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ABSTRACT 

Osteomyelitis or bone infections remain very difficult to treat despite advances in 

treatment regimens and surgical technics. The bone microenvironment and compromised 

vasculature in addition to infected prosthesis and implants that were put in the bone during prior 

surgery impedes the antibiotic partition into the bone from systemic therapy in many cases. 

Treatment often includes surgical debridement of the infected bone and surrounding tissue, 

removal of implants, systemic antibiotic therapy accompanied with antibiotic containing bone 

void filler, in most cases polymethylmethacylate (PMMA) based bone cement. Unfortunately, 

PMMA has many associated problems, including non-biodegradability, inconsistent antibiotic 

release, and a surface susceptible to bacterial biofilm growth, ultimately necessitating removal 

and causing recurrent infections. Thus, recent studies have focused on designing novel bone void 

filling materials to deliver antibiotics and to support bone regeneration. 

There are two parts to designing a successful bone void filling device/material:(1) local 

release antibiotic for infection treatment and (2) development of a bone graft substitute to 

support bone regrowth. In this study, antibiotic releasing bone void filler (ABVF) putty 

formulations have been designed and tested. Different formulations were examined in this 

dissertation to describe the three components of the putty formulation - polymer, drug, and 

substrate.  In the first formulation, different custom-made polymers were used to control drug 

release; Pro Osteon, a hydroxyapatite (HA) and calcium carbonate based bone graft substitute 

was used to provide support for bone growth. Finally, vancomycin was used as the antibiotic as it 

is clinically used to treat Staphylococcus aureus, the primary cause of osteomyelitis. In second 

formulation, commercially available and clinically used polymers, poly(lactic-co-glycolic acid) 

(PLGA),  polycaprolactone (PCL) and, polyethylene glycol (PEG), were used to make the ABVF 
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putty along with Pro Osteon and vancomycin.  In the subsequent formulations, delivering 

combination antibiotics - vancomycin and rifampicin - to treat biofilm infections and, using 

bioglass (BG) as the substrate for faster bone regrowth were explored; PLGA, PCL and PEG 

constituted the polymer matrix. 

The ABVF putty formulations were customizable in terms of three primary components: 

polymers, bone graft substitutes, antibiotics. Ultimately, these were successful in curing infection 

and providing bone growth support. 
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1. INTRODUCTION 

1.1. Osteomyelitis 

Osteomyelitis or deep bone infections with pyogenic organisms including bacteria, fungi, 

and mycobacteria, leading to acute or chronic inflammatory processes involving the bone and its 

structures. This is a relatively old disease evident in the fossil record.  Various terms were used 

to describe infected bone over the years until Nelaton first coined the term “osteomyelitis” in 

1844. In the post antibiotic era, the mortality rate due to osteomyelitis related sepsis has 

decreased significantly [1]. Despite the success, these infections still pose challenges in 

treatment. In recent years, there has been an increase in the incidence of osteomyelitis with rates 

increased from 11.4 cases per 100,000 during the period from 1969 to 1979 to 24.4 per 100,000 

person during the period from 2000 to 2009 [2]. In adult patients, it is estimated that 47–50% of 

all osteomyelitis are post-traumatic [3].  

Osteomyelitis after orthopedic surgery involving the presence of implants is even harder 

to treat due to bacterial seeding of the implant and development of a biofilm community. The 

infection rate after total joint replacements (TJR) remains at 0.5 – 5% [4]. In the context of this 

finite infection rate and the over 1 million people who undergo a TJR each year, projected to 

reach 4 million per year in the U.S.  by 2030 [5] [6] [7], the number of people suffering from 

infectious complications is continuing to rise. Furthermore, patients with an infection TJR must 

undergo a revision surgery, which drives the risk of subsequent TJR infection even higher to 5.2 

– 21% [8], [9,10]. Currently, about 492,000 fractures of  tibia, fibula, and ankle happen annually 

[11]. Although most of these are routine, the situation can be dire in the case of open fractures, 

where infection rates range from 17.5−21.2% compared to 3.6−8.1% for closed fractures [12]. 

Furthermore, chronic, recurring osteomyelitis is almost insurmountably more difficult to treat 
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when compared to acute osteomyelitis. In chronic osteomyelitis, the causative organism evades 

both the clinical treatment and the host immune system by residing in phagocytic cells.  

Prevention of infection is a necessary strategy. 

1.2. Antibiotic Resistance 

Antibiotic resistance is rising globally [13]. An alarming situation is present in the US 

with more than 2 million being admitted to hospitals each year due to antibiotic resistant 

infections, culminating in 23,000 deaths with an overall financial burden of about $35 billion per 

year [14]. Unless drastic measures are taken rapidly, the annual worldwide death rate may 

increase to 10 million per year by 2050 [15]. Rising incidence of methicillin-resistant 

Staphylococcus aureus (MRSA) [16], a resistant variant of S. aureus, adds to the grim situation 

and must be accounted for in the treatment plans for revision TJR. The current gold standard of 

bone void filler (BVF) used in revision TJR, antibiotic loaded polymethylmethacrylate (PMMA) 

based bone cement (ALBC), yields inadequate drug release kinetics. This is accompanied by an 

elevated dose of prolonged (6-8 weeks) systemic and oral antibiotic therapy which can lead to 

the rise of resistant bacteria. It was reported that gentamicin loaded ALBC led to a  rise in 

gentamicin resistant bacteria [17]. Developing local and controlled antibiotic release strategies to 

eradicate infection, particularly for hard to penetrate tissues with low blood supply such as bone, 

by achieving an optimal local antibiotic drug level without exposing the whole body may 

mitigate the emergence of resistance, allowing time for new antibiotic discovery [18]. 

1.3. Current Treatments  

Current strategies to treat osteomyelitic infections involve surgical debridement of the 

infected and necrotic bone and surrounding soft tissue followed by 4 to 6 weeks of intravenous 

antibiotic therapy with a transition to oral antibiotic therapy for up to 8 weeks [19] [20]. 
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Unfortunately, due to poor bone vascularization, which is even more limited in osteomyelitis, 

high systemic antibiotic doses are essential to achieve adequate local concentrations above the 

minimum inhibitory concentration (MIC) at the infection site, which may culminate in systemic 

toxicity. Alternatively, to achieve high and effective local antibiotic concentrations over a longer 

period of time (4 to 6 weeks) and to fill the void space left after surgical debridement or 

orthopedic trauma, biomaterial based local antibiotic delivery has shown promise as a more 

effective treatment option [21]. Currently, ALBC and antibiotic loaded PMMA beads are widely 

used, non-biodegradable options for osteomyelitis management. Undesirably, PMMA based 

options suffer from poor antibiotic release kinetics, leaching antibiotic at sub-inhibitory levels 

over an extended period and leading the cement to be a nidus of infection. Alarmingly, reports 

suggest that the colonization of the hip joint with antibiotic-resistant bacteria may reach up to 

88% upon hip revision surgery when antibiotic containing bone cement was used in a prior 

surgical intervention [22].  Additionally, due to its non-biodegradable nature PMMA also 

requires an additional surgery to be removed. These disadvantages have led to a search for 

biodegradable bone void filling (BVF) materials that provide both osteoconduction and 

osseointegration as well as act as an antibiotic carrier. These materials can be primarily divided 

into calcium-based materials such as hydroxyapatite, calcium phosphate or calcium sulphate 

materials and bioactive glass or, bioglass etc. [17]. 

1.4. Bone Void Fillers 

1.4.1. Calcium Sulphate Based Material 

Calcium sulphate (CS) hemihydrate has been used as a resorbable bone substitute. 

Typically, it has been used as a paste, which when mixed with antibiotic, settles in-situ filling up 

the void space [23]. Alternatively, calcium sulfate  can be used to form antibiotic loaded beads 
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ex-vivo, which can subsequently be implanted inside an orthopedic void space [24]. In a study, 

where vancomycin loaded calcium sulphate hemihydrate/hydroxyapatite/collagen was used in a 

rabbit femoral infection model, the surgical site not only showed no signs of residual infection 

after 12 weeks but also showed concurrent trabecular bone formation [23]. Although this is a 

promising new tool in the fight against osteomyelitis, the pharmacokinetics of release were not 

assessed. Furthermore, gentamicin and vancomycin loaded calcium sulphate beads were 

clinically evaluated in a metatarsal amputation due to infection [24]. In the study, the infection 

was eradicated, and the patient remained infection free after 11 months.  Although this study 

seems like a stunning example of the efficacy of calcium sulfate beads, it must be noted that the 

patient also received 4 to 8 weeks of oral antibiotics. In another small clinical study, 4 patients 

with either revision knee or hip replacement surgery associated with infection were treated with 

vancomycin or daptomycin loaded CS beads along with antibiotic loaded bone cement (in this 

case - hip surgery), resulting  in complete infection resolution in three patients after 19 months of 

follow up [25].  Again, all patients in the study received 2 to 4 weeks of intravenous and oral 

antibiotic therapy in addition to the local implant, which limits the power of the study. 

Furthermore, these clinical evaluations showed CS absorption after 4 weeks in these cases, 

which is too fast to provide adequate support for bone regrowth. In some of these evaluations, 

antibiotic was loaded in CS beads by soaking the beads in the antibiotic solution.  Unfortunately, 

this passive diffusion often leads to inadequate pharmacokinetics, as was observed when a 

calcium sulphate and hydroxyapatite composite bead was used as the antibiotic carrier for a 

gentamicin and vancomycin antibiotic solution, which released almost all the drug within only 

10 days. Notably, the composite showed faster release when compared to pure CS [26]. 

Regardless of the antibiotic loading strategy, using CS as a bone substitute incurs several 
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significant drawbacks, including cytotoxicity and an increased acidic microenvironment due to 

degradation of the CS.  Importantly, degradation can also lead to both acute and unresolved 

chronic inflammation as well as catalyze an exothermic reaction in which the solid CS is 

converted to a paste [26] [23] [27]. 

1.4.2. Calcium Phosphate Based Material 

Compared to CS calcium phosphate (CP) based materials show longer resorption time. 

Depending on the composition, CP-based materials have different resorption times. Tricalcium 

phosphate (TCP) is resorbed in 6 to 18 months, whereas hydroxyapatite (HA) and monocalcium 

phosphate have degradation times of 6 months to 10 years [27]. Similar to CS, CP can also be 

used as paste, which gradually solidifies into a solid cement in vivo; however, unlike CS, the 

process is isothermal, protecting the tissues surrounding the implant. Nevertheless, limited 

porosity after CP cement solidification leads to limited bone ingrowth [28] and inadequate 

pharmacokinetics.  In a study using gentamicin and vancomycin soaked tricalcium phosphate 

ceramic, Cerasorb® (low porosity, 35%) and Cerasorb® M (high porosity, 65%), it was 

observed that both of the antibiotics reached therapeutic  local concentration within 4 to 5 days, 

but quickly fell below the minimum inhibitory concentration (MIC) [29].  In an alternative 

preclinical study of an antibiotic releasing CP-based bone void filler, a porous CP based 

substrate was embedded in a polymer matrix loaded with tobramycin and showed tobramycin 

release at therapeutic concentrations up to 8 weeks in vitro [30] with the pilot animal study 

showing  promising bone formation after 12 weeks in a rabbit.  Notably no infection-model 

animal study was done using the material. CP based materials show promise as both antibiotic 

carriers and bone void fillers; however, further improvements in the formulations are necessary 

to achieve high local antibiotic concentration over longer period. In the current study, we have 
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formulated antibiotic releasing bone void filling (ABVF) putty using CP and calcium carbonate 

based bone graft substitute, which provided high antibiotic concentration for up to 6 weeks for 

both single and combination release.  

1.4.3. Bioactive Glass or Bioglass 

As opposed to traditional calcium based bone graft substitutes, recent years have seen 

bioactive glass or, bioglass (BG) garner much attention as a bone graft substitute for its 

osteoconductive and osteoinductive activity as well as its tailorability [31] and antibacterial 

properties [32]. In a study of 116 chronic osteomyelitis patients treated with antibacterial 

bioglass, S53P4, 90% of the patients were infection free after a median follow-up of 31 months 

[32]. However, in addition to bioglass BVF, patients also received systemic antibiotic therapy. In 

another study, vancomycin loaded onto borate bioglass pellets were used in a rabbit tibial 

infection model. After 11 weeks, 81.25% of the animals showed no signs of infection along with 

good bone growth and osseointegration despite the fact that the pellets only released drug above 

the MIC for 18 days in vitro  [33]. Ultimately, bioglass has been increasingly shown as a 

promising bone substitute and antibiotic carrier to treat osteomyelitis. In this current study, we 

have developed bioglass based antibiotic releasing bone void filler (ABVF-BG) putty, which was 

able to achieve therapeutic antibiotic release for 6 weeks as well as to provide bone growth 

support. 

1.5. Organization of the Thesis 

The goal of this thesis was to develop easy to use, easy to formulate putty-like ABVF to 

provide both extended and bioactive antibiotic release, and enhanced bone regrowth. The 

customizable ABVF could be formulated with either a single antibiotic or a combination of 

antibiotics to treat challenging biofilm infections. The bone graft substitute in the ABVF was 
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also customized to achieve similarly effective antibiotic release and infection cure while 

providing faster bone healing.  

The overall hypothesis of the thesis is that a biodegradable ABVF putty that not only 

provides effective local antibiotic concentration but also shows osteoconductivity, can tackle the 

challenges of osteomyelitis by killing bone resident bacteria and by supporting  bone healing. 

This is depicted in the following graphical abstract (Figure 1.1). 

 

Figure 1.1. Graphical abstract.  

AVBF releases antibiotic killing bacteria and preventing bacteria from infecting bone. The 

biodegradable and osseointegrating nature of the AVBF helps in bone regrowth.  

 

In this thesis, the design and customization of ABVF was investigated by examining the 

biodegradable polymer matrix, the efficient and effective release of antibiotic and the 

osseointegration of the material.  In chapters 2 and 3, the polymer matrix was explores and 

customized to provide putty like handling properties.  In chapter 4,  the antibiotic load was 

tailored to provide extended bacterial killing.  Finally, in chapter 5, the third component of the 

system, the underlying bone graft substrate, was considered and modified to enhance bone 



 

8 

healing. This is a paper-based thesis and all the chapters are intended for peer-reviewed journal 

publications.  

In chapter 2, an osteoconductive antibiotic eluting putty with a custom polymer matrix, 

we explored the impact of the polymer composition of the ABVF putty on in vitro drug release 

by using different custom-made polymers and a Pro Osteon bone graft substitute.  

In chapter 3, an antibiotic releasing bone void filling (ABVF) putty for the treatment of 

osteomyelitis, we continued to develop the ABVF putty using a blended commercial polymer 

matrix and Pro Osteon substrate to release vancomycin both in vitro and in vivo.  

In chapter 4, extended release combination antibiotic therapy from a bone void filling 

putty for treatment of osteomyelitis, we extended the utility of the developed ABVF-C putty to 

treat implant related biofilm infection by releasing a combination antibiotics and assessed the 

activity both in vitro and in vivo.  

Finally, in chapter 5, bioglass based antibiotic releasing bone void filler (ABVF-BG) 

putty for the treatment of osteomyelitis, we have considered the underlying substrate of the putty 

by using a custom bioglass substrate in the formulation of the ABVF-BG putty to aid in faster 

bone growth. We have evaluated the ABVF-BG putty for desired antibacterial activity. We also 

examined the putty in a rat infection drill-hole model for both infection cure as well as bone 

regeneration.  
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2. AN OSTEOCONDUCTIVE ANTIBIOTIC ELUTING PUTTY WITH A CUSTOM 

POLYMER MATRIX1 

2.1. Abstract 

With the rising tide of antibiotic resistant bacteria, extending the longevity of the current 

antibiotic arsenal is becoming a necessity. Developing local, controlled release antibiotic 

strategies, particularly for difficult to penetrate tissues such as bone, may prove to be a better 

alternative. Previous efforts to develop an osteoconductive local antibiotic release device for 

bone were created as solid molded composites; however, intimate contact with host bone was 

found to be critical to support host bone regrowth; thus, an osteoconductive antibiotic releasing 

bone void filling putty was developed. Furthermore, a controlled releasing polymer matrix was 

refined using pendant-functionalized diols to provide tailorable pharmacokinetics. In vitro 

pharmacokinetic and bioactivity profiles were compared for a putty formulation with an 

analogous composition as its molded counterpart as well as four new pendant-functionalized 

polymers. A best-fit analysis of polymer composition in either small cylindrical disks or larger 

spheres revealed that the new pendant-functionalized polymers appear to release vancomycin via 

both diffusion and erosion regardless of the geometry of the putty. In silico simulations, a 

valuable technique for diffusion mediated controlled release models, will be used to confirm and 

optimize this property. 

 

 

1 M. R. Hasan, J. Curley et al., “An Osteoconductive Antibiotic Bone Eluting Putty with a Custom Polymer Matrix,” 

Polymers, vol. 8, no. 7, p. 247, Jun. 2016, doi: 10.3390/polym8070247. The material in this chapter was co-authored 

by Raquib Hasan, John Curley, Jacob Larson, Benjamin D. Brooks, Qianhui Liu, Tanmay Jain, Abraham Joy, 

Amanda E. Brooks. Raquib Hasan, John Curley, Abraham Joy, and Amanda E. Brooks conceived and designed the 

experiments. Raquib and John had primary responsibility to conduct all the experiments listed in the section, analyze 

the data and write the manuscript. Qianhui Liu and Tanmay Jain synthesized and characterized the polymers. Jacob 

Larson performed the mechanical testing. Imaging was done by Jayma Moore and Scott Payne of NDSU electron 

microscopy center. Raquib Hasan, John Curley, Qianhui Liu, Tanmay Jain, Jacob Larson, Abraham Joy, Benjamin 

D. Brooks, and Amanda E. Brooks analyzed the data. Raquib Hasan, John Curley, and Amanda E. Brooks wrote the 

manuscript. 
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2.2. Introduction  

Listed by the World Health Organization (WHO) as one of the top three threats to global 

public health [34], more than 2 million Americans suffer from an antibiotic-resistant infection 

[35], imposing an enormous economic burden (≈ $20 billion in direct healthcare costs [36]) on 

the world’s healthcare systems. Multidrug resistant bacteria are becoming almost universal, 

provoked by the pervasive and often extended use of antibiotics [37]; moreover, many of these 

once powerful antimicrobial drugs are now rendered impotent by inappropriate prescribing 

patterns [9,10,38] and poor patient compliance [37,39–41]. Almost 70% of nosocomial 

infections are linked to antibiotic resistant pathogens [42–45]. Beyond clinical practice, 

microbial characteristics as well as societal and technical changes have led to the frightening 

revelation that development of antibiotic resistance is almost virtually certain given enough time 

[46–48]. Thus, the rise in antibiotic-resistant bacterial strains is quickly outpacing drug discovery 

and several strategies beyond simply filling the new drug pipeline must be pursued. In the 

absence of such development, we are facing the return to a pre-antibiotic era, with drugs that are 

costly and only partially effective. 

Periprosthetic Joint Infection (PJI): Despite the clinical success of Total Joint 

Replacements (TJR) in relieving pain and improving quality of life, up to 10% of implants will 

fail early (<10 years), requiring a revision procedure to remove the original device and infected 

bone and replace components [34]. Infection is responsible for 15% of total hip revision 

surgeries and up to 25% of total knee revisions [49]. A steady increase in TJR procedures 

(Figure 1) in conjunction with finite infection rates (as low as 1%–2% to as high as 4%–12% 
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[37]), increased lifelong risk of implant bacterial seeding, the rising tide of antibiotic resistant 

bacteria, and better microbial detection methods have culminated in an increase in the absolute 

number of patients suffering from acute or chronic osteomyelitis [35,36,50] (Figure 1). 

Unfortunately, implant removal and hardware replacement drives the risk of infection to a 

staggering 20%–30% [9,10]. These grim statistics culminate in a significant loss of life (over 

1000 deaths per year), many a direct result of the growing frequency of antibiotic resistant bone 

infections. Moreover, the economic burden for surgically addressing periprosthetic infections 

(PIs) with revision TJRs is calculated to be 5.3–7.2 times higher than that of primary TJR 

operations [39] (each revision surgery is estimated to cost $42,000–$56,000 (US) [40]). This 

amounts to $750 million in insurance and patient costs to treat spine, knee and hip infections and 

nearly $250 million in hospital losses yearly [10]. Independent biomaterial- or pharmaceutical-

based approaches to implant-centered infection are inadequate to combat osteomyelitis. Instead, 

using an osseointegrating wound and bone defect filler material as a local delivery vehicle, 

endowing it with a rate-controlling polymer membrane, may mitigate implant-associated 

infection and consequent bone destruction. Utilizing principles of intelligent design, an effective, 

locally deployable, polymer-control antibiotic delivery vehicle can be developed. 
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Figure 2.1. Projected total joint replacements (TJR) with infection rates.  

Growth rate for TJR was 6% annual growth and the growth rate for antibiotic resistance was 7% 

conforming with published numbers [5], [51], [49]. 

Local controlled-release antibiotic delivery to bone: Although osteomyelitis—a serious 

bone infection accompanied by inflammation, cytokine up-regulation, and bone resorption—is 

increasingly linked to antibiotic resistant bacteria, current clinical tools to address it are tedious, 

costly, and often ineffective, compromising the patient’s overall bone health, healing, and 

recovery. Systemic antibiotic prophylaxis is considered the current clinical standard of care; 

however, studies are lacking to support this approach [42]. While considered generally effective, 

problems with systemic antibiotic delivery include systemic side effects and low antibiotic 

concentrations at the local site of infection, unintentionally favoring antibiotic resistance [41,43]. 

Bone’s limited vascular supply and the presence of sequestra or void space [45] compounds the 

problem, inhibiting both delivery of systemic antibiotics and compromising host defenses 

[10,37]. Sequestra present a favorable, inert environment for harboring bacteria and allowing 

their unmitigated persistence in the protected avascular wound space [45]. Bacterial persistence 

in the protected avascular space can lead to progressive acute and chronic osteomyelitis. 

Alternatively, localized delivery of antibiotics directly to the site of infection is commonly 
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embodied by (1) surgical debridement with an antibiotic solution [10]; (2) application of 

antibiotic solutions to bone grafts by soaking; and (3) implantation of antibiotic-loaded bone 

cements. Given that over 500,000 orthopedic procedures annually use bone graft materials to 

restore lost bone mass and support the tissue bed for implantation [37,38,52], utilizing bone graft 

void filler (BVF) as an implanted drug delivery vehicle represents a viable strategy to treat PJI. 

Controlled drug delivery directly to bone presents an unsolved pharmacokinetic 

challenge. A strictly biomaterials-based approach has proven inadequate to address infection 

[48]; improved approaches to implant-centered infection must integrate and exploit local, rate-

controlled antimicrobial delivery with appropriate bone defect filler materials. Without a 

controlled delivery strategy on-board, current antibiotic loaded orthopedic graft materials 

(antibiotic loaded bone cement (ALBC), OsteoSetT (Wright Medical, Memphis, TN, USA) 

release their antibiotic payloads too quickly (i.e., 1–4 days), often leaching insufficient antibiotic 

and serving as a nidus of infection. Additionally, most of these do not support host bone 

ingrowth [44,53,54]. Previously, we endowed BVF with an antibiotic-releasing polymer barrier 

capable of releasing its payload in vitro and in vivo for up to eight weeks [55–57] as a moldable 

solid composition. Unfortunately, as with many other antibiotic releasing BVF devices, our 

device did not allow host bone ingrowth. Additional efforts proved that host bone ingrowth can 

be enhanced by intimal contact with the BVF [58]. Thus, designing a space-filling BVF putty 

with a custom polymer composition to control local antibiotic delivery provides a significant 

advantage [59,60]. 
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2.3. Materials and Methods 

2.3.1. Custom Polymer Synthesis 

The synthesis of monomers and polymers is based on previously described procedures 

[61,62]. Synthesis of 3a (Figure 2.2): Mono-tert-butyl protected succinic acid (5.57 g, 32 mmol), 

Ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (EDC, 6.60 g, 34.4 mmol) and anhydrous 

dimethyl formamide (DMF, 30 mL) were added into a 250 mL flask and the mixture was stirred 

for 10 min in an ice bath. To this activated carboxylic acid, compound 1 (8.81 g, 24.6 mmol) 

dissolved in anhydrous DMF (5 mL) was added and the reaction was stirred overnight. After 

reacting, DMF was removed under vacuum and the product was extracted with ethyl acetate 

(EtOAc, 150 mL). The organic layer was washed with water (50 mL, 1×), saturated NaHCO3 

solution (50 mL, 1×) and brine (50 mL, 1×) and dried over anhydrous Na2SO4. The product was 

purified by column chromatography (15% EtOAc and 85% Hexane). 

