
 

 

 

 

 

BONE TARGETING NANOPARTICLE AS A NEW PLATFORM  

OF ANTIBIOTIC AGENT DELIVERY  

FOR THE TREATMENT  

OF OSTEOMYELITIS 

 

 

 

A Dissertation 

Submitted to 

the Temple University Graduate Board 

 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

DOCTOR OF PHILOSOPHY 

 

 

 

 

by 

Pengbo Guo 

Diploma Date (August, 2019) 

 

 

 

 

 

Examining Committee Members: 

 

Ho-Lun Wong, Ph.D., Advisory Chair, Temple University School of Pharmacy 

Benjamin Blass, Ph.D., Temple University School of Pharmacy 

Reza Fassihi, Ph.D., Temple University School of Pharmacy 

Bettina Buttaro, Ph.D., Associate Professor, Lewis Katz School of Medicine   



 ii 

 

 

 

 

 

 

 

Copyright © 2019 by Pengbo Guo. 

All rights reserved. 

  



 iii 

ABSTRACT 

 

Osteomyelitis is a bone infection disease that is caused by microbes. One of the 

reason that a successful antimicrobial therapy has not been achieved in bone related 

infection is due to the physiological and structural limitations and multi-drug resistant 

bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA). Alendronate, a 

type of bisphosphonate, is a commonly used drug to treat osteoporosis that can strongly 

chelate with the calcium ions in bone mineral (hydroxyapatite), could be utilized as an 

active targeting moiety in a drug delivery system to bone tissues. Since nanomedicine can 

provide a robust drug delivery platform, with the properties of encapsulating molecules 

of different hydrophilicity, tunable drug release profile, and potential of differential 

targeting cells and tissues, we proposed a lipid-polymer nanoparticle system, Bone-

Targeting Nanoparticle (BTN), with surface modified with covalently bonded 

alendronate. In this study, BTN encapsulates linezolid, which has dose-related adverse 

effect that prevent long duration usage. According to our current results, BTN 

demonstrates three distinguished traits that potentially improves the therapeutic effect of 

linezolid towards MRSA induced osteomyelitis: a) a hydrophobic polymeric core that can 

encapsulate a high amount of linezolid; b) alendronate as a targeting moiety that can 

guide BTN to bone tissue and accumulate near the site of infection; and c) a PEGylated 

lipid interface that can enhance the drug release profile and provide increased serum 

stability relative to standard delivery methods. 
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CHAPTER 1  

INTRODUCTION REMARKS AND OVERVIEW 

 

1.1 Introductory Remarks 

The history of the battle between mankind and bacterial infection begins beyond 

recorded. Exploring new methods for sterilization, treatment and prophylaxis prevention 

was a continuous venture of trial and error until the discovery of penicillin by Sir 

Alexander Fleming in 1928. The application of penicillin was a starting point for 

antibiotic discovery. Since then, numerous classes and types of antimicrobial agents have 

been discovered and distributed to patients in need. However, the balance did not tilt to 

human side forever because of these discoveries and inventions. Bacteria are among the 

oldest living organisms on this planet and have existed far longer than humans. Not only 

do they evolved the tools and strategies that make them highly adaptable to extreme 

environment, but they also have the ability to mutate and transfer genes to adjust their 

genomes in order to survive. [1] In the ongoing race of the development of antimicrobial 

agents, however, microbes appear to be wining, as the pipeline of new drugs is virtually 

empty (Figure. 1). [2] Despite extensive efforts in research and enormous investment of 

resources, the pace of drug development has not kept up with the development of 

resistance (Figure. 2). [3] Increasing rates of bacterial resistance also limit the utility of 

even the most potent antibiotics, resulting in mortality due to failure in infection control 

and high health care costs. [4] 
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Figure 1.1 FDA approval on new antibiotics [2] 

 

 

 

Figure 1.2 History of antimicrobial agent development vs. subsequent acquaintance 

of resistance by microorganisms. [3] 
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There are many ways for bacteria to evade the attack of antibiotics and the 

immune system such as building and finding environmental niches (like biofilms and 

abscess), localizing intracellularly in host cells, or entering a hibernation state to reduce 

susceptibility to antimicrobial mechanism. [5-7] Drug resistant is another method that 

bacteria use to evade antibacterial attack. Antibiotics usually provide specific mechanism 

of action to target bacteria that could be countered by drug resistance. The most serious 

clinical threat in treating infectious diseases using antibiotics was the emergence of 

vancomycin resistant Enterococcus (VRE) which has intrinsic resistance to several 

commonly used antibiotics and, perhaps more importantly, a capability of acquiring 

resistance to all currently available antibiotics. More than 40% of Staphylococcus aureus 

strains collected from hospitals were resistant to methicillin (methicillin-resistant S. 

aureus, MRSA) [8, 9] and some of them were found to be resistant to vancomycin. 

Treating vancomycin-resistant S. aureus (VRSA) strains is a global and daunting medical 

challenge in the twenty-first [10, 11]. Multi-drug resistance has been increasing 

particularly among nosocomial and community bacteria that are capable of displaying 

many different mechanisms for antimicrobial resistance, often rendering them 

multiplication-resistant [12]. Bioinformatics analysis revealed that some deadly bacterial 

strain carries several antibiotic resistance genes at the same time, including resistance to 

aminoglycosides, macrolides, and β-lactam antibiotics. This implies that treating these 

virulent bacteria with antibiotics will be extremely difficult. The spread of resistance to 

many currently used antimicrobial agents is a high-level alert to find paradigm-shifting 

approaches for treating microbial infections as a top priority in medicine. Therefore, 

design, discovery, and delivery of antimicrobial drugs with improved efficacy and 
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avoidance of resistance are in high demanded [13]. There have been considerable efforts 

to search for new natural product-derived antibiotics to control infections by VRE, VRSA, 

MRSA, and other multidrug-resistant microorganisms.  

Another challenge in antimicrobial therapy is the treatment of chronically infected 

conditions. Treating chronic infections requires frequent intravenous administrations of 

high-dose antibiotics, which can cause serious adverse effects due to high concentration 

of antibiotics in serum. Even with aggressive antibiotic treatment, complete eradication 

of infection under such conditions is hard to achieve because of bacteria's ability to form 

biofilms [14]. The persistent infection also leads to the rise of bacterial strains that 

possess elevated tolerance to current antibiotics. Therefore, a new antimicrobial therapy 

employing a cutting-edge technology that is more effective and safer than the currently 

available ones is necessary [15]. 

Osteomyelitis refers to an infection of bone by one or more microorganisms and 

the subsequent inflammatory condition. [16] In children osteomyelitis is generally blood-

stream sourced and often affects the long bones. In adult osteomyelitis tends to occur 

after an injury that exposes the bone nearby to secondary infection. Currently, up to one 

third of post-traumatic patients face a risk of osteomyelitis [17], and the incidence of 

osteomyelitis is increasing because of the prevalence of predisposing conditions such as 

diabetes mellitus and peripheral vascular disease. Once the disease begins, proper 

treatment in a timely manner is critical. In the absence of treatment, the condition will 

persist and deteriorate, leading to debilitating complications such as sequestrum (bone 

necrosis), bone deformity, and soft-tissue loss. [16] 
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In comparison to other bacterial infections, osteomyelitis is particularly difficult 

and costly to treat.  Current osteomyelitis treatments generally includes three modalities: i) 

systemic antibiotics for a minimum of 4-6 weeks (some recommend a minimum of 8 

weeks) as standard, followed by 1-3 months of oral antibiotics (longer for some chronic 

osteomyelitis), ii) local surgical procedures, e.g. debridement, abscess drainage, bone 

cement application, iii) local antibiotic therapy. [16, 18] The cost of therapy is 

understandably high. It was estimated that the annual cost in the US hospital to fight 

against infection after arthroplasty alone will exceed $1.62 billion by 2020. [18] Despite 

standard treatment, the recurrence rate of chronic osteomyelitis remains high at about 30 

percent over 12 months. [19] These suboptimal outcomes are often associated with 

vascular insufficiency in the infected bone (especially when necrotic) and the advent of 

antibiotic-resistant bacterial strains [16]. Staphylococcus aureus is the most common 

microorganism isolated in infected bone area. [20, 21] In the US, methicillin-resistant S. 

