concentration of calcium. The level of calcification was summarized as 

the concentration of calcium (mg/dL) per well. 
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Statistics Analysis 

All quantitative data were expressed as the mean ± standard deviation (SD). In the 

in vitro study, statistical analysis was performed by Student's Mest. In the ectopic bone 

formation study, statistical analysis was performed by the non-parametric Mann-

Whitney-Wilcoxon test. Where indicated, statistical differences between group means 

were analyzed by single factor analysis of variance (ANOVA) or Kruskal-Wallis one­

way analysis of variance (for non-parametric test). A value of p<0.05 was considered 

statistically significant. 

RESULTS 

PEI-PEG Conjugation and Cytotoxicity of PEI-PEG 

PEGylation is a well-established modification in order to increase the 

hydrophilicity and reduce the surface charge of polymers [26]. By reacting the primary 

amines on PEI with the NHS functional group in NHS-PEG-MAL [24], a serial of 

cationic copolymers were synthesized by grafting linear 3.4 kDa PEG to the amino group 

of 25 kDa branched PEI (Scheme 7-1). The substitution extent of PEG onto PEI was 

expected to be controlled by the ratio of NHS-PEG-MAL to PEI. In this study, three 

different concentrations of NHS-PEG-MAL, 3, 1, and 0.3 mM, were used, and the ratios 

of NHS-PEG-MAL to PEI were 42:1, 14:1 and 4.2:1, respectively. The resultant PEG 

substitutions on PEI were 20.0,11.1 and 4.2 PEG per PEI. 

After the conjugation, the cytotoxicity of different PEI-PEG conjugates, along 

with the unmodified PEI was determined with human C2C12 cells (Figure 7-1). The PEI 

with the lowest substitution of PEG did not significantly improve the cytotoxicity. 
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Highest degree of PEGylation (20.0 PEG/PEI), reduced PEI-induced cell death 

significantly, with 78.6% cell viability at the highest concentration of 20 ug/mL tested. 

The moderately modified PEI (11.1 PEG/PEI), gave some improvement in PEI toxicity. 

The IC50 values, i.e. the polymer concentration at which 50% cell viability was obtained, 

are listed in Table 7-2. The IC50 was found to be 6.3, 6.3, 10.2 jxg/mL and > 20 ug/mL 

for 0, 4.2, 11.1 and 20.0 PEG/PEI, respectively. It was thus clear that PEG substitution 

greatly reduced the toxicity of PEI. Since the 4.2 PEG modified PEI behaved similar to 

the unmodified PEI, this PEG-modified PEI was eliminated from the following studies. 

Characterization of PEI-PEG Coated NPs 

Next, we explored the feasibility of PEI-PEG coating on BSA NPs. The two PEI-

PEG conjugates utilized in this study were the 3mM (PEI-PEG-3mM) and ImM (PEI-

PEG-ImM) PEG modified PEI. Three polymer concentrations were used for coating, 

0.03, 0.1 and 0.3 mg/Ml (based on PEI content). We first measured the size and zeta 

potential of the coated NPs (Figure 7-2A and 7-2C, respectively). For 0.03 mg/mL PEI 

coating, large aggregates were produced after coating, presumably due to the bridging 

flocculation among the formed particles [27]. However, PEI-PEG-3mM coating at this 

concentration effectively protected particles from aggregation but not PEI-PEG-1 Mm. 

The size of 0.03 mg/mL PEI-PEG-lmM and PEI-PEG-3mM coated BSA NPs were 634.6 

± 88.6 nm and 154.5 ±1.3 nm, respectively. For 0.1 mg/mL polymer coating, the size of 

the NPs was 136.8 ± 6.1 nm, 175.1 ± 3.2 nm and 215.2 ± 5.2 nm for PEI-PEG-3mM, 

PEI-PEG-lmM and PEI coating, respectively. The polydispersity indices for the NPs 

were 0.23, 0.26 and 0.27, respectively. For 0.3 mg/mL, the size of the coated NPs was 
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131.8 ± 4.7 nm, 148.1 ± 2.4 nm and 204.9 ± 88.6 nm for PEI-PEG-3mM, PEI-PEG-lmM 

and PEI coated NPs, respectively (p>0.2 for the size difference at 0.3 mg/mL polymer 

coating by ANOVA). The polydispersity indices for NPs were 0.08, 0.13 and 1.0, 

respectively (figure 7-2B). A typical AFM image (Figure 7-3) showed the morphology 

of 0.3 mg/mL PEI-PEG coated BSA NPs. They are general spherical in shape, and the 

size was around 100-180 nm. 

The zeta potential of the coated NPs increased significantly from ~ -16 mV to » 

10 mV. At 0.3 mg/mL concentration, PEI coating produced the highest zeta potential 

among all the groups, 29.7 mV; while the zeta potential of PEI-PEG-lmM and PEI-PEG-

3mM were significantly reduced to 25.2 and 18.6 mV, respectively (p<0.001 by 

ANOVA). The reduction in zeta potential, as compared with PEI coating, indicated that 

PEI-PEG coating effectively reduced the surface charge of the NPs, and the higher the 

PEG substitution, the lower the surface charge was. These trends were seen in an 

additional independent batch of NPs. The collective results revealed that PEGylated PEI 

coating on NPs dramatically decreased the size of NPs, as well as the polydispersity 

index and the zeta potential. 

The amount of PEI and PEI-PEG adsorption on BSA NPs was investigated in two 

independent batches of NPs by direct fluorescence measurements. The results were 

summarized as polymer amount (ug) adsorbed on NPs (Figure 7-4A). As the polymer 

concentration was increased, the amount of adsorbed polymer was increased, with PEI 

coating showed evident increase while PEI-PEG showed relative slight increase. The two 

PEGylated PEI, PEI-PEG-lmM and PEI-PEG-3mM, demonstrated similar retained 

amount on BSA NPs. A ~5.2, -4.8 and ~2.5-fold increase in retained polymer amount 
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were seen for PEI coating compared to PEI-PEG coating at 0.3, 0.1 and 0.03 mg/mL 

coating concentrations, respectively. The coating efficiency of polymers (Figure 7-4B) 

was dependent on the polymer concentration; as expected, the coating efficiency of 

polymers decreased as the polymer concentration for coating increased. This was 

consistent with previous studies of PEI coating on BSA NPs [21] and PEI adsorbed to 

hydroxyapatite [24]. The PEI demonstrated higher coating efficiency than the PEI-PEG 

polymers at the three coating concentrations. The results suggested the charge density on 

PEI backbone might be responsible for the coating, with reduced charge densities, the 

PEI-PEG produced less coating than the unmodified PEI. 

Toxicity of Polymer Coated BSA NPs 

In order to examine the cytotoxicity of the PEI-PEG coated NPs, MTT assay was 

performed for coated NPs incubated with C2C12 cells (Figure 7-5). Two different PEGs, 

PEI-PEG-3mM and PEI-PEG-ImM, along with the unmodified PEI, were used for NP 

coating. The polymer concentrations tested for coating were 0, 0.03, 0.1 and 0.3 mg/mL. 