Yield: 70%: 1H NMR (300 MHz, Chloroform-d) ppm 0.04–0.06 (m, 12H) 0.88–0.90 (m, 

18H) 1.45 (s, 9H) 2.56 (t, J = 6.74 Hz, 2H) 2.67 (t, J = 6.58 Hz, 2H) 3.48 (t, J = 5.70 Hz, 2H) 

3.56 (t, J = 5.86 Hz, 2H) 3.74 (t, J = 5.70 Hz, 4H). 

Deprotection of t-butyl dimethyl silane (TBDMS) was performed by reaction with iodine 

(20% weight of product) in methanol (MeOH) (15 mL) overnight. Na2S2O3 was added dropwise 

to quench the reaction until the solution turned from brown to colorless. The solvent was 

removed under vacuum and the product was extracted with CH2Cl2 (50 mL, 3×) and dried over 

anhydrous Na2SO4. The product was purified via column chromatography (MeOH-CH2Cl2 

gradient solvent system, from pure CH2Cl2 to 5% MeOH and 95% CH2Cl2). 
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Diol 3a: Yield: 61%, 1H NMR (300 MHz, Chloroform-d) ppm 0.04–0.06 (m, 12H) 0.88–

0.90 (m, 18H) 1.45 (s, 9H) 2.56 (t, J = 6.74 Hz, 2H) 2.67 (t, J = 6.58 Hz, 2H) 3.48 (t, J = 5.70 

Hz, 2H) 3.56 (t, J = 5.86 Hz, 2H) 3.74 (t, J = 5.70 Hz, 4H). 

 

Figure 2.2. Synthesis of diols with different pendant groups.  

 

To synthesize diols from ester derivatives of functionalized carboxylic acids (Figure 2.2), 

diethanolamine 1a (2 equivalents) and the ester derivative of functionalized carboxylic acid (1 

equivalent) were mixed and refluxed in a flask at 75 °C overnight. The product was subsequently 

purified by column chromatography (MeOH–CH2Cl2) and completely dried in high vacuum line. 

Diol 3b: Yield = 76%, 1H NMR (300 MHz, CDCl3): ppm 1.16 (dd, 3H, J1 = 7.61 Hz, J2 

= 7.32 Hz), 2.39–2.50 (m, 2H), 3.50–3.59 (m, 4H), 3.78–3.90 (m, 4H). 

Diol 3c: Yield = 63%, 1H NMR (300 MHz, CDCl3) ppm 2.65–2.74 (dd, J1 = 7.61 Hz, J2 

= 8.20 Hz, 2H), 2.95–3.00 (dd, J1 = 7.99 Hz, J2 = 8.20 Hz, 2H), 3.42 (t, J = 4.98 Hz, 2H), 3.54–

3.57 (dd, J1 = 4.39 Hz, J2 = 4.98 Hz, 2H), 3.70 (t, J = 4.98 Hz, 2H), 3.85 (t, J = 4.68 Hz, 2H), 

7.21–7.32 (m, 5H). 
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Diol 3d: 1H NMR (300 MHz, Chloroform-d) ppm 2.2 (M, 2H) 2.4 (d, J = 1.2 Hz, 3H) 

2.65 (t, J = 7.0 Hz, 2H) 3.53–3.62 (m, 4H) 3.81 (t, J = 5.3 Hz, 2H) 3.91 (t, J = 5.2 Hz, 2H) 4.12 

(t, J = 6.0 Hz, 2H), 6.14 (d, J = 1.2 Hz, 1H) 6.82–6.89 (m,2H) 7.50 (d, J = 8.8 Hz, 1H). 

To synthesize the soybean oil monomer, diethanolamine (31.5 g, 0.3 mol) was added into 

a 500 mL round bottom flask. Subsequently, NaOCH3 (0.8 g, 14.8 mmol) was added and stirred 

at 110 °C until completely dissolved. Soybean oil (43.6 g) was added dropwise via funnel over 

30 min. After addition, the reaction was stirred for another one hour at 110 °C under vacuum. 

EtOAc was added to dilute the reaction mixture, which was then washed with 15% NaCl solution 

(3×). The product was purified via column chromatography (5% MeOH and 95% CH2Cl2). 

Diol 3e: 1H NMR (500 MHz, Chloroform-d) ppm 5.30–5.41 (m, 2.88H) 3.76–3.85 (m, 

5.5H) 3.49–3.85 (m, 4H) 2.76–2.81 (m, 1.29H) 2.37–2.40 (t, J = 7.70 Hz, 2.09H) 2.00–2.07 (m, 

3.38H) 1.63 (br. s., 2.11H) 1.26–1.1.39 (m, 18H) 0.87–0.99 (m, 3H). 

Polyesterification of functionalized diols and diacids (Figure 2.3) was accomplished by 

adding the functionalized diol (1 equivalent), diacid (1 equivalent) and 4-

(Dimethylamino)pyridinium 4-toluenesulfonate (DPTS, 0.4 equivalent) into a flask, and the 

system was evacuated and backfilled with N2 (3×). Anhydrous CH2Cl2 (2 mL for 1 mmol of 

diacid) was syringed into the reaction flask. The mixture was homogenized by warming to 40 °C 

for 1–2 min. Subsequently, the mixture was cooled on ice and diisopropylcarbodiimide (DIC) (3 

equivalents) was added dropwise by syringe. The mixture was stirred for 48 h at room 

temperature. The polymer was purified by precipitation from cold iso-propanol/methanol or 

dialysis against MeOH and dried under vacuum. Total equivalents of diols were equivalent to 

that of diacid if more than one functionalized diol was used in the reaction. 
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p(A-C4): 1H NMR (300 MHz, Chloroform-d) ppm 1.15 (t, J = 7.46 Hz, 3H) 2.39 (d, J = 

7.46 Hz, 2H) 2.62 (br, 4H) 3.60–3.70 (m, 4H) 4.22–4.26 (m, 4H). Mn = 60 KDa, PDI = 1.1, Td: 

238 °C, Tg: 5.3 °C. 

p(A-C10): 1H NMR (500 MHz, Chloroform-d) ppm 1.14 (t, J = 7.34 Hz, 3 H) 1.29 (br. s., 

8 H) 1.56–1.64 (m. 4 H) 2.22–2.35 (m, 4 H) 2.39 (q, J = 7.34 Hz, 2 H) 2.66–2.77 (m, 1 H) 3.58–

3.64 (m, 4 H) 4.18–4.26 (m, 4 H) Mn: 78 KDa, PDI: 1.19, Td: 283 °C, Tg: −32 °C. 

p(SC-C6): 1H NMR (300 MHz, Chloroform-d) ppm 0.87 (d, J = 6.8 Hz, 3H) 1.27 (d, J = 

18.4 Hz, 16H) 1.59 (s, 15H) 2.04 (q, J = 6.2 Hz, 3H) 2.16 (t, J = 6.0 Hz, 2H) 2.39–2.30 (m, 12H) 

2.59 (t, J = 7.0 Hz, 2H) 2.76 (t, J = 6.0 Hz, 1H) 3.61 (dt, J = 11.0, 5.5 Hz, 8H) 4.11–4.08 (m, 2H) 

4.19 (d, J = 5.0 Hz, 7H) 5.34 (d, J = 5.5 Hz, 3H), 6.11 (s, 1H) 6.87–6.80 (m, 2H) 7.49 (d, J = 8.6 

Hz, 1H) Mn: 11.9KDa, PDI: 2.13, Td: 320 °C, Tg: −20 °C. 

 

Figure 2.3. Synthesis of pendant functionalized polyesters. 

  

Finally, the tBu-protected p(FD-C10) was deprotected by dissolving the polymer (1 g) in 

regular CH2Cl2 (6 mL), trifluoroacetic acid (TFA) (3 mL) and triisopropylsilane (50 μL) and 
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stirred for 2 h. After the stirring incubation, TFA and CH2Cl2 were removed under vacuum and 

the polymer was precipitated into diethyl ether twice to obtain pure polymer. 

p(FD-C10): 1H NMR (500 MHz, Chloroform-d) ppm 1.25–1.36 (m, 8H) 1.53–1.65 (m, 

4H) 2.22–2.35 (m, 4H) 2.64–2.76 (m, 2.4H) 2.94–3.01 (m, 2.4H) 3.52 (t, J = 5.87 Hz, 2H) 3.58–

3.69 (m, 2H) 4.12 (t, J = 5.75 Hz, 2H) 4.18–4.26 (m, 2H) 7.16–7.24 (m, 2H) 7.24–7.31 (m, 2H) 

Mn: 40KDa, PDI: 1.34, Td: 273 °C, Tg: −16 °C. 

2.3.2. Polymer Characterization 

Structures of small molecules and polymers were confirmed by 300 and 500 MHz 

Nuclear magnetic resonance (NMR) proton spectra via a Varian NMRS instrument (Palo Alto, 

CA, USA). Deuterated chloroform was used as a solvent. Chemical shifts, δ (ppm), were 

referenced to the residual proton signal. 

The molecular weight and polydispersity index for each custom polymer was measured 

via gel permeation chromatography (GPC). GPC analysis in tetrahydrofuran (THF) was 

performed on a Waters 150-C Plus instrument (Milford, MA, USA) equipped with refractive 

index and light scattering detector. Polystyrene was used as a standard. GPC analysis in DMF 

was performed on an HLC-8320 instrument (King of Prussia, PA, USA) equipped with refractive 

index and UV detectors using polystyrene as a standard. The flow rate of the eluent was 1 

mL/min for both GPC instruments. 

The polymer’s decomposition temperature was measured by thermal gravimetric analysis 

(TGA) with a TA Q500 thermal gravimetric analysis instrument (TA Instruments, New Castle, 

DE, USA). Each polymer was heated in N2 from room temperature to 600 °C with a heating rate 

of 10 °C /min. Alternatively, the glass transition temperature was tested by differential scanning 
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calorimeter (DSC) using TA Q2000 differential scanning calorimeter (TA Instruments, New 

Castle, DE, USA) with heating and cooling rates set at 10 °C/min. 

ABVF putties were fabricated similarly to our previous molded formulations [55–57] 

with a couple of critical distinctions to produce a material with a putty-like consistency. Four of 

the putty formulations contained Pro Osteon 500R™ (Biomet, Irvine, CA, USA) morselized and 

sieved to between 150 and 425 micrometers; a combination of polymer binders Poly(d,l-lactide-

co-glycolide) (PLGA-50:50, Sigma Aldrich, St. Louis, MO, USA) dissolved in N-Methyl-2-

pyrrolidone (NMP, Fisher, Pittsburg, PA, USA), Poly ethyleneglycol (PEG-5kD, Fluka, St. 

Louis, MO, USA); and polycaprolactone (PCL-10kD); calcium chloride as a porogen, and 

vancomycin. Note that vancomycin from two different manufacturers was used in different 

formulations: (1) Vancomycin HCl Sterile Lyophilized Powder for Injection (Hospira, Inc., Lake 

Forest, IL, USA); and (2) Vancomycin HCl; Research Products International (RPI) (Mount 

Prospect, IL, USA). PLGA was dissolved in NMP (200 μL) and added to a homogenous mixture 

of molten PCL and PEG at ~75 °C. BVF, calcium chloride and vancomycin were mixed into the 

polymer composition and 20 μL of 1x phosphate buffered saline (PBS) was added to produce a 

putty-like composite. Additional, ABVF putty formulations were created using custom-made 

polymers (as described above). Briefly, polymers were heated to ~120 °C and Pro Osteon 

500R™, calcium chloride, and vancomycin were added. Pro Osteon 500R™ is a cancellous bone 

like, osteoconductive matrix consisting of calcium carbonate and hydroxyapatite. The addition of 

NMP and PBS were not necessary to create a putty-like composite from the custom polymers. 

With the exception of formulation 2, which was shaped into a single large sphere, all 

formulations were made as single batches and partitioned into replicates (as indicated in Table 1) 
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using 2 mm diameter × 1.7 mm depth adhesive silicone isolators to form small ABVF disks. One 

large sphere was also made for formulation 2. Formulations are detailed in Table 2.1.  

Table 2.1. Formulations prepared with different polymers. 

Formulation 

(number of 

replicates) 

Geometry Polymer(s) NMP CaCl2 
Vancomycin 

(10% w/v) 

1 (n=6) disk PLGA/PCL/PEG x x RPI 

2 (n=1) sphere PLGA/PCL/PEG x x RPI 

3 (n=6) disk PLGA/PCL/PEG x x Hospira 

4 (n=4) disk p(FD-C10)  x Hospira 

5 (n=2) disk p(SC-C6)  x Hospira 

6 (n=3) disk p(A-C4)  x Hospira 

7 (n=2) disk p(A-C10)  x Hospira 

The source of vancomycin is noted in the last column. All formulations had the same ratio of 

components in the final formulation. The first two letters of the custom polymers (4–6) indicate 

the amino acid mimic (A—Alanine, F—Phenylalanine, D—Aspartic acid), whereas the second 

part denotes the number of carbon atoms in the diacid. The polymer p(SC-C6) contains two non-

natural pendant groups. 

2.3.3. Imaging 

Both the small cylindrical disk as well as the larger sphere were imaged using scanning electron 

microscopy imaging. Additionally, the cylindrical disk was imaged using micro computed 

tomography (µ-CT) at the North Dakota State University (NDSU) Electron Microscopy Center 

core facility (Fargo, ND, USA). 

2.3.4. Micro Computed Tomography (µ-CT) 

The sample was hot glued to a glass rod and placed into a GE Phoenix v|tome| xs X-ray 

computed tomography system with a 180 kV high power nanofocus X-ray tube xs|180 nf, high 

contrast GE DXR250RT flat panel detector, and molybdenum target (GE Sensing & Inspection 

Technologies GmbH, Wunstorf, Germany). One thousand projections were acquired at a voltage 

of 80 kV and a current of 300 µA. Voxel size was 6.4 µm. Acquired images were reconstructed 



 

21 

into a volume data set using GE datos|x 3D computer tomography software Version 2.2 (GE 

Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The reconstructed volume was 

then viewed and manipulated using VGStudio Max (Volume Graphics Inc., Charlotte, NC, 

USA). 

2.3.5. Scanning Electron Microscopy (SEM) 

Samples for scanning electron microscopy (SEM) were cut with a razor blade to expose 

the interior surfaces, attached to cylindrical aluminum mounts with colloidal silver paint 

(Structure Probe Inc., West Chester, PA, USA) and coated with gold (Cressington Inc., Redding, 

CA, USA) or with carbon (Cressington Inc.). Images were obtained with a JEOL JSM-6490LV 

scanning electron microscope or JEOL JSM-7600F field-emission scanning electron microscope 

(JEOL USA, Inc., Peabody, MA, USA). 

2.3.6. In Vitro Drug Release 

Three molded ABVF cylindrical disks from both putty formulations 1 and 3 were 

released after curing 24 h at 4 °C, whereas the three remaining ABVF disks were released after 

one week at 4 °C. The ABVF putty cylindrical disk released after 24 h weighed an average of 

45.6 mg (STDV (standard deviation): 4.925). Cylindrical disks were placed in individual 2 mL 

microcentrifuge tubes containing 2 mL of PBS for six weeks at a constant temperature of 37 °C. 

PBS was replaced at 24, 48, and 72 h and every week thereafter for a total of six week as 

previously described [55,63]. At the end of 6 weeks, the remaining ABVF putty samples were 

dissolved in 1 mL of dichloromethane and 500 µL water, vortexed for 15 s, and centrifuged for 5 

min at 15,000 rpm to separate the aqueous layer. The aqueous layer was then collected, to 

determine presence of unreleased vancomycin. The extracted PBS samples and residual 

vancomycin in the aqueous layer were then analyzed to determine the amount of vancomycin 
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released and its bioactivity. Alternatively, the large sphere from the entire formulation 2 batch 

(710 mg) was placed in a 50 mL conical tube and the drug was released into 5 mL of PBS as 

described for the smaller cylindrical disks. 

2.3.7. In Vitro Vancomycin Release Kinetics 

The amount of vancomycin released into PBS or the amount of residual vancomycin left 

in the device after release was determined using a custom-built detector as previously described 

[64]. Briefly, a 280 nm wavelength light emitting diode (LED) and a photodiode were mounted 

in a cuvette holder, machined from aluminum such that light from the LED passed through the 

chamber and into the photodiode aperture. Light that reaches the photodiode was converted into 

a voltage and read by an analog to digital converter (ADC). A computer, along with supporting 

circuitry, controlled the entire system. The amount of vancomycin was calculated based on a 

standard curve. The data were then fitted to different pharmacokinetic models [65]. 

2.3.8. Kirby Bauer Zone of Inhibition Assay (ZOI) 

A standard Kirby Bauer zone of inhibition (ZOI) assay was performed [56,66]. In 

addition, 100 µL of release solution from each time point was dried on filter paper disk (6.5 mm 

diameter) before being placed on Trypticase Soy Agar plates (TSA) with an average depth of 4.7 

mm [63] and spread with a uniform bacterial field of Staphylococcus aureus strain 49230 (12 × 

107 CFU). Standard vancomycin concentrations (8 mg/mL serially diluted to 0.0625 mg/mL) and 

PBS blanks were prepared in same fashion as release solution. Plates were inverted and 

incubated at 37 °C for up to 20 h before diameter of zone of inhibition was recorded via 

electronic calipers. 
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2.3.9. Mechanical Characterization  

ABVF constructs from formulation 1 with (n = 3) and without (n = 3) vancomycin and 

from formulation 4 (n = 2) were assessed for their putty-like characteristics using a Bose 3200 

load frame (TA Instruments, New Castle, DE, USA) with supplied compression surfaces. A 

225N load cell with Wintest software (TA Instruments, New Castle, DE, USA) was used for data 

collection. Supplied Bose compression surfaces were used in the compressive tests. However, a 

custom designed and built fixture was used to test the tackiness of the samples in a tensile lap 

test. This fixture consisted of two 16 gauge 304 stainless blanks, which were placed in grips. The 

blank held in the bottom grip had a toggle clamp bolted to it, which provided consistent sample 

thicknesses. The toggle clamp had a foot, which used a roller bearing to provide clamping force 

but provide minimal drag to the test. Each sample (26–41 mm3) was compressed to create a 

uniform cylinder of 2.45 mm in diameter and 4.8–8.9 mm in height. Samples were tested on the 

same day they were fabricated. 

2.3.9.1. Compression Testing 

Compression tests were run at a rate of 0.1 mm/s. Samples were pressed in the 

longitudinal direction while the load frame measured strain and load. True stress, which 

calculates stress based on a changing area, was calculated by solving for the changing contact 

area in relation to the changing height, assuming constant sample volume. The average and 

standard deviation was calculated for each formulation. 

2.3.9.2. Tensile Lap Testing 

Each material was compressed in the aforementioned lap-testing fixture. Each sample 

was placed on the upper stainless plate and the lower plate with toggle clamp was clamped 
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compressing the sample to a thickness of 0.77 mm. Each test was conducted at a rate of 0.1 

mm/s. 

2.3.10. Statistical Analysis 

Averages and standard error mean are reported. Any pairwise comparisons presented 

were done via ANOVA with significance of α < 0.05. 

2.4. Results 

Combinations of common biomedical polymers or four custom-designed, pendant-

functionalized polyesters were used to create seven different ABVF putty formulations (Table 1). 

ABVF putty formulations 1–3 were made as a composite of polymers (i.e., PEG, PCL, PLGA) 

generally regarded as safe (GRAS) for biomedical applications. To develop an ABVF device 

with putty-like consistency, previously described methods [55–58] were modified to include 

NMP [67]. Alternatively, customized polyesters were synthesized with appropriate pendant 

groups to enable optimum hydrophobicity or specific interactions to obtain desired release and 

degradation properties over a 6–8 weeks period. Polymers were synthesized as shown in Figures 

2 and 3 and characterized as outlined in Materials and Methods. ABVF putties made with these 

custom polymers did not require the use of NMP or other co-polymer binders. µ-CT and SEM 

imaging was done to assess (1) the homogeneity of composition; (2) percentage of pro osteon 

particles in the ABVF composition; and (3) qualitative porosity (Figure 2.4). By adjusting the 

grey-scale contrast and setting a threshold, the volume of mineral composition was calculated to 

be ~28.3% v/v from the µ-CT. The actual composition of the formulation was 63% w/w. The 

composition seems homogeneous by looking at pro osteon particles distribution in polymers 

matrix. 
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Figure 2.4. µ-CT image of ABVF putty.  

The homogeneity of the composition, percent of ABVF, and the porosity of the ABVF putty was 

determined for a model formulation of a PCL/PEG/PLGA putty using microCT on a small 

cylindrical disk (A); and SEM through the center of a large sphere (B). 

In each of the custom polymers (4–6, Table 1), the first two letters indicate the pendant 

amino acid mimic (A—Alanine, F—Phenylalanine, D—Aspartic acid), whereas the second part 

denotes the number of carbon atoms in the diacid. Polymer p(SC-C6) contains two non-natural 

pendant groups. The amounts of pendant-functionalized polymers were limiting, and thus all 

other components of the BVF putty composition were altered to maintain the ratios previously 

reported [63] in these pilot scale formulation. p(FD-C10) had a honey-like consistency and was 

light sensitive; thus, it was protected from light until it was used in ABVF fabrication. These 

samples were released or tested the same day and were protected from light during release. 

Duplicate formulations without vancomycin were made as a negative control (data not shown). 

There was no bioactivity from any of the control formulations without drugs. Incorporating 

polymers with different pendant groups and therefore various physical properties as the bulk 

matrix of an antibiotic-loaded BVF device showed (i) that there was no intrinsic antimicrobial 

activity for this set of polymers; (ii) p(FD-C10), p(SC-C6), and p(A-C4) were all able to release 

vancomycin for over one month, with p(SC-C6) (formulation 5) exhibiting the lowest burst 

release (Figure 2.5) and zero order drug release kinetics (Table 2.2); and (iii) unlike the 
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commercially available polymer formulation, and ABVF formulation with custom polymers 

displayed evidence of a heterogeneous composition (appendix A, Table A1). 

 

Figure 2.5. Vancomycin release kinetics for each formulation are shown in the line graph.  

One of the major distinctions in the formulations is the percent of drug released in the first 24 h. 

Note that formulation 2 was a larger sphere while all other formulations are smaller cylindrical 

disks. Standard error mean is shown for each formulation. 

Vancomycin was released in vitro from a newly developed bone void filling putty that 

used a varied composition of polymer binders for up to six weeks, a time point considered 

critical by the orthopedic community for infection prevention [46]. The cumulative percent of 

vancomycin released was plotted over time (Figure 2.5). Formulation 1 and formulation 3 only 

differed in the source of vancomycin incorporated. However, based on the kinetics and 

bioactivity data, there is no statistical difference between different sources of vancomycin. 

Formulations 1 and 2 only differ in the geometry and size of the device. The larger spherical 

device released a little more than half as much drug in the first 24 h as its smaller cylindrical disk 

counterpart. Additionally, bioactivity of vancomycin released from the larger sphere was 
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extended from three days to two weeks (data not shown), likely as a result of the increased 

amount of drugs in the larger device. The cumulative percent of vancomycin released at each 

time point was averaged to produce an average pharmacokinetic curve (Figure 2.5), which was 

subsequently evaluated against zero-order, first-order, Korsmeyer–Peppas, Higuchi, and Hixon–

Crowell models and the best fit, based on R2 value, was used to determine the mode of release 

and the importance of geometry and polymer composition (Table 2.2). A similar analysis was 

performed for each individual replicate (Appendix A Table A1). 