aureus (MRSA) strains are particularly prevalent, and this trend is worsening in an 

alarming rate. For instance, between 2000 and 2004 the prevalence of MRSA has 

increased from 4% to 40%. [22] These MRSA, together with other bacterial strains such 

as vancomycin-resistant Enterococci (VRE), can exploit various drug resistance 

mechanisms including formation of biofilms on dead bone surface, drug efflux pumps, 

deactivation pathways (e.g. β-lactamases), and invasion of bone cells such as osteoblasts 

to avoid direct drug exposure. [23-325]. These mechanisms make bone infections 

increasingly resistant to conventional antibiotic therapy. [26, 27] The current paradigms 

to address this challenging issue are to either discover new antibiotics or resort to 

aggressive, lengthy dosing of antibiotics. 
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Linezolid (trade name Zyvox®) is one of the few novel antibiotics that remain 

active against the key pathogens causing osteomyelitis such as MRSA and VRE, so it has 

been increasingly used in osteomyelitis patients in recent years. [28] However, its use for 

osteomyelitis still faces the two key issues. First, the bone exposure of linezolid may not 

be adequate. Although there are studies showing quick bone penetration by linezolid [28, 

30], a pharmacokinetic study on thirteen osteomyelitis patients receiving intravenous 600 

mg doses of linezolid showed that the drug penetration to bone was limited. Intra-bone 

tissue concentrations of linezolid were found to be 3.9 ± 2.0 mg/liter, which was below 

the MIC for 90% of bacterial strains tested [31].  This is well below higher drug levels 

that are needed for eradication of bacteria in biofilms. Second, even if clinicians want to 

use higher dose levels and longer dosing schedules to increase the intra-bone linezolid 

concentrations and the exposure time to the bacteria, this strategy is limited by the 

notable amount of adverse effects caused by linezolid such as myelosuppression and 

neurotoxicity. [32-36] These effects are related to plasma drug level and duration of 

treatment. Anemia, thrombocytopenia and peripheral neuropathy, for example, were 

reported in patients with linezolid treatment more than 2 to 4 weeks. [34, 36, 37] If there 

were an effective strategy to increase the intra-bone linezolid level without elevating the 

plasma drug level, the drug toxicity issue could be at least partly resolved. 
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Figure 1.3 Bone penetration for different antibiotic groups [51].  

Each symbol represents the median or average bone-to-serum or bone-to-plasma 

concentration ratio from one clinical trial. The lines represent the group medians. 

 

 

 

Nanocarriers in biomedical field are devices sized <300 nm in diameter that can 

be efficiently loaded with one or more drugs and release them at the disease site. 

Liposomes and nanoparticles, for example, have been extensively studied for their ability 

to manipulate the pharmacokinetics and biodistribution of the drugs to improve their 

utility. [38] Nanocarriers can be engineered to achieve favorable drug release profiles and 

with the ability to target and accumulate at the disease sites to achieve higher therapeutic 
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index. Delivering linezolid with a nanocarrier system may therefore address the above 

two key limitations for osteomyelitis therapy.  

To date, a number of nanoformulations of anti-infective agents, including 

liposomes, have been developed and studied. [39] Amphotericin B-loaded-liposome, the 

first FDA approved lipid formulation of an antifungal drug, has demonstrated remarkable 

affinity for fungal infected areas. [40, 41] Targeted liposomes like folic acid-coated 

liposomal vancomycin was reported to improve cellular uptake compared to oral dosage. 

[42] It was also reported that a surface charge-switching polymeric vancomycin 

nanoparticle has prolonged circulation and significantly improved activities towards 

Gram-positive and Gram-negative bacteria. [43] Liposomes that combine ciprofloxacin 

and vancomycin have demonstrated better penetration to the site of infection. [44] 

However, when linezolid is considered, liposomes and lipid-based nanocarriers may not 

easily encapsulate this drug. Linezolid is a drug with slightly soluble water-solubility and 

a low molecular weight [45], which suggests that it might easily escape a nanocarrier 

system by quick diffusion.  To date, only one nanocarrier for linezolid has been 

developed. Parisi et al. [46] developed a polymeric nanoparticle for delivery of linezolid 

and its analogs. Significant activities against Escherichia coli and Saccharomyces 

cerevisiae were reported. However, this nanoparticle was not been engineered to target 

any specific tissues or organs, and its large size (259.6 nm in diameter) may limit its 

extravasation so it is unlikely to efficiently localize in the bone areas. For bone-related 

infections, an antibiotic nanoformulation tailored to achieve good bone localization is 

needed. 
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Research on bone delivery of antibiotics has been focused on direct conjugation 

of antibiotic molecule to bone-targeting moieties and development of drug loaded 

calcium phosphate matrix, which face the limitation of poor stability or need implantation 

as a delivery method [17, 47, 48]. The only study on bone-targeting nanocarrier for 

antibiotics was recently performed by Cong et al. [49] This group developed an 

alendronate-decorated polymeric micelle system for bone-targeted delivery of 

vancomycin, and showed that this nanosystem can bind to bone in vitro and effectively 

inhibit the growth of S. aureus. However, there has been a trend of MRSA developing 

vancomycin resistance, and other vancomycin-resistant strains such as VRE are also a 

concern. [50] Developing a bone-targeted nanoformulation of linezolid will be highly 

valuable for bone-related infections such as osteomyelitis. Unfortunately, the above-

mentioned micelle system designed for vancomycin is unlikely to encapsulate and control 

the release of linezolid as these two drugs have vastly different physicochemical 

properties (e.g. solubilities, molecular weight, lipophilicity). A nanosystem specifically 

designed for linezolid remains an unmet need.  

 

1.2 Thesis Overview 

In this study, the main interest was to make a contribution towards developing a 

new bone-targeting nanoparticle (BTN) system for osteomyelitis patients. Within this 

broad goal, the thesis focused on two major activities: (1) construction of a nanocarrier 

that can successfully encapsulate linezolid and possibly its analogs, (2) treatment of 

osteomyelitis and prevention of its recurrence.  
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Chapter 2 discusses the rationale for nanoparticle-based approaches to treatment 

of bone related infection. This chapter also includes a literature review, focusing on the 

different nanoparticle-based technologies that have been used to deliver drugs, 

particularly within the context of antibacterial therapy for bone infection. From there, the 

thesis reviews the reasons why conventional antimicrobial therapy for in infection, 

especially for bone infection has lost its potential and effectiveness. Then the thesis 

reviews some of the general principles of nanoparticle platforms, including concepts such 

as passive targeting to inflammation based on the properties of nanomaterial and the 

ability to achieve active binding to bone minerals and bacteria. This chapter also includes 

a discussion of the challenges and possible obstacles that nanoantimicrobial might 

encounter.  

In Chapter 3, the thesis describes the synthesis and characterization of the 

bisphosphonate bound phospholipid that is used throughout this proposal. This chapter 

also documents the steps of exploration of constructing the drug-encapsulating lipid 

polymer hybrid nanocarrier formulation, which was equipped with hydroxyapatite 

binding ability. Here, the particles was also tested for its physicochemical properties, 

such as size, zeta potential, encapsulation efficacy, drug loading and drug release.  

Chapter 4 is a continuation of the work described in Chapter 3, focused on 

complementary studies that can potentially provide evidence of BTN’s high affinity to 

bone, low cytotoxicity and linezolid distribution in bone tissue. This part of work was 

also done by testing the affinity towards the bone mineral by hydroxyapatite powder and 

bone chips. To further predict the outcome of using BTN to target bone tissue in vivo,  

fluorescence labeled BTN were administered to healthy rats. We also co-cultured 
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osteocyte cell lines and MRSA, then applied drug loaded BTN to test the antimicrobial 

potential. In addition, cytotoxicity assays were performed to determine if BTN has 

limited toxicity towards normal osteocytes.  

Chapter 5 describes the effort to determine if BTN could yield an antimicrobial 

effect in osteomyelitis. First, selected types of drug resistant bacteria strain that are 

commonly seen in osteomyelitis were cultured for BTN antimicrobial activity assays. 

Since biofilm and intracellular infection are part of resistant mechanisms of persistent and 

recurrence chronic osteomyelitis, the possibility of BTN biofilm eradication and 

intracellular infection treatment were also assessed. In addition, gentamicin intracellular 

antimicrobial assay was conducted to prove the potential of antimicrobial ability of drug-

carrying vehicle to inhibit intracellular infection. Confocal laser scanning microscopy 

was also applied to directly observe the cell uptake of BTN and BTN biofilm retention. 

This chapter also investigated the explanation of nanoparticle retention in biofilm matrix 

and its anti-biofouling potential. Finally, further investigated the steps and procedure to 

build osteomyelitis animal model on rats were investigated.  

Chapter 6 summarizes the highlights and conclusions of this project, as well as 

providing suggestions for future work in this work. 
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CHAPTER 2  

NANO-SIZED DELIVERY SYSTEM FOR TREATMENT OF BONE RELATED 

INFECTIONS, A MINI-REVIEW 

 

2.1 Introduction 

Osteomyelitis is recognized as bone and bone marrow inflammation typically 

caused by one or more kinds of bacteria and occur in people at different age groups and 

at different bone locations. In children, it is usually a hematogenous disease that occurs in 

the long bone, while in adults it tends to occur in vertebrae and pelvis as a result of local 

spread from a contaminated source of infection after trauma, orthopedic surgery or 

implant. It may also be a result of soft tissue ischemia such as diabetic foot osteomyelitis 

[1, 2]. Development of osteomyelitis in other bones such as jaw bone and multiple bone 

sites are also known. This disease affects up to 4.2% patients in elective orthopedic 

surgery and nearly one third of post-traumatic patients with third-degree open factures [3]. 