Different volumes of NP solutions (50, 25, 12.5 and 6.25 uL) were incubated with 

C2C12 cells. The results showed that the PEI-PEG coated NPs exhibited significantly 

reduced toxicity compared with the PEI-coated NPs at 50 uL of NP solutions of 0.3 

mg/mL polymer coating (p<0.001): with 7% cell viability for PEI coating; while 12% 

and 45% cell viability for PEI-PEG-ImM and PEI-PEG-3mM coating, respectively. No 

significant difference in toxicity was observed for NPs when NP solutions were < 12.5 

uL at 0.3 mg/mL polymer coating, with > 70% cell viability for all polymers coating. At 

0.1 and 0.03 mg/mL polymer coating, there were no significant difference in cell viability 
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between the NPs coated with PEI and PEI-PEG at the NP volumes evaluated, with > 70% 

cell viability demonstrated by all preparations. These results suggested that PEI-PEG 

coating reduced the cytotoxicity of coated NPs when polymer concentration for coating 

was higher than 0.1 mg/mL. 

Bioactivity of BMP-2 in Polymer Coated NPs 

A parallel study was conducted to test the ALP induction activity of BMP-2 

encapsulated in the polymer coated NPs (Figure 7-6). PEI-PEG-3mM and PEI-PEG-

lmM, along with the unmodified PEI, were used for NP coating. The polymer 

concentrations for coating were 0.03, 0.1 and 0.3 mg/mL. NP solutions of 50, 25, 12.5 

and 6.25 |̂ L were incubated with C2C12 cells. The results showed that at 0.3 mg/mL 

polymer coating, no ALP activity was observed for unmodified PEI at all NP volumes 

tested, and ALP activity was significant for PEI-PEG-lmM coating at 12.5 and 6.25 |j.L 

of NP solutions, but not higher volumes; however, some ALP activity was exhibited for 

PEI-PEG-3mM coating even at 50 uL of NP solution tested. This was consistent with the 

cytotoxicity result, where PEI-PEG coating decreased the toxicity. PEI-PEG coated NPs 

generally possessed much higher ALP activity than PEI-coated NPs under the same 

conditions tested, except a nearly comparable ALP activity was seen for PEI and PEI-

PEG coating at 0.1 mg/mL polymer concentration. The uncoated NPs showed relatively 

low ALP activity in this study, which was probably due to batch difference that a much 

faster disassociation of NPs during the dialysis resulting in BMP-2 loss. 
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NPs Implantation and in vivo Ectopic Bone Formation 

The subcutaneous implantation of polymer coated NPs, along with the uncoated 

NPs, was performed in a rat ectopic model. A parallel study investigated the toxicity and 

ALP induction by the NP formulations in vitro (Figure 7-7). Since the unacceptable level 

of toxicity was expected at 0.3 mg/mL polymer coating concentration, and the large 

aggregation observed at 0.03 mg/mL coating concentration, 0.1 mg/mL polymer 

concentration was chosen for NPs coating. The NPs formulations investigated in this 

study were the uncoated BMP-2/BSA NPs, BMP-2/BSA NPs coated with 0.1 mg/mL 

PEI-EPG-3mM and 0.1 mg/mL PEL No cell death was observed under microscope after 

polymer-coated NPs incubated with C2C12 cells for 48 h. The MTT results showed that 

the uncoated NPs and 0.1 mg/mL PEI coated NPs demonstrated above 100% cell 

viability, and PEI-PEG coated NPs showed > 80% cell viability (Figure 7-7A). The over 

100% cell viability was probably due to the increased cell numbers during the 48 h 

incubation, and/or the change in the mitochondrial reductase enzymes activity by the NP 

formulations. PEI-PEG coated NPs seemed to activate less enzyme activities and/or less 

increased cell numbers than PEI coated NPs and the uncoated NPs. Overall, there is no 

significant cytotoxicity of the polymer coated NPs for C2C12 cells. Dose-respondent 

ALP activity was observed for all groups tested, and PEI-PEG coated NPs exhibited the 

highest ALP activity, while PEI coated NPs showed the lowest ALP activity among all 

the groups (Figure 7-7B). 

The NPs with 3 ug BMP-2/50 uL was then used for implantation. The ACS 

implants loaded with four groups: (1) PBS (xl, pH = 7.4) as control; (2) the uncoated 

BMP-2/BSA NPs; (3) BMP-2/BSA NPs coated with 0.1 mg/mL PEI-EPG-3mM, and (4) 
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BMP-2/BSA NPs coated with 0.1 mg/mL PEL The implants were recovered at 10 and 16 

days post-implantation (Table 7-1), and wet weights were similar among the study 

groups. A typical -20% to -40% weight reduction from day 10 to day 16 post-

implantation was observed for all the recovered implants (Figure 7-8A). Due to the 

relatively similar weight range for all the recovered implants at both time points, the ALP 

and calcium assay results were compared at the obtained data without normalization. The 

ALP activity is an indicator of surrounding cells commitment towards the osteogenic 

differentiation [28]. There was significant difference in ALP activity for the four tested 

groups at both day 10 and day 16 (Kruskal-Wallis, p<0.008 for day 10 and p<0.002 for 

day 16) (Figure 7-8B). No evident ALP activity was displayed by the control (ACS) 

group. The uncoated NPs and NPs coated with PEI-PEG coated NPs demonstrated a 

significant ALP activity at both day 10 and day 16. The implant with PEI coated NPs 

demonstrated marginal ALP activity. There was no significant difference in ALP activity 

between PEI-PEG coated NPs and the uncoated NPs implantation at both time points 

(p>0.60 for day 10 and p>0.40 for day 16). However, the difference between PEI-PEG 

coated NPs and PEI coated NPs implantation was significant at day 16 (p<0.01). Both 

PEI-PEG coated NPs and PEI-coated NPs implants achieved significant increased ALP 

activity from day 10 to day 16 (p<0.05 and p<0.007, respectively), but not the uncoated 

NPs (p>0.05). 

There was significant difference in calcium deposition for the four tested groups 

at day 16 (pO.OOOl) but not day 10 (p>0.05, Kruskal-Wallis) (Figure 7-8C). At day 10, 

the uncoated NPs implant exhibited the highest calcification among all the groups, with a 

significant difference from the control (p<0.03). The calcification in other groups, on the 
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other hand, was not significant. At day 16, however, the calcification in PEI-PEG coated 

NPs implant was the highest among all the groups, with a significant difference from the 

control and PEI coated NPs implants (p<0.006), but not from the uncoated NPs implant 

and (p>0.34). A significant calcification was achieved by PEI-coated NPs at day 16 

compared to control (p<0.005). A significant increase in calcification from day 10 to day 

16 was obtained for all three BMP-2 encapsulated groups (p<0.005). The correlation 

between the ALP activity and calcium deposition was significant at day 16 (p<0.0001, 2-

tailed by Pearson correlation), but not quite evident at day 10 (p>0.05, 2-tailed) (Figure 

7-8D). The collective ALP activity and calcium deposition results revealed that PEI-PEG 

coated NPs implant successfully demonstrated ectopic bone formation, and was able to 

induce higher ALP activity and deposit more calcium compared to the uncoated NPs and 

PEI coated NPs implants. 