Formulations 1 and 3, which only differ in the source of vancomycin used, showed no 

significant difference and displayed homogeneous composition as each individual replicate as 

well as the average all followed the Korsmeyer–Peppas model, which indicated that vancomycin 

was released from the matrix by both erosion and diffusion. Formulation 2, which only varied in 

its size and geometry from formulation 1, fit a first-order kinetic model more than any other 

model. This may indicate that dissolution from the matrix is dependent on the concentration of 

the dissolving species; however, this supposition remains to be confirmed with additional 

replicates. The average vancomycin release from formulation 4 is most closely modeled by the 

Korsmeyer–Peppas equation; however, individual replicates vary between first order and 

Korsmeyer–Pappas, indicating a lack of homogeneity (Appendix A Table A1). Formulation 5 

closely follows both zero order and Hixon–Crowell with zero order kinetics being slightly 

favored. This observation again likely reflects that the individual replicates vary between zero 

order and Hixon–Crowell release models. Nevertheless, this particular formulation provided 

consistent bioactivity throughout the experimental time course. Formulation 6, which also 

provided bioactivity throughout the experimental time course, followed both first order and 

Korsmeyer–Peppas models individually, favoring first order kinetics slightly on average. 
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Table 2.2. Vancomycin release kinetics from different ABVF formulation fitted into different 

drug release kinetics model 

 
Formulation Zero Order 

(R2) 

First Order 

(R2) 

Korsmeyer-

Peppas (R2) 

Higuchi 

(R2) 

Hixson-

Crowell 

(R2) 

1 0.15 0.45 0.93 0.30 0.28 

2 0.26 0.61 0.51 0.46 0.45 

3 0.14 0.42 0.88 0.29 0.25 

4 0.28 0.68 0.92 0.45 0.52 

5 0.92 0.88 0.86 0.84 0.91 

6 0.70 0.97 0.96 0.88 0.90 

7 0.16 0.59 0.96 0.32 0.33 

For calculation, the amount of vancomycin was plotted against time on the x-axis. The average 

of each formulation was then fitted to each of the common pharmacokinetic models to identify 

the best fit. 

 

ZOI assay determined the bioactivity of released vancomycin against S. aureus over time. 

Using the “standard” polymer formulation of PCL, PEG, and PLGA that provided sufficient 

duration of bioactivity from a solid molded BVF form [55–57] was insufficient to provide 

bioactivity past seven days as a BVF putty formulation (Figure 2.6). However, when the polymer 

matrix and drug-releasing barrier was a custom, pendant-functionalized polymer, bioactivity 

could be extended to between 35 and 42 days, dependent on the identity of the polymer and 

geometry of the putty (Figure 2.6). 
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Figure 2.6. The bioactivity of released vancomycin was determined via a Kirby Bauer zone of 

inhibition study. 

Release studies were done for six weeks. At the conclusion of the study, the remaining drug was 

extracted from the putty. Bioactivity was seen throughout the experimental time course in 

formulations 4–6. 

 

ABVF from the two most qualitatively disparate formulations based on their stiffness: the 

commercial polymer formulation (formulation 1) and custom polymer p(FD-C10) (formulation 

4), were mechanically evaluated as model formulations to characterize the new composition as a 

putty. Each sample was compressed into a cylinder prior to testing as described in Materials and 

Methods. A combination of compression (Figure 2.7) and tensile lap testing (Figure 2.8) were 

used to assess the composition’s plastic deformation and adhesion, critical elements in putty-like 

behavior. Qualitatively, formulation 1 without drugs was very easy to manipulate into shape and 

was the softest of the three materials, whereas formulation 1 with drug was firmer and did not 

deform as easily. Interestingly, despite its viscous honey-like consistency, formulation 4 was the 

hardest to deform and did not compress into the uniform cylinders as easily. Additionally, 
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formulation 1 with or without the addition of vancomycin kept their shape after being 

compressed into a cylindrical shape but formulation 4 expanded in a longitudinal direction and 

did not hold its shape after being removed from the cylindrical mold. Compression of 

formulation 1 with or without drugs shows how easily deformable the material was, with very 

low stresses being required to produce deformation. As shown in Figure 2.7 A, formulation 1 

with drugs had a proportional, elastic-like, stress-strain relationship to a strain of 0.1. The 

material then exhibited plastic deformation past strains of 0.1. Surprisingly, compressive 

behavior changed in the absence of vancomycin and higher strain or 0.8 was required to 

plastically deform the cylindrical material (Figure 2.7 B). Formulation 4 gave a linear elastic 

stress-strain relationship to a strain of approximately 0.4 at which time the response changed to 

plastic deformation (Figure 2.7 C). Tensile lap testing, which assessed the “stickiness” of the 

composition, showed that formulation 4 was able to maintain almost twice the amount of force 

when compared to formulation 1 either with or without drugs (Figure 2.8). 
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Figure 2.7. Compression tests with different formulations. 

Formulation 1 with drugs (A) and without drugs (B) as well as formulation 4 with drugs. Notice 

that the compression behavior of the composition changes quite a bit in the absence of 

vancomycin and can withstand more stress prior to plastic deformation. 

 

Figure 2.8. Tensile lap tests with different formulations.  

Formulation 1 with drugs (A) and without drugs (B) as well as formulation 4 with drug to assess 

the “stickiness” of the composition. Notice that formulation 4 can withstand almost twice the 

stress with a corresponding strain. 
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2.5. Discussion 

Osteomyelitis is a complex condition with multiple etiologies that necessitate new, 

tailorable strategies (Figure 2.9). Previously, polymer-controlled, antibiotic-releasing, moldable 

BVF devices proved effective in preventing infection in a rabbit radial defect model. 

Unfortunately, the solid polymer BVF composite material did not provide intimate contact with 

the host bone and little cellular infiltration was noted. Thus, a putty composition with similar 

drug release kinetics was produced. Current bone cements used for orthopedic procedures 

requiring some mechanical robustness, such as methyl methacrylate in TJR, contain acrylic 

oligomers or monomers to provide low viscosity pliable composites [68]. The high heat of 

reaction from these materials can cause tissue necrosis. Alternatively, the use of synthetic 

polymers such as those previously used to create a solid, moldable, BVF formulation [55–58] 

may not be suitable for BVF putties due to their high modulus. Hence, we assessed four custom 

pendant-functionalized polyesters. Formulations 4 and 5 seemed to have particularly useful 

pharmacokinetics and will be followed up with a more rigorous statistically significant study. 

Clinically accepted polymers previously used for BVF drug delivery have a specific set of 

physical properties that cannot be tuned to the application. Therefore, polymers whose physical 

and chemical properties can be tailored to the in vivo environment are desperately needed. 
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Figure 2.9. Osteomyelitis etiologies and relevant drug release pattern for treatment graphical 

representation.  

There are four relevant modes of infection related to total joint replacement. Planktonic bacteria-

sourced infections can be combatted with simple burst release kinetics such as that provided by 

bone cements (i.e. poly(methyl methacrylate, PMMA) or systemic antibiotics. After attaching to 

a surface, sessile bacteria are slightly more difficult to treat and typically require a first-order or 

zero-order sustained release after the burst. To combat biofilm resident bacteria, a pulsatile burst 

with zero-order kinetics are thought to be essential. Such sustained release formulations may be 

provided using combinations of polymers such as that described here. The most challenging 

orthopedic infections, recurring chronic osteomyelitis, will require distinctly new approaches 

with new polymer compositions (e.g., pendant-functionalized polymers, etc.). 

Previously, a platform of peptidomimetic polyesters whose physical and chemical 

properties can be modulated over a wide range of properties was developed [62]. These 

polyesters are characterized by the presence of “peptide-like” pendant functional groups at every 

repeat unit, providing a set of tailorable polymers with functionality to suit the application need. 

The polyesters were designed to mimic the functional diversity of peptides. The currently 

reported polymers have significantly lower glass transition temperatures (Tg) than the previous 

polyesters and hence allow fabrication of drug-encapsulated putties at lower temperatures. This 
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is critical for future efforts, which may encapsulate heat sensitive drugs. The polyester, p(SC-

C6), with pendant groups having long aliphatic chains lead to polymers with very low Tg. 

Additionally, the nature of the diacid also influences the Tg of the polymers. Polymerization of 

the functionalized diols with long chain diacids such as sebacic acid lowers the Tg of the 

polyesters such as p(A-C10). However, unlike polypeptides, the ester backbone ensures 

hydrolytic degradation and bioresorption, the rate of which can be tuned by the identity of the 

pendant group. In addition, the polyesters were designed to avoid any hydrogen bonding, which 

makes the polymers easier to process. The modular synthesis of the polyester platform has 

enabled the design of such polymers for various applications such as thermoresponsive polymers 

[61]; polyesters for room temperature 3D printing (accepted, in press); wet adhesives (submitted) 

and extracellular matrix (ECM) mimetic electron spun matrices for controlled release 

applications (unpublished). 

The physical properties of the polyesters can be engineered by polymerization of 

appropriately functionalized monomers to provide low-viscosity materials. To achieve the range 

in properties needed for these studies, the choice of pendant-functionalized diols and the nature 

of diacids was varied. The identity of the pendant functionalized diol influences the 

hydrophobic/hydrophilic balance of the polymer and gates the release rate of the encapsulated 

drug. For example, polyesters having succinic acid (C4) will be more hydrophilic and have a 

higher modulus than the corresponding polyesters made from sebacic acid (C10). Therefore, these 

high molecular weight polymers can be mixed with the bone filler without the use of any organic 

solvent. The release profiles of a putty-encapsulated therapeutic can be gated utilizing polyester 

pendant groups (Figures 2.5 and 2.6) and provide altered pharmacokinetic and bioactivity 

profiles, unattainable using single composition common biomaterials such as PCL or PLGA. 
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Importantly, in each formulation 10% w/w of vancomycin was added. Thus, the amount of 

vancomycin varied with the weight of the BVF composite device. However, except for the larger 

formulation 2 sphere, all replicates weighed roughly 50 mg, providing an accurate comparison of 

the pharmacokinetics. Nevertheless, variation in the amount of vancomycin incorporated cannot 

be completely ruled out as a contributing factor to the varied pharmacokinetic profiles seen, 

particularly considering the apparent heterogeneity of certain formulations. 

Using a mix of commercial polymers to create an ABVF putty allowed for a good 

comparison with previously formulated moldable ABVF fabricated from the same polymer 

composition. In vitro pharmacokinetics from the moldable ABVF provided antimicrobial activity 

for up to six weeks [56,58], whereas the analogous composition formulated as a putty only 

provided effective antimicrobial activity for three days (Figure 2.6). Although the mechanical 

criteria to identify a composite as a putty is not clear, putties are generally agreed to have 

temperature dependent viscoelastic properties and undergo plastic deformation. For the purpose 

of this study, a putty is defined by its low stress/low strain plastic deformation as well as a 

“tacky” or “sticky” texture. Due to the high deformability of each sample, true stress was used as 

opposed to engineering stress as it was determined to be more accurate since the cross-sectional 

area of the ABVF changes under stress. Although stress-strain curves in each of the three 

samples differed (Figure 2.7), each material exhibited putty like behavior. Samples required 

relatively low stress to result in measurable strain. Formulations 1 and 4 had the most disparate 

properties of all formulations; thus, they were evaluated to (1) confirm that they should be 

classified as putty and (2) define protocols and procedures for putty characterization. 

Importantly, in tensile tests of formulation 1 with and without drugs, the force fluctuated a lot in 

displacements above 2. Additionally, the maximum force at the beginning of the test seemed to 
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drift, necessitating additional replicates. Nevertheless, the methodology was able to reveal 

differences and indicated that the putty used in formulation 4 was stickier (Figure 2.8) than the 

polymer combination used in formulation 1. 

The PCL/PEG/PLGA composition seemed susceptible to the effect of geometry, as 

evidenced by a shift from the Korsmeyer–Peppas model (formulations 1 and 3) [69] to a first-

order kinetic model (formulation 2) although even this R2 value is not high and may indicate a 

mixed mode of release, not uncommon in composite polymers. The Korsmeyer–Peppas model 

indicates release of the drug from a matrix by a combination of diffusion and erosion. The 

Higuchi model describes the release of a drug from a matrix tablet by diffusion, whereas the 

Hixson–Crowell model describes release by erosion. Based on the average of formulation 5, a 

zero-order release model, which is typically associated with long-duration sustained drug release, 

is slightly favored, but the Hixson–Crowell model is also closely followed; this closely follows 

the disparity between individual replicates, which indicate that despite efforts to create a 

homogenous composition, there was variability. Variability was a common issue for the 

replicates of formulation 6 as well, which, on average, slightly favored a first-order release 

model. Additional replicates are necessary to verify which model is more closely followed. 

Additionally, future efforts must control heterogeneity of composition. Formulations 4 and 7 

clearly followed the Korsmeyer–Peppas model more closely. 

Using a combination of confirmed and in silico derived models is a powerful approach in 

controlled-drug delivery formulation development, providing a mechanism to consider each 

element of the composition (i.e., drug, polymers and additives) to attain a particular 

pharmacokinetic profile by theoretical means [70]. Unfortunately, even though they are useful to 

describe drug release kinetics in terms of a classic pharmacokinetic model, these theoretical 
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models lack predictive use. Alternatively, using in silico tools such as Quantitative Structure–

Activity Relationship (QSAR) analysis and other molecular modeling tools [71–73] (e.g., 

Schrodinger, Monte Carlo simulations, Molecular Docking, etc.) to quantitatively correlate 

relationships between trends in chemical structure alterations and respective changes in 

biological endpoints (i.e., which chemical properties are determinants of biological activities), 

the number of compounds to be synthesized can be minimized by selecting the most promising 

candidates [72], [73], [74]. In silico modeling of drug release kinetics may streamline 

formulation optimizations to address the most challenging clinical cases of TJR-associated 

infection (Figure 2.9) where S. aureus enters the osteoblast to avoid antibiotics and the host 

immune system. Currently, in silico efforts are underway using Schrodinger software (NY, USA) 

to create relevant polymer models of vancomycin release. 

2.6. Conclusions 

The work presented here represents a logical extension of our previous moldable 

antibiotic-releasing, polymer controlled BVF device [56]. By including either NMP or using 

low Tg custom polymers, a promising putty-like composition was created to locally deliver 

bioactive vancomycin over 42 days, ultimately facilitating effective treatment for orthopedic S. 

aureus infection. Using the strategies presented here, additional polymers can be developed to 

tailor the pharmacokinetic profile of vancomycin release and begin to tackle the most 

challenging chronic and invasive infections. 
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3. AN ANTIBIOTIC RELEASING BONE VOID FILLER (ABVF) PUTTY FOR THE 

TREATMENT OF OSTEOMYELITIS2 

3.1. Abstract 

Not only is the number of Total Joint Replacements (TJR) on the rise, but there is a 

corresponding increase in the number of infected TJRs, which are the major cause of revision 

surgeries. Unfortunately, the rate of recurring infection after a primary infected TJR revision is 

much higher (20% -30%). Current treatments with either antibiotic releasing PMMA based bone 

cement or systemic antibiotic after surgical debridement do not provide effective treatment due 

to fluctuating antibiotic levels at the site of infection. In addition, non-biodegradable PMMA 

needs to be removed by additional surgery. Here we report a biodegradable, easy to use “press 

fitting” Antibiotic-Releasing Bone Void Filler (ABVF) putty that not only provides efficient 

antibiotic pharmacokinetics at the site of infection but also allows efficient osseointegration. The 

ABVF formulation was homogenous, had a porous structure and showed putty like mechanical 

properties. Furthermore, the ABVF putty showed in vitro antibacterial activity for up to 6 weeks. 

Finally, the ABVF putty was biodegradable in vivo and showed effective infection control with 

the ABVF treatment group showing significantly higher bone growth (p<0.009) compared to the 

control group. The potential of infection treatment and osseointegration makes ABVF putty a 

promising treatment option for osteomyelitis after TJR. 

 

 

2 The material in this chapter was co-authored by Raquib Hasan, Abbey Wohlers, Jacob Shreffler, Pranothi Mulinti, 

Hunter Schleske, Codi Schaper, Benjamin Brooks and Amanda Brooks. Raquib Hasan and Amanda Brooks 

conceived and designed the experiments. Raquib had primary responsibility to conduct all the experiments listed in 

the section, analyze the data and write the manuscript. Abbey Wohlers and Pranothi Mulinti collected drug release 

samples and helped with in vitro antibacterial activity experiment. Jacob Shreffler, Hunter Schleske, Codi Schaper 

helped with animal care and in vivo study. µ-CT and SEM imaging was done by Jayma Moore and Dr. Scott Payne, 

Dr. Lisa Christenson helped with X-ray imaging. Dr. Ganesh Balasubramanian performed the HPLC analysis. 

Bradley Hoffmann helped with rheology. Dr. Pawel Borowicz helped with microscopy. Raquib Hasan analyzed the 

data and Amanda Brooks verified the data. Raquib Hasan wrote the manuscript, Amanda Brooks checked and 

revised the document. 
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3.2. Introduction 

Currently, in the United States over a million people undergo Total Joint Replacements 

(TJR) each year [5] [6] [7]. This number is projected to exceed 4 million primary procedures 

each year by 2030 [6].  Although, TJRs, including Total Knee Replacements (TKR) and Total 

Hip Replacements (THR), are arguably some of the most successful surgical practices to 

improve quality of life, secondary or revision surgeries are becoming commonplace. 

Furthermore, with the success of TJR, primary TJR procedures are occurring at an earlier age 

[75] [76], often necessitating a revision during the patient’s lifetime as the synthetic TJR 

materials age. According to the American Academy of Orthopedic Surgeons (AAOS), there is an 

increase in revision surgery. In fact, 365,000 secondary or revision procedures are projected by 

2030 [6].  Aseptic loosening, implant age, and infection are major contributors to the rate of 

revision. Among the list of contributing factors, infection is a major, and perhaps the most 

concerning, cause for TJR revision, responsible for 18% of revision THR and 26.8% of revision 

TKR. Infection also causes the majority of early implant failures (within 3 months of primary 

surgery) (18.9% for THR and 44.8% for TKR) [77] [78] . Regardless of the underlying cause of 

the revision, the complexity of a revision procedure makes it less successful than primary TJR 

surgery [79]. Risk of infection after revision surgery is alarmingly high at 21%, after septic 

revision; whereas, in case of aseptic revisions the risk sits at 5.4% (compared to 1-2% after 

primary TJR) [8]. Unfortunately, implant removal and hardware replacement drives the risk of 

infection to a staggering 20-30% [9,10]. 



 

40 

Osteomyelitis, or a deep, progressive bone infection, is a clinically difficult to treat 

condition [80]. Staphylococcus aureus is the most common causative pathogen of prosthetic joint 

infection (PJI) after TJR, responsible for ~ 65% of total cases, out of which 20% are methicillin 

resistant S. aureus (MRSA) [81] [78]. Current clinical treatment strategies include thorough 

surgical debridement followed by 4-6 weeks of parenteral antibiotic therapy as well as antibiotic-

loaded Polymethylmethacrylate (PMMA) based bone cement for local antibiotic delivery [82]. 

Surgical debridement almost always leaves residual bacteria necessitating continuous, local 

antibacterial activity for a prolonged period of time [83]. Notably, local antibiotic therapy at the 

site of infection not only provides high local drug concentration but also helps avoid systemic 

side effects [82]. Such localized antibiotic therapy is often provided by antibiotic releasing 

PMMA.  Unfortunately, antibiotic PMMA has several disadvantages such as: low antibiotic 

release rate (less than 10% antibiotic release), poor biocompatibility, lack of biodegradability, 

which may necessitate an additional surgery for removal. In fact, inadequate drug release 

kinetics and sub-therapeutic dug concentrations eluted from PMMA may lead to antibiotic 

resistance [17]. Importantly, there is a current impetus to move towards cementless TJR 

compared to cemented TJR due to the longevity, mitigated failure, and higher bone density 

around the implant in the case of cementless TJR [84]. Developing an antibiotic ABVF putty to 

fill defects created after debridement to prevent and cure infections after revision TJR [85] seems 

to be a necessity to fulfill the role of a local antibiotic release. A putty-like ABVF composition 

can meet this need and facilitate ease of use. Moreover, biodegradable bone void fillers can work 

as a scaffold to guide tissue regeneration and infection regression as they degrade [86]. 

Vancomycin, formerly a “last line of defense” antibiotic, is now common place in the 

treatment of osteomyelitis and its underlying pathogen, MRSA [87]. Unfortunately, when used 
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parenterally, vancomycin has poor bone penetration and only a fraction of the drug reaches the 

bone having a bone/serum ratio of 10%, with even lower penetration in osteomyelitic bone [88]. 

Furthermore, extended, high-dose intravenous therapy with vancomycin can lead to 

nephrotoxicity and red man syndrome [89]. Local release of vancomycin not only can achieve 

high local antibiotic concentrations but also avoids systemic side effects. The current study 

evaluated the in vitro vancomycin release and in vivo potential of ABVF putty to be used to treat 

osteomyelitis, demonstrating both antibacterial protection as well as osseointegration and healing 

of local bone tissue. 

3.3. Materials and Methods 

3.3.1. Materials 

PLGA (90:10) (poly(D,L-lactide-co-glycolide)) was purchased from Polysciences, Inc., 

Warington, PA, USA; PEG (5 kD) (polyethylene glycol) was purchased from, Fluka, St. Louis, 

MO, USA); PCL (10 kD) (polycaprolactone) from Sigma-Aldrich, St. Louis, MO, USA; 

Vancomycin Hydrochloride (V-HCl) from Sagent Pharmaceuticals, Schaumburg, IL, USA, NMP 

(N-Methyl-2-pyrrolidone) from Fisher Sci, Pittsburg, PA, USA; CaCl2 (calcium chloride) from 

EMD Chemicals Inc., Gibbstown, NJ, USA and PRO OSTEON 500R was kindly provided by 

BIOMET, Parsippany, NJ, USA, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) (VWR, Radnor, PA, USA), TRIzol reagent (Life Tech, Carlsbad, CA, USA), 

SuperScript™ VILO™ cDNA Synthesis Kit (Thermo-Fisher Scientific, Carlsbad, CA, USA). 

3.3.2. Preparation of Vancomycin Free-Base (V-fb) 

V-fb was made from V-HCl according to previously published method [90]. Briefly, V-

HCl was dissolved in water at concentration of 70 mg/mL. NaOH (3N) was added to increase the 

pH to 8.00 and precipitate V-fb. After incubation of 30 minutes, the precipitated V-fb was 
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centrifuged at 3000 rpm for 10 minutes. After washing the V-fb in sequential 70% ethanol and 

methanol, the V-fb was suspended in water, frozen and lyophilized. Validation of V-fb was done 

by HPLC (appendix B, Figure B2.1).  The bioactivity of V-fb and V-HCl was also compared via 

a Zone of Inhibition (ZOI) assay (appendix B, Figure B2.2).  

3.3.3. Fabrication of ABVF Putty and In Vitro Characterization 

3.3.3.1. Preparation of ABVF 

PRO OSTEON 500R was crushed and sieved to get a particle size distribution of 175 to 

425 μm. The PRO OSTEON particles (350 mg) were soaked in V-HCl solution (100 mg/mL) 

and were dried at 37 C. The polymers, PEG (21.2 mg) and PCL (42.5 mg), were melted and 

mixed at 65 C in a steel slide mold. V-HCL soaked and dried PRO OSTEON particles were 

added into the molten polymers to create a homogenous mixture. At this point, V-FB 

(vancomycin free-base) (55.5 mg) was added to the mixture. Subsequently, PLGA (85.5 mg) 

dissolved in 200 μL of N-Methyl-2-Pyrrolidone (NMP) and 22 mg CaCl2 (used as porogen) were 

added to the mixture. Phosphate buffered saline (PBS) was added (20 μL) dropwise to produce a 

putty-like consistency. This master mix was put into a 3D printed mold to get the desired size 

and cylindrical shape (4 mm diameter x 3.5 mm height) to be used for further studies. 

3.3.3.2. Scanning Electron Microscopy (SEM) of the ABVF Putty 

SEM was done on the putty to observe the morphological characteristics of outer and 

inner surface of ABVF. SEM images of the surface and the inside (exposed by cutting the ABVF 

with razor blade) of the ABVF putty were taken after fabrication, one week of incubation in PBS 

and four weeks of incubation in PBS to observe the degradation of the putty. The samples were 

attached to cylindrical aluminum mounts with colloidal silver paint (Structure Probe Inc., West 
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Chester, PA, USA) followed by gold coating (Cressington Inc., Redding, CA, USA). Images 

were taken with a JEOL JSM-6490LV scanning electron microscope. 