The incidence of osteomyelitis has also increased in recent years because of the 

prevalence of predisposing conditions such as diabetes mellitus, peripheral vascular 

disease and HIV infection. Without effective treatment, osteomyelitis will persist and 

become a chronic condition, causing painful, debilitating morbidity to the patients as a 

result of necrosis (i.e. sequestrum), deformation, and destruction of bone and loss of soft 

tissue.  Hence, there is a clear need to search for an effective and safe treatment for this 

devastating and costly disease. Figure 2.1 shows the simplified schema of osteomyelitis. 

  



 17 

 

Figure 2.1 A simplified schema of osteomyelitis. 
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Antibiotics remain the mainstay of osteomyelitis treatment, but due to frequent 

emergence of antibiotic-resistant pathogens [4-6], poor drug penetration and distribution 

to the bone, and unfavorable pharmacokinetics profile [7], Response to antibiotic therapy 

is generally sub-optimal. The cure rate of osteomyelitis is low and the relapse rate high 

when compared with other infections [8]. Extended antibiotic therapy and hospitalization 

(6 to 24 weeks) are often needed which can lead to patient compliance issues and create a 

significant financial burden on both the patients and the healthcare system. The risk for 

significant drug toxicity is also increased [1, 9, 10]. 

Emerging therapeutic nanotechnologies offer potential solutions to these issues. 

Nanosystems refer to devices that are 1 to 100 nm in diameter, but larger devices are also 

often considered “nano” in biomedical field. For treatment of bacterial infections, these 

small devices are also termed as nanoantimicrobials or nanoantibiotics. Crafting these 

nanoantimicrobials with specific size and surface properties  can allow delivery of 

therapeutic agents to the desired location in body at the desired time.  Currently, there are 

a multitude of strategies to surface-functionalize nanocarriers so that they can actively 

target specific organs, tissues or cells.  In the case of  bones, using this technology could 

mitigate systemic drug toxicity, reduce the cost, and decrease the time needed for 

osteomyelitis treatment [11-13]. In addition, it was reported that some nanocarriers like 

liposomes and nanoparticles may overcome antibiotic-resistance and have intrinsic anti-

microbial activities by themselves [14, 15]. As a result, the therapeutic efficacy could be 

further enhanced. The use of nanocarriers is therefore an appealing strategy to address 

several limitations of the conventional antibiotic therapy for osteomyelitis. Figure 2.2 
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includes some possible nanotechnology that could be utilized as antibiotic agent delivery 

system. 

 

Figure 2.2 Various types of nanoantimicrobials used for targeting bone infections 
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Despite the great potential, clinical application of nanoantimicrobials remains 

limited.. The following review provides an overview on the osteomyelitis 

pathophysiology and the current standard treatments. This is followed by a discussion of 

the development and state-of-arts of nanoantimicrobials with anemphasis on therapeutic 

application. Finally, the factors that prevent the translation of nanoantimicrobials from 

bench to bedside will be discussed. This will provide both pharmaceutical scientists and 

clinicians insight about the progress made so far in this field and shed light on its future 

directions. 

 

2.2 An Overview of Pathophysiology of Bone Infections and Their Current 

Treatment 

Table 2.1 summarizes the common pathogens clinical association and 

corresponding treatments of osteomyelitis. Among these pathogens, Staphylococcus 

aureus is by far most commonly isolated. In general, when S. aureus is introduced to 

injured bones and contiguous tissues, bacterial adhesins are expressed as receptors for 

bone matrix. Consequently, these adhesins assist S. aureus to seed onto the bone matrix. 

Attached S. aureus can secrete exotoxins to attack host cells or be internalized by 

osteoblasts. Virulence factors produced by bacteria and inflammatory factors lead to 

ischemia, poor blood flow, soft tissue necrosis, and sequestra [16, 17].  
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Types of 

Osteomyelitis 

(by cause) 

Clinical 

association 

Common 

pathogens 
Treatments 

Contaminated 

from adjacent 

infection 

Post-traumatic 

infection, 

prosthetic-joint 

infection, 

vertebral 

osteomyelitis 

S. aureus, 

Streptococcus spp, 

gram-negative 

aerobic bacilli 

Surgical treatment 

(debridement, bone grafting, 

bone reconstruction, 

revascularization), 

removement of prosthetic 

device, antibiotic 

polymethylmethacrylate 

beads for local infection, 

long term antibiotic 

treatment 

Vascular 

insufficiency 

diabetic foot 

infection 

S. aureus, 

Streptococcus spp, 

enterococcus spp 

Debridement, long term 

antibiotic treatment, 

amputation 

Hematogenous 

osteomyelitis 

Acute or subacute 

osteomyelitis 

predominanr in 

infant and children 

S. aureus, 

Streptococcus, S. 

Epidermidis 

Systemic administration of 

antibiotics for 4-6 weeks 

and following long term oral 

therapy 

 

Table 2.1  Common pathogens, clinical association and corresponding treatments of 

osteomyelitis. 
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Bacteria that are deep in the bone tissue or inside osteoblasts are hard to eradicate, 

so long-term, aggressive antibiotics therapy is required. Typically, 4 to 6 weeks of 

systemic antibiotics is used, but  in some cases must be extended to as long as  3 months. 

The selection of antibiotic agent(s) is determined based on the type of microorganism 

isolated from foci of infection [18-20]. As for chronic osteomyelitis, patient commonly 

develope sequestrum and avascular suppurative tissue, and as a result surgical 

debridement or even amputation are frequently required before antibiotic therapy. To 

treat infections linked to a prosthetic device, it is usually removed before antibiotic 

therapy. After removal of dead bones and tissues, antibiotic loaded 

polymethylmethacrylate (PMMA) beads or antibiotic loaded cement can be inserted 

before surgical reconstruction of infected areas [1, 3, 8, 21]. Hyperbaric oxygen treatment 

may help restore vascularization, although its benefit remains unclear [1, 22]. 

Unfortunately, despite these aggressive measures, recurrence of osteomyelitis 

remains common, which can be primarily attributed to unsuccessful or suboptimal 

antibiotic therapy. Obstacles to antibiotic therapy include antibiotic-resistance, drug 

toxicity, and sub-optimal drug delivery.  These factors are described below.  

i. Antibiotic-resistance: Despite considerable cost and effort on new antibiotic 

discovery, microorganisms evolve resistance in a very short time [23, 24]. S. aureus, the 

most common bacteria in osteomyelitis, developed methicillin-resistant S. aureus (MRSA) 

and vancomycin-resistant S. aureus (VRSA) after methicillin and vancomycin were put 

into use. Methicillin-resistant coagulase-negative staphylococci and vancomycin-resistant 

Enterococcus (VRE) have  also been isolated from osteomyelitis patients [24]. Linezolid, 

the first oxazolidinone drug, approved by FDA in 2000, is usually viewed as the “last 
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resort” for MRSA and VRE. Linezolid resistant S. aureus strains were isolated in 2001 

[25, 26]. The existence of drug resistance bacteria, can cause osteomyelitis relapse and 

progression into chronic osteomyelitis [27]. 

ii. Drug toxicity: As prolonged antibiotic treatment and high dosing levels are 

nearly unavoidable, drug toxicity has been a major issue in osteomyelitis treatment. Bone 

marrow suppression, for instance, is a dangerous and common complication of several 

aggressive antibiotic treatment including linezolid [28, 29]. Each antibiotic has its own 

specific set of potential toxic effects. High vancomycin serum concentration can induce 

like nephrotoxicity and ototoxicity. Fluoroquinolone antibiotics are the treatment of 

choice for enteric gram-negative bacilli related osteomyelitis [20, 30], and this class was 

found to be associated with high risk of gastrointestinal disturbance and central nervous 

system reaction. Separately, over 30% of patients undergoing linezolid treatment 

experienced anemia during treatment. Long-term linezolid use may also cause bone 

marrow suppression and peripheral neuropathy [31, 32]. 

iii. Sub-optimal drug delivery: Even for acute osteomyelitis, which usually does 

not have sequestrum on infection site, the existence of “blood-bone barrier” , which is 

composed of thin layers of unmineralized matrix, makes achieving high drug 

concentrations in bone difficult. [3]. In cases of chronic osteomyelitis, antibiotics 

systemically delivered have limited capacity to penetrate through the poorly vascularized 

sequestra and necrotic soft tissue [4, 28]. With inadequate bone drug level, there is a high 

risk of the emergence of drug-resistant bacteria strains and formation of biofilms. Once 

biofilms are formed on bones, embedded microorganisms can take advantage of the 
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structure of biofilms such as concentration of  nutrients, structure-facilitated resistance, 

and accelerated spread to uninfected regions [33, 34]. 