The micro-CT images for all the recovered implants at day 10 and day 16 were 

shown in Figure 7-9A and Figure 7-10A, respectively. The control group did not induce 

any new bone formation at both time points. At day 10, the uncoated NPs induced new 

bone formation first as compared to other groups where sporadic calcification in PEI-

PEG coated NPs was observed. However, at day 16, PEI-PEG coated NPs produced more 

extensively bone formation. The deposited bone volume (mm3) in each recovered implant 

was measured by the micro-CT scan (Figure 7-9B for day 10 and Figure 7-10B for day 

16, respectively). The non-parametric statistical analysis on the formed bone volume 

showed similar results to the calcification assay. The micro-CT images were consistent 

with the ALP and calcium assay results, visually displayed the calcium deposited in the 

recovered implants. 
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DISCUSSION 

As one of the most important growth factors in bone formation and healing, BMP-

2 has been extensively studied during recent decades, and carriers made from different 

materials and geometries were employed for BMP-2 delivery [29-31]. The main role of a 

local delivery system for BMP-2 is to retain the growth factor at the site of implantation 

for a prolonged time frame, protect the integrity of BMP-2 activity against the undesired 

side effects of extraneous bone formation. In order to overcome the initial burst release 

and consequently low retention time associated with BMP-2, we previously reported that 

BMP-2 was encapsulated in PEI-coated BSA NPs, where the release of BMP-2 can be 

controlled by the PEI coating [21]. However, the PEI-coated BMP-2/BSA NPs failed to 

elicit bone formation when examined in the rat ectopic model. The reason was the 

toxicity of the PEI coating, which consequently abolished the bioactivity of BMP-2 

(Chapter VI). In this report, we aimed to reduce the toxicity of PEI coating on NPs by 

developing a new approach with PEGylated PEI (Scheme 7-2), since PEGylation of 

polymers is an established method for markedly decreasing the toxicity and increasing 

the polymer biocompatibility [22]. By utilizing PEI-PEG for BMP-2/BSA NPs coating, 

successful ectopic bone formation was achieved after subcutaneous implantation in rats. 

The nature of PEI with ample primary amines facilitates the introduction of PEG 

onto PEI to lower its cytotoxicity. The NHS group in NHS-PEG-MAL ensures reaction 

with primary amines on PEI to form a conjugate with amide linkage. Moreover, the MAL 

group could be further modified for functional targeting for example, by reacting it with a 

thiol-containing bisphosphonates [24]. The PEGylated PEI demonstrated reduced 

cytotoxicity compared to the unmodified PEI, which was also observed when PEI-PEG 
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was incubated with different cell lines in independent studies [32,33]. Furthermore, the 

PEGylation of PEI not only changed the toxicity profile of PEI, but also influenced the 

physicochemical property of the coated NPs. The reduced NPs size and zeta potential 

after PEI-PEG coating on BSA NPs was consistent with other reports when PEI-PEG was 

utilized to form DNA [32-34] or ODNs complex [35]. Note that the particle formation in 

the latter case was by polyelectrolyte complexation via electrostatic interactions. 

Presumably, the PEG modification minimized the aggregation of the formed particulates 

due to the increased hydrophilicity of the particles formed. Therefore, smaller NPs and 

lower zeta potential can be achieved. The reduced binding of the PEI-PEG polymers was 

also confirmed by the polymer coating efficiency, where PEI-PEG exhibited lower 

coating efficiency than PEI. Owing to the dramatically reduced size and zeta potential, 

this approach of PEGylated PEI for NPs coating holds the potential of intravascular 

injection; in addition, the PEGylation also tailored the in vivo fate of the NPs as PEG is 

well recognized for its "stealth" effect - reduce reticuloendothelial system uptake and 

prolong the circulation time [36-38]. 

Since the physiochemical parameters of NPs is expected to have a decisive impact 

on the interaction of NPs with cells, it is not surprising that PEI-PEG coated BMP-2/BSA 

NPs generally displayed higher ALP activity than PEI coated NPs, which could be a 

result of improved biocompatibility of PEI-PEG and elevated cellular uptake of smaller 

NPs by PEI-PEG coating [39,40]. Furthermore, the steric stabilization by PEI-PEG 

coating can effectively prevent aggregation of particles into larger structures [41,42]. The 

remnants of NPs used for implantation were stored in the + 4 °C fridge and the sizes of 

different formulations were examined 3 weeks after the implantation. They were 
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208.3±137.1, 224.5±1.9 and 407.3±613.8 nm for the uncoated BMP-2/BSA NPs, PEI-

PEG coated and PEI-coated NPs, respectively. The polydispersity indices were 

0.954±0.079, 0.159±0.024 and 0.921±0.136, respectively. The unstable nature of the 

uncoated NPs and the PEI-coated NPs without a hydrophilic coating has contributed to 

increased polydisperisty indices for these formulations. 

BMP-2 is able to induce both ectopic and orthotropic bone regeneration; therefore, 

the localization of the delivered growth factor is of great importance. In this study, we 

have chosen to load BMP-2 encapsulated NPs into ACS for the osteoinduction study of 

BMP-2. ACS is one of the most extensively studied BMP-2 carriers, with the appropriate 

porous structure that allows vascularization and bone formation. However, the control 

over release kinetics was limited and initial burst release of BMP-2 is an inherent 

problem associated with this carrier, since BMP-2 was simply adsorbed into ACS [43-45]. 

Loading with BMP-2 encapsulated into NPs, the control over BMP-2 release from NPs is 

expected to reduce the initial burst release of BMP-2 from ACS and provide a sustained 

release. This would allow the surrounding tissues to be exposed to BMP-2 at a higher 

concentration for a long period. 

In the implantation study, 0.1 mg/mL was chosen to coat the BMP-2/BSA NPs for 

implantation, as this polymer concentration coated NPs demonstrated little toxicity and 

high ALP activity in vitro (Figures 7-5 and 7-6). The encapsulated amount of BMP-2 in 

NPs was increased as compared to previous studies (Chapter VI), so that the 

implantation dose of BMP-2 can be achieved without concentrating the NPs. The ectopic 

bone formation results suggested that PEI-PEG coated NPs induced higher ALP activity 

and calcification than the PEI-coated NPs. There were several factors that could 
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contribute to this outcome: (1) the improved biocompatibility of PEGylated PEI 

compared to the unmodified PEI, causing less toxicity in the surrounding tissue; (2) PEI-

PEG coating on BSA NPs produced smaller particles than PEI, resulting in a larger 

surface area than PEI-coated NPs [35]. In this way, a relatively faster release of BMP-2 

could be achieved for local bone formation; (3) the weaker polyelectrolyte interactions 

between PEI-PEG coating and BSA might produce less intensive polymer network on NP 

surface for BMP-2 release. As a result of these factors, BMP-2 release from PEI-PEG 

coated NPs could be faster in this study. It was remained unknown that the relatively low 

bone formation from PEI-coated NPs was simply due to (1) slow release of BMP-2 from 

coated NPs, which takes longer time to reach the suitable local concentration of BMP-2 

for bone formation or (2) PEI was not compatible with the biological activity of BMP-2 

in vivo, even though no toxic effect was seen in vitro. Whether this elicited bone 

formation will keep increase in this implant needs to be examined in a longer term in vivo 

study. 