3.3.3.3. Micro Computed Tomography (μ-CT) of ABVF Putty 

The sample was hot glued to a glass rod and placed into a GE Phoenix v|tome| xs X-ray 

computed tomography system with a 180 kV high power nanofocus X-ray tube xs|180 nf, high 

contrast GE DXR250RT flat panel detector, and molybdenum target (GE Sensing & Inspection 

Technologies GmbH, Wunstorf, Germany). One thousand projections were acquired at a voltage 

of 80 kV and a current of 300 µA. Voxel size was 6.4 µm. Acquired images were reconstructed 

into a volume data set using GE datos|x 3D computer tomography software Version 2.2 (GE 

Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The reconstructed volume was 

then viewed and manipulated using VGStudio Max (Volume Graphics Inc., Charlotte, NC, 

USA). 

3.3.3.4. Mechanical Characterization 

Mechanical compliance was characterized using a rheometer (ARG2, TA Instruments, 

New Castle, DE, USA). ABVF putty-like material was used to cover the bottom plate of the 

rheometer (25 mm diameter). Frequency was increased from 6.283 and 628.3 rad/s, and strain 

within the viscoelastic region (determined by strain sweep) was applied. A demonstration of its 

putty-like characteristic was also determined by press-fitting the material into different 3D 

printed shapes. 

3.3.3.5. In Vitro Drug Release Kinetics 

Drug release was determined by incubating ABVF putty in PBS as drug release media. 

ABVF (4 mm x 3.5 mm) was put into 2 mL of PBS (1x) and was incubated at 37 C. At different 

time points (day 1, day 2, day 3, day 7 and every week after that through 6 weeks), all of the 
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release media was collected and replaced with fresh PBS. The vancomycin concentration in the 

release was measured by UV-vis spectrometer (Spectramax m5, Molecular Devices, 

Downingtown, PA, USA) at 280 nm. 

3.3.3.6. In vitro Antibacterial Activity 

In vitro antibacterial activity of the released drug was assessed against Staphylococcus 

aureus (ATCC 49230) using a Kirby-Bauer ZOI assay [91].  Briefly, 100 μL of the collected 

drug release media was dried on a 6.5 mm diameter filter paper disk. An overnight S. aureus 

culture was prepared and diluted in PBS to get a 107 CFU/mL bacterial concentration. The 

bacteria solution was streaked on TSA plates and the drug impregnated filter paper disks were 

placed on the plates (within 15 minutes of streaking) and incubated for 20 hours at 37 C. The 

ZOI around the disk was measured using a digital caliper. 

3.3.3.7. In vitro Cytocompatibility of ABVF Putty 

In vitro cytocompatibility of ABVF putty was assessed via MTT assay. Briefly, 100,000 

MG-63 osteoblast cells (ATCC, Manassas, VA) were seeded in each well of a 24-well plate. 

Cells were grown in Dulbecco’s Modified Eagle Media (DMEM) containing 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin-fungizone (Lonza, Walkersville, MD, USA). Cells 

were incubated at 37 C and 5% CO2. After reaching 60% confluence, 500 μL of release media 

from ABVF was added to each well. Control wells received PBS. After 48 hours of incubation 

with ABVF release media, cells were washed with PBS 3 times and the MTT reagent (0.5mg/mL 

in PBS) was added.  Subsequently, wells were incubated at 37C for 4 hours. After incubation, the 

cells were washed with PBS and dimethyl sulfoxide (DMSO) was added followed by 20 minutes 

of incubation in the dark. After this final incubation, the absorbance was read at 570 nm 

(Spectramax m5, Molecular Devices, Downingtown, PA, USA). Alternatively, to determine the 
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direct effect of drug release on cells, ABVF was placed in transwell inserts in wells of 24 well 

plates and enough cell culture media was added to submerge the ABVF in the inserts. Putty 

containing no antibiotic was used as control. After 48 hours of incubation, the MTT assay was 

done to determine the cell viability as the described method above. 

3.3.4. In Vivo Assessment 

3.3.4.1. Rat Osteomyelitis Model 

A rat osteomyelitis model was performed under the supervision of the Institutional 

Animal Care and Use committee at North Dakota State University (A19019).  Sprague-Dawley 

rats (>350 grams) were used for the in vivo study. Briefly, rats were anesthetized with isoflurane 

inhalation. Buprenorphine hydrochloride was injected subcutaneously as an analgesic. The right 

hind leg was shaved and sterilized using alcohol and iodine pads, repeatedly. A small incision of ̴ 

12 mm was made below the knee over the tibial metaphysis. A 4.2 mm hole was drilled until it 

penetrated the marrow space of the tibial metaphysis using an orthopedic drill (Stryker, 

Kalamazoo, MI, USA). S. aureus (108 CFU) in sterile saline was inoculated through the drill hole 

defect into the marrow space using a 25 μL Hamilton syringe followed by implantation of the 

ABVF putty.  The incision was closed using a series of mattress sutures followed by application 

of surgical glue (Vetbond Tissue Adhesive, 3M, MN, USA). The control group underwent the 

same surgical procedure but only received the putty without antibiotic. Rats were monitored 

daily for signs of discomfort and infection. After 10 weeks, the rats were sacrificed, and the tibia 

was harvested for further study. Blood and kidney were also collected for further study. 

3.3.4.2. Serum Creatinine 

Blood collected from the rats at the time of euthanasia was centrifuged at 2000g (Allegra 

X-14R, Beckman Coulter, Brea, CA, USA) to collect the serum. Serum was used to measure the 
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creatinine level using an enzymatic rat creatinine assay kit (Crystal Chem, IL, USA) following 

the manufacturer’s protocol. 

3.3.4.3. X-ray and μ-CT 

Radiographic analyses of bone were done after disarticulating the limb and harvesting the 

bone following euthanasia. X-ray was done using IDEXX CR Digital Radiography System 

(Westbrook, Maine, USA) following standard protocols. Briefly, lateral and cranial-caudal 

radiographic images were obtained of each limb at mAs: 4 and kVp: 40. μ-CT of the bone was 

done following similar procedure as described in section 2.3.3 with slight adjustment of current 

to 400 – 500 µA. 

3.3.4.4. Bone Volume 

Bone volume was determined based on the μ-CT scanned bones using VGStudio Max 

(Volume Graphics Inc., Charlotte, NC, USA) software. A region of interest (ROI) was set on 

each of the scanned bones.  Adjusting the contrast to highlight the bone in the ROI and 

comparing the ROI from the infection control group and the treatment group determined the 

amount of regenerated or new bone growth. 

3.3.4.5. Histology 

Rats were euthanized after 10 weeks. The bone was harvested by fixing it in 10% neutral 

buffered formalin for 72 hours. Immersing it in EDTA solution for 2 weeks, with solution 

exchange every other day, decalcified the bone. Taking an x-ray of the bone ensured the 

decalcification endpoint. The bone was sectioned after embedding it in paraffin wax. The 

sections were mounted on glass slides and stained with either H&E stain or gram stain according 

to standard protocols. Briefly, the sections were deparaffinized in Clear Rite 3 (Thermo Fisher 

Scientific, Kalamazoo, MI, USA). Subsequently, the tissue was rehydrated with a decreasing 
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gradient of ethanol. After H&E staining (Scy Tek Lab., Logan, Utah, USA), the tissue section 

was covered with a glass coverslip using synthetic resin. Alternatively, gram staining was done 

according to the manufacturer’s protocol for the BD gram staining kit (Sparks, MD, USA) with 

slight modification. Briefly, the slide was dipped in gram crystal violet for 20 seconds followed 

by washing in cold tap water. Subsequently, slides were dipped into stabilized gram iodine for 20 

seconds followed by washing in tap water. Gram decolorizer was used until the slide was 

colorless followed by washing in cold tap water. Slides were dipped in gram safranin for 15 

seconds followed by washing in cold tap water. Slides were bolted to dry, and a cover slip was 

added. 

3.3.4.6. Bacterial Colony Count 

Collected bone was flash frozen in liquid nitrogen, followed by pulverization using a 

custom-made bone crusher (details in Appendix B, Figure 2.4). The pulverized bone was 

weighed and suspended in 500 μL of PBS. Serial dilutions were made [90] and 10 μL of 

suspension was plated on blood agar plates (Fisher Sci, Pittsburg, PA, USA ).  Subsequently, 

plates were incubated for 48 hours at 37 °C and bacterial colonies were counted. To get the total 

number of bacteria in the total sample, the number of colonies were multiplied by the dilution 

factor and normalized per gram of bone. 

3.3.4.7. Polymerase Chain Reaction (PCR) 

PCR was done to identify the presence of inoculated bacteria. Bacterial RNA was 

isolated from the pulverized bone samples using TRIZOL according to the manufacturer’s 

instructions for RNA isolation [92] [93]. The extracted RNA was used to synthesize first strand 

cDNA using SuperScript™ VILO™ cDNA Synthesis Kit according to manufacturer’s protocol. 

Primers (Forward primer: GCACATCTTGACGGTACCTAAT and reverse primer: 
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CGGGACTTAACCCAACATCTC) were designed to amplify 16s RNA specific for S. aureus 

49230 (PCR program: 95 °C (2 min) for initial denaturation, 40 cycles of 95 °C (30 sec), 54 °C 

(30 sec), 72 °C (30 sec), and final extension at 72 °C (5 min)). Primers were synthesized by 

Integrated DNA Technologies, Inc., Coralville, IA, USA. PCR was run using Go-Taq green 

master mix (Promega, Madison, WI, USA) on a MultiGene™ OptiMax thermal cycler (Labnet 

Inc., Edison, NJ, USA). For each PCR reaction, 240 ng of cDNA was used. PCR products were 

examined by electrophoresis in a 1% (w/v) agarose gel and visualized by ethidium bromide. 

3.4. Results 

3.4.1. Scanning Electron Microscopy (SEM) of the ABVF Putty 

SEM was done to see the morphology of both the outer and inner surfaces of the ABVF 

putty. SEM images show that ABVF has a rough outer surface (Figure 3.1 a) while the inner 

surface has both macro and micro porous structures (Figure 3.1 a). In vitro degradation of the 

ABVF putty over time was also monitored via SEM. SEM was done at day 0, day 7 and day 28 

after incubation in PBS (Figure 3.1 a). The SEM images show continuous degradation of ABVF 

after exposure to PBS. The outer surface showed signs of degradation at day 7. At day 28 there 

were signs of erosion and pore formation on the outer surface due to degradation. The inner 

surface also showed signs of degradation and pore formation. 
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Figure 3.1. SEM and μ-CT images of ABVF putty.  

(a) SEM image of ABVF after manufacturing. The outer surface is rough (top left corner) and 

the inner surface has pores (top right corner). SEM images of ABVF degradation in PBS at 

different time points, showing increasing signs of degradation on both the outer and inner 

surfaces of the ABVF. (b) μ-CT of ABVF shows homogenous distribution of the Pro-Osteon 

particles in the polymer matrix. 

3.4.2. μ-CT of ABVF Putty 

In vitro μ-CT was done to see the homogeneity of the formulation. Images show that the 

Pro-Osteon particles are homogenously mixed and distributed within the polymeric matrix 

(Figure 3.1 b). The v/v percentage of the pro-osteon particles in the polymer matrix is 28.23%. 

The percentage weight of Pro-Osteon is ~52% of the total weight of the ABVF putty. The 

images ensured that not only does the manufacturing of the ABVF putty produce a homogenous 

mixture of the ingredients but also that the process is reproducible. 

3.4.3. Putty-like Mechanical Property 

To evaluate the putty-like property of the ABVF, rheology was done (n=3). From Figure 

3.2 a, it is clear that the loss modulus (G”) increases as the angular frequency increases, which is 

characteristic of a putty-like material [94]. As frequency continued to increase, the storage 

modulus G’ also increased. This increasing G’ signifies an elastic-solid like behavior [95]. The 
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ABVF putty also could be easily molded into different 3D printed shapes (Figure 3.2 b), 

demonstrating good press fitting, an important handling property for clinical use. During press 

fitting, the sticky ABVF stayed in place and maintained its structural integrity. Later, to simulate 

in vivo bone void space filling, a defect was made in a 3D printed rat tibia and ABVF putty was 

press-fitted into the defect without leaving any visible void space. 

 

Figure 3.2. Mechanical (rheology) property and press-fitting demonstration of ABVF putty. 

(a) Storage (G') and loss modulus (G") of ABVF putty at increasing angular frequency at room 

temperature (25 C). (b) Press-fitting of ABVF putty in different 3D printed shapes and in a 

defect created in a 3D printed rat tibia. The ABVF putty could be easily press-fitted into shapes 

and seemed to contact the surrounding surfaces completely, without leaving any void spaces. 

3.4.4. In Vitro Vancomycin Release Kinetics 

An in vitro drug release study was done to assess drug release over the desired six-week 

period. The cumulative drug release curve from the formulation described (Figure 3.3 a), which 

best fit the Korsemeyer-Peppas model (appendix B, Table B.1), shows desired drug release 

kinetics over 6 weeks. It was observed that an initial burst release of  ̴ 40% occurred during the 

first day of release. That may be due to the drug present near the surface of ABVF. Later, a more 
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sustained release was observed. There was a small burst release between day 7 and day 14, 

indicating that the vancomycin released from the ABVF putty through both erosion of the 

polymer matrix and diffusion as the release media penetrates into the putty [91]. Erosion is also 

evident from the SEM images of degradation where erosion and degradation created pores 

(Figure 3.3 a), which also might be conducive for diffusion.  

3.4.5. In Vitro Antibacterial Activity 

In vitro antimicrobial activity was assessed via ZOI assay against S. aureus (ATCC 

49230). The released vancomycin showed antimicrobial activity during the study period of 6 

weeks (Figure 3.3 b). Notably, vancomycin-HCl and (V-fb) showed similar bioactivity at the 

same concentration in ZOI assay (appendix B, Figure B2.2). 

 

Figure 3.3. Cumulative drug release curve and Zone of Inhibition (ZOI) of released vancomycin 

from ABVF.  

(a) Drug release kinetics of vancomycin from ABVF putty shows drug release up to 42 days (6 

weeks). (b) The bioactivity of released vancomycin was determined via a Kirby Bauer zone of 

inhibition study against Staphylococcus aureus (strain 49230: 1.0 x 107 CFU/mL). 

3.4.6. In Vitro Cytocompatibility of ABVF Putty 

To assess whether released vancomycin is tolerated by the osteoblast cells, 

cytocompatibility was evaluated via the MTT assay. The MTT assay showed there was no 

significant difference in cell viability between the control and drug release group (Figure 3.4 a). 

Furthermore, when ABVF putty was placed in transwell culture with MG63 osteoblasts, cell 
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viability assays showed that no significant difference was found in cell viability between ABVF 

and the control group (Figure 3.4 b), indicating that the amount of vancomycin released is well 

tolerated by MG63 osteoblasts cells. 

 

Figure 3.4. Cell viability of MG63 osteoblast cells when exposed to ABVF drug release. 

(a) There was no significant decrease in either cell viability of MG63 cells when the cells were 

exposed to different drug release samples from different time points (α = 0.05, n= 4) or, (b) drug 

released from transwell inserts containing ABVF (α= 0.05, n=3). 

3.5. In Vivo Study Results 

Following extensive in vitro characterization and validation, ABVF putty was implanted 

into a rat orthopedic drill hole defect model.  Thirteen rats were implanted with ABVF putty 

while twelve rats were implanted with BVF putty with no antibiotic. Spontaneous fracture was 

seen in 3 rats (within a week of the surgery) necessitating euthanasia and removal from the study 

cohort. All of these 3 rats were in the control group. On an average, surgeries took about 15 

minutes from incision to suturing the wound. In the case of treatment group, swelling and/or 

redness at surgical site seemed to resolve about a week post-surgery. However, in the control 

group, some rats showed drainage from the wound.  Nevertheless, the temperature of all the rats 

seemed to be normal, and all the rats were weight bearing and steadily gained weight during the 

experiment. 
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3.5.1. Serum Creatinine 

Although there was no evidence of cytotoxicity in vitro, vancomycin can potentially 

cause nephrotoxicity [96], especially in the case of prolonged intravenous (IV) treatment, during 

elimination. Thus, serum creatinine levels were measured to assess if locally released 

vancomycin at the surgical site would have any nephrotoxicity [97]. Serum creatinine levels in 

the infection treatment, infection control and no surgery control groups were within the 

previously reported range of 0.3-0.6 mg/ dL (Figure 3.5) [98] [99], and there were no significant 

difference between the groups. 

 

Figure 3.5. Serum creatinine level in rats of different cohorts. 

Serum creatinine level shows no significant difference between infection treatment, infection 

control and no surgery control groups. The serum creatinine level seems to be within normal 

limits. 

3.5.2. Radiographs – X-ray and μ-CT 

Macroscopically the bones of the infection control group showed the presence of purulent 

discharge and sinus tracts formation. Bone deformity, periosteal reaction, narrowing of marrow 
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space and presence of fibrous tissue was also visible around the surgical sight (Figure 3.6 a & b). 

All of the observations corresponded to presence of osteomyelitis in the infection control group. 

In the treatment group (Figure 3.6 c & d), signs of a healing callous, no visible implant, and 

ongoing bone remodeling were visible. Additionally, no fibrous tissue or the presence of 

inflammation or purulent discharge was observed. μ-CT images show that the bone was 

remodeling, and the marrow space was re-established. 

 

Figure 3.6. X-ray and μ-CT images of rat bones.  

(a) Images under the red bar show osteomyelitic bone in infection control group. The 

macroscopic view (in red circle) and x-ray images (red arrow) show signs of osteomyelitis and 

sinus formation to drain puss. (b) μ-CT images show deformed bone and narrowing of marrow 

space in this control group. (c) Images under the green bar show treatment group animals with no 

apparent signs of osteomyelitis (green circle). (d) μ-CT images show signs of bone healing and 

remodeling (green arrows). 
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3.5.3. Bone Volume Measurement 

Bone volume was measured after selecting the surgical site as the region of interest 

(ROI). In the ROI, the treatment group had a significantly higher amount of bone volume 

compared to the infection control group (p<0.009, Figure 3.7 e). ABVF caused eradication of 

infection signs and functioned as a scaffold for host bone integration and growth. 

3.5.4. Histology 

H&E staining shows signs of osteomyelitis in the infection control group (Figure 3.7 a & 

b). Major bone destruction, narrowing of the marrow space, and fibrous tissue formation is 

abundant. In the treatment group (Figure 3.7 c & d), no signs of osteomyelitis were visible. The 

ABVF putty seemed to have degraded, leaving space for host bone ingrowth and facilitating 

osteointegration and bone healing. 

 

Figure 3.7. H&E staining of rat tibia and bone volume measurements.  

Images a & b are from the infection control group showing signs of osteomyelitis. Narrowing of 

the marrow space and destruction of bone is visible. In image b, the red arrow indicates an 

inflammatory response; whereas, the yellow arrow shows an osteoclast and the black arrow 

shows fibrosing with granulation. In images c & d, the treatment group shows no signs of 

osteomyelitis. The bone seems to be healing and the implanted ABVF is degraded. The new 

bone grew into the space that was occupied by ABVF. The green arrow in image d is showing 

new bone growth. (e) The bone volume in treatment group (calculated from µ-CT image) was 

significantly higher compared to the control group (n=3). 
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3.5.5. Bacterial Load 

Based on colony counts, the bacterial load per gram of bone was found to be significantly 

lower in the treatment group compared to the control group (Figure 3.8a). There was a 3-log 

reduction in the bacterial load in the treatment group, which is clinically significant. Histology 

and radiographs did not show any signs of infection in the treatment group animals even after the 

10-week experimental time course, although a minimal number of colonies were still visible. 

 

 

Figure 3.8. Bacterial load count and PCR image of bacteria isolated from rat bones.   

(a) Bacterial load per gram of bone in control and treatment groups. At p<0.02 the bacterial load 

is significantly lower in treatment group (n=6) than in control group (n=4). (b) DNA gel images 

of PCR amplified 16S from S. aureus. The red boxes show DNA bands from control group 

animals and the bands in the green box are from the treatment group. 

3.5.6. PCR 

Furthermore, PCR was done to confirm the strain of pathogenic bacteria in the bone and 

the inoculated species were one in the same. After extracting RNA and creating first strand 

a 

b 
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cDNA, SA-1 primers, specific for 16S rRNA of S. aureus 49230 were used to amplify a 600 bp 

pair band and confirm the presence of S. aureus 49230.   The band was clearly seen in the 

control culture as well as the control animals and only lightly seen in the test animals (fig. 3.8b), 

potentially an indication of decreased bacterial load, although it must be noted that this technique 

cannot assess the viability of the bacteria present. 

3.6. Discussion 

Osteomyelitis after TJR is a difficult clinical challenge due to poor pharmacokinetics in 

bone; additionally, the presence of hardware can lead to stress shielding and bone necrosis and 

prevalent sequestra that provide a safe environment to harbor pathogenic bacteria, allowing 

almost unfettered proliferation [100].  PMMA based bone cements and beads are the standard of 

care for revision surgeries to treat osteomyelitis after TJR despite several drawbacks, including 

high temperature of processing, non-biodegradability, and poor pharmacokinetics.  The 

polymerization of the methymethacrylate monomers to create PMMA cement produces an 

exothermic reaction reaching high temperature (115.2 C) during the curing process, [101] not 

only limiting the candidate biomolecules that can be incorporated but also potentially causing 

surrounding tissue necrosis. Alternatively, ABVF putty fabrication as described herein, is not an 

exothermic process, allowing an expanded repertoire of drugs to potentially be added. In the 

current study, two different forms of vancomycin were incorporated into the ABVF putty and 

sustained drug release was achieved (Figure 3.3a). Furthermore, inadequate antibiotic 

pharmacokinetics can also lead to the development of resistant bacteria and exacerbate an 

already challenging clinical treatment.  The literature has reported that antibiotic releasing 

PMMA based systems have a high burst release with little sustained release. In fact some reports 

indicate that only about 10% of the drug gets released [102] with the remaining drug leaching 
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below the antibiotic’s minimal inhibitory concentration for prolonged period, potentially leading 

to antibiotic resistance [103]. Finally, while PMMA is not biodegradable, often either requiring 

additional invasive surgery to remove the beads or acting as a foreign body and nidus of 

subsequent infections, the ABVF putty reported here is both biodegradable and allows for host 

bone integration. 

Vancomycin, which used to be a “last line of defense” antibiotic, has become an 

increasingly popular alternative to treat orthopedic infections, especially when MRSA (Multi-

drug Resistance Staphylococcus aureus) is suspected [104]. Hence, the clinical life of 

vancomycin must be preserved by appropriate prescribing and patient compliance [105]. Local 

and complete release of vancomycin from ABVF putty is a safer option. Local release may also 

avoid some of the systemic, extended-use toxicities of vancomycin (e.g., nephrotoxicity, 

ototoxicity and poor venous compatibility) [106]. Nevertheless, the toxicity of locally released 

vancomycin from the ABVF putty was assessed by assaying serum creatinine (Figure 3.5), 

which indicated no nephrotoxic effects.  Importantly, the cytotoxicity of released vancomycin on 

host cells did not extend to pathogenic bacteria where released vancomycin was shown to not 

only be bactericidal in vitro for 6-weeks (Figure 3.3 b), but also was able to provide at least a 3-

log reduction in bacteria in the treatment group in vivo throughout the 10-week study course 

(Figure 3.8 a).  Previous studies with implantable/ injectable biodegradable polymer-based 

vancomycin delivery systems showed varying results. Le Ray et al. used vancomycin-loaded 

PCL particles to treat osteomyelitis in a rabbit model (107 CFU S. aureus inoculation) with 2 log 

reduction in bacterial count after 110 days of treatment [106], although no osseointegrating 

material was used in this study. In another study by Inzana et al. the authors reported that when 

vancomycin-loaded calcium phosphate was implanted, it resulted in around 1 log reduction in 
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bacterial count in bone [107]. Notably, a minimal number of colonies were evident in some of 

our replicates, likely due to contamination from the normal skin flora during sample preparation. 

The majority of colonies though the bacteria were identified via PCR as S. aureus 49230 (Figure 

3.8 b), the species inoculated into the defect.  Other studies containing vancomycin HCl and 

vancomycin free based in polyurethane scaffolds, also shown remnant bacteria in the bone 

although the bacterial load used in those studies was much lower (105 CFU S. aureus) than in our 

study (108 CFU S. aureus) [108] [90]. In the current study, even after 10 weeks in the treatment 

group, no signs of infection were observed in radiology and histology (Figure 3.6 and 3.7). It can 

be argued that absence of clinical signs of infection such as inflammation, bone destruction, pus 

formation etc. can be considered as an effective treatment against the infection as active infection 

would have compromised the bone regrowth [109], which we did not observe in our study. 