It is worth mentioning that antibiotic-loaded PMMA beads designed for sustained, 

local antibiotic delivery to eradicate microorganisms after surgical debridement have 

been suggested as a solution of the aforementioned issues. PMMA beads are, however, 

non-biodegradable and require surgical removal. The steady release profile also cannot 

achieve an initial burst drug level that exceeds minimum effective concentration to 

quickly achieve antimicrobial activity. Consequently, this leads to selective pressure for 

bacteria to develop antibiotic-resistance and form biofilms. In addition, methyl 

methacrylate monomer and its metabolite methacrylic acid are also toxic to human body 

[15, 35, 36]. Hence, there remains a need for better osteomyelitis treatments. Figure 2.3 

summarizes the possible advantages of nanoantimicrobials. 
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Figure 2.3 The possible advantages of nanoantimicrobials. 
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2.3 Nano-Antimicrobial as A Platform for Improved Therapy 

2.3.1 Rationales of Applying Nanoantimicrobials for Osteomyelitis Treatment 

Nanoantimicrobials offer several potential advantages over free antibiotics for 

osteomyelitis therapy. In general, the majority of nanosystems serve as vehicles to carry 

therapeutic agents (e.g. antibiotics). Their large surface area allows manipulation of 

various properties such as affinity and specificity for targets, so targeted therapy for bone 

is achievable. They also help solubilize and protect drugs, and can allow delivery of 

multiple drugs at the same time. It should be noted that because of the extremely large 

surface area that can interact with the pathogens, if the nanomaterials have any intrinsic 

antimicrobial activities (e.g. many metals), these activities will become therapeutically 

significant even without carrying any antibiotics. In addition, it is known that some 

bacteria like S. aureus could invade osteoblasts and other cells such as macrophages and 

monocytes to cause intracellular infection. In doing so, they can evade antibiotic therapy 

[37-39]. This issue can be addressed with nanoantimicrobials that are designed to target 

intracellular pathogens [40]. Multiple pathways like endocytosis, phagocytosis and 

membrane fusion could substantially improve the intracellular antibiotics concentration 

[41]. Table 2.2 serves as a summary of the aforementioned benefits of nanoantimicrobials 

for osteomyelitis therapy. 
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Table 2.2 Benefits of nanoantimicrobials for osteomyelitis therapy 

 

  

Potential 

Advantages 

Notes 

Surface-engineering 

to manipulate 

distribution 

Nano-antimicrobials can be surface modified to achieve 

longer circulation time (e.g. by PEGylation) and target 

bones for improved efficacy and reduced systemic 

toxicity 

Controlled, sustained 

drug release 

Can manipulate the release of drugs so extended 

antibacterial activities are achievable for chronic 

osteomyelitis treatment 

Improve drug 

solubility and stability 

Drug encapsulation in nanocarriers allow solubilization of 

poorly-water soluble drugs and protection of unstable 

drugs, so their effective, active drug levels can be 

increased  

Potential to deliver 

multiple drugs 

Antibiotic combination can be co-delivered to achieve 

synergistic or additive anti-bacterial activities for 

eradication of drug-resistant strains 

Intrinsic antibacterial 

activities 

Some nanosystems such as metallic nanoparticles, 

because of the large surface area for contact, have 

significant antibacterial activities even without loading 

additional therapeutic agents 

Target intracellular 

bacteria 

Bacteria strains like S. aureus tend to invade osteoblasts 

and other bone cells to evade antibiotic treatment; 

nanocarriers can achieve increased intracellular antibiotic 

levels via various endocytosis and membrane fusion 

mechanisms 

As a component of 

composite 

Nano-antimicrobials can be included into matrix materials 

(e.g. bone-repairing materials) to form composite, 

allowing even stronger controlled release effect  
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2.3.2. Organic Material Based Nanoantimicrobials for Osteomyelitis Therapy 

Organic materials such as lipids, phospholipids and polymers are known for their 

high biocompatibility and biodegradability. As osteomyelitis requires long-term 

treatment, these materials are particularly appealing for the preparation of 

nanoantimicrobials from a clinical perspective.  

 

 

2.3.2.1 Liposomes 

Liposomes are lipid bilayer vesicles formed mainly with amphiphilic 

phospholipids [32]. They are highly biocompatible and biodegradable, can be surface-

modified to achieve extended circulation by PEGylation or  active-targeting with suitable 

targeting moieties, and can deliver both hydrophilic and lipophilic compounds [42]. In 

addition, they have been clinically used for years for treatment of cancer (i.e. Doxil®) 

and fungal infection (i.e. AmBisome®). Their safe track record makes this type of 

nanocarriers a very appealing choice for chronic treatment of osteomyelitis [43, 44].  

Liposomes modified with bisphosphonates that actively target bone have been 

studied. Bisphosphonates have strong affinity for hydroxyapatite (HA) which accounts 

for  ~50% weight of human bones [45]. The oxygen atoms of a bisphosphonate molecule 

can chelate with the calcium ions of HA and some FDA approved bisphosphonate 

contain additional functional groups that can be conjugated to PEGylated phospholipids, 

thus turning liposomes into bone-targeting nanocarriers [46, 47]. It was reported, for 

example. that alendronate-coated liposomal formulation of ceftizoxime showed higher 

uptake into the infected area of animal osteomyelitis models [48]. Up to 3:1 targeted to 

non-targeted ratio was achieved within 8 hours of intravenous injection. Using 
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ceftizoxime that had been radiolabeled by employing the   99mtechnetium salt, it was 

shown that bone-targeting liposomes successfully anchored and concentrated at the 

infectious foci. Other groups also reported similar results [49, 50]. In addition, a 

liposomal formulation co-encapsulating ciprofloxacin and vancomycin was shown to be 

effective for treatment of S. aureus infected osteomyelitis-bearing rabbit [51]. After 7 

days of treatment, the liposomes achieved significantly better therapeutic results than the 

combination of free compounds. Although after 14 days, the antibacterial effects of both 

free drug group and liposome group shown no sign of infection, it was found that in the 

free drug group, over 30% of animals were lost due to serious side effects including 

severe nephrotoxicity and diarrhea. In short, the liposomal formulation is effective and 

safer than the free antibiotic compounds for osteomyelitis therapy in these animal models. 

Sessile state of S. aureus has substantially higher minimum inhibition 

concentration (MIC) than its planktonic state and is prone to form biofilm [52]. In a study 

of gentamicin alone and gentamicin-impregnated calcium sulfate, both could eliminate 

the S. aureus in blood but failed to inhibit any growth on biofilm grown osteomyelitis 

rabbits. Only the liposomal formulation of gentamicin-impregnated calcium sulfate, 

however, could effectively inhibit the S. aureus biofilm growth by releasing gentamicin 

for at least 12 days with 31.1% burst release in first hour [53]. In an effort to target bone 

mineral and achieve high concentration to prevent biofilm formation on bones, a group 

alternatively conjugated alendronate to cholesterol. Alendronate-tri(ethylene-glycol)-

cholesterol was synthesized and incorporated into egg phosphocholine based liposomes. 

In vitro biofilm inhibition study were conducted on biofilm-developed HA disc and CFUs 
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were counted to quantify the antimicrobial effect. Biomineral-binding liposomes 

produced at least one log reduction of CFU than free drug group [54].  