The uncoated BMP-2/BSA NPs demonstrated an initial burst release, which was 

investigated in previous studies (Chapter VI and [21]). This burst release can provide a 

high local concentration of BMP-2 initially; therefore, it was not surprising to see that the 

uncoated NPs to be the first to induce new bone formation at day 10 (Figure 7-9A). 

Though the release kinetics of BMP-2 from PEI-PEG coated NPs was not investigated in 

this study, previously studies showed that PEI-coated BMP-2/BSA NPs reduced the 

BMP-2 initial burst release (Chapter VI and [21]), and provided a sustained release of 

BMP-2. Others showed that it was possible to achieve NP modification with PEG without 

affecting the release pattern of the drugs, as suggested by one study about drug delivery 
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to brain with albumin NPs [46]. This was also implied by PEI-PEG coated NPs 

demonstrated higher ALP activity and more extensively calcium deposition than the 

uncoated NPs at day 16, which indicated that not only the initial level of BMP-2 but also 

the local retention of BMP-2 is important for achieving adequate bone formation, as also 

suggested by Maeda et al. [47]. Nevertheless, the release kinetics of BMP-2 from 

PEGylated-PEI coated BSA NPs should be assessed in the future studies. 

The ALP activity and calcification in the recovered implants was compared with 

previous 16-day implantation study where implants were prepared with concentrating the 

NPs (Chapter VI). This comparison was possible since the uncoated NPs group was 

examined in both studies. For uncoated NPs, 2-fold higher ALP activity and 4~5 fold 

higher calcification was obtained for the NPs preparation without the "concentration" 

process (Table 7-3). This was probably due to the BMP-2 loss during concentrating NPs. 

Since the free BMP-2 solution was directly diluted from stock solution for implantation, 

it would be possible to compare it with the groups from this study. Similar ALP activity 

and calcification of free BMP-2 and the uncoated NPs in this study was obtained at day 

10 post-implantation. However, at day 16, the uncoated NPs in this study exhibited 2-fold 

higher ALP activity and almost 3-fold higher calcification than free BMP-2 group. The 

PEI-PEG coated NPs displayed 3-fold higher ALP activity and almost 5-fold higher 

calcification than free BMP-2 group. This comparison indicated that a high BMP-2 

encapsulation dosage that eliminated the need to concentrate NPs, as 9.6%wt compared 

to previously 1.44%wt BMP-2 in BSA, could be beneficial for the BMP-2 activity in the 

NPs. 
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PEI was reported to exhibit strong affinity to hydroxyapatite, which is comparable 

to the well-recognized bisphosphonates [24]. Previously, in the consideration of 

delivering proteins to bone, PEI was chosen for coating BSA NPs, not only to stabilize 

the NPs, but also to serve as a ligand to guide the NPs to bone. In this study, PEI was 

modified by less than 25% primary amines substituted by PEG. This was based on the 

concern of polymer coating to BSA NPs afterwards, since PEGylation weakens the 

polyelectrolyte interactions between PEI and BSA NPs as a result of less charge density 

and the increased hydrodynamic PEG layer [23]. In addition, the high amount of PEG on 

PEI might interfere with the affinity to bone of the PEI ligand on the coated NPs [24]. 

The modification degree of PEG on PEI should be a balance between decrease of PEI 

toxicity, retention of PEI coating ability on NPs, as well as the affinity of PEI to bone 

mineral. To examine the HA affinity of the coated NPs and investigate the systemic 

delivery to bone of the PEI coated NPs should be a future goal. 

It is difficult to compare different drug carriers for BMP-2 due to the variations in 

animal species, age and implantation sites reported in the literatures [48], as well as the 

geometry size of carriers, different loading of BMP-2 and explantation time. Similar 

approach by using the NPs for BMP-2 delivery was conducted by Chung et al, where 

BMP-2 loaded heparin-functionalized PLGA NPs in fibrin hydrogel on the rat calvarial 

critical size defect model was investigated [49]. Heparin was entrapped onto the surface 

of PLGA NPs with the purpose of specific complexation with BMP-2, and then these 

BMP-2 loaded NPs were incorporated into fibrin gel. Significantly higher bone formation 

was found in the BMP-2 loaded NP-fibrin gel complex, compared to the BMP-2 loaded 

fibrin gel without functionalized NPs at 4 weeks, which suggested that a more controlled 
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release of BMP-2 was achieved in the former carrier. Another study by Wei et al. 

investigated the BMP-7 encapsulated into PLGA nanospheres which were then post-

seeded into PLLA scaffold in rat ectopic model [45]. This scaffold induced significant 

bone formation while passive adsorption of BMP-7 into PLLA scaffold failed to generate 

bone at 6 weeks. The suggested reason was the BMP-7 nanosphere-scaffold delivery 

system released and localized BMP-7 for a desired duration at the implantation site, while 

simple adsorption of BMP-7 into the scaffold likely gave a bolus or pulse release of 

BMP-7 with substantial loss of bioactivity, leading to the failure of bone formation. 

Encapsulation of growth factors into NP then combined with different matrix or scaffold 

as hybrid carrier for bone defect replacement has been demonstrated to be a successful 

strategy to achieve prolonged release of bioactive growth factors [45,49-51]. The release 

of protein from the carrier can be tailored by the modification of NPs. This is also a 

versatile approach that can be expanded to many bioactive molecules. 

It has been estimated that normal bone contains approximately 2 ug of BMP-2 per 

kilogram of pulverized bone [52]. Since BMP-2 has a very short half life in vivo, about 

~7-16 min [53], and is rapidly degraded in vivo, a controlled and localized delivery 

system for a small amount of BMP-2 would be appropriate for effective bone 

regeneration. Currently the BMP-2 concentrations in use (micrograms to milligrams) are 

supraphysiological, compared to nanogram ranges of BMP-2 in vivo [52]. In addition to 

the danger of excess bone formation, possible overflow of BMP-2 from the implant may 

upregulate the BMP-2 inhibitors such as noggin or sclerotin, and interfere with the bone 

induction process [54]. The delivery system that release BMP-2 at the right dose and 

230 



kinetics can be advantageous for the growth factor therapy, and broadly emerge for the 

benefit in treatment of bone diseases. 