The treatment of osteomyelitis aims not only to manage infection but also to achieve 

bone regeneration [110]. These two goals must be matched as they are intimately connected by 

the “race for the surface” [111] with delayed integration being associated with increased 

infection [112].  BVF containing antibiotics, a clinically standard treatment for TJR revisions, 

often embodied by PMMA bone cement or antibiotic soaked calcium phosphate based bone 

fillers, has shown efficiency as an antibiotic carrier; however, a biodegradable scaffold can help 

in osseointegration. Current antibiotic containing BVFs frequently suffer from limitations in their 

ability to integrate with host bone, either based on their biodegradation, particle size, or contact 

with the host bone. An osseointegrating, biodegradable ABVF putty offers a viable and 

promising alterative. 

Osseointegration can be limited by the particle size of the mineral composition in other 

hyaluronic acid (HA) and calcium phosphate (CP) based BVFs as the particle size in ceramic/ 
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polymer composite BVF plays an important role in bone healing. Previously, it was thought that 

small bone graft particle of <105 µm would provide better healing due to the greater surface 

area. However, in a recent study, it was found that BVFs with particle sizes ranging between 100 

– 500 µm showed 12 – 16% more new bone growth compared to BVF with smaller (<105 µm) 

particles in a rabbit femoral condyle defect model [113]; an observation corroborated by other 

studies. In another study, particles between 100 - 300 µm showed significantly more new bone 

formation and faster resorption compared to particles ranging from 1000 – 2000 µm in size when 

used in a femoral defect model in rhesus monkeys [114]. Finally, in a study on the effect of 

particle size on bone healing in a rabbit femoral condyle defect model, it was shown that animals 

receiving particles in the range of 250 – 500 µm experienced significantly more new bone 

growth when compared to groups receiving larger (1000 – 2000 µm) or smaller (90 – 125 µm) 

particles in a composite BVF [115].  In the ABVF putty reported here, the Pro Osteon BVF 

component of the putty was morselized and sieved to 175 – 425 µm to maximize bone regrowth 

and host bone integration. 

Beyond particle size, which affects degradable natural and synthetic BVFs, PMMA 

osseointegration is limited not only by a lack of degradation but also by the inability of host bone 

to adhere to PMMA filler, causing a layer of fibrous tissue between the PMMA and bone [116]. 

Alternatively, with the ABVF putty composition, bone regeneration and ingrowth were 

significantly higher in the treatment group compared to the control group (p<0.009) (Figure 3.7).  

This integration may have resulted from the intimate contact between the host bone and the 

ABVF putty composition.  In recent years, injectable or settable BVFs have gained popularity 

[113] as they are easy to use and when applied can settle and harden at the site of application. 

Our ABVF composition demonstrated a desirable, putty-like behavior that allowed easy press-
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fitting (Figure 3.2), which was demonstrated by the increasing loss modulus (G”) indicative of a 

viscous response and flow of the material [117]. Furthermore, the increasing loss modulus G’ 

signifies an elastic-solid like behavior [95] or a stiffening over time. The increase in G’ was also 

higher than G” as the sheer stress increased showing a shift towards stiffening under higher 

stress corresponding to putty like behavior [117]. The in situ hardening behavior of the ABVF 

putty is also desirable as it would remain in the defect site.  Finally, hardening overtime was also 

observed during in vitro release in an aqueous environment. Theoretically, this phenomenon may 

be accounted for by PLGA dissolved in NMP, which shows phase inversion. In an aqueous 

environment, the NMP diffuses out of the polymer leaving a hardened matrix behind [118], 

eliminating the need for ex vivo curing prior to wound closure. 

3.7. Conclusion 

ABVF putty has shown sustained vancomycin release for 6 weeks and antibacterial 

activity in vitro.  In a rat osteomyelitis model, it also showed infection control as well as 

supported osseointegration. ABVF putty degraded in vivo after 10 weeks, allowing good host 

bone ingrowth. Ultimately, ABVF putty is a promising new alternative for treating osteomyelitis 

after revision TJR.  Future work will consider the use of ABVF putty in the presence of a 

biofilm-seeded k-wire and the release of multiple drugs. 
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4. EXTENDED RELEASE COMBINATION ANTIBIOTIC THERAPY FROM A BONE 

VOID FILLING PUTTY FOR TREATMENT OF OSTEOMYELITIS3 

4.1. Abstract 

Despite advances in Total Joint Replacements (TJR), infection remains a major concern 

and a primary causative factor for revision surgery. Current clinical standards treat these 

osteolytic infections with antibiotic-laden poly(methyl methacrylate) (PMMA) based cement, 

which has several disadvantages, including inadequate local drug release kinetics, antibiotic 

leaching for prolonged period and additional surgical interventions to remove it, etc. Moreover, 

not all antibiotics (e.g., such as rifampicin, a potent antibiofilm antibiotic) are compatible with 

PMMA. For this reason, treatment of TJR associated infectious complications remain a 

significant concern. The objective of this study was to develop a polymer-controlled, 

combination antibiotic releasing bone void filler (ABVF-C) with an underlying osteoconductive 

substrate to treat the TJR implant associated biofilm infections. An ABVF-C putty was designed 

to provide sustained vancomycin and rifampicin antibiotic release for 6 weeks while 

concurrently providing an osseointegrating support for regrowth of lost bone. The reported 

ABVF-C showed efficient antibacterial and antibiofilm activity in vitro. In a rat infection model  

the ABVF-C showed complete bacterial elimination and supported bone growth. Furthermore, in 

 

 

3 R. Hasan et al., “Extended Release Combination Antibiotic Therapy from a Bone Void Filling Putty for Treatment 

of Osteomyelitis,” Pharmaceutics, vol. 11, no. 11, p. 592, Nov. 2019, doi: 10.3390/pharmaceutics11110592. The 
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an in vivo k-wire based biofilm infection model the ABVF-C putty also was able to eliminate the 

biofilm infection while supporting osseointegration. Retrieved k-wire implants were also free 

from biofilm and bacterial burden. ABVF-C putty demonstrated that it can be a viable treatment 

option for implant related osteomyelitis and may lead to retention of the hardware while enabling 

a single stage surgery. 

Keywords: osteomyelitis, total joint replacement, biofilm, infection, vancomycin, 

rifampicin, combination antibiotic delivery, bone void filler, drug release 

4.2. Introduction 

Although Total Joint Replacements (TJR), including Total Knee Replacements (TKR) 

and Total Hip Replacements (THR), are arguably one of the most successful surgical 

interventions to improve quality of life, there is a growing trend in the number of secondary or 

revision surgeries being done in the United States according to the American Academy of 

Orthopedic Surgeons (AAOS). Of the more than a million people undergoing a Total Joint 

Replacements (TJR) each year in the United States with projections of more than 4 million 

procedures a year by 2030 [5] [6] [7],  an estimated 365,000 secondary or revision procedures 

will be performed [6]. These numbers do not necessarily reflect a failure in the TJR procedure as 

much as a indication of (1) surgical intervention at an earlier age [75] [76], often necessitating a 

revision surgery later in their life as the TJR implants materials wear out and(2) rising obesity 

leading to osteoarthritis, which is reported to account for >90% of TKR procedures, and 

infection. Despite its low incidence in primary TJR (1-2%), infection is perhaps the most 

concerning cause for TJR revision, accounting for 18% and 26.8% of revision THR and TKR, 

respectively. Responsible for ~ 65% of total cases, Staphylococcus aureus is the most common 

causative pathogen associated prosthetic joint infection (PJI) after TJR. Almost 20% of these S. 
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aureus infections are classified as methicillin resistant (MRSA) [81] [78]. Not only do these 

infected TJR surgeries impose a significant socioeconomic and mortality burden, but they also 

predispose the implant to further threats from infection, driving the risk of recurrence to a 

staggering 21%.  Implant removal and hardware replacement can propel the risk of infection to a 

threatening 20-30% [9,10].  Importantly, non-infected revision TJR also has a modestly 

increased infection risk of 5.4% [8]. 

Osteomyelitic, deep bone infections, are clinically difficult to treat, often due to the 

development of a biofilm associated with the implanted hardware [80] and infiltration of the 

surrounding soft tissue [119]. The Centers for Disease Control estimates that 80% of all bacterial 

infections are caused by biofilms, including those associated with medical devices such as joint 

prostheses, catheters, and heart valves etc [120]. Biofilm resident bacteria often require up to a 

1000 fold more antibiotic to eradicate the infection when compared to their planktonic 

counterparts [121]. The current clinical treatment regimen for revision TJR, particularly those 

due to infection, centers around implantation with antibiotic loaded polymethylmethacrylate 

(PMMA) bone cement for local antibiotic delivery after thorough debridement of infected and 

necrotic tissue.  Importantly, due the leaching of low concentration antibiotic from PMMA bone 

cements over an extended period of time, antibiotic-releasing PMMA can be associated with 

higher incidence of localized antibiotic resistant bacteria [105]. 

Alternatively,  an concurrent or sequential extended course of systemic antibiotics may 

also be used [82]. Often vancomycin is the physician’s chosen systemic treatment for 

osteomyelitis due to the threat of MRSA [87], despite the risk of nephrotoxicity and red-man 

syndrome [89] associated with high-dose intravenous therapy. Unfortunately, not only does 

systemic vancomycin have poor bone penetration with only a fraction of the drug reaching the 
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bone to provide a bone/serum ratio of 10%, with even lower penetration in osteomyelitic bone 

[88], but  vancomycin also has limited activity against bacterial biofilms [122]. Rifampicin, 

which has a variable ability to penetrate bone (from 8% to 56%) has demonstrated superior 

activity against both biofilm and slow growing bacteria [123]. In multiple clinical trials, the use 

of rifampicin in conjunction with another antibiotic resulted in infection cure and implant 

salvage in the majority of cases [119], [124]. Importantly, monotherapy with rifampicin, 

particularly as a prolonged oral therapy (up to 6 months), was ill-advised as there was a higher 

possibility of resistant infection [123] and toxicity (i.e., gastrointestinal, hepatic, renal symptoms 

and red-man syndrome [125]) in patients. Despite its potential for biofilm infections, local 

delivery of rifampicin, specifically from PMMA, has been hindered by the fact that rifampicin 

can act as a scavenger of reactive oxygen species, thereby preventing the polymerization of 

PMMA [126]. The utility of rifampicin as an adjunct antibiotic therapy combined with the 

uselessness of PMMA bone cement to locally deliver rifampicin to bone necessitates the 

development of an alternative ABVF-C with the potential to treat biofilm infections. Moreover, 

developing a biodegradable bone void filler with degradation matched antibiotic release kinetics 

can provide scaffold like support to guide bone tissue regeneration [86]. 

The current study evaluated not only the in vitro kinetics of dual vancomycin and 

rifampicin release from a developed press-fitting, ABVF-C putty but also the in vitro 

antibacterial and anti-biofilm activity of the released combination.  Additionally, in vivo host 

bone integration and antibiotic protection of the ABVF-C putty was evaluated in a pilot rat 

model of biofilm-seeded osteomyelitis. Both in vitro and in vivo results support the use of our 

developed ABVF-C putty for the local delivery of vancomycin and rifampicin to combat 

biofilm-associated osteomyelitis while avoiding systemic side effects. This effective 
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osteomyelitis treatment will increase the rate of implant salvage, thereby reducing the 

socioeconomic burden of TJR infections on our healthcare system. 

4.3. Materials and Methods 

4.3.1. Materials 

Poly(D,L-lactide-co-glycolide) 90:10 (PLGA) (Polysciences, Inc., Warington, PA, USA); 

Polyethylene Glycol (5kD) (PEG) (Fluka, St. Louis, MO, USA) and Polycaprolactone (10 kD)  

(PCL-Sigma-Aldrich, St. Louis, MO, USA) were  used as received.  Rifampicin (EMD 

Millipore, Darmstadt, Germany), N-Methyl-2-pyrrolidone (NMP) (Fisher Sci, Pittsburg, PA, 

USA), Calcium Chloride (CaCl2) (EMD Chemicals Inc., Gibbstown, NJ, USA), alamarBlue (Bio 

Rad, CA, USA), Kirschner wire (K-wire) (Key Surgical, Eden Prairie, MN, USA) were all used 

as received from the manufacturer. Vancomycin Hydrochloride (V-HCl) (Sagent 

Pharmaceuticals, Schaumburg, IL, USA) and PRO OSTEON 500R (kindly provided by Zimmer 

Biomet, Warsaw, IN, USA) were processed, as outlined below, after received. 

4.3.2. Preparation of Vancomycin Free-Base (V-fb) 

V-fb was prepared from V-HCl following previously published method [23]. Briefly, V-

HCl was dissolved in water at concentration of 70 mg/mL. To precipitate V-fb at pH 8.00, NaOH 

(3N) was added until pH 8.00 was achieved. After incubation for 30 minutes at ambient 

temperature and humidity, the precipitated V-fb was centrifuged at 3000 rpm for 10 minutes 

followed by sequential washes in 70% ethanol and methanol. Subsequently, V-fb was suspended 

in water, frozen and lyophilized. 
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4.4. Fabrication and In Vitro Characterization of ABVF Putty Containing Combination 

Antibiotics 

4.4.1. Preparation of ABVF-C  

ABVF-C putty was prepared according to our previously published method with few 

modifications [91]. Briefly, Pro Osteon 500R was morselized using a mortar and pestle, and 

sieved to yield a particle size distribution of 175 to 425 μm. 350 mg of ProOsteon particles were 

soaked with agitation (100 rpm) in a 1 mL solution of V-HCl/rifampicin (80 mg/mL of 

vancomycin and 20 mg/mL rifampicin, in 50:50 water : DMSO solvent) for 1 hour at room 

temperature. The solution was subsequently evaporated to dryness at 37 C under vacuum. To 

fabricate the ABVF putty, PEG (21.2 mg) and PCL (42.5 mg), were melted and mixed at 65 C. 

The prepared Pro Osteon particles were added to the molten polymers to create a homogenous 

mixture. Powdered V-fb (30 mg) and rifampicin (25.5 mg) was added to the mixture. PLGA 

(85.5 mg) dissolved in 200 μL of NMP and CaCl2 (22 mg) were combined with the molten 

mixture to create a homogenous putty base. Phosphate buffered saline (PBS) was added 

dropwise to the putty base to give a putty-like consistency. Subsequently, the putty mix was 

manually compressed into a 3D printed mold to get the desired size and cylindrical shape (4 mm 

diameter x 3.5 mm height) for surgical implantation into a rat drill hole model. 

4.4.2. In Vitro Drug Release Kinetics 

An ABVF-C putty cylinder was submerged in 2 mL of PBS (1x) release media and was 

incubated at 37 C. At different time points (day 1, day 3, day 7 and every week after that until 

week 6), release media was collected and replaced with fresh PBS. The amount of drug in the 

sample was assessed via high-performance liquid chromatography (HPLC) analyses on a Waters 

e2695 separation module (254 nm) with an Empower workstation. The standard samples 
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(Vancomycin, Vancomycin free-base, or Rifampicin dissolved in PBS) were separated on a 

XTERRA RP 18 5μm 4.6x250 mm column using 0.1% TFA in water and 0.1% TFA in 

acetonitrile as mobile phases. 

4.4.3. In Vitro Antibacterial Activity 

In vitro antibacterial activity of the released drugs was assessed against Staphylococcus 

aureus (ATCC 49230) using a Kirby-bauer zone of inhibition (ZOI) assay [24].  Briefly, 100 μL 

of the collected drug release media was dried on filter paper disks (6.5 mm diameter) in a 96 

well-plate. An overnight culture of S. aureus was diluted in PBS to get a bacterial concentration 

of 107 CFU/mL. The bacteria culture was streaked on LB (Luria-Bertani) agar plates and the 

filter paper disks with adsorbed drug were placed on the plates immediately. Agar plates were 

incubated for 20 hours at 37 C. The ZOI around the disk with no bacterial growth was measured 

using a digital caliper. 

4.4.4. In Vitro Antibiofilm Assay  

An overnight culture of S. aureus was adjusted to OD600 of 0.5 in LB broth. 1 mL of 

adjusted bacterial culture was added to each well of a 24-well plate and was incubated for 24 

hours at 37 C with gentle shaking (100 rpm). After incubation, the broth was aspirated, and the 

remaining bacterial film was washed with 1X PBS three times. After washing, 500 µL of fresh 

broth and 500 µL of drug release media from day 1 was added to the wells. Control wells 

received only PBS without drug and broth. Wells were incubated for 24 hours at 37 C with 

gentle shaking (100 rpm), and the liquid was aspirated. Each well was again washed with 1X 

PBS three times. The bacteria in the remaining biofilm were extracted from the surface and 

suspended in 1X PBS for colony counts. Briefly, serial dilutions were made, and the bacteria 

were plated on Tryptic Soy Agar (TSA). After incubating 20 hours at 37 C, bacteria colonies 
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were counted. Alternatively, a similar procedure was followed with modifications to assess the 

antibiofilm capability of the drug release milieu in the presence of a k-wire. 

K-wire (1.4 mm diameter) was cut into 12 mm lengths and autoclaved. Subsequently, 

sterilized k-wires were immersed into LB broth and dried at 50 C to produce a film-like coating 

of nutrients on the wire. An overnight culture of S. aureus was adjusted to OD600 = 0.5 in LB 

broth. The prepared k-wires were put into 24 well plates at an angle and 1.5 mL of bacterial 

culture was added to the wells to completely submerge the k-wires. After incubating 24 hours at 

37 C and 100 rpm, the media was removed, and the k-wires were washed in 1X PBS three times, 

leaving on the adherent biofilm bacteria attached. After washing, 500 µL of fresh broth and 500 

µL of drug release media from day 1 was added to the wells and the biofilm covered k-wires 

were incubated at 37 C (100 rpm) for 24 hours. In control wells 500 µL of fresh broth and 500 

µL 1X PBS without drug was added. After incubation, k-wires were removed and again washed 

in 1X PBS to remove loosely adherent bacteria.  The wire was vortexed in 1 mL 1X PBS for 60 

seconds to dislodge the biofilm and create a bacterial suspension. Serial dilutions of the 

suspension were made, and bacterial dilutions were plated on LB agar plates. After 24 hours of 

incubation at 37 C, bacterial colonies were counted. 

4.4.5. In Vitro Cytocompatibility 

Cytocompatibility of ABVF-C putty was assessed via a standard alamarBlue assay, 

according to the manufacturer’s protocol. Briefly, 10,000 MG-63 osteoblast cells (ATCC, 

Manassas, VA) were seeded in each well of a 96-well plate. Cells were grown in Dulbecco’s 

Modified Eagle Media (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin-fungizone (Lonza, Walkersville, MD, USA). Cells were incubated at 37 C and 5% 

CO2. After reaching 60% confluence, 100 μL of release media from ABVF-C was added to each 
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well. Control wells received 1X PBS only. After 48 hours of incubation, cells were washed with 

1X PBS three times. Fresh media was added to the wells followed by addition of alamarBlue to a 

10% final concentration.  Subsequently, wells were incubated at 37 C for 4 hours. After the 

incubation, absorbance was read at 570 nm and 600 nm (Spectramax m5, Molecular Devices, 

Downingtown, PA, USA). Cell viability was calculated using the following equation: 

%cell viability = ((O2 x A1) – (O1 x A2)) / ((O2 x P1) – (O1 x P2)), (1) 

Where, O1 = molar extinction coefficient (E) of oxidized alamarBlue (Blue) at 570 nm, 

O2= E of oxidized alamarBlue at 600 nm, A1 = absorbance of test wells at 570 nm, A2 = 

absorbance of test wells at 600 nm, P1 = absorbance of positive growth control well (cells plus 

alamarBlue but no test agent) at 570 nm, P2 = absorbance of positive growth control well (cells 

plus alamarBlue but no test agent at 600 nm). 

4.5. In Vivo Assessment 

4.5.1. Rat Osteomyelitis Model 

Twenty-three, skeletally mature, male Sprague-Dawley rats (>350 grams) divided into 4 

cohorts (Table 4.1) were used for in vivo studies (approved by the NDSU IACUC protocols 

A16016 and A19019). Briefly, rats were anesthetized with isoflurane inhalation. Buprenorphine 

hydrochloride (0.01mg/kg) was injected subcutaneously as an analgesic. The right hind leg was 

shaved and sterilized using repeated swabs of alcohol and iodine. A small incision of ̴ 12 mm 

was made below the knee and over the tibial metaphysis. A 4.2 mm hole was drilled in the 

exposed bone until it penetrated the marrow space of the tibial metaphysis. S. aureus (108 CFU) 

in sterile saline was inoculated through the drill hole defect into the marrow space using a 25 μL 

Hamilton syringe followed by implantation of the cylindrical ABVF-C putty into the drill hole.  

Alternatively, as a preliminary study to assess the in vivo antibiofilm activity, a biofilm-seeded 
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k-wire (12 mm length x 1.4 mm diameter), prepared according to method 2.3.6, was pushed 

inside the marrow space followed by implantation of the cylindrical ABVF-C putty. The incision 

was closed using a series of mattress sutures followed by application of surgical glue (Vetbond 

Tissue Adhesive, 3M, MN, USA). The control group underwent the same surgical procedure but 

received the putty without antibiotic regardless of the form of bacterial inoculation (i.e., 

planktonic or biofilm). Rats were monitored daily for signs of discomfort and infection. After 10 

weeks, the rats were sacrificed by isoflurane overdose, and the tibia was harvested for further 

study. Importantly, cohorts implanted with a biofilm-seeded k-wire were kept for 6 weeks prior 

to sacrifice, and the k-wire was extracted from the bone for further analysis. 

Table 4.1. Description of the cohorts used in this study 

Cohort Implant 
Surgery 

Model 

Infectious 

Dose  

Time to 

Sacrifice 

(Weeks) 

Cohort 

Purpose 

Morbidity/ 

Infection 

Cohort 

Size 

1 

BVF putty 

without 

antibiotics 

Drill-hole 

Osteomyelitis 
108 CFU 10 

Positive 

Infection 

control 

Local 

infection 
12 

2 

ABVF-C 

with 

vancomycin 

and 

rifampicin 

Drill-hole 

Osteomyelitis 
108 CFU 10 

Infection 

treatment 

No 

infection 
5 

3 

BVF putty 

without 

antibiotics 

K-wire 

biofilm 

osteomyelitis 

model 

Biofilm on 

k-wire 
6 

Positive 

Infection 

control 

Local 

infection 
3 

4 

ABVF-C 

with 

vancomycin 

and 

rifampicin 

K-wire 

biofilm 

osteomyelitis 

model 

Biofilm on 

k-wire 
6 

Infection 

treatment 

No 

infection 
3 

 

4.5.2. X-ray and Microcomputed Tomography (μ-CT) 

Radiographic analyses of bone were done after disarticulating the limb and harvesting the 

bone following euthanasia.  X-ray imaging was performed on an IDEXX CR Digital 
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Radiography System (Westbrook, Maine, USA) following standard protocols. Briefly, lateral and 

cranial-caudal radiographic images were obtained of each limb at mAs: 4 and kVp: 40.  For μ-

CT, the bone was hot glued to a glass rod and placed into a GE Phoenix v|tome| xs X-ray 

computed tomography system with a 180 kV high power nanofocus X-ray tube xs|180 nf, high 

contrast GE DXR250RT flat panel detector, and molybdenum target (GE Sensing & Inspection 

Technologies GmbH, Wunstorf, Germany). One thousand projections were acquired at a voltage 

of 80 kV and a current of 300 µA. Voxel size was 6.4 µm. Acquired images were reconstructed 

into a volume data set using GE datos|x 3D computer tomography software Version 2.2 (GE 

Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The reconstructed volume was 

then viewed and manipulated using VGStudio Max (Volume Graphics Inc., Charlotte, NC, 

USA). 

4.5.3. Bone Volume 

Bone volume was determined based on the μ-CT scans using VGStudio Max (Volume 

Graphics Inc., Charlotte, NC, USA) software. A region of interest (ROI) was set on each of the 

scanned bones according to where the drill hole was made.  The amount of regenerated bone was 

determined by adjusting the contrast to highlight the bone and comparing the ROI from the 

infection control group and the treatment group. Regenerated bone was the bone in the ROI 

where the drill hole was made and filled up by new bone. 