Fungus such as Candida albicans and Aspergillus are also pathogens capable of 

causing osteomyelitis [55, 56]. Liposomal formulation amphotericin B used to be the first 

choice to treat fungus infected osteomyelitis.  This formulation was reported to allow 

higher doses at the point of infection while lowering the occurrence of severe side effect 

cause by free amphotericin [56, 57]. With liposomal amphotericin B treatment, some 

patients recovered within 3-6 weeks, their infection disappeared, and low side effects 

were minimal [58, 59]. However, there were also a number of cases in which liposomal 

amphotericin B did not demonstrate the expected clinical outcome [57, 60, 61]. Although 

it reached the equivalent therapeutic effect, the higher cost of liposomal amphotericin B 

makes it less competitive than the free drug formulations [61, 62]. In short, the clinical 

use of nanoformulations for fungus-mediated osteomyelitis still requires further research 

in order to identify improved alternatives.. Table 2.3 shows some liposomal formulations 

for osteomyelitis treatment and infection.  
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Antibiotics Composition 
Targeted 

pathogens 
Advantages and results 

Refer

ence 

Deferoamine 

DSPE, 

DSPE-PEG, 

Chol S. aureus 

Combined 99mTc as image 

moiety; liposome shows better 

image ability in rabbit model 

than radiolabel alone [49] 

Ceftizoxime 

EPC, Chol, 

SA, DSPE-

PEG S. aureus 

DSPE-PEG was covalently 

attached with bone targeting 

moiety alendronate; 99mTc 

labeled ceftizoxime 

demonstrate liposome was 

highly uptake by infected area 

in rabbits [50] 

Ciprofloxacin, 

vancomycin Chol, PC, SA 

S. aureus, E. 

coli, Brucella 

abortus and 

Mycobacterium 

avium 

Using sonication to achieve 

<100nm diameter for 

prolonged circulation; Low 

nephrotoxicity and incident of 

diarrhea compare with free 

drug in rabbit model; 

liposomal formulations are 

more effective in first 7 days [51] 

Gentamicin 

DPPC, Chol, 

SA S. aureus 

Carried by calcium sulfate; 

complete sterilization after 14 

days of implant in rabbit [53] 

Oxacillin 

DSPC, LPC, 

Chol S. aureus 

Alendronate-tri(ethylene-

glycol)-cholesterol was 

synthesized for bone targeting; 

prevent S. aureus colonize 

around orthopedic device [54] 

Gentamicin DPPC, Chol S. aureus 

Liposomes were loaded in 

beta-TCP scaffold; liposome 

loaded scaffold showed the 

potential of anti-biofilm ability 

in low gentamicin 

concentration [63] 

Amphotericin 

B 

HSPC, 

DSPC, Chol 

Candida 

albicans, 

Aspergillus 

Liposomal formulation for 

targeted drug delivery renders 

improved therapeutic index 

and prevented drug reach toxic 

level 

[57-

62] 

 

Table 2.3 Liposomal formulations for osteomyelitis treatment and infection. 
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2.3.2.2 Polymeric Nanoparticles and Micelles 

Synthesized from natural polymers or synthetic monomers, the length, molecular 

mass, surface charge, functional groups and hydrophilicity of polymeric materials could 

be manageable to alter [64-66]. An important benefit of using polymer is their ability to 

encapsulate large amounts of hydrophobic or hydrophilic compounds and provide 

improved pharmacokinetics by extending drug release profiles [67]. The most widely 

used polymer in nanoantimicrobials for bone infections is poly(lactic-co-glycolic acid) 

(PLGA), which is biodegradable and biocompatible [68, 69]. In addition, natural 

polymers such as albumin, alginate, collagen, chitosan, and gelatin are also used for 

nanoantimicrobial preparation because of their low toxicity and low immunogenicity.  

The surface properties and size of polymeric nanoparticles and micelles can be 

manipulated. This may improve efficacy and safety of the encapsulated drugs by  

preventing intracellular infections in osteomyelitis, and improving distribution and 

pharmacokinetics profiles [70]. Nafcillin-loaded PLGA nanoparticles, for example, were 

reported to achieve improved drug delivery to intracellular bacteria [71]. These nafcillin 

nanoparticles were reported to release and eliminate all the intracellular S. aureus within 

24-48 hours of incubation with infected mouse osteoblasts. In addition, PLGA 

nanoparticles also demonstrated extended release profile for 40 days with an initial 

release of 50% of their cargo in the first 2 days, and the remainder released over the 

remaining 38 days. In another study, biodegradable nanoparticles of size varing from 50-

100 nm were prepared using mPEG-PLGA diblock polymers of various molecular 

weights [72]. These nanoparticles were loaded with the glycopeptide antibiotic teicoplain 

and used to treat osteomyelitis in rabbits. Significant antimicrobial effect without 
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recurrent infection was reported. Interestingly, when compared with PMMA cement 

beads, mPEG-PLGA nanoparticles did not impede bone formation. The expression of the 

COL1A1 gene, which could be used to evaluate the reconstruction level after healing 

from osteomyelitis, was also significantly elevated in both mPEG-PLGA and PMMA 

groups comparing with untreated group. Also, inflammation-dependent immunoglobulin 

G production was reduced in mPEG-PLGA group, indicating that the nanoparticles 

provided a better recovery environment than the traditional PMMA cement. In addition, 

PLGA nanoparticle systems containing vancomycin were also studied. Functionalizing 

the polymer with alendronate lead to potent binding to HA without showing toxicity [73]. 

Chitosan of different molecular weights has shown to possess potent, intrinsic 

antimicrobial properties. For various MW of chitosan tested, 1.5 kDa chitosan has 

demonstrated strong antimicrobial effects, while another study demonstrated that 0.5% 

and 0.05% concentrations of 180 kDa chitosan could completely inhibit the growth of E. 

coli and S. aureus [74-76]. Moreover, chitosan is widely used to build nanodelivery 

systems of hydrophilic compounds because of its well-known biocompatibility, 

biodegradability and adsorption properties [13, 77]. Porous chitosan (pore size 40-50µm) 

and β-TCP composite with poly (ε-caprolactone) deliver vancomycin in controlled 

manner with zero-order kinetics for 6 weeks in the treatment of MRSA-related 

osteomyelitis [78]. A ciprofloxacin-loaded nanoparticle system described as a chitosan-

coated titanium nanoparticles has also been employed as an antibiotic prophylaxis 

treatment for implant-associated osteomyelitis [79]. Drug release study and in vitro study 

against S. aureus (Gram positive bacteria) and Pseudomonas aeruginosa (Gram negative 
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bacteria) have shown that this nanoparticle formulation can produce good antimicrobial 

activity. Different polymeric nanoantimicrobials combinations are listed in Table 2.4.  
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Antibiotics Composition 
Targeted 

pathogens 

Advantages and 

Mechanism 
Reference 

Nafcillin PLGA S. aureus 

Eliminate or significantly 

reduce the intracellular 

bacteria in osteoblasts [71] 

Teicoplanin mPEG-PLGA S. aureus 

Formulate nanoparticles 

hydrogel with the size 

around 50-100nm; With 

100% encapsulation rate 

and near-linear sustained 

release profile; in vivo test 

on rabbit shown efficient 

antimicrobial ability [72] 

Vancomycin 

PLGA-PEG-

ALN S. aureus 

PLGA-PEG-ALN was 

synthesized to build 

vancomycin loaded 

micelles; has appropriate 

cytotoxicity with in vitro 

test; can effectively inhibit 

S. aureus [73] 

Vancomycin PLGA-PLG-PEG S. aureus 

Protect non-target cell at 

pH7.4 and triggered by 

bacteria in acidity 

environment; reduce loss 

of effectiveness of 

vancomycin in low pH [80] 

Ciprofloxacin Chitosan 

S. aureus, 

P. 

aeruginosa 

Chitosan covered titanium 

nanoparticle; 

biocompatible to 

osteoblast-like cells [79] 

Vancomycin 

Poly (e-

caprolactone) , 

chitosan, 𝛽-TCP MRSA 

Deliver vancomycin in 

sustained and controlled 

manner for 6 weeks to 

maintain the level to 

inhibit MRSA growth; 

zero-order kinetics in first 

2 weeks;  [78] 

Table 2.4 Polymeric nanoantimicrobials for osteomyelitis treatment and infection. 
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2.3.3 Inorganic Nanoantimicrobials Used for Osteomyelitis Therapy 

Inorganic nanomaterials can be fabricated to produce the specific sizes and 

morphologies. They are also generally physically stable, and some of them have strong 

intrinsic antibacterial activities. Although their biocompatibility and biodegradability 

track records are not as extensive as the organic nanomaterials, numerous studies have 

been conducted to explore these systems. A list of mesoporous NPs, metallic nanocarriers 

and other nanoscale system for osteomyelitis treatment is shown in Table 2.5. 
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Antimicrobial 

agent 

Compositio

n 

Targeted 

pathogens 
Advantages and Mechanism 

Refe

renc

e 

Gentamicin 

Titanium 

nanotubes 

S. aureus, 

S. 

epidermidis 

Two-phase release lasting over 

12 days; promising prevention 

and treatment tool for bone 

infection and bone cancer [81] 

Penicillin/Strep

tomycin 

Titanium 

nanotubes S. aureus 

Anodized titanium surface 

loaded with antibiotics; releasing 

drug in first-order kinetics for 3 

weeks; no impairment on 

osteoblast adhesion [82] 

Levofloxacin 

Mesoporous 

silica S. aureus 

Showed no cytotoxicity on 

osteoblasts; surfactant-templated 

group induced delayed 

fibroblasts proliferation but 

without lysis and apoptosis [83] 

Vancomycin 

Mg-Zn-Si 

xerogel S. aureus 

Add human bone morphogenetic 

protein-2 to promote MG63 cell 

proliferation; promising for 

osteomyelitis treatment and bone 

regeneration [84] 

Silver 

PLGA, PGA, 

ascorbic acid 

MRSA, E. 

coli 

Antioxidative agents and PGA 

silver cap for reducing ROS; 

nanocarrier show superior 

antibacterial activity; 

demonstrates osteoinductivity [85] 

Silver 

Titanium 

nanotubes S. aureus 

Eliminate planktonic bacteria 

and prevent bacteria adhesion for 

30 days; fast Ag release showed 

some cytotoxicity 

[81, 

96] 

Ciprofloxacin/

gentamicin 

Calcium 

carbonate S. aureus 

Showed good encapsulation 

efficiency; promising for bone-

filling material composite 

[86, 

87] 

Table 2.5 Inorganic nanoantimicrobials used for osteomyelitis therapy. 
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2.3.3.1 Metallic Nanoantimicrobials 

Metallic nanoantimicrobials have been studied as osteomyelitis treatments 

because of their stability and favorable physicochemical properties. Titanium implants 

have employed in human bodies for decades, especially in the field of orthopedics. 