CONCLUSIONS 

In this study, we demonstrated that PEGylated PEI effectively reduced the 

toxicity of PEI, and the PEI-PEG employed for BSA NPs coating dramatically reduced 

the size and zeta potential of NPs, compared with NPs coated with PEI. The higher extent 

of PEGylation of PEI displayed a more pronounced effect in the reduction of NP size and 

zeta potential. The PEI-PEG coated BMP-2/BSA NPs was then examined in a rat ectopic 

model for osteoinduction activity. Effective bone formation was achieved by the BMP-2 

in BSA NPs coated with 0.1 mg/mL PEI-PEG-3mM, as determined by ALP assay, 

calcification and micro-CT scan. The BMP-2/BSA NPs coated with 0.1 mg/mL PEI gave 

less bone formation than the PEI-PEG coated NPs. The advantage of PEGylated PEI 

coated BMP-2/BSA NPs for bone formation presumably attributed to the ameliorated 

biocompatibility and beneficial physiochemical properties of coated NPs. Based on the 

characteristics of this NP formulation, this system can be favorable not only for local 

application, but also promising for targeted bone stimulation via intravascular injection. 

Moreover, NP formulation can be also combined with other matrix or scaffold for the 

application to a large orthotopic defect site. 
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TABLES 

Table 7-1. Study groups in ectopic bone formation at the rat subcutaneous model 

Implant 
set 

G1 

G2 

G3 

G4 

Group 

ACS 

ACS + BMP-2/BSA 
NP 

ACS + BMP-2/BSA 
NP coated with PEI-

PEG (0.1 mg/mL) 
ACS + BMP-2/BSA 
NP coated with PEI 

(0.1 mg/mL) 

BMP-2 
dose per 

implant(ug) 

0 

3 

3 

3 

Implant 
volume 

(nL) 

50 

50 

50 

50 

no. of rats 
(implants) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

3 (6), 3 (6) 

Harvest 
(days) 

10, 16 

10,16 

10,16 

10, 16 

Evaluation 

weight, ALP, 
Ca2+, Micro-CT 

weight, ALP, 
Ca2+, Micro-CT 

weight, ALP, 
Ca2+, Micro-CT 

weight, ALP, 
Ca2+, Micro-CT 

Table 7-2. IC50 values (in equivalent ug/mL) of C2C12 cells cultured with polymers 

Incubation 
time (h) 

48 

IC5o (Mg/mL) 

PEI 

6.3 

PEI-PEG-0.3mM 

6.3 

PEI-PEG-1mM 

10.2 

PEI-PEG-3mM 

>20.0 

Table 7-3. Comparison of the ALP activity and Calcification in two implantation 
studies 

Study groups 

ACS + free BMP-2 

ACS + uncoated 

BMP-2/BSA NPs 

ACS + PEI-PEG 

coated BMP-2/BSA 

NPs (0.1 mg/mL) 

ACS + PEI coated 

BMP-2/BSANPs(0.1 

mg/mL) 

Study Set 

#1 

#1 

(concentrating 

process) 

#2 

(direct use) 

#2 

#2 

ALP activity (mABS/min) 

Day 10 

14.14 ±10.50 

6.40 ±6.78 

15.46 ±11.25 

31.23 ±40.59 

3.45 ±2.29 

Day 16 

21.75 ±24.86 

20.21 ±24.41 

43.94 ±45.60 

62.68 ±45.83 

10.24 ±6.76 

Calcium deposition (mg/dL) 

Day 10 

2.78 ±4.09 

1.36 ±1.90 

2.78 ±5.38 

0.66 ±1.13 

0.01 ±0.03 

Day 16 

30.05 ±28.50 

17.37 ±27.39 

85.48 ±78.72 

135.01 ±112.68 

11.69 ±12.61 
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SCHEMES 

1H*"Nj- r
1 

NH2 

PEI 

7 \ NH2 

NHS-PEG-MAL 
HN 

1 
^N1H2CH2COJ-H2CH2C 

C=0 

PEI-PEG-MAL 

Scheme 7-1. Reaction Scheme for PEI-PEG conjugate (o, x, y and p are arbitrary 
numbers). PEG segment was linked to the PEI backbone through the NHS functional 
group on NHS-PEG-MAL. The PEI-PEG conjugate was purified by sufficient dialysis 
against phosphate buffer (pH = 5,2x), and then ddHaO (2x). 

i * 

>; BMP-2 • BSA NP ACS O PEI $ f c PE'-PEG 

Scheme 7-2. Schematic representation of different BMP-2 release: (A) free BMP-2 
aqueous solution loaded in ACS (clinical BMP-2 device); (B) uncoated BMP-2/BSA NPs; 
(C) PEI-coated BMP-2/BSA NPs; (D) PEI-PEG coated BMP-2/BSA NPs. 
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Figure 7-1. Cytotoxicity of different PEI-PEG conjugates, along with the unmodified 
PEI after incubation with C2C12 cells. PEI showed evident cytotoxicity at > 5 u^/mL, 
with only 5% cell viability being retained at 20 ug/mL. However, the PEI-PEG 
conjugates exhibited reduced cytotoxicity as the PEG substitution in the conjugate 
increased. The highest PEG concentration used for modification, 3 mM PEG, showed 
75% cell viability at 20 (ag/mL of polymer concentration. 
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Figure 7-2. The mean particle diameter (A), polydispersity index (B) and zeta potential 
(C) of PEI-PEG and unmodified PEI coated BSA NPs. Two independent batches for each 
coating concentration were prepared for measurements, and each measurement was 
performed in 3 runs. PEI-PEG coated BSA NPs exhibited reduced size compared with the 
unmodified PEI coated BSA NPs at the same concentration used for coating. The zeta 
potential of PEI-PEG coated NPs decreased correspondingly compared with the 
unmodified PEI coated NPs (* indicated significant difference between the values, 
p<0.001. Only 0.3 mg/mL polymer coating samples were performed with statistical 
analysis). 
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[*m 

Figure 7-3. AFM images of PEI-PEG-3mM coated NPs at (A) 5.0 ^m scale and (B) 1.0 
(im scale. The polymer concentration for coating was 0.3 mg/mL. 
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Figure 7-4. The quantification of polymer coating on BSA NPs, as measured by 
adsorption of FITC-labeled polymers (n=2). The PEG was conjugated to FITC-PEI at 
different concentrations (1 and 3 mM). The fluorescence of the polymer adsorbed on 
BSA NPs was measured as a function of polymer coating concentration, and converted to 
mass (Lig) of polymer adsorbed (A) based on the polymer calibration curve. The amount 
of PEI adsorbed on the NPs was increased with the PEI concentration increased, while 
PEI-PEG showed relatively slight increase as the coating concentration increased. The 
coating efficiency on NPs was calculated from the adsorbed polymer and the initial 
polymer in solution (B). The efficiency of polymer coating was decreased as the polymer 
concentration increased. PEI demonstrated higher coating efficiency than PEI-PEG 
polymers at each concentration tested. 
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Figure 7-5. Cytotoxicity of PEI-PEG and PEI coated BSA NPs. Two different PEGs, 
PEI-PEG-3mM (C) and PEI-PEG-lmM (B), along with the unmodified PEI (A), were 
examined for NP coating. The polymer concentrations tested for coating were 0, 0.03, 0.1 
and 0.3 mg/mL. Different volumes of NP solutions (6.25, 12.5, 25, and 50 uL) were 
incubated with C2C12 cells. The PEI-PEG coated NPs demonstrated significantly 
reduced toxicity than the PEI coated NPs at the highest volume tested of 0.3 mg/mL 
polymer coating (p<0.001). There was > 70% cell viability at other polymer coating 
concentrations. 