4.5.4. Histology 

After euthanasia, the bone was harvested by fixing it in 10% neutral buffered formalin for 

72 hours. Subsequently, bone was decalcified by immersing it in an EDTA solution (10% 

solution at pH 7.4) for 2 weeks, with solution exchange every other day. Once the bone was 

decalcified it was embedded in paraffin wax and sectioned (5 μm). Sections were mounted on 
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glass slides and stained with hemotoxin and eosin stain (H&E stain - Scy Tek Lab., Logan, Utah, 

USA) according to standard protocols. Briefly, the sections were deparaffinized in Clear Rite 3 

(Thermo Fisher Scientific, Kalamazoo, MI, USA). Subsequently, tissue was rehydrated with a 

decreasing gradient of ethanol. After H&E staining, the tissue section was covered with a glass 

coverslip using synthetic resin.  Stained slides were imaged at 40x using MoticEasyScan Digital 

Slide Scanning microscope (Motic Digital Pathology, San Francisco, CA, USA). 

4.5.5. Bacterial Colony Count 

Harvested bone was flash frozen in liquid nitrogen, followed by pulverization using a 

custom-made bone crusher. The pulverized bone was weighed and suspended in 500 μL of PBS. 

Serial dilutions were made [23] and 10 μL of suspension was plated on blood agar plates (Fisher 

Sci, Pittsburg, PA, USA).  The plates were incubated for 48 hours at 37C and bacterial colonies 

were counted. To determine the total number of bacteria in the bone, the number of colonies 

were multiplied by the dilution factor and normalized per gram bone samples. For the extracted 

k-wires, the k-wire was put in 1 mL of PBS and vortexed for 1 minute. Serial dilutions were 

made and 10 μL of suspension was plated on blood agar plates (Fisher Sci, Pittsburg, PA, USA).  

The plates were incubated for 48 hours at 37C and bacterial colonies were counted. 

4.6. Results 

4.6.1. In Vitro Drug Release Kinetics 

HPLC detected both vancomycin and rifampicin in the release media through 2 weeks of 

release. ABVF-C showed sustained release of both drugs (Figure 4.1). Approximately 30% of 

the incorporated vancomycin was released within 2 weeks, while 14% of the rifampicin was 

released in the same timeframe. The current HPLC method was unable to detect drugs beyond 
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week 2, likely due to interference from the degrading polymer matrix; hence, consideration of 

the bioactivity of the system may prove more useful. 

 

Figure 4.1. Drug release curve of ABVF-C.  

HPLC showed sustained release of vancomycin and rifampicin from ABVF-C. There was an 

initial burst release of vancomycin at day 1. Rifampicin showed release in a sustained manner. 

4.6.2. In Vitro Antibacterial Activity 

Using a standard ZOI assay, efficient antibacterial activity was evident throughout the 6-

week study time-course (Figure 4.2). Day 1 release samples showed the highest ZOI (40.35 ± 

0.75 mm) against S. aureus.  At week 6, the ZOI remained robust at 21.71 ± 1.23 mm. To ensure 

that sink conditions were maintained and did not impact the results, samples were also released 

in 5 mL of PBS and the ZOI study was replicated, yielding the same results (appendix C, Figure 

C1).  
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Figure 4.2. The zone of inhibition of released drugs from ABVF-C against S. aureus.  

Released drugs from ABVF-C showed excellent antibacterial property over 6 weeks. 

4.6.3. In Vitro Antibiofilm Assay 

Since the majority of bacterial contaminants, particularly in the presence of biomedical 

implants, are found in a biofilm, the ability of the dual release ABVF-C was evaluated against a 

biofilm. The biofilm was determined to have 4.05x106 ± 9.81x105 bacterial colony forming units 

per mL (CFU/mL). Complete obliteration of the bacteria in the biofilm was seen when the 

biofilm was exposed to drug release milieu from ABVF-C, with no bacterial growth evident in a 

colony forming assay.  Alternatively, the control without antibiotics showed robust colony 

growth (p<0.005, Figure 3.3 a). Furthermore, the ability of a dual drug releasing ABVF-C to 

eliminate biofilm formation on a k-wire was also assessed.  Biofilm formation on the k-wire was 

evident in the control group with 2.80x106 ± 4.65x105 CFU of bacteria per mm length of k-wire. 

On the contrary, the treatment group had significantly less bacteria (p<0.002) along the length of 
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the k-wire, with many samples showing no evidence of colony forming units, indicating effective 

eradication of bacteria in biofilm (Figure 4.3 b). 

 

Figure 4.3. Antibiofilm activity of released drugs from ABVF-C against biofilm grown on 24-

well plate and k-wire. 

(a) The released drug showed excellent antibiofilm activity property against S. aureus biofilm 

grown in a 24 well plate. The Treatment group (treated with day 1 release media) showed 

complete wipeout of the biofilm, whereas, the control group that didn’t receive the release drug 

showed high bacterial content in the biofilm, *p<0.005. (b) S. aureus biofilm grown on k-wire 

in-vitro was completely eradicated in the treatment group treated with released antibiotics (day 1 

release media) from the ABVF, while the control group showed high bacterial count in the 

biofilm grown on k-wire, *p<0.002. 
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4.6.4. In Vitro Cytocompatibility 

A standard alamarBlue assay was run to assess the cytotoxicity of the dual releasing 

ABVF-C putty on MG-63 osteoblasts.  The viability of the treatment cells appeared to be less 

than the control cells, and statistically significant difference (p<0.05) was seen in cell viability 

(Figure 4.4). Cells exposed to week 3 release media showed significantly higher viability than 

week 1. This may indicate lower amount of drug caused less impact on viability of the cells. 

 

Figure 4.4. Viability of MG63 osteoblast cells when exposed to released drugs from ABVF-C. 

The alamarBlue cell viability assay showed a significant difference in cell viability between the 

control and the treatment groups with day 1, week 1 and week 3 drug release milieu (p<0.05). 

There was also a significant difference between viability when cells were exposed to release 

milieu from week 1 and week 3 (p<0.05), but no significant difference was seen between day 1 

and week 1 and day 1 and week 3. * p<0.05, ** p<0.05 

4.6.5. Rat Drill-hole Osteomyelitis Model 

Infection was seen in all the animals of cohort 1 (i.e., the control cohort - Table 4.1). 

Macroscopic evaluation of the affected bone revealed purulent drainage and formation of 

sequestra and fibrous encapsulated, pus-filled regions in the tibial bone, although the rats did not 
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show any overt behavioral changes and did not lose weight over the experiment period (in fact 

they gained weight) or show any increase in body temperature. Importantly, spontaneous fracture 

was seen in 3 rats of cohort 1 within 3 days of surgery, and they were excluded from the study. 

None of the ABVF-C treatment rats in cohort 2 showed any signs of infection nor did they show 

any changes in behavior. Furthermore, they looked healthy. In addition to assessing the dual 

releasing ABVF-C putty against planktonic bacteria, a preliminary assessment of the effect of the 

ABVF-C putty on a biofilm infection was also evaluated. As in the planktonic control cohort, 

infections developed in all cohort 3 control rats, as evidenced by formation of purulent pus, pus 

filled fibrous capsule, and deformed bone with thickening at different places, although, again, no 

behavioral changes, weight loss or temperature increase was observed. Healing without any signs 

of infection was observed in the cohort 4 animals containing ABVF-C treatment. Similar to 

cohort 2, no behavioral changes were seen in the cohort 4 rats, and they gained weight over the 

experimental period while maintaining normal body temperature of  ̴ 36 C. 

 

Figure 4.5. X-ray image of rat bones from k-wire biofilm infection model.  

(a) The x-ray radiograph of k-wire rat control group demonstrated signs of osteomyelitis (i.e., 

osteolysis, periosteal thickening and formation of sequestrum). (b) The k-wire treatment group 

showed no such signs of osteomyelitis and the bone appeared to be healed. 
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4.6.6. X-ray and Microcomputed Tomography (μ-CT) 

X-ray and μ-CT were done to assess the bone health. X-ray of cohort 1 animals showed 

signs of osteomyelitis with formation of sequestra, abscess, lytic regions and periosteal 

thickening (appendix C, Figure C2). Similar radiologic features were seen in the k-wire control 

group, with clear signs of osteomyelitis through regions of periosteum in addition to lysis of 

bone, loss of cortical bone and presence of necrotic bone (Figure 4.5 a). By contrast, x-ray 

images of rats in the k-wire treatment group in cohort 4, did not show any sign of infection 

(Figure 4.5 b).  Regardless of the cohort, the k-wire seemed well positioned in the intramedullary 

space. No adverse events were observed.  μ-CT of the cohort 1 (Figure 4.6 a) showed widespread 

signs of infection. Specifically, these images showed the presence of sinus tracts and fibrous 

material (red arrows). Finally, infection looked to have spread with the posterior tibia showing 

signs of osteolysis and cortical destruction. Similarly, bones in cohort 3 rats (Figure 4.6 c) also 

displayed sinus tract formation and a narrowing of the marrow space. Cortical bone growth with 

periosteal thickening was evident at places. A large fibrous capsule was noticeably covering the 

bone defect. Conversely, cohort 2 rat bones (Figure 4.6 b) showed healing of bone and cortical 

bridging. The bone appeared to be undergoing remodeling. Likewise, cohort 4 rat bones (Figure 

4.6 d) appeared to have new bone integrated with implanted ABVF-C (i.e., osseointegration). 

Alternatively, in this cohort, bone healing seemed more advanced. 
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Figure 4.6. μ –CT images of rat bones from drill hole model and k-wire biofilm infection model. 

(a) The μ –CT images of drill-hole rat control group demonstrated signs of osteomyelitis through 

signs of infection, decreased bone formation and formation of sinus tract. Infection seems to be 

spread to the posterior of the bone. (b) The drill-hole treatment group showed no signs of 

osteomyelitis and the bone appeared to be healed with new bone formation and cortical bone 

bridging. Bone seems to be undergoing remodeling. (c) The μ –CT images of k-wire rat control 

group demonstrated signs of osteomyelitis through signs of infection, decreased bone formation 

and formation of sinus tract. (d) The k-wire treatment group showed no signs of osteomyelitis 

and the bone appeared to be healed with new bone formation. Bone seems to be undergoing 

remodeling.  

4.6.7. Bone Volume of Newly Formed Bone 

Bone volume of cohorts 1 and 2 was measured due to higher sample size and longer 

duration of the study period that allowed a more accurate interpretation of the comparison. The 

treatment group showed significantly higher (p< 0.02) bone volume at the ROI compared to the 
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control group (Figure 4.7). The bone volume of cohort 1 was 5.98 ± 0.18 mm3. In contrast, the 

cohort 2 treatment group exhibited much higher bone volume of 10.65 ± 1.03 mm3. 

 

Figure 4.7. Bone volume measurement of newly formed bone in drill hole model rats. 

Bone volume in the infection control group of drill-hole model was significantly lower compared 

to the treatment group. *p<0.02. 

4.6.8. Histology 

To assess histological features of the bone at the surgical site, H&E staining was done. 

Cohort 1 showed unhealed bone, lack of new bone growth, and presence of fibrous tissue as a 

consequence of infection (red arrows, Figure 4.8 a). On the contrary, cohort 2 showed healed 

bone with cortical bridging, new bone growth and osseointegration, likely resulting from the 

absence of infection (Figure 4.8 b). Accordingly, cohort 3 animals were consistent in showing 

signs of massive infection. Osteomyelitis was evidenced by large fibrous capsules with an 

abundance of inflammatory cells, narrowing of the marrow space, and a combination of 

thickening and destruction of boney structure (red arrows, Figure 4.9 a). Conversely, histology of 

the cohort 4 showed new bone formation, ongoing bridging of newly formed bone and limited 
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mature collagen structure (green arrows, Figure 4.9 b). These signs are consistent with the 

documented healing process of bone and absence of infection. 

 

Figure 4.8. H&E staining of rat bones from drill-hole model.  

(a) H&E staining of control rat bone. There is a lack of bone growth at the dilled site. There is 

some destruction of the bone. (b) Bone from treatment group rat shows healing of the bone and 

cortical bridging with new bone growth. 
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Figure 4.9. H&E staining of rat bones from k-wire osteomyelitis model.  

(a) H&E staining of control rat bone. There is growth with narrowing of marrow space. In places 

there are thickening of bone. A big fibrous capsule with inflammatory cells is visible. (b) Bone 

from treatment group rat shows ongoing healing of the bone. New bone formation is visible in 

the defect. New bone growth was seen as the degradation of the ABVF-C allowed new bone to 

grow in. 

4.6.9. Bacterial Colony Count 

Bacterial colony counts revealed a high bacterial content (1.33E+08 ± 5.56E+07 CFU/ 

gm bone) in cohort 1 rats that didn’t receive ABVF-C (Figure 4.10 a). Whereas, complete 

obliteration of bacteria was seen in cohort 2 rats; no bacterial colonies were observed after 

culturing (Figure 4.10a), showing a statistically significant reduction in bacterial content 

(p<0.05). Similarly, high bacterial loads were also present in cohort 3 rats (Figure 4.10 b), in 

contrast to a distinct lack of bacteria and infection in the treatment group (cohort 4, Figure 4.10 

b). Bacterial content on the k-wire extracted from cohort 3 showed high bacterial content of with 

a mean bacterial load of 2.03x106 CFU/ k-wire (ranged between 1x105 to 3.95x106 CFU/ k-wire) 

(Figure 4.10 c). No bacteria were able to be grown from the k-wires extracted from cohort 4 rats 

(Figure 4.10 c), indicating absence of bacteria and infection. 

 



 

84 

 

 

Figure 4.10. Bacterial colony count with bacteria extracted from rat bones and k-wire of different 

cohorts. 

(a) The bacterial count in drill-hole model control group showed very high bacterial count in the 

bone, p<0.05. The treatment group did not show any presence of bacteria and the infection was 

eliminated. (b) The bacterial count in k-wire rat model control group showed very high bacterial 

count in the bone. The treatment group was free from any bacterial load and the infection was 

eliminated. (c) The bacterial count in k-wire rat model control group showed high bacterial count 

on the extracted k-wire. The k-wire extracted from the treatment group was free from any 

bacterial load. 

4.7. Discussion 

Despite of many disadvantages with PMMA-based bone cement, such as non-

biodegradability, poor drug release kinetics, immune response and additional surgical removal 

etc., it is still the standard of care for treating infected TJR [127] [128]. FDA approved bone 

cements generally use tobramycin, gentamicin and vancomycin as the antibiotic payload [129], 

although none of these antibiotics are effective against bacterial biofilms [130] as their efficacy 

requires metabolically active bacteria.  The presence of bacteria in low metabolic state in 

biofilm, which are not actively dividing may render vancomycin less effective and vancomycin 
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targets cell wall of bacteria by blocking cell wall synthesis [131]. Limited efficacy of 

vancomycin against biofilm is documented both in vitro and in vivo [130]. Local delivery of 

antibiotic is needed to effectively treat the TJR related osteomyelitis, as systemic antibiotic 

cannot reach high enough concentration in dense cortical bone as well as in avascular bone.  No 

viable options to deliver antibiotic, apart from bone cements, are regularly used in patient 

treatment [129]. Moreover, antibiotics such as rifampicin, which is known to be active against 

biofilm, cannot be incorporated in bone cement as it hinders the polymerization of PMMA bone 

cement compromising the material property of PMMA [132]. 

The incompatibility of rifampicin with PMMA significantly limits the efficacy of PMMA 

in cases of implant-associated biofilm formation, a common occurrence in TJR.  Previous studies 

have indicated that bacterial biofilm formation can happen within 5 – 10 hours following 

bacterial seeding in wound [133]. Moreover, the presence of blood plasma can potentially 

enhance the propensity of S. aureus to form a biofilm. Unlike vancomycin, which has limited or 

no activity against S. aureus biofilms[130] [134], active replication of bacteria is not needed for 

rifampicin activity making, it an effective alternative for biofilm bacteria [135]. Rifampicin not 

only active against S. aureus biofilms but also against S. epidermis biofilm bacteria, another 

common causative agent of implant related osteomyelitis [136]. Unfortunately, bacteria can 

readily develop resistance to rifampicin due to its mode of action.  Thus, combination therapy 

with other antibiotics is necessary. Vancomycin, which is effective against planktonic S. aureus 

infection, can be delivered as a cocktail with rifampicin, which is active against the biofilm form 

of S. aureus, to provide better therapeutic outcome. The synergistic effect of rifampicin in 

combination with vancomycin is previously documented [137]. Other aminoglycoside 

antibiotics, like tobramycin showed no beneficial outcome with rifampicin, while others such as 
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gentamicin seem to be antagonistic [137]. A rifampicin-vancomycin combination could be a 

viable therapeutic arsenal against S. aureus biofilm infection. 

As expected from other reports in the literature, the ABVF-C showed efficient bioactivity 

with good zones of inhibition (Figure 4.6) over 6 weeks. Based on our previous work in which 

we validated that a mature S. aureus biofilm could be reliably formed within 24 hours of 

bacterial seeding [131] [138], S. aureus biofilms were exposed to released drug from ABVF-C, 

which showed complete eradication of biofilm and viable bacterial load both in a well plate and 

on a k-wire. This result is supported by previous studies, where this antibiotic combination 

showed bacterial biofilm eradication [139] [140]. The in vivo experiments also showed complete 

eradication of the biofilm and bacterial load both in the bone and on the k-wire of cohort 4 

(treatment group). In the cohort 3 control group, not only was the bacterial load very high in the 

bone, but it was also very high on the k-wire in all the rats. Although no statistically significant 

difference was found between cohorts 3 and 4 due to the preliminary nature of this part of the 

study, it can be noted that bacterial elimination was achieved in the cohort 4 treatment group in 

all rats. Additionally, it is worth noting that the standard deviation of colony counts on the k-wire 

was extremely high, likely the result of a partial. 

delamination of the biofilm when extracting it from the intramedullary space. 

Nevertheless, in the absence of antibiotic treatment, all the k-wires had high bacterial load. 

Similarly, bones of the control cohorts showed high bacterial loads, although the variability of 

the load was high, ranging from 5.42 x 107 to 3.35 x 108 CFU/gram bone. Not only could 

delamination have impacted this range, but more importantly, the presence of an encapsulated, 

purulent-filled, cavity in the bone of several of the control animals, made “sterile” processing 

difficult, resulting in a puncture of the capsule and the loss of some CFUs.   Nevertheless, all the 
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control animals showed infection; whereas, treated animals were free from infection. Finally, 

despite the clear difference in treatment and control animals in this preliminary study, statistical 

significance was not achieved, likely due to the factors outlined above. However, the study was 

extremely promising and based on the effect size in these cohorts (i.e., incidence of infection in 

cohort 3 = 90% and incidence of infection in cohort 4 = 0%) and a post hoc continuous power 

analysis of the means and standard deviations found in the colony counts, a sample size of 11 

rats in each of cohort 3 and 4 would provide a statistically significant result (α=0.05 and power 

of 0.8). 

Although the HPLC only detected the presence of drug until week 2 in a sustained 

manner, it is clear that the drug release was sustained until week 6 based on the bioactivity of the 

released drug in the ZOI study. The limited detection of the HPLC method was likely a reflection 

of interference from polymer degradation products.  Nevertheless, HPLC detected the 

cumulative release of 30.41% of the total incorporated vancomycin and 14.38% of the 

incorporated rifampicin over the course of two weeks (Figure 4.1).  

Although vancomycin has limited reported cytotoxicity and is well tolerated by 

osteoblasts even at high concentration, rifampicin has reported toxicity to osteoblast cells [141]. 

A decrease of up to 50% viability can be seen at 5mg/mL of rifampicin; whereas, vancomycin 

has no reported cytotoxicity at that concentration [141]. This may explain the reduced viability 

of osteoblasts when exposed to released drug from ABVF-C (Figure 4.4) and raises concerns that 

rifampicin may hinder in vivo bone regeneration. However, such an effect was not observed in 

our study. On the contrary, our ABVF-C putty was able to support bone healing and 

osseointegration (Figure 4.6, 4.8 & 4.9).  Furthermore, this finding shows congruence with a 

recent study where application of rifampicin powder in a sterile wound did not result in reduced 
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healing of bone. In addition, rifampicin in an infected wound bed showed faster healing of bone 

compared to the no antibiotic control and the vancomycin only treated group previously reported 

by our lab [134]. Furthermore, the rifampicin/vancomycin cocktail showed absence of signs of 

infection in the biofilm infection model (Figure 4.6 & 4.9); whereas, vancomycin group and 

control group showed osteolysis and lucency and presence of bacteria in histology [134]. These 

findings highlight the lack of exact translation between in vitro and in vivo outcomes, perhaps 

because natural cellular turnover and renewal that provides some additional resistance to the 

cytotoxic effects observed in vivo.  Importantly, the presence of bacteria can reduce the number 

of osteoblasts and increase osteoclastic resorption by inciting inflammation. Additionally, native 

pluripotent stem cells may lose the ability to differentiate into osteoblasts if exposed to bacteria 

[142]. Thus, it is wise to take measures to eliminate bacteria first as a treatment priority to allow 

the body’s innate bone healing mechanisms in the absence of infection and inflammation.  

Although vancomycin has limited to no known cytotoxicity, it can be source of 

nephrotoxicity during prolonged, systemic high doses. To validate that the local delivery of 

vancomycin in the ABVF-C putty did not also invoke such a response, in a previous study we 

carried out the serum creatinine assay ( Chapter 3, Figure 3.5) and did not see any signs of 

increased creatinine in the rat’s serum, suggesting the absence of nephrotic adverse response due 

to vancomycin released from ABVF-C. In literature, another antibiotic used in PMMA bone 

cement, tobramycin, showed significant nephrotoxicity at 80mg/kg/day [143]. This was not 

surprising based on the fact that 200mg/kg/day of vancomycin has been demonstrated to be safe 

without nephrotoxic effects [143], and the total vancomycin incorporated in our ABVF-C is well 

below the neurotoxic dose. Hence, local delivery of vancomycin not only prevents high systemic 
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exposure, but incorporation into ABVF-C resulted in much lower amount of vancomycin being 

used. 

Alternatively, toxicity related to rifampicin dosing, including gastrointestinal, hepatic, 

renal, hematological, and central nervous system effects, have been reported with doses ranging 

from 9-15 g of drug.  Furthermore, systemic dosed rifampicin is reported to be 70-80% protein 

bound and widely distributed throughout the body [125].  Nevertheless, rifampicin is a critical 

antibiotic for treating prostheses biofilm infections, especially when the hardware is retained 

[144]. Previous attempts to use rifampin alone on in combination with other antibiotic such as 

vancomycin showed better antibacterial activity but failed to totally eradicate the bacterial load 

both in bone and in biofilm [107] [145]. This may have been caused by insufficient drug release 

kinetics and in some cases the inability to incorporate sufficient amounts of antibiotic in the 

delivery device [132] [145]. In our study, ABVF showed complete eradication of both a 

planktonic bacterial load as well as a bacterial biofilm (Figure 4.3 & 4.10) both in vitro and in 

vivo. 

4.8. Conclusions 

The successful infection eradication in rats and obliterated biofilm on the k-wire shows 

the promise of a dual release ABVF-C to treat TJR related infections, enabling surgeons to retain 

the prosthetic implant. Furthermore, the developed dual release ABVF-C putty may also enable 

surgeons to perform single stage revision surgeries, reducing the immense burden on the 

healthcare system. 