Titanium and its oxide compound titania (TiO2) show great biocompatibility in vivo [88]. 

Titania nanotubes, which self-assembled on the surface of titanium by electrochemical 

anodization, could act as a localized control delivery for antibiotics and other therapeutic 

agents [89-91]. Gulati et al. demonstrated the use of titanium wires with titania nanotube 

arrays loaded with gentamicin for bone fixation. Titania nanotubes were fabricated with 

diameter of 170 nm and length of 70 µm. A two-phase release was observed in drug 

release evaluation studies, with 37% of gentamicin fastly released within 400 min and the 

overall releasing period lasted for 11 days [81]. Yao et al loaded penicillin and 

streptomycin mixtures with simulated body fluid into nanotubes and co-precipitate them 

with calcium phosphate crystals. These material demonstrated a 3 weeks delayed drug 

release profile and osteoblast adhesion effect was observed both when drug-loaded and 

unloaded [92]. 

In addition to being used as antibiotic carriers, metallic nanoparticles have also 

been explored for their direct antimicrobial effects [82, 93]. Bacteria have not yet 

demonstrated resistance to these nanomaterials in the same manner to the traditional 

antibiotic agents [94]. Silver has been recognized for its antibacterial properties for 

thousands of years. Recently, silver nanoparticles have found to be effective against 

antibiotic resistant bacteria by releasing silver ions, which attack electron transport and 

cell division processes [95, 96]. Side effects of metallic nanoparticle are mainly caused 
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by production of reactive oxygen species (ROS), which damages both targeted cell and 

normal cell [97]. Stevanović et al. developed core-shell structured nanoparticles with a 

silver core and poly (glycolic acid) shell, and that was further coated then with ascorbic 

acid impregnated PLGA to mitigate the oxidative effect of silver. These nanoparticles 

were demonstrated to possess substantial antibacterial activity against MRSA and E. coli, 

while preventing excessive oxidative effects by delivering ascorbate to normal cells. Two 

biomarkers for bone regeneration, osteocalcin and type I procollagen, are multiple-fold 

upregulated, which demonstrated the promising osteoinductivity of this nanosystem [85]. 

Finally, Zhao et al loaded silver nanoparticles into nanotubes which were able to both 

efficiently eliminate planktonic bacteria and prevent biofilm formation by bacterial 

adhesion. Moreover, it was asserted that the toxicity is tunable by manipulating the 

releasing profile [98]. 

 

2.3.3.2 Calcium Based Nanoantimicrobials 

Hydroxyapaptite (HA) and other calcium-based materials have been widely 

studied as nanomaterials alone or in combination with other materials for osteomyelitis 

treatment because of their compatibility with bones and significant activities in inducing 

osteointegraton. Calcium-based nanomaterials by themselves, however, do not have 

antibacterial effects, so they must be used as carriers of antimicrobial agents. Also, they 

have limited capacity to control drug release, so other materials such as biocompatible 

polymers are often added to address this limitation.  An HA-collagen-polylactic acid 

nanocomposite, for example, was developed for vancomycin release. Extended 

vancomycin release up to 4 weeks and strong in vitro activity against S. aureus for up to 

18 days were reported [99]. Another example is the encapsulation of clindamycin into 



 40 

HA nanoparticles coated with PLGA [100]. Coating the nanoparticles with PLGA 

suppressed the initial burst release of clindamycin without reducing the antibacterial 

effect of these carriers against S. aureus. In addition, the long-term biocompatibility of 

these systems with osteoblast-like cells showed that they were able to induce osteoblast 

proliferation and differentiation. There are other delivery systems related to HA 

nanoparticles, such as alginate microspheres associated with HA nanoparticles for 

sustained release of erythromycin and amoxicillin to achieve in vitro antibacterial activity 

against E. coli and S. aureus for up to 28 days [101], and inclusion of HA nanoparticles 

to calcium sulfate to achieve controlled release of vancomycin and gentamicin for up to 4 

days [102]. Overall, sustained release of antibiotics and good biocompatibility of the 

delivery matrix was observed in all of these studies. 

As antibiotics are frequently associated with the development of drug-resistant 

bacterial strains, another major group of calcium-based nanoparticles that includes 

impregnation with metallic compounds was developed for bacteria eradication. Silver is 

the most common choice due to its proven antibacterial activity. In one study, HA 

nanoparticles coated with smaller silver nanoparticles have demonstrated strong 

bactericidal activity against S. aureus, Pneumococcus and E. coli. In comparison, no 

significant antibacterial effect was observed in the silver-free HA nanoparticle control 

[103]. In addition to silver, incorporation of other metallic materials has been explored, 

including strontium, cobalt, and cerium. These nanosystems were shown to be active 

against a broad range of osteomyelitis-causing bacteria in addition to S. aureus, including 

Shigella flexneri, Micrococcus luteus, E. coli, etc. [104-106]. Interestingly, strontium-

based nanoparticles appeared to offer additional benefits due to the osteoblast 
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proliferation and anti-osteoclastogenesis activities of this metal [104]. It should be noted, 

however, that these metal-incorporated nanotherapeutics have not been extensively tested 

for their toxicity or biocompatibility. Additional studies are needed to address these 

critical issues before clinical use for osteomyelitis treatment.  

 

2.3.3.3 Other Inorganic Nanoantimicrobials 

Other inorganic nanomaterials can also be fabricated to have high surface area 

and antimicrobial properties. Nanosystems such as nanotubes, nanorods and mesoporous 

silicone allow manipulation of local drug concentration to keep it within the therapeutic 

window at the target site while ensuring low serum antibiotic concentrations [107]. 

Biocompatible mesoporous silica was particularly known for its tunable pore sizes and 

high surface area for drug loading [108]. In one case, a research group loaded 

mesoporous silica with levofloxacin for osteomyelitis treatment using two different 

strategies. A traditional impregnation method was compared with surfactant-assisted drug 

loading by incorporating drug molecules during mesoporous synthesis.  Both methods 

demonstrated similar release curves, which consisted of an initial fast release and up to 

300 hours of sustained release [83]. The biodegradability of these inorganic 

nanomaterials, however, still needs more extensive studies.  

 

2.3.4 Nanoantimicrobials in Composites or Hybrid Systems 

Polymers such as poly (methyl methacrylate) and calcium-based materials are 

sometimes used as “bone cement” to repair the damaged bones at the osteomyelitis sites. 

However, biofilms of bacteria may form on their surface. Direct impregnation of 

antibiotic compounds may help prevent bacterial infection, but this approach is often 
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associated with quick initial burst of antibiotics followed by minimal release of sub-

therapeutic drug levels. This may increase the risk of selection of antibiotic-resistant 

bacteria strains [109, 110]. To address this issue, nanoantimicrobials can be included in 

these materials instead. Porous beta-tricalcium phosphate (𝛽-TCP), for example, is a 

biodegradable scaffold that could induce bone formation [111, 112]. Incorporation of 

gentamicin-loaded liposomes into biocompatible 𝛽-TCP resulted in a scaffold that 

demonstrated high potential anti-biofilm activity and anti-biofouling ability even at low 

gentamicin concentration [63]. In this case, 𝛽-TCP provided a porous structure to 

facilitate the achievement of high initial concentration of gentamicin in infected area and 

provided a sustained release profile afterwards. Liposomes might also accumulate near 

biofilm and increase drug penetration into the bacteria by membrane fusion so 

intracellular infection may be treated as well [63, 113]. Another example is the composite 

of porous chitosan (pore size 40-50µm) and β-TCP incorporating poly (ε-caprolactone) 

carrying vancomycin. This composite allowed release of vancomycin in a controlled 

manner with zero-order kinetics for 6 weeks to treat MRSA-related osteomyelitis [80]. 