238 



c 
E 

(/) 150 
m 
< 

£.100 

• > 
+3 
O 

2 " 
_l 
< 

Unmodified PEI 
nZJ 25|jL 
^ M 12.5 ML 
r—n 6.25 nL 

P^flja 

• 

0.1 0.03 

[PEI] (mg/mL) 

0.3 0.1 

[PEI] (mg/mL) 

0.3 0.1 0.03 0 

[PEI] (mg/mL) 

Figure 7-6. ALP activity assay of PEI-EPG and PEI coated BSA NPs. Two different 
PEGs, PEI-PEG-3mM (C) and PEI-PEG-lmM (B), along with the unmodified PEI (A), 
were examined. The polymer coating concentrations tested were 0, 0.03, 0.1 and 0.3 
mg/mL. Different volumes of the NP solutions (6.25, 12.5, 25, and 50 uL) were 
incubated with C2C12 cells. The PEI-PEG coated NPs generally possessed higher ALP 
activity than PEI coated NPs under the same conditions tested, except a nearly 
comparable ALP activity for PEI and PEI-PEG coating at 0.1 mg/mL polymer 
concentration. 
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Figure 7-7. In vitro tests for the implantation formulation of NPs: (A) MTT assay and (B) 
ALP assay. There was no evident cytotoxicity exhibited by the three groups investigated, 
with > 80% cell viability at all volumes examined (* indicated significant difference 
between PEI-PEG and PEI coated NPs, p<0.01). PEI-PEG coated NPs demonstrated the 
highest ALP activity among the three groups, and a dose-respondent ALP induction was 
observed for all groups. 
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Figure 7-8. In vivo investigation of the osteoinductive effect with different study groups. 
Gl: ACS alone; G2: ACS loaded with uncoated BMP-2/BSA NPs; G3: ACS loaded with 
BMP-2/BSA NPs coated with 0.1 mg/mL PEI-PEG (3mM PEG); G4: ACS loaded with 
BMP-2/BSA NPs coated with 0.1 mg/mL PEL In all the study groups, the amount of 
BMP-2 was 3 ug except the control group without any BMP-2. (A) Wet weight of 
recovered implants at day 10 and day 16; (B) ALP activity at day 10 and day 16; (C) 
Calcium deposition at day 10 and day 16; (D) Correlation between calcium deposition 
and ALP activity of the recovered implants at day 10 and day 16. 
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Figure 7-9. Micro-CT images (A) and bone volume analysis (B) of the osteoinductive 
effect of NPs at day 10 post-implantation. 
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Figure 7-10. Micro-CT images (A) and bone volume analysis (B) of the osteoinductive 
effect of NPs at day 16 post-implantation. 
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CHAPTER VIII 

Conclusions and Future Recommendations 
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The ideal approach for drug delivery to bone is to formulate a specific drug of 

interest, which may exhibit no particular bone affinity, with a bone-seeking carrier, so 

that the complex will be deposited at bones after systemic administration. The work 

presented in this dissertation has contributed to development of engineering proteins with 

bisphosphonates (BPs) for bone affinity in order to improve their therapeutic potential. It 

provided the foundation of a colloidal drug delivery system to bone based on albumin 

nanoparticles (NPs) surface modified with cationic polymers. Moreover, the dissertation 

contains scientific information for numerous additional studies to expand our knowledge 

in drug delivery and bone tissue engineering. 

BPs have remarkable affinity for bone mineral and rapidly localize in bone after 

entering the systemic circulation [1], which provides a basis for bone-specific drug 

delivery systems. It was postulated that conjugating BPs to therapeutic proteins can 

impart mineral affinity to proteins, improve the targeting of proteins to skeletal tissue, 

and decrease the extra-skeletal distribution of the administered proteins. Furthermore, a 

reduction in administered protein dose may be achieved due to the increased targeting 

efficiency of a bone-targeted protein. The side effects of protein therapy should be 

minimized in this way. Owing to the structural specialty, BPs preserve a long retention 

time in the bone with a half life of several months [1]. This is expected to improve the 

protein retention in bones, which in turn should improve the protein efficacy due to the 

prolonged localization in bone. Overall, protein-BP conjugation is expected to provide 

the advantage of controlled (localization and retention) delivery of protein to bone. 

Initially, protein-BP conjugation was explored with the linker of SMCC [2-4], 

MMCCH [5] and EDC7NHS [6]. These linkages are regarded as stable, or slow-cleaving 
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linkages in vivo. They were initially chosen to minimize BP removal from conjugates 

after a protein-BP conjugate is administered into an animal model. Protein conjugates 

with cleavable linkage might be desirable since proteins can be liberated from the 

conjugate in situ to interact freely with their cellular targets. Therefore, the cleavable 

protein-BP conjugate was constructed with disulfide linkage through the linker SPDP 

(CHAPTER III). The conjugates were readily cleaved upon the presence of 

physiological thiols. This disulfide cleavage of the protein-BP conjugate was further 

evaluated in vivo with a subcutaneous implant model in rats, and compared with the 

stable thioether linkages [7]. However, the results showed the cleavage of disulfide-

linked conjugate was not apparent, with no obvious differences from thioether linkages in 

the implant binding. This suggested that the disulfide cleavage in vivo might be slower 

than desired, and much slower than in vitro conditions. The accessibility of 

hydroxyapatite (HA)-bound conjugate to physiological thiols could be one reason for the 

slow cleavage in vivo. To elucidate this possibility, systemic administration of the 

disulfide-linked conjugate and investigation of the conjugate's stability will be required; 

in addition, determination of the increase in the short half-life of the systemically 

delivered protein can be obtained by this approach. A faster cleavage may be achieved 

with thioester linkages, as compared with disulfide linkages, since one study showed a 

very limited stability (< 24 h in serum) of a thioester-linked BP conjugate [8]. 