ABVF-C provided effective release of rifampicin and vancomycin showing in vitro and 

in vivo efficacy by eradicating the bacteria. ABVF-C was biodegradable and provided support 
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for new bone growth. No adverse effect on in vivo bone healing was observed. No apparent 

toxicity also seen in the rats. 
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5. BIOGLASS-BASED ANTIBIOTIC RELEASING BONE-VOID FILLER (ABVF-BG) 

PUTTY FOR THE TREATMENT OF OSTEOMYELITIS4 

5.1. Abstract 

Osteomyelitis, which is on the rise, remains a very difficult to treat condition despite 

newer treatment approaches and improved surgical techniques.  Among other reasons, surgeries 

like Total Joint Replacements (TJR) and orthopedic trauma related surgeries, which are consider 

among the most successful modern surgical interventions to improve form, function, and quality 

of life, are projected to more than quadruple by 2030. While the infection rate after primary TJR 

sits at 1- 2% for trauma related surgery it can be as high as 3.6 to 21.2% based on the type of 

trauma. The risk of reinfection after revision surgery is even higher. Current treatments with 

antibiotic-releasing PMMA based bone cement and/or, systemic antibiotic after surgical 

debridement do not provide effective treatment due to fluctuating antibiotic levels at the site of 

infection, leading to insufficient local antibiotic concentration. In addition, non-biodegradable 

PMMA does not support bone regrowth in the debrided void spaces and often must be removed 

in an additional surgery. Here we report a bioactive glass or, bioglass (BG) substrate-based 

biodegradable, easy to use “press fitting” Antibiotic-Releasing Bone Void Filling (ABVF-BG) 

putty to provide effective local antibiotic release at the site of infection along with support for 

bone regeneration. The ABVF-BG putty formulation was homogenous, had a porous structure 

 

 

4 The material in this chapter was co-authored by Raquib Hasan, Kambri Schaner and Amanda Brooks. Raquib 

Hasan and Amanda Brooks conceived the project and designed the experiments. Raquib had primary responsibility 

to conduct all the experiments listed in the section, analyze the data and write the manuscript. Kambri Schaner and 

Pranothi Mulinti collected drug release samples and helped with in vitro antibacterial activity experiment. Kambri 

Schaner helped with in vivo experiment sample collection. Jacob Shreffler helped with animal care. µ-CT and SEM 

imaging was done by Jayma Moore and Dr. Scott Payne, Dr. Lisa Christenson helped with X-ray imaging. Dr. 

Hariharaputhiran Subramanian performed the HPLC analysis. Jordan Flaten made the histology slides. Greg 

Stommen helped with XRD. Raquib Hasan analyzed the data and Amanda Brooks verified the data. Raquib Hasan 

wrote the manuscript, Amanda Brooks checked and revised the document. 
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and showed putty like ease of handling. Furthermore, the ABVF-BG putty demonstrated in vitro 

antibacterial activity for up to 6 weeks. Finally, the ABVF-BG putty was biodegradable in vivo 

and showed 100% infection cure in the treatment group receiving ABVF-BG putty compared to 

the infection control group where all the rats had sustained osteomyelitis. The ABVF-BG putty 

also supported bone growth in the void space of bone. The potential for simultaneous infection 

treatment and bone healing using the developed BG based ABVF-BG putty is promising as an 

alternative treatment option for osteomyelitis. 

Keywords: Osteomyelitis; vancomycin; bone void filler; antibiotic release; controlled 

drug delivery; bone regeneration; bioglass; biomaterial 

5.2. Introduction 

Despite the advances in treatments, osteomyelitis remains one of the most difficult 

orthopedic conditions to treat. There has been a steady increase of bone and joint infections 

leading to osteomyelitis due to high energy trauma and as a consequence of surgical procedures 

such as bone fracture surgery, total joint replacements etc. [146,147]. Majority of the infections 

are caused by Staphylococcus aureus [78,146,147]. Due to the poor penetration of antibiotics in 

poorly vascularized bone, surgical intervention is often necessary [148].  Surgical intervention 

includes removal of all implants, aggressive debridement of infected or necrotic bone, and any 

severely affected soft tissues [149]. It is important to fill up the void space after debridement to 

prevent further infection. Although, bone grafting is promising as they have higher bone 

regenerating property, they suffer from substantial failure rate due to the faster resorption in the 

presence of persistent local infection [148]. 

As a consequence, local antibiotic delivery through antibiotic loaded 

polymethylmethacrylate based bone cement became a standard treatment option to treat these 
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infections along with systemic antibiotic therapy for 4 -6 weeks. But the PMMA suffers from 

several drawbacks, such as potential degradation of antibiotics due to high polymerization 

temperature, second removal surgery due to non-biodegradability, as well as possibility of 

biofilm formation on the PMMA surface due to subtherapeutic level of antibiotic release [150]. 

Due to these issues, antibiotic loaded bone graft substitutes have become promising 

alternatives as no harvesting and processing needed and have unlimited availability as compared 

to bone grafts, they may provide support for bone healing, their biodegradability, the fact that 

they provide predictable antibiotic release kinetics and their promise to replace systemic 

antibiotic therapy [147,151]. 

Bone graft substitutes, such as calcium sulfate can be used as antibiotic carriers but 

shows faster resorption and local acidic environment [152]. Other like hydroxyapatite (HA), 

tricalcium phosphate, alone or as composites did not show effective antibiotic release past 21 

days, where the antibiotic was vancomycin [152]. Moreover, HA was shown to have limited 

resorption in vivo [153]. On the other hand bioglass, a very promising bone graft substitute for 

its bone healing properties is not used as antibiotic carrier [152]. Studies with bioglass particles 

to treat osteomyelitis was also incorporated with systemic antibiotic therapy [154] [155]. An 

alternative can be to use bioglass in a bioglass-polymer composite, where polymer part would 

carry antibiotic and control drug release while the bioglass part would provide support for bone 

tissue regeneration. 

In recent years, bioactive glass, or bioglass (BG), has garnered much attention for its 

biological activity, especially in the case of bone tissue engineering. Since its first inception, a 

variety of bioglass have been prepared and tested for their impact on bone and soft tissue 

engineering, 45S5 is the most widely studied among all [156] [157]. In today’s market, most of 
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the commercially available BG are used for trauma and bone injury treatment [158]. 45S5 

bioglass is regarded as the gold standard in bone regenerative repair due to its bioactivity, 

biodegradability and bone bonding property [159]. BG shows higher quantity and quality of bone 

formation compared to synthetic hydroxyapatite (HA) [160]. Faster and higher onset of bone 

formation (17 times higher after week 1) and twice as much after 24 weeks was reported when 

bioglass was used in a rabbit femoral condyle defect model compared to when HA was used 

[161]. The 45S5 BG shows a higher degradation rate than HA [162], which is desirable to make 

space for growing bone proving overall better performance of BG in bone regeneration than 

commercial bioceramics available [158]. BG is also known to upregulate different genes such as 

insulin-like growth factor II (IGF-II), that induces osteoblast proliferation along with an increase 

in secretion of extra cellular matrix (ECM) [163] [164]. The upregulation may be due to the ions 

such as Calcium (Ca) and Silicon (Si) released from BG [165]. Moreover, ions such as Si, Ca, 

and inorganic Phosphate (Pi) play an essential role in bone tissue regeneration. Si plays a critical 

role in formation and calcification of bone tissue by HA precipitation, collagen I formation, and 

osteoblast differentiation [166] [167] [168]. Ca ion increases ECM formation, osteoblast 

differentiation and proliferation, and IGF activity [169] [170]. Pi ions increase matrix Gla protein 

(MGP) expression that regulates bone formation [171]. Although granular BG showed 

antibacterial properties, putty made with the bioglass granules did not show antibacterial 

properties [172]. This leaves room for developing putty like bone void filler made with bioglass 

that can treat infections as well as support bone healing. 

Vancomycin still remains as the standard recommended antibiotic for treating 

osteomyelitis caused by S. aureus [148]. Moreover vancomycin is effective against methicillin-
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resistant Staphylococcus aureus (MRSA) and the bacteria are slow to grow resistance against 

vancomycin [173]. 

Thus, the current focus of the study is to develop BG based antibiotic (vancomycin) 

releasing bone void filling putty (ABVF-BG) that provides antibiotic release for 4 to 6 weeks, 

can be easily press fitted into bone void space, biodegradable and provide support for bone 

growth to treat osteomyelitis. 

5.3. Materials and Methods 

5.3.1. Materials 

Poly(D,L-lactide-co-glycolide) 90:10 (PLGA) (Polysciences, Inc., Warington, PA, USA); 

methylated Polyethylene Glycol (5kD) (mPEG) (Fluka, St. Louis, MO, USA) and 

Polycaprolactone (10 kD)  (PCL-Sigma-Aldrich, St. Louis, MO, USA) were  used as received.  

45S5 BG powder (particles size d50 = 10μm) was obtained from Bonding Chemical (Katy, TX, 

USA), N-Methyl-2-pyrrolidone (NMP) from Fisher Sci (Pittsburg, PA, USA), alamarBlue from 

Bio Rad (Hercules, CA, USA) were all used as received from the manufacturer. Vancomycin 

Hydrochloride (V-HCl) was obtained from Sagent Pharmaceuticals (Schaumburg, IL, USA).  

Vancomycin free base (V-fb) was made from V-HCl as previously described [15].  

5.3.2. Fabrication of Bioglass 

Bioglass substrate (BG) was fabricated using a modification of a previously described 

method [174] [175]. Briefly, amorphous 45S5 BG particles of approximately 10μm were 

suspended (40 wt%) in a polyvinyl alcohol (PVA) – water solution (0.01 mol/L of PVA in water) 

by vigorously stirring to create a slurry. Subsequently, a polyester-based polyurethane (PU) foam 

with porosity of 90 ppi and dimensions of 1 cm x 1 cm x 0.5 cm was used as a sacrificial 

polymer template to fabricate a BG scaffold. The foam was dipped into the BG slurry, letting the 
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particles infiltrate and settle in the porous structure of the PU foam. After soaking for 15 

minutes, excess PVA slurry was squeezed out and the foam was dried overnight. The dried 

foams were then heated and sintered in a kiln (Paragon Caldera XL Kiln, Clay-King.com, 

Spartanburg, SC, USA). To sinter the BG scaffolds, the kiln was heated at a rate of 2°C/min to 

400°C and held at 400°C for 1 hour to burn out the polyurethane foam scaffold. Afterward, the 

kiln was heated to 1000°C at 2°C/min and held at 1000°C for 1 hour.  At the conclusion of this 

incubation period, the kiln was cooled to room temperature at a rate of 5°C /min (figure 1). The 

resulting porous glass structure was collected for further use. 

 

Figure 5.1. Heating and sintering temperature during BG scaffold fabrication. 

 

5.3.3. Fabrication of ABVF-BG 

The fabricated porous BG scaffold was crushed and sieved to get a particle size 

distribution of 150 to 425 μm. The BG particles, 350 mg, were soaked in 1mL of a vancomycin 

HCl solution (100 mg/mL in phosphate buffered saline) and dried in a controlled environment 

(37°C in a humidified incubator with 5% CO2 flow for 48 hours, followed by 50 C at ambient 
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humidity on hot plate for 1 hour). The polymers (PEG, 21.2 mg, and PCL, 42.5 mg) were melted 

at 65 C in a steel slide. Antibiotic soaked and dried BG particles were added to the molten 

polymers and mixed to create a homogenous amalgamation. At this point, vancomycin free base 

(V-fb, 55.5 mg) was added to the mixture. Subsequently, PLGA, 85.5 mg, dissolved in 200 μL of 

N-Methyl-2-pyrrolidone (NMP) was mixed into the polymer/drug/BG composite. Later, 20 μL 

phosphate buffered saline (PBS) was added dropwise to produce a material with putty like 

consistency. This master mix was compressed into a 3D printed mold to yield a cylindrical shape 

of 4 mm diameter x 3.5 mm height for further study. 

5.3.4. Characterization of Bioglass Scaffold and ABVF-BG 

5.3.4.1. X-ray Diffraction (XRD) 

The sintered BG scaffolds were crushed to powder using a mortar and pestle and used for 

XRD. As control the amorphous bioglass powder was also used for XRD. Bruker D8 advanced 

XRD machine (Bruker, Billerica, MA, USA) was used to run the XRD, employing Cu kα 

radiation (at 40 kV and 40 mA). Data were collected over the range of 2θ=0–90° using a step 

size of 15° and a counting time of 300 s per step. 

5.3.4.2. Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray Spectrometry 

(EDS) 

SEM and EDS were run on the crushed bioglass particles (150 to 425 μm). SEM was also 

done on the ABVF putty to observe the morphology of it. For SEM, the samples were attached to 

cylindrical aluminum mounts with colloidal silver paint (Structure Probe Inc., West Chester, PA, 

USA) followed by gold coating (Cressington Inc., Redding, CA, USA). Images were taken with 

a JEOL JSM-6490LV scanning electron microscope. The microscope was equipped with Thermo 

Scientific UltraDry EDS detector for recording EDS spectra. 
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5.3.4.3. Assessment of In Vitro Bioactivity in Simulated Body Fluid (SBF) 

This study was carried out by following standard method described earlier [176]. Briefly, 

the crushed BG particles were washed in deionized (DI) water followed by drying. Then in a 6-

well plate, 100 mg of the BG particles were taken and 4 mL of SBF was added. The BG in SBF 

was incubated for 4 days at 37 C in an incubator with exchange of SBF every day. After 4 days, 

the particles were rinsed gently in DI water followed by drying. The dried particles were used for 

XRD to see the presence of hydroxyapatite (HA) crystal presence. XRD conditions were the 

same as described in method 5.3.4.1. 

5.3.4.4. Micro Computed Tomography (μ-CT) 

For μ-CT, the ABVF-BG or bone was hot glued to a glass rod and placed into a GE 

Phoenix v|tome| xs X-ray computed tomography system with a 180 kV high power nanofocus X-

ray tube xs|180 nf, high contrast GE DXR250RT flat panel detector, and molybdenum target (GE 

Sensing & Inspection Technologies GmbH, Wunstorf, Germany). One thousand projections were 

acquired at a voltage of 80 kV and a current of 300 µA. Voxel size was 6.4 µm. Acquired images 

were reconstructed into a volume data set using GE datos|x 3D computer tomography software 

Version 2.2 (GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The 

reconstructed volume was then viewed and manipulated using VGStudio Max (Volume Graphics 

Inc., Charlotte, NC, USA). 

5.4. In Vitro Antimicrobial Activity Assay 

Vancomycin was released by incubating ABVF-BG putty in PBS (phosphate buffered 

saline) release media. Cylindrical ABVF-BG (4 mm x 3.5 mm) was put into 2 mL of PBS (1x) in 

a centrifuge tube and was incubated at 37°C. At different time points (day 1, day 2, day 3, day 7 

and every week after that through 6 weeks), all of the release media was collected and replaced 
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with fresh PBS. After 6 weeks of drug release, the ABVF-BG putty was dissolved in 

dichloromethane and residual vancomycin was extracted in DI water. In vitro antibacterial 

activity of the released and residual drug was assessed against Staphylococcus aureus (ATCC 

49230) using a Kirby-Bauer ZOI assay [91].  Briefly, 100 μL of the collected drug release media 

was dried on a 6.5 mm diameter filter paper disk by incubating at 37°C. An overnight S. aureus 

culture was prepared and diluted in PBS to get a 107 CFU/mL bacterial concentration. The 

bacterial solution was streaked on Luria Bertani (LB) agar plates.  Subsequently, drug-soaked 

filter paper disks were placed on the plates (within 15 minutes of bacteria streaking) and 

incubated for 20 hours at 37°C. The ZOI around the disk was measured using a digital caliper. 

5.5. In Vitro Cell Viability Assay 

Cytotoxicity of ABVF-BG putty was assessed via a standard alamarBlue assay, following 

the manufacturer’s protocol. Briefly, 10,000 MG-63 osteoblast cells (ATCC, Manassas, VA) 

were seeded in each well of a 96-well plate. Cells were grown in Dulbecco’s Modified Eagle 

Media (DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin-

fungizone (Lonza, Walkersville, MD, USA) and were incubated at 37°C with 5% CO2. After 

reaching 60% confluence, 100 μL of release media collected at different time points from 

ABVF-BG was added to each well along with 100 μL of cell culture media. Control wells 

received 100 μL 1X PBS and 100 μL of cell culture media only. After 48 hours of incubation, 

cells were washed with 1X PBS three times. Fresh media was added to the wells followed by 

addition of alamarBlue to a 10% final concentration.  Subsequently, wells were incubated at 

37°C for 4 hours. After the incubation, the absorbance of the wells was read at 570 nm and 600 

nm (Spectramax m5, Molecular Devices, Downingtown, PA, USA). Cell viability was calculated 

using the following equation: 
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%cell viability = ((O2 x A1) – (O1 x A2)) / ((O2 x P1) – (O1 x P2)), (1) 

Where, O1 = molar extinction coefficient (E) of oxidized alamarBlue (Blue) at 570 nm, 

O2= E of oxidized alamarBlue at 600 nm, A1 = absorbance of test wells at 570 nm, A2 = 

absorbance of test wells at 600 nm, P1 = absorbance of positive growth control well (cells plus 

alamarBlue but no test agent) at 570 nm, P2 = absorbance of positive growth control well (cells 

plus alamarBlue but no test agent at 600 nm). 

5.6. In Vivo Assessment 

5.6.1. Rat Osteomyelitis Model 

A rat osteomyelitis model was used to assess the in vivo performance of ABVF-BG 

according to approved protocol by the Institutional Animal Care and Use Committee (IACUC) at 

North Dakota State University (A19019).  Sprague-Dawley rats, both male and female, (>280 

grams) were used for the in vivo study. Briefly, rats were anesthetized by isoflurane inhalation. 

The right hind leg was shaved and sterilized using alcohol and iodine pads, repeatedly. A small 

incision of ~12 mm was made below the knee over the tibial metaphysis. A 4.2 mm hole was 

drilled using an orthopedic drill (Stryker, Kalamazoo, MI, USA) until it penetrated the bone and 

revealed the marrow space of the tibial metaphysis. Overnight S. aureus culture diluted in sterile 

saline to achieve concentration of 108 CFU/10 μL was injected (10 μL) through the drill hole 

defect into the marrow space using a 25 μL Hamilton syringe followed by implantation of the 

ABVF-BG putty to fill up the drilled hole.  The incision was closed using a series of mattress 

sutures followed by application of surgical glue (Vetbond Tissue Adhesive, 3M, MN, USA). 

Following the surgery, buprenorphine hydrochloride (Hospira, Inc., Lake Forest, IL, USA) was 

injected (0.01 mg/kg) subcutaneously as an analgesic. The control group underwent the same 

surgical procedure but received putty without antibiotic (BVF putty). Rats were assigned 
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randomly to the control and treatment group. Rats were monitored daily for signs of discomfort 

and infection. After 8 weeks, the rats were sacrificed, and the tibia was harvested for further 

study. 

5.6.2. X-ray and μ-CT 

Following euthanasia, radiographic analyses of bones were done after disarticulating the 

limb and harvesting the bone by removing soft tissue. X-ray was done using IDEXX CR Digital 

Radiography System (Westbrook, Maine, USA) following standard protocols. Briefly, lateral and 

cranial-caudal radiographic images of each limb were obtained at mAs: 4 and kVp: 40. μ-CT of 

the bone was done following similar procedure as described in section 5.3.1.4 with slight 

adjustment of current to 400 – 500 µA. 

5.6.3. Bacterial Colony Count 

Collected bone was flash frozen in liquid nitrogen, followed by pulverization using a 

custom-made bone crusher. The pulverized bone was weighed and suspended in 500 μL of PBS. 

Serial dilutions were made [90] and 10 μL of suspension was plated on blood agar plates (Fisher 

Sci, Pittsburg, PA, USA ).  Subsequently, plates were incubated for 48 hours at 37°C and 

bacterial colonies were counted. To get the total number of bacteria in the total sample, the 

number of colonies were multiplied by the dilution factor and normalized per gram of bone. 

5.6.4. Histology 

After euthanasia, the bone was harvested and fixed in 10% neutral buffered formalin for 

72 hours. Subsequently, bone was decalcified by immersing it in an EDTA solution (10% 

solution at pH 7.4) for 2 weeks.  The EDTA solution was exchanged every other day. Once the 

bone was decalcified, it was embedded in paraffin wax and sectioned (5 μm). Sections were 

mounted on glass slides and stained with hematoxylin and eosin stains (H&E stain - Scy Tek 
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Lab., Logan, Utah, USA) according to standard protocols. Briefly, the sections were 

deparaffinized in Clear Rite 3 (Thermo Fisher Scientific, Kalamazoo, MI, USA). Subsequently, 

tissue was rehydrated with a decreasing gradient of ethanol. After H&E staining, the tissue 

section was covered with a glass coverslip using synthetic resin mounting media (Cytoseal XYL, 

Thermofisher, Kalamazoo, MI, USA).  Stained slides were imaged at 40x using MoticEasyScan 

Digital Slide Scanning microscope (Motic Digital Pathology, San Francisco, CA, USA). 

5.6.5. Statistical Analysis 

The statistical package in Microsoft Excel 2016 was used for all calculations and 

statistical analyses. A student’s T-test using α=0.05 was done to determine statistical 

significance.  

5.7. Results 

5.7.1. XRD of Bioglass 

XRD was done to assess the crystallinity of sintered BG. XRD of non-sintered BG shows 

amorphous XRD spectra (Figure 5.2 a). The sintered BG showed partially crystalline structure 

with mostly crystalline peaks related to crystalline Na2Ca2Si3O9  (Figure 5.2 b) [159,174]. The 

SBF exposed BG particles showed the presence of HA crystals (Figure 5.2 c). It can be noted 

from the changing XRD pattern of the SBF exposed BG particles that there is reduced 

crystallinity compared to sintered only BG particles (Figure 5.2 b). 
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Figure 5.2. XRD spectra of amorphous bioglass powder, sintered BG particles and SBF exposed 

sintered BG particles. 

a) XRD of amorphous bioglass particles before sintering. b) XRD of partially crystalline BG 

after sintering. Major peaks corresponding to crystalline phase containing Na2Ca2Si3O9 are 

marked with *. c) BG after been immersed in simulated body fluid for 4 days. Presence of HA 

can be seen, indicated by °. 

5.7.2. SEM and EDS of Sintered Bioglass and ABVF-BG 

SEM of sintered BG scaffold showed porous structure with pores ranging from 80 μm to 

223 μm (Figure 5.3). The strut of the scaffold structure ranges from 81 μm to 242 μm (Figure 

5.3). The strut provided the scaffold like structure resulting from the partial crystallinity of the 

bioglass that provided the support for holding the structure by providing increased mechanical 
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strength [174]. The SEM of particles of crushed bioglass scaffold showed particles of different 

width (Figure 5.4 a). It corresponds to the struts of different width seen in the scaffold (Figure 

5.3). A close image of the strut showed densification after sintering along with micropores 

ranging from 1 – 4 μm on the particles. EDS spectra of the sintered BG showed the presence of 

Ca, P, Na and Si in the sintered BG (Figure 5.5). SEM of the ABVF-BG showed porous inner 

structure (Figure 5.6).  

 

Figure 5.3.  SEM image of BG scaffold after sintering. 

The porous structure is visible in the images. 

 

Figure 5.4. a) SEM images of crushed sintered BG particles.  

Sturt of different width are seen. Micropores are also visible on the struts. b) The densified strut 

morphology is also seen. 
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Figure 5.5. EDS spectra of sintered bioglass.  

EDS showed the presence of Na, Si, P, and Ca in the sintered bioglass. 

 

Figure 5.6. SEM image of ABVF-BG putty fabricated with BG as the bone graft substitute. 

a) SEM of outer structure of ABVF-BG. b) and c) SEM of inner structure of ABVF-BG showing 

pores. 

5.7.3. μ-CT of ABVF-BG 

μ-CT was done on the ABVF-BG putty to assess the distribution of BG particles in the 

polymer matrix of ABVF-BG. μ-CT of the ABVF-BG showed homogenous distribution of BG 

particles embedded in the polymer matrix (Figure 5.7). The BG particles seems to be more 

densely packed (45.54% v/v vs 28.23% v/v) within the polymer matrix than the previous 

formulations with Pro Osteon (Figure 3.1 b). 
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Figure 5.7. μ-CT image of ABVF-BG showing BG particles are homogenously distributed in the 

polymer matrix. 

 

5.7.4. In Vitro Antimicrobial Activity Assay 

Vancomycin released from ABVF-BG showed efficient antibacterial activity against S. 

aureus up to 6 weeks (Figure 5.8). At week 6, the standard deviation of the ZOI was large. But 

there was still some vancomycin left in the ABVF-BG after 6 weeks as residual antibacterial 

activity was seen from the extracted residue of the completely released ABVF-BG putty. 

 

Figure 5.8. Zone of inhibition of released vancomycin from ABVF-BG against S. aureus (strain 

ATCC 49230). 
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5.7.5. In Vitro Cell Viability Assay 

MG-63 osteoblasts cells were exposed to drug released media from ABVF-BG putty to 

assess the cytotoxicity of released vancomycin at different time points.   Compared to control 

cells, which were not exposed to any vancomycin, no significant change in cell viability was 

observed in when cells were exposed to day 1 and week 3 drug released media (Figure 5.9). 

However, cell viability dipped to just over 80% at week one, a significant decrease (p<0.05) in 

viability compared to the control (Figure 5.9). 