Sometimes nanoantimicrobials may consist of two or more materials for 

optimization of the physicochemical and drug delivery properties. Chitosan, for example, 

has been widely used to build nanoparticles for hydrophilic compounds because of its 

well-known biocompatibility, biodegradability and adsorption properties [13, 77]. A 

chitosan-coated titanium nanoparticle system loaded with ciprofloxacin was used as a 

prophylaxis strategy for implant-associated osteomyelitis [79]. In drug release studies and 

in vitro studies against S. aureus (Gram positive bacteria) and Pseudomonas aeruginosa 
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(Gram negative bacteria), this nanoparticle formulation produced good antimicrobial 

activity along with diminished burst effect and extended release profile.  

 

2.4. Challenges of Nanoantimicrobial Delivery Systems 

2.4.1 Technical Challenges for Delivery System Design 

Nanoparticles, liposomes and associated novel delivery systems offer an attractive 

future for antimicrobial treatment of osteomyelitis. However, issues such as premature 

release, degradation, shelf stability, and scale-up capability have limited their clinical 

application. Low drug loading ratios for some formulations, for example, many require 

extra dosage to reach therapeutic window when it applied clinically [71]. Also, less cost-

effective production due to poor encapsulation efficacy has limited the use of 

nanotechnology in lab-scale batch [114]. In addition, burst release effects or fast 

clearance can lead to undesirable drug release profiles which can negatively impact 

treatment outcome. Researchers should be cautious when developing aminoglycosides 

encapsulated formulations, for example, because of the high risk nephrotoxicity that may 

occur in cases of quick initial release [115-117]. In contrast, a nanoantimicrobial delivery 

system releasing its drug payload too slowly may also cause antibiotic resistance as a 

result of sub-inhibitory antibiotic concentration [118]. These drawbacks could be 

resolved by employing technologies such as PEGylation and targeted delivery. 

 

2.4.2 Challenges for Bone Infection Therapeutic Nanoantimicrobials in Clinical Use 

Although nanoantimicrobial materials can have significant advantages over free 

antibiotics, there are several challenges that may limit their translational potential. Acute 



 44 

nanotoxicity and long-term toxicity are the foremost concerns for in vivo and clinical 

application. Despite the success of in vitro studies and dosage calibration, multi-organ 

nanotoxicity was sometimes observed in animal models [108, 119, 120]. Due to their 

small size and large surface for contact, these nanocarriers can be efficiently taken up by 

cells, or cross the membranes to reach the blood and lymphatic circulation [121]. Metallic 

nanoparticles like silver nanoparticles can induce generation of ROS which could cause 

DNA damage [108]. Hepatotoxicity and pulmonary toxicity could also be induced by 

excessive oxidative stress [122]. Moreover, the long-term toxicity of nanocarriers has not 

been extensively studied. Nanoscale particles are capable of targeting and penetrating 

anatomic barriers and accumulating in different organs and tissues. Long-term metabolic 

disruption, immunogenic response and reproductive system toxicity should all be 

considered before clinical use [4, 123]. 

 

2.5 Future Prospective and Conclusions 

The physical and biological properties of bones makes osteomyelitis particularly 

difficult to treat, and emerging drug resistant organisms have complicated this issue. High 

dosing levels of antibiotics are used to aggressively treat the drug-resistant bacteria 

infected patients, but eradication of infection remains difficult to achieve due to the 

ability of bacteria to form biofilms. Induction of new bone generation (osteogenic) is 

usually required for osteomyelitis treatment, and this can provide bacteria with more 

surface to develop biofilm4. Treatment of osteomyelitis must carefully balance the 

antibacterial effect with osteogenic activity.  In addition, the application of high doses of 

antibiotics high-dose administration and long-term use can also produce serious toxicity 
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and patient compliance issues. The use of nanocarriers offers a promising alternative way 

to address these issues in osteomyelitis therapy. Because of the high surface area to 

volume ratio, small size and unique physicochemical properties, nanocarriers can deliver 

a large quantity of therapeutic agent and achieve high concentration near bones. 

Combining these nanoantimicrobials with implantable materials like hydroxyapatite and 

calcium phosphate may provide the possibility of stimulating bone regeneration and 

eliminating infection at the same time. The application nanoantimicrobial technology to 

bone infection treatment unexplored scientific territory. Collaboration between 

microbiologists, nano-formulation scientists and pharmacologists will help develop a 

more cost-effective new treatment for bone infections.  
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CHAPTER 3 

AIM I: BONE-TARGETING NANOPARTICLES FOR ANTIBIOTIC DELIVERY 

 

3.1 Introduction 

In recent years, advent of well-designed nanoparticles for drug delivery 

application have enabled potential strategies for improving the treatment of a variety of 

diseases. [1-3] The successfulness has been linked to the ability to precisely engineer 

interactions between nanoparticles and biological environment in ways that may lead to 

gains in drug potency or properties in vivo. Recognized methods include: molecular 

targeting, sensing environmental change that lead to the drug release or nanoparticle 

property switching, optimizing nanoparticle physicochemical properties and controlled or 

sustained drug release. [4-12] Despite these advantages, nanoparticles have only begun to 

be utilized and revealed its potential in treating infection, and osteomyelitis in this case. 

Recent reports have demonstrated the nanoparticle advantages in infection treatment as 

targeting of bacterial membranes for lysis, lower the systematic toxicity, improved drug 

delivery, enhanced drug function and the potential for selective accumulation at sites of 

infection due to active targeting and/or increased vascular permeability. [13-19] In terms 

of application of nanoparticle therapy in treatment of osteomyelitis or suppression of 

osteomyelitis after surgery, nanoformulation offers significant efforts could: 1) reduce the 

possibility of drug resistance by overwhelm its mechanisms with high sustained local 

drug concentration by actively target to the bone, 2) improve treatment outcomes with 

lower adverse effects by reducing systemic concentration, and 3) inhibit intracellular 
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infection due to the properties of nanomaterial, small size and can be uptake by 

endocytosis mechanisms per se. [20-22]  

Nanomedicine has drawn a lot of attention of researchers who want to delivery 

molecules to specific area and achieve sustained or controlled release, thus improving 

therapeutic effect and reducing adverse effect. BTN, with the bisphosphonate conjugated 

to surface lipid, offers a promising solution to deliver antibacterial agent to bone surface, 

which protected by “blood-bone barrier”. [23] In terms of BTN, bone-adsorbing molecule 

bisphosphonate, which act as bone-targeting ligands; with the aid of such bone-targeting 

ligands, the BTN could chelate with hydroxyapatite (HA), which is the main inorganic 

component of bone, and thus achieve local deposition accumulation in bone tissue. After 

the administration of such drug-loaded BTN, strong interaction between the bone-

targeting ligands and HA would benefit the rapid retention and accumulation of BTN 

onto the bone tissue, and consequently diminish the drug leakage during circulation as 

well as achieve high local concentration of antibiotics. 

In this Chapter, I seek to develop a lipid polymeric based hybrid nanoparticle with 

alendronate covalently conjugated on the surface in order to potentially improve bone 

targeting and antibiotic delivery at the site of infection. Given the successfulness of 

polymeric nanoparticles and liposomes, lipid-polymer hybrid nanoparticle might take 

advantage of strength of the two types. The hybrid nanoparticle can have a drug delivery 

platform with high drug encapsulation yield, tunable and sustained drug release profile, 

good serum stability. [24] Here, the BTN was engineered around 100 nm as targeted 

lipid-polymer hybrid. The targeted phospholipid was synthesized through N-

hydroxysuccinimide esters reaction with primary amine group in alendronate. The DSPE-
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PEG-ALN was then assembly to nanoparticles through a combination of 

nanoprecipitation and self-assembly. Figure 3.1 is the scheme of BTN and the chemical 

structure of linezolid, alendronate. BTN physicochemical properties such as size, PDI, 

zeta-potential, drug encapsulation, and stability were tested. This work is the first step 

towards developing linezolid loaded, bone-targeting nanoparticles and may have 

implication for improved drug delivery with loading of other content and surface 

targeting moiety change. 
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Figure 3.1 Scheme of BTN and structure of linezolid, alendronate 

Note: Circle (orange) with two tails: phospholipids; circle (blue) with two tails 

and another tail with green square in the end: DSPE-PEG-ALN; blue core: PLGA core; 

Yellow star: linezolid or other type of loaded drug(s); Red hexagon: cholesterol. Middle: 

Linezolid; Lower: alendronate 
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3.2 Results and Discussion 

3.2.1 Particle Size, PDI and Zeta Potential of BTN 

Several variables that contribute to nanoparticle’s size and polydispersity index 

(PDI) were taken into consideration: type of various polymer, lipid/polymer ratio, ratios 

of different lipid ingredients, and drug loading.  