Developing a conjugation scheme with thioester linkages might be desirable in this 

respect. Such thioester conjugates may enable us to better understand (1) the rates of 

linkage cleavage in vivo and (2) factors controlling protein desorption from minerals. 
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In conventional protein-BP conjugation, a small targeting moiety (BP with <1 kDa) 

is linked with a large protein (10-200 kDa). Accordingly, multiple copies of BPs are 

needed for conjugation for a significant mineral affinity. Yet, retaining bioactivity after 

conjugation is the central issue with this approach since multiple attachments on protein 

increase the likelihood of reducing protein bioactivity. The alternative to conventional 

BPs is molecules that bear multiple copies of BPs [6,9]; with a single attachment site, 

multiple copies of BPs can be attached to a protein, minimizing the extent of protein 

modification. The utility of cationic polymers (PLL or PEI) with multiple copies of BPs, 

was explored in CHAPTER IV. A number of BPs were successfully linked to PLL and 

PEI, respectively, however, the polymer-BP conjugates did not demonstrate increased 

mineral affinity compared with the unmodified polymers, as examined in vitro and in 

vivo. This was due to inherently strong interaction of cationic polymers with HA, which 

were as effective as BPs in HA binding. To harmonize the mineral affinity from BPs and 

polymer backbone, future studies need to focus on using negatively charged or neutral 

polymers, as shown with N-(2-hydroxypropyl)methacrylamide (HPMA [10]). Our 

laboratory reported the dendritic BPs such as diBPs [6], tetraBPs [9] with a dense 

phosphonate density and superior mineral affinity compared with conventional BPs (one 

bisphosphonic group). OctaBPs or decaBPs may be considered in future studies. 

Furthermore, incorporating BPs into the monomer before polymerization [11] can be 

attempted in future to create polymeric molecules with bisphosphonic side-groups. 

Nevertheless, inherent mineral affinity of cationic polymers discovered in this work 

provided merit of direct utilization of PEI or PLL for targeting therapeutics agents to 

bone. The in vivo studies showed that PEI retained its strong mineral binding character 
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under physiological conditions [12]. However, whether these cationic polymers will also 

be effective in seeking bone after systemic administration remains to be determined, 

since cationic polymers may display non-specific binding to other tissues in vivo. Given 

the simplicity of this approach, the potential of native cationic polymers for bone 

targeting should be considered. 

The determination of affinity constants of BPs, and that of the protein-BP or 

polymer-BP conjugate would be an alternative way to characterize the bone-binding 

molecules. The affinity constant for BPs can be calculated from the kinetic studies on HA 

crystal growth, as shown by Nancollas et al. [13], using a constant composition 

potentiostatic method. The adsorption of BP molecules on crystal surface was interpreted 

by a Langmuir equilibrium isotherm, and the kinetic affinity constant was then calculated 

from the slope of the isotherm. A competitive adsorption method can be alternatively 

used to determine the affinity constant of BPs and BP conjugate 

(tetraazacyclododecanetetraacetic acid (DOTA)-BP conjugate) adsorption on HA surface 

[14]. The adsorption isotherms of the BP or conjugates on HA was described by the 

Langmuir-Freundlich model since the heterogeneous nature of HA surface 

( XIXm =(Kc)" /[l + (Kc)n] , where K is the affinity constant, mol/L; Xm is the 

maximum adsorption capacity, mol/m2; X is the specific adsorbed amount, mol/m2; c is 

the equilibrium concentration in the solution, mol/L; and n is a coefficient with 0 < n < 1). 

Their results suggested the size of the conjugates to be the main factor affecting the 

maximum adsorption capacities of the molecules, with the larger conjugate exhibiting 

lower maximum adsorption capacity; the conjugate containing shorter spacer between BP 

and DOTA possessed higher affinity constant. The determination of affinity constants of 
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BP, protein-BP and polymer-BP conjugates will provide more information on the binding 

capacities of these molecules, and allow comparison with other bone-binding ligands in 

the literature. 

Despite successful delivery of molecules to bones, the non-metabolizable nature 

of BPs is a concern especially if a medicinal agent needs to be administered on a regular 

basis. It might be possible to utilize mineral-binding protein motifs as a guide to develop 

more physiological molecules for bone targeting. Poly(aspartic acid) and poly(glutamic 

acids) are prototypical molecules for this reason, where the mineral affinity is afforded by 

endogenous moieties. In vivo targeting for small molecules, fluorescein isothiocyanate 

(FITC) [15] and 17(3-estradiol [16], and recently a polymeric ligand [10], was 

successfully demonstrated by using poly(amino acids). y-Carboxyglutamic acid in an a-

helix conformation, phosphorylated serines/tyrosines, and lysine/arginine are other 

moieties found in protein motifs that may be assembled into bone-seeking agents [17-20]. 

Their ability to be physiologically metabolized makes them worthwhile to explore. 

Another issue associated with protein-BP conjugate is the chemical modification of 

protein upon BP attachment. The integrity of protein is at risk by this approach and the 

bioactivity needs to be assessed on a protein-by-protein basis after BP conjugation. 

Furthermore, administration of exogenous protein in BP-conjugate might elicit 

immunological response in vivo. It is believed that the more divergent an exogenous 

protein is from its endogenous form, the more likely it will elicit an immunogenic 

response [21]. The possible immunogenicity might not only affect the pharmacokinetics 

(increased reticuloendothelial system uptake) but also the pharmacodynamic properties 

(osteogenic activity) of protein-BP conjugate. 
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The development of bone-specific carrier that complexes a therapeutic agent 

without the need for direct modification of the agent is more likely to maintain the 

bioactivity of therapeutics. In consideration of this, we developed a nanoparticulate drug 

delivery system from albumin NPs, with the osteogenic growth factor BMP-2 

encapsulated (CHAPTER V). BSA NPs are considered suitable for drug delivery since 

they are naturally biodegradable, non-toxic and non-antigenic. The NPs were surface-

modified with PEI by electrostatic interaction, in order to stabilize the NPs and also serve 

as a mineral binding ligand. This polymeric nanocarrier ensures the isolation of the 

payload from the bone-seeking agent, and independently engineering each component for 

an optimal performance is possible. The PEI-coated BMP-2/BSA NPs demonstrated ALP 

induction activity, and sustained release of BMP-2 as a function of PEI coating. This is 

advantageous since the release kinetics will influence the osteogenic activity [22]. 

Unfortunately, NPs failed to induce bone formation in a rat ectopic study due to the 

increased toxicity after PEI concentration. In order to overcome the toxicity issue, we 

implemented PEGylation of PEI, which displayed several superior properties: decreased 

toxicity, reduced NP size and lower zeta potential of NPs. When implanted in vivo, the 

PEI-PEG coated BMP-2/BSA NPs successfully induced new bone formation in the rat 

ectopic model. With the intention to investigate the correlation between the 

osteoinduction activity and BMP-2 retention in NPs, the pharmacokinetics of BMP-2 

from PEI-PEG coated NPs needs to be determined in vivo in future studies. Different 

PEI-PEG coating concentrations should be considered, since the coating concentration 

would affect BMP-2 release and, consequently the osteoinduction activity. Owing to the 

nanosize of this colloidal NPs drug delivery system, systemic administration via 
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intravenous injection should also be attempted in future studies to assess the bone-

targeting efficiency of this delivery system. 