 

Figure 5.9. Cell viability of MG-63 cells when exposed to drug released media from bioglass 

based ABVF-BG. 

No significant difference was seen in cell viability when cells were exposed to day 1 and week 3 

drug release media, although a significant drop in cell viability was observed when cells were 

exposed to week 1 drug release sample. 



 

108 

5.7.6. In Vivo experiment 

5.7.6.1. X-ray and μ-CT of Rat Bones 

X-ray of the tibia in the infection control group (i.e., ABVF-BG putty with no antibiotic) 

showed classic signs of infection such as un-healed, osteolytic and deformed bone (Figure 5.10). 

Narrowing of marrow space is also visible. In contrast, treatment group rat bone showed no signs 

of infection and the bone seemed to have healed well (Figure 5.10). μ-CT images showed 

presence of infection in infection control rat tibia (Figure 5.11 a). The signs of osteomyelitis such 

as narrowing of marrow space, presence of puss filled fibrous capsule, sinus tract and deformed 

bone with ectopic bone growth are visible. Alternatively, healing bone without signs of infection 

was seen in treatment group rat bone μ-CT images. The hole drilled space was being filled by 

growing cancellous and cortical bone (Figure 5.11 b). 

 

Figure 5.10. X-ray of rat tibia from different groups of osteomyelitis model.  

Red arrow is showing osteomyelitic bone of control rat bone with infection. Green arrow is 

showing infection free, healed bone. 



 

109 

 

Figure 5.11. μ-CT radiographs of rat bones from different groups of osteomyelitis model. 

a) μ-CT image of the infection control group rat bone showed signs of infection: narrowing of 

marrow space, presence of puss filled fibrous capsule, sinus tract and deformed bone with 

ectopic bone growth (red arrows). b) The treatment group rat bone μ-CT image is showing signs 

of healing bone, formation of cortical and cancellous bone in the space where hole was drilled 

(green arrows). 

5.7.7. Bacterial Colony Count 

The bacterial colony count confirmed the infection visible in imaging (Figure 5.10 and 

5.11 a) in infection control group rats. The control group rat bone showed high amount bacterial 

load (4.63 x 106 ± 7.9 x 105 CFU/gram bone) (Figure 12). In contrast, treatment group rat tibia 

showed no bacterial growth in culture confirming absence of any infection (Figure 5.12). Here, 2 

biological replicates and 4 technical replicates were used for bacterial colony count for each 

group. 
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Figure 5.12. Bacterial colony count after culturing bacteria from rat bones of different groups. 

High amount of bacterial presence was seen in infection control group rat tibia. The treatment 

group rat showed no bacterial colony in culture. 

5.7.8. Histology 

To assess histological features of the bone at the surgical site, H&E staining was done. 

Tibia from the control rats showed unhealed bone, including a lack of new bone growth and the 

presence of fibrous tissue, a consequence of infection.  Additionally, the presence of chronic 

infection was evident (red arrows, Figure 5.13a). On the contrary, bone from the treatment group 

showed ongoing bone healing, including new bone growth and osseointegration, likely resulting 

from the absence of infection (Figure 5.13b). It also showed limited mature collagen structure 

(green arrows, Figure 5.13b). These signs are consistent with the documented healing process of 

bone in the absence of infection. 
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Figure 5.13. H&E staining of rat bone. 

(a) Control rat bone. Note that there is growth with narrowing of the marrow space. Additionally, 

there are places of bone thickening and a large fibrous capsule with inflammatory cells. (b) Bone 

from the treatment group rat shows ongoing healing of the bone, including new bone formation 

in the defect. Osseointegratation of the host bone was seen, as the degradation of the ABVF-BG 

allowed new bone to in growth. 

5.8. Discussion 

Bioactive glass or BG has been a subject of interest in tissue engineering, specifically for 

orthopedic applications, because of its bone-bonding properties [177]. 45S5 amorphous BG 

powder, used in this study to synthesize BG scaffold, is particularly well known for its ability to 

bond bone.  Its ability to bond bone can be attributed to the conversion of the BG material to a 

HA like layer. The conversion starts with the formation of a SiO2-rich gel on the 45S5 glass 

surface by ion exchange reactions. Dissolution and diffusion of the ions from the BG through the 

SiO2- rich gel layer, contributes to the reaction between Ca2+ and PO4 
3– ions from the 

surrounding liquid. This reaction ends in the growth of an HA like layer  on the gel surface 

[178]. Although, BG may be good option as a bone void filler due to its bone healing properties, 

unlike other BVF materials, conventional casting and melt derived BG, as in our case,   can be 

challenging to be used as an antibiotic carriers due to higher density and less porosity [179]. Sol-

gel method derived BG, although, can be used to load antibiotics in their mesoporous structure, 

they show unpredictable antibiotic release, extremely low overall release (20-25%) of loaded 

drug and poor mechanical property [179]. Thus, BG composite, such as the ABVF-BG putty that 

we have developed, where BG particles are loaded in a biodegradable polymer matrix that 
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controls drug release, is a viable option for BG based antibiotic delivery for osteomyelitis 

treatment. 

Perhaps as a consequence of its ability to bond bone, BG based bone void fillers, 

particularly when formulated as a putty, have previously been shown double the amount of bone 

formation after 6 weeks when compared to  particulate BG in a sheep vertebral defect model 

[180]. Importantly, the putty matrix may have allowed more space for bone formation as the 

matrix degraded than tightly compacted particulate. Furthermore, a putty might prove preferable 

for both its handling characteristics as well as its immune interactions; migration of loose BG 

particulates have been shown to provoke inflammation [181]. 

To take advantage of the bone bonding and healing properties of BG in the current study, 

amorphous 45S5 BG powder was sintered to create a partially crystalline scaffold. Using the 

conditions described here (method 5.3.1.2) yielded the presence of Na2Ca2Si3O9 in the crystalline 

region after sintering (Figure 5.2 b) when compared to the amorphous 45S5 BG powder (Figure 

5.2 a). The presence of Na2Ca2Si3O9, which was shown to be converted into an amorphous form 

in the presence of phosphate ions, is critical for the bioactivity of any BG based scaffold [174]. 

Previously, bioactivity of Na2Ca2Si3O9 crystals has been reported, showing  that the combination 

of this non-phosphate bioactive crystal with phosphate ions from the BG particle leads to faster 

HA formation in vitro in SBF, similar to amorphous BG powder [182].   In a previous studies, 

the rate of HA crystal formation on crystalline BG particulate was slower when put into SBF, but 

the bioactivity was still preserved [183]. In current study, after subjecting the sintered BG 

particles to SBF, a peak corresponding to  HA  appeared in the XRD, and a reduced crystallinity 

of Na2Ca2Si3O9 was observed  (Figure 5.2 c),  which may indicate the crystalline Na2Ca2Si3O9  
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phase started to convert to a more amorphous form [174].  Nonetheless, bioactivity was 

preserved.  

In addition to the traditional, albeit slightly slower, changes in the surface of the BG that 

lead to bone bonding and likely contribute to bone healing, the influence of porosity in this 

process cannot be neglected.  In our current study, the sintered BG scaffold had a porous 

structure with varying pore sizes (Figure 5.3); this porosity was likely a result of the sacrificial 

polyurethane polymer template, although the variability of the pore sizes may reflect the BG 

structure somewhat collapsing in the absence of the polymer template during the sintering 

process.   Additionally, the pore sizes of the template may be variable and not be well defined 

due to variation in the penetration of BG slurry into the polyurethane template. Regardless, a 

range of pore sizes is seen, which is important for vascularization and bone ingrowth. Different 

studies reported different pore sizes as optimal but there is no clear consensus. Pore size range of 

150–710 μm bone tissue engineering [184], 5 – 600 μm for bone regeneration [185], 50 to 710 

μm for bone regeneration and 5 μm for neovascularization [186] have been reported. Although 

there is much variation, it can be said that porous structure is necessary for bone tissue healing 

[187]. SEM image of the crushed BG scaffold showed particles was were used to formulate the 

ABVF-BG (Figure 5.4 a). A zoomed in view showed a densified structure of the particles with 

micropores, as noted in earlier studies [174]. Densification here is desired as this would provide 

a measure of structural integrity under compression. The EDS of the sintered BG confirmed the 

presence of the different elemental composition in the sintered BG (Figure 5.5) when compared 

to the amorphous BG powder used. Additionally, ABVF-BG putty prepared with sintered BG 

particles showed a porous macrostructure throughout the composition (Figure 5.6 b) as well as 

the presence of micropores throughout the structure (Figure 5.6 c). Macroporosity likely resulted 
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from the disbursement of sintered BG particles in a putty like polymer matrix.  μ-CT of the 

ABVF-BG putty showed the homogenous distribution if the BG particles embedded in the 

polymer matrix (Figure 5.7). The packing density of the particles in the putty is a critical 

parameter that can be optimized to facilitate host bone cell infiltration and ingrowth. The BG-

based ABVF-BG putty reported here has an appropriate spatial distribution of the BG particles in 

a degrading polymer matrix, which may be further optimized, offering a distinct advantage of 

our ABVF-BG putty over other BG particulate only fillers [180].  Ultimately, the presence of 

both a macro and micro pores as seen in the produced ABVF-BG putty would support bone 

tissue healing.  

In addition to providing a significant advantage for bond bonding and regeneration, 

several types of particulate BG such as S53P4 and 45S5 have been shown to possess 

antibacterial properties in vitro due to increasing pH, osmotic pressure and calcium ion 

concentration [188] [189].  However, in another apparent disconnect between in vitro 

performance and in vivo efficacy, particulate BG fillers failed to exert any significant effect on 

infection prevention in a rabbit open tibial fracture model [190].  Mechanistically, the authors 

argued that the body’s buffering capacity may have prevented an increase in pH sufficient to lead 

to bacterial killing. Nevertheless, the efficacy of BG in comparison to calcium sulfate antibiotic 

beads was assessed in a human trial of osteomyelitis.  In that particular trial, the BG showed  

similar activity as calcium sulfate antibiotic beads; however, it must be noted that, both groups of 

patients received systemic antibiotic for 6-12 weeks as part of the trial, casting doubt on the 

efficacy of BG as an antimicrobial material [155]. 

Vancomycin still remains as the standard recommended antibiotic for treating 

osteomyelitis caused by S. aureus [148]. Moreover vancomycin is effective against methicillin-
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resistant Staphylococcus aureus (MRSA) and the bacteria are slow to evolve resistance against 

vancomycin [173]. Although the BG in our putty was not shown to have innate antibacterial 

activity (data not shown), when incorporated into the reported ABVF-BG putty formulation, the 

drug released from showed antibacterial efficacy against S. aureus for up to 6 weeks (Figure 

5.8), our targeted timeframe to treat osteomyelitis based on clinical data [150]. Residual 

antibacterial activity shown after 6 weeks release may be due to some vancomycin still trapped 

in the remaining polymer matrix. Although not a significant concern for this study, the complete 

release of drug the ABVF-BG putty should occur within the desired therapeutic window as to 

avoid inadvertently promoting the development of antibiotic resistant species, a consequence 

which has not been observed with any of our ABVF-BG putty formulations explored to date.  

Regardless, in the in vivo study no residual bacterial content could be cultured from the tibia of 

the treatment group, a significant reduction in bacterial content when compared to the control 

group, p<0.002. High bacterial content (4.63 x 106 CFU/ gram bone) was seen in the tibia 

harvested from the infection control group implanted with BG BVF putty with no antibiotic at 

(Figure 5.12). In addition, these rats had a puss filled capsule at the surgical site, which was 

separated from the bone and cultured, yielding incredibly high bacterial load, innumerable even 

after 108 fold dilution.  

While the drug release milieu from the ABVF-BG putty effectively killed S. aureus both 

in vitro and in vivo, cytotoxicity is an important criterion to assess. In vitro cell viability assays 

showed no significant difference in osteoblast cell viability at day 1 and week 3 (although there 

was a significant dip in viability at week 1 (Figure 5.9). Nevertheless, cell viability remained 

about 85%, which is within the acceptable limit for medical devices and materials (viability 

above 70%) according to the International Organization for Standardization guidelines [191]. 
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Interestingly, at day 1 when the drug concentration is anticipated to be the highest (Figure 5.8) 

and week 3, which corresponds to the predicted onset of degradation of the putty’s polymer 

matrix, cell viability was not significantly reduced.  Therefore, it is unclear why there was a 

decline in viability at week1. 

Despite the conundrum surrounding our cytotoxicity assay, assays indicated the safety 

and efficacy of our ABVF-BG putty; hence, we proceeded to assess our ABVF-BG putty in vivo, 

with promising results. X-ray imaging showed healed or healing bone in the treatment group 

(Figure 5.10 b). In contrast, the infection control group showed the telltale signs of osteomyelitis: 

deformed bone, osteolysis, periosteal thickening and formation of sequestrum (Figure 5.10 a). μ-

CT of the bones confirmed the finding. The treatment group bone showed no signs of 

osteomyelitis as the bone appeared to be healed with new bone formation and remodeling taking 

place (Figure 5.11 b). On the contrary, severe osteomyelitis was seen in the infection control 

group with decreased and deformed bone formation, narrowing marrow space and the formation 

of sinus tracts. Infection seemed to be spread to the posterior of the bone, and the presence of 

puss filled capsule was also seen (Figure 5.11 a).   

A shortcoming of the current study was that the number of rats used per group was only 

3. In future studies, the cohort size will be increased. It might also be of interest to see the effect 

of time in bone regeneration. That means to see how much bone regrowth happened at week 4, 6, 

10 and 12. This remains as a future study of interest. But nevertheless, this study showed that 

bone regeneration was achieved at a satisfactory level and well as the infection is cured in the 

treatment group rats. All 3 control group rats remained infected at the end of study period with 

severe osteomyelitis demonstrated, while all the treatment group rats were cured and remained 

infection free. 
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5.9. Conclusions 

The successful infection treatment and satisfactory bone healing in rats shows the 

promise of a BG based ABVF-BG putty to treat osteomyelitis. ABVF-BG provided effective 

release of vancomycin showing in vitro and in vivo efficacy against S. aureus. ABVF-BG was 

biodegradable and provided support for new bone growth. No adverse effects were seen on either 

overall rat health or on in vivo bone healing. The BG based ABVF-BG putty developed in this 

study can be a promising option for difficult to treat osteomyelitis in bone. 
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6. CONCLUSIONS AND FUTURE DIRECTIONS 

Many attempts have been taken to develop novel methods to treat osteomyelitis over the 

years. Despite the efforts, the overall benefits for morbidity have been modest. Developing a 

local drug delivery vehicle with bone healing properties may address this challenging pathology. 

However, hitting the sweet spot to balance infection cure with implant degradation and bone 

regeneration can be difficult. Continuous strides need to be made to fight these infections so that 

antibiotic resistance, which is prevalent in recurrent osteomyelitis, can be prevented, thereby 

improving patients’ lives. 

In the scope of the current study, we have attempted to develop several different novel 

formulations in the search for alternative treatment options for osteomyelitis. In the second 

chapter, we used different custom-made polymers to design an antibiotic releasing bone void 

filler (ABVF) with putty-like material characteristics to provide bacterial killing for up to 6 

weeks. Although certain custom polymers provided desirable in vitro kinetics, their synthetic 

yield was limited, potentially restricting future development and leading us to develop additional 

formulations around a commercial polymer blend.  However, future experiments should consider 

the in vivo evaluation of the most promising custom polymers. 

The next chapter describes the development of an easy to fabricate ABVF putty using 

commercially available and clinically used biodegradable polymers. The ease of the fabrication 

makes it viable for clinical use while the handling properties of a putty are in harmony with 

current clinical practice, being familiar to surgeons, who in many cases, mix and make bone void 

filler during or just prior to surgery. To achieve antibacterial activity for up to 6 weeks, the form 

of vancomycin was converted to a less soluble free-base form to slow down the drug release. 

This formulation achieved the desired drug release kinetics and provided an in vivo infection 
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cure and bone healing in a rodent model. A study in a larger sheep model should be done in the 

future to assess its utility in a model more akin to the biomechanics and biology of human bone.  

Having established that ABVF containing vancomycin is effective against planktonic S. 

aureus in the bone in the 4th chapter, ABVF-C as a combination antibiotic delivery system was 

assessed to determine its effectiveness against S. aureus biofilm infections. Biofilm infections 

that involve orthopedic implants are extremely challenging to treat. Currently, implant removal 

and a multi-stage revision surgery is the standard clinical practice.  Unfortunately, the 

antibiofilm antibiotic rifampicin cannot be incorporated into the most common cement based 

bone void filler, limiting the utility of bone cement for biofilm based infections, which are 

increasingly common. Importantly, rifampicin oral therapy is very often prescribed along with 

another antibiotic to treat these infections due to the development of resistance. Thus, our goal 

was to add a level of customization to the ABVF putty developed in chapter 3 to treat implant 

related biofilm infections by delivering a combination of rifampicin and vancomycin. We have 

successfully treated biofilm infections in a rat infection model using a mature biofilm grown on a 

k-wire.  The rats remained infection free until the end of the study. This study specifically shows 

huge promise for the ABVF-C putty delivering antibiofilm combination antibiotics to treat 

biofilm infections. In future, larger cohorts of animals need to be included in a statistically 

powered in vivo study. A long-term survival study can also be carried out to see if there is any 

recurrence of infections if the implant is not removed from the bone. 

 In the final formulation, described in chapter 5, we wanted to include bioglass, which is 

known to possess bone-bonding properties and provides faster mineral apposition and bone 

healing. We have manufactured partially crystalline bioglass particles to formulate ABVF-BG 

putty containing vancomycin as the antibiotic. The ABVF-BG putty provided efficient in vitro 
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bacterial killing and inhibited infection in rats while providing good bone healing. This turned 

out to be a very promising formulation. In future, larger cohorts of animals need to be tested 

using this ABVF-BG. Additionally, it will be worthwhile to add rifampicin to the formulation to 

assess its ability to kill a biofilm. 

In this dissertation, attempts were made to develop a customizable ABVF putty to treat 

osteomyelitis. The experiments and corresponding results show a very promising treatment 

alternative for recalcitrant osteomyelitis. 
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APPENDIX A 

Table A.1. Vancomycin release kinetics from each ABVF formulation tested fitted into different 

drug release kinetics model. 

Formulation Zero-order 

(R2) 

First-order 

(R2) 

Korsmeyer-peppas 

(R2) 

Higuchi 

(R2) 

Hixon-

Crowell 

(R2) 

1-A 0.14 0.45 0.92 0.29 0.26 

1-B 0.34 0.66 0.74 0.54 0.54 

1-C 0.14 0.41 0.94 0.29 0.26 

1-D 0.16 0.51 0.98 0.32 0.33 

1-E 0.14 0.45 0.93 0.29 0.26 

1-F 0.14 0.45 0.96 0.29 0.26 

2 0.26 0.52 0.51 0.46 0.41 

3-A 0.14 0.45 0.90 0.29 0.27 

3-B 0.15 0.39 0.93 0.30 0.26 

3-C 0.14 0.40 0.97 0.29 0.24 

3-D 0.14 0.42 0.96 0.29 0.25 

3-E 0.14 0.47 0.63 0.29 0.27 

3-F 0.13 0.46 0.94 0.28 0.24 

4-A 0.49 0.78 0.76 0.69 0.69 

4-B 0.27 0.71 0.83 0.43 0.53 

4-C 0.63 0.83 0.71 0.81 0.76 

4-D 0.17 0.57 0.82 0.33 0.37 

5-A 0.89 0.84 0.77 0.80 0.86 

5-B 0.92 0.94 0.93 0.96 0.98 

6-A 0.81 0.98 0.95 0.92 0.92 

6-B 0.32 0.74 0.84 0.53 0.59 

6-C 0.67 0.99 0.96 0.87 0.91 

7-A 0.15 0.47 0.63 0.29 0.27 

7-B 0.13 0.46 0.94 0.28 0.24 

The amount of vancomycin was plotted against time on the x-axis. Individual replicates of each 

formulation, indicated by the letter, were then fitted to each of the common pharmacokinetic 

models to identify the best fit according to R2. 
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APPENDIX B 

B.1. HPLC Validation of Vancomycin Free-base 

HPLC was carried out using the following method. Briefly, mobile phase contained 0.1% 

TFA in water and 0.1% TFA in acetonitrile. The flow rate was set at 1 mL/min. Vancomycin salt 

stock solution and different fractions during the vancomycin free-base preparation (VancFB2) 

was analyzed to see if there are by-products. The wavelength was 280 nm and Waters 

Corporation Alliance e2695 with PDA detector HPLC system (Milford, MA, USA) was used 

with a C18 column (XTERRA RP 18 5mm 4.6x250 mm column). HPLC validation of V-fb 

showed that no additional by product was created during the V-fb production. The peaks 

appeared at the same spot for V-fb as it did for V-HCl (Figure B2.1). 

 

Figure B.1. HPLC validation of V-fb.  

The peaks appeared at the same time for both V-HCl and V-fb confirming the production of V-

fb. 
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B.2. In Vitro Bioactivity of V-fb 

To compare the in vitro bioactivity of prepared V-fb and V-HCl, a Kirby-bauer ZOI 

(zone of inhibition) assay was done using different concentrations of the drugs against 

Staphylococcus aureus (ATCC 49230) as described in the manuscript.  Bioactivity of V-fb and 

V-HCl against S. aureus measured via ZOI assay was similar. No significant difference was seen 

between the ZOI with no bacterial growth at a particular concentration (n=3 for each 

concentration) (Figure B2.2). 

 

Figure B.2. The bioactivity comparison of V-HCl and V-FB via a Kirby Bauer zone of inhibition 

study against S. aureus strain 49230 at 1.0 x 107 CFU/mL concentration. 

 

B.3. DSC Analysis of Polymers and Drug 

DSC analysis was done by heat ramp at 10 C/ min using a TA instrument DSC Q2000 

(TA Instruments, New Castle, DE, USA). In Figure B2.3, melting of PCL and PEG is seen. PCL 

shows melting at 68.15C and PEG melts at 65.97C. PLGA is amorphous, so no melting peak was 

seen. In the polymer mixture with NMP and PBS, the curve was broader, probably due to the 

presence of PBS and solvent NMP. Notably, PCL and PLGA are miscible in the NMP solvent. In 

the presence of PBS, there is a small broad peak seen at around 38 C, although melting seems to 
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happen at 30.52 C. The shape of the curve changes when vancomycin was added (Figure B2.4). 

Again, the peaks are broad, probably due to the several entities present in the mixture. The 

melting happened at a lower temperature than the individual polymers. Further characterization 

of the polymer mixture may be needed. Nevertheless, the mixture showed putty like consistency. 

 

Figure B.3.  DSC curve of PLGA, PEG, PCL.  
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Figure B.4. DSC curve of polymers, NMP, PBS and vancomycin mixture (maroon), and mixture 

without vancomycin (green).  

They appear different with wide melting range and seems to have two melting points (maroon) 

and the thermal behavior also changed as vancomycin was introduced. The melting points are 

lower than each of the individual polymers. 

B.4. Making of Bone Crusher 

From a local hardware store three components (Figure B 2.4): the bottom part (A) screws 

on to the barrel (B). The piston (C) then can be used to pulverize the bone using a hammer. (D) is 

the finished crusher. The crusher was autoclaved before being used for pulverizing the snap-

frozen bone. 
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Figure B.5. Construction of custom-made bone crusher. 

The bone crusher was made using three components. The bottom part (A) screws on to the barrel 

(B). The piston (C) then can be used to pulverize the bone using a hammer. (D) is the finished 

crusher. 

Table B.1. Vancomycin release kinetics from ABVF fitted into different kinetics equation. 

 

 

 

 

 

 

Korsemeyer-Peppas equation seems to have the best fitted model with high R2 value.

 Zero-

order 

First-

order 

Korsmeyer-

Peppas 

Higuchi Hixon-Crowell 

R2 0.7181 

 

0.9478 

 

0.9964 

 

0.8939 

 

0.907 
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APPENDIX C 

 

 

Figure C.1. Zone of Inhibition comparison of drugs release from ABVF in different volume of 

release media. 

The one of inhibition study done with released drug in 2 mL and 5 mL release media showed 

similar antibacterial activity. 

 

Figure C.2. X-ray of rat bone from cohort one rat. 

Cohort 1 rats received blank BVF, BVF putty without antibiotic, and showed signs of 

osteomyelitis. 