Lipid hybrid nanoparticles described here were consists of biodegradable PLGA 

polymeric core to carry encapsulated drug and phospholipid shell with PEGylated 

interface for guarding the premature drug release and increasing circulation time by 

avoiding aggregation, opsonization, and phagocytosis. The similar preparation process 

was described in previous literature, but cholesterol was added to provide a rigid and 

relatively impermeable structure by forming intermolecular hydrogen bonds with 

adjacent lipid. [24] Due to the vary composition of the chains, the hydrophilicity, 

degradation rate and crystallinity will be different for PLGA (poly(lactic-co-glycolic 

acid)). In this study, we used LA:GA 50:50 ratio (lactic (LA) and glycolic acid (GA)) 

since it has shorter degradation rate to ensure the biocompatibility; and used ester-

terminated PLGA to achieve a stable structure with hydrophobic chain of phospholipid 

due to its lipophilic nature comparing to acid-terminated version. [25]  

As showed in Table 3.1, when the average molecule weight of PLGA increased 

from 5kDa to 55kDa, there were the decreasing trend on the particle size. When the 

average molecule weight falls around 35000 and 45000 Da, the size was stable near 

113.6±4.3 nm with relatively low polydispersity (0.125±0.01) comparing to higher 

molecule weight. One of the possible explanation is that high molecular weight PLGA 

may form a more compact and entangled structure while low molecular weight PLGA 
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form loose structure during the nanoprecipitation process which result in higher size and 

polydispersity. Transmission electron microscopy (TEM) confirmed structure of BTN, 

which showed in Figure 3.2, as PLGA core was covered by lecithin and PEGylated 

phospholipid ring. 
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PLGA MW (Da) Lipid/PLGA (w/w) Size (nm)±SD PDI±SD Zeta (mV)±SD 

5000-10000 1:4 192.1±4.5 0.145±0.037 -35.1±2.4 

10000-15000 1:4 150±2.9 0.127±0.025 -30.9±1.1 

35000-45000 1:4 113.6±4.3 0.125±0.01 -28.4±0.8 

45000-55000 1:4 80±12.4 0.184±0.051 -35±4.9 

Table 3.1 Effect of polymer molecule weight to size of BTN 

 

 

 

 

Figure 3.2 Transmission electron microscopy (TEM) image of BTN (scale bar 100nm) 
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As shown in Figure 3.3, the diameter of NP can be changed based on the ratio of 

lipid and polymer. When weight of lipid comprise lower than 25% of the nanoparticle 

weight, the size varied within the range of 50-100nm with inconsistent PDI value. On the 

other hand, when NP contains more than 50% (w/w) of lipid, the diameter raised up to 

250 nm with unfavorable PDI around 0.4. This result might attribute to the excessive 

lipid in the system that assembled as micelles and liposomes. As the results demonstrated 

in Table 3.2, when molar ratio of phosphatidylcholine (PC) and phosphoethanolamine 

(PE) is around 7:3, with 20% of lipid in the nanoparticle, LPNs were tuned into 110 nm 

with low PDI. When ratio of PEGylated PE is higher in NP system, size of NP tend to be 

smaller and NP can be more stable, theoretically, in the blood circulation. However, as a 

trade-off, high amount of PEGylated lipid can attribute to the problem of drug release and 

abnormal immunoresponse. 

As shown in Figure 3.4 (A) and (B), the diameters of all BTN averaged around 

100 nm, and the polydispersity index (PDI) values were below 0.25. These values were 

not substantially affected by the amount of drug used during the nanoparticle preparation 

(i.e. initial drug feed from 0% up to 25%) and presence or absence of alendronate coating 

(i.e. non-targeted and bone-targeting nanoparticles were similar).  

All nanoparticles had negative zeta potentials as shown in Figure 3.4 (C). The 

zeta potentials of alendronate-coated BTN were modestly more negative than the 

nanoparticles without alendronate coating (i.e. non-targeted nanoparticles). This can 

likely be attributed to the presence of phosphonate groups in alendronate units which 

conferred additional negative surface charges to the BTN. 
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Figure 3.3 Effect of lipid/polymer weight ratio on NP size and PDI 

 

 

 

 

Table 3.2 Effect on lipids ingredient on NP size and PDI 

PLGA 

(mg) 

Soy 

Lecithin 

(mg) 

DSPE-

PEG 

(mg) 

Cholesterol 

(mg) 

PC:PE 

(molar 

ratio) 

Lipid/Polymer 

(weight ratio) Size PDI 

Zeta-

potential 

6 0.46 0.74 0.06 7:3 0.2 111.77±1.37 0.13±0.02 -43.97±0.58 

6 0.57 0.63 0.08 10:3 0.2 110±3.19 0.18±0.06 -43.6±1.16 

6 0.65 0.55 0.09 13:3 0.2 169.2±3.27 0.26±0.01 -39.17±0.9 

6 0.73 0.47 0.10 17:3 0.2 141.5±4.25 0.16±0.02 -41.7±0.43 

6 0.58 0.92 0.08 7:3 0.25 115.77±2.11 0.19±0.07 -41.97±0.21 

6 0.71 0.79 0.10 10:3 0.25 136.17±3.67 0.19±0.02 -44.73±0.45 

6 0.81 0.69 0.11 13:3 0.25 136.57±4.96 0.2±0.04 -44.67±0.87 

6 0.91 0.59 0.13 17:3 0.25 143.07±2.57 0.15±0.01 -43.9±1.02 
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Figure 3.4 Size, PDI, and Zeta Potential results of BTN with different amount of 

DSPE-PEG-ALN 
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3.2.2 Drug Encapsulation, Payload and Release 

As shown in Figure 3.5 (A), the encapsulation efficiency of linezolid in BTN was 

correlated to the amount of drug added during preparation (i.e. initial drug feed). When 

the initial drug feed was 20% (w/w, over the whole weight of BTN) or lower, decent 

encapsulation efficiency (45% to 60%) was achieved, indicating that the majority of the 

drug was able to efficiently incorporate into the BTN system during the preparation. 

Further increase in the initial drug feed to 25% resulted in a substantial decline in the 

encapsulation efficiency to merely 39.81 ± 2.19% (mean ± SD, N=6). Figure 3.5 (B) 

summarized the actual payload of linezolid by weight of the BTN. Up to 11.69 ± 1.07% 

(mean ± SD, N=6) was achieved at 20% (w/w) initial drug feed. Higher drug feed level 

(25% w/w) was actually counter-productive, leading to reduction in the drug payload. It 

is likely that the excessive amount of drug used during BTN preparation may have 

destabilized the nanosystem. In brief, our finding has demonstrated that BTN is an 

efficient nanocarrier of linezolid (over 10% w/w payload at around 60% w/w 

encapsulation efficiency) as long as the drug feed level used in the preparation is 20% 

w/w or below. ANOVA was applied for these dataset and multi-comparison of 20% 

initial drug feeding with other group was calculated. The p-value standard is defined as 

follow: * for p-value<0.05; ** for p-value <0.01; *** for p-value<0.001. 
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Figure 3.5 Drug loading and encapsulation efficacy of BTN 

 

  



 68 

Figure 3.6 shows linezolid release profile from BTN to buffer (PBS, pH 7.4) at 

37 °C under sink condition with different drug payload values. In general, all BTN 

formulations released the drug in a biphasic manner resembling diffusion-limited drug 

release kinetics. The drug was initially released relatively fast in the first few hours, and 

this was followed by gradual release of the remaining payload until 120 h. Higher initial 

drug release in the first 24 h was observed with BTN of higher drug payload (e.g. 12%). 

To confirm that the observed controlled release was not the result of limited diffusion due 

to the dialysis membrane used in the experiment, free drug solution was also evaluated. 

Over 90% of drug quickly diffused across the dialysis membrane and released into the 

buffer within 2 h, suggesting that the controlled drug release feature was mainly due to 

the inherent properties of BTN instead of the experimental setup. Overall, BTN were able 

to release the loaded linezolid in a controlled manner that lasted 120 h under sink 

conditions.  
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Figure 3.6 Drug release profile of BTNs with different amount of initial drug loading  
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3.2.3 Storage Stability and Serum Dispersion Stability 

Figure 3.7 shows the changes in the particle size, PDI and zeta potential values of 

BTN after extended incubation at 37 °C in culture medium supplemented with 10% fetal 

bovine serum. In general, after 10 days of incubation, the particle diameters of all three 

BTN formulations studied (0%, 10%, 15% initial drug feed) did not exceed 110 nm. 

Except the blank BTN control (0% initial drug feed), the PDI values of the other two 

BTNs both remained below 0.3 during the study. The initial modest increase in the PDI 

(>0.3) and size reduction of blank BTN could probably be explained as extra lecithin in 

solution forming small lecithin micelles. The zeta potential values of all three BTNs 

remained more negative than -30 mV, so the electrostatic repulsive forces that 

contributed to the dispersion of the nanoparticles should continue to be effective. In short, 

all three BTNs studied remained fairly well dispersed in a serum-enriched aqueous 

environment at body temperature.  

Storage stability was also quantified by the size measurement. Sucrose was added 

as non-reducing amorphous disaccharides to stabilize