As mineral binding is of great importance for bone-targeting drug delivery, the 

HA affinity of the proposed NPs should be assessed in future studies. Due to the colloidal 

nature of NPs, the established HA binding assay [4] may need to be amended to suit the 

NP system. Currently, an extraction method by using HC1 for NPs bound HA is being 

explored in our laboratory to assess the mineral affinity of NPs. The hydrated PEG 

molecule should antagonize the HA affinity of PEI [12] after substitution to PEL 

Fortunately, BPs conjugation to PEI-PEG may recover this affinity and restore the 

mineral affinity of PEI, as was the case for PLL conjugates [12]. By using BP-conjugated 

PEI-PEG for NP coating, this polymer may provide a dual advantage of increased 

biocompatibility (PEG) and osteotropicity (BPs). Future studies need to examine coating 

the NPs with PEI-PEG-BP conjugates (with different PEG and BP densities) in order to 

determine the significance of these two fractions on bone-targeting. Moreover, since 

these modifications on PEI could adversely affect the coating efficiency of NPs, future 

studies should be focused on NP coating efficiency by the modified PEIs. It is imperative 

that modification with PEG and/or BP do not compromise the NP coating efficiency of 

the designed polymers. 

The molecular weight (MW) of PEG is thought to influence the HA binding, since 

the chain length between NP surface and BP will increase as the PEG MW is increased. 

One study from our group showed that shorter tether between a protein and a BP is more 

effective in mineral binding [23]. As Molecular Dynamics (MD) is a useful tool in 

predicting the binding capacity of molecules, MD simulation can be employed in future 
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studies to identify the relationship between the HA binding of PEI-PEG-BP with different 

MW of PEG and the maximal probability/radial density of their pendent ligands; The 

latter parameter is inversely proportional to tether length. In addition to this, MW of PEG 

chains may impact the resistance to non-specific protein fouling [24]. Lower MW of PEG 

(MW: 600) with higher grafting densities seemed to be more effective in preventing non­

specific protein fouling on surfaces, and it is likely that this may be the case for NP 

surfaces. This property will be beneficial for systemic administration of NPs. 

Nevertheless, the effect of PEG MW should be examined in future studies to elucidate its 

influence on HA binding and protein fouling prevention. 

Uptake of the designed NPs with cells derived from bone marrow cavity or 

osteoblastic cell lines (e.g., mouse calvarial MC3T3-E1 cells) should be conducted in 

future studies. This will help to understand the mechanism of action for BMP-2 delivered 

with the NPs. It will also help to determine the biocompatibility of the polymer-coated 

NPs. The developed polymer-coated BSA NPs system is likely to be a 'generic' drug 

delivery system, in that it will serve as a carrier for a range of therapeutic agents, rather 

than molecule-specific which is often the case with protein-BP conjugates. With the final 

goal of efficiently delivering proteins to bone, the reduction in protein dose and decrease 

in extra-skeletal distribution are the two critical issues to be satisfied. Future studies 

should examine the non-skeletal effects of protein interventions since this will ultimately 

validate the benefit of bone-specific delivery. Given the promise of the bone-targeting 

approach, significant efforts in this area are expected to overcome the current challenges 

and generate novel pharmaceuticals for treatment of bone diseases. 
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Biodistribution of BSA NPs After Subcutaneous Injection 

9.1 In vivo Biodistribution of NPs 

In order to investigate the in vivo biodistribution of NPs, BMP-2 was labeled with 

125I, and then encapsulated into BSA NPs. The pre-formed BSA NPs was coated with 0.1 

mg/mL PEI or 0.1 mg/niL PEI-PEG. The PEI-PEG-3mM was used to coat NPs for this 

biodistribution study (the same polymer as in the ectopic bone formation study in 

CHPATER VII). The coated NPs and uncoated NPs were dialyzed against sterilized 

PBS (pH=7.4) overnight before injection. 6~8-week-old female Sprague-Dawley rats 

were purchased from Biosciences (Edmonton, Alberta). The rats were acclimated for 1 

week under standard laboratory conditions (23 °C, 12 hours of light/dark cycle) prior to 

the beginning of the study. While maintained in pairs in sterilized cages, rats were 

provided standard commercial rat chow, and tap water ad libitum for the duration of the 

study. All procedures involving the rats were approved by the Animal Welfare 

Committee at the University of Alberta (Edmonton, Alberta). 

In this study, 300 \\L of radioactive-labeled samples were injected subcutaneously 

(SC) into each rat. In order to assess the total dose administered, the counts in the 300 uL 

aliquots of NP solutions were assessed in duplicate prior to injection. The samples tested 

were the uncoated BMP-2/BSA NPs, 0.1 mg/mL PEI-PEG coated NPs and 0.1 mg/mL 

PEI coated NPs. The animals were sacrificed at 3 h after the injection via CO2 

asphyxiation and a sample of blood was obtained via cardiac puncture and weighed. The 

bilateral femora, bilateral tibiae, bilateral kidneys, spleen and a section of liver, which 

was weighed, were harvested. The counts associated with each harvested tissue were 

determined, and all values were normalized with the injected dose and expressed as mean 
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± SD of % injected dose (n = 3 for spleen and liver; and n = 6 for femora, tibiae, and 

kidneys). The liver sample was normalized by dividing the counts by the weight of 

excised liver. As a consequence, the reported values for liver are in % injected dose/g of 

tissue. The volume of the blood counted was calculated by dividing the weight of the 

sample by the density of rat blood1 (1.05 g/mL), and the blood counts were divided by the 

volume of blood harvested, to obtain % dose/mL. 

9.2 Results and Discussion 

As a preliminary study, three groups, including the uncoated BSA NPs, 0.1 

mg/mL PEI-PEG coated BSA NPs and 0.1 mg/mL PEI coated NPs, were investigated for 

their biodistribution by SC injection (Figure 9-1). The protein biodistribution was 

assessed 3 h after SC injection. The results indicated that PEI-PEG coating increased the 

BMP-2 levels in the blood, compared with PEI coating, but this was not higher than the 

uncoated NPs. The level of PEI-coated NPs was higher in the femur than the PEI-PEG 

coated NPs; however, this was not evident with tibia. The uncoated NPs showed the 

highest levels in all the organs, indicating an increased systemic bioavailability. The PEI-

PEG coating did not reduce the distribution of NPs in other organs, e.g. spleen, liver and 

kidney, compared with PEI coating. Since PEGylation might decrease the hydroxyapatite 

(HA) affinity of PEI, this PEI-PEG coated NPs did not demonstrate specific bone affinity. 

In future studies, "bone-seeking" moieties, such as bisphosphonates (BPs), should be 

conjugated to the PEI-PEG conjugate for NPs targeting to bone. 

1 The value of density of blood was obtained from: S. A. Anderson, S. K. Song, J. J. 
Ackerman, and S. S. Hotchkiss, Sepsis increases intracellular free calcium in brain, J. 
Neurochem., 72 (1999) 2617-2620. 
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Figure 9-1. Organ distributions of NPs after 3 h of subcutaneous injection. The NPs 
distribution in thyroid was removed for a better comparison in other organs (B). 
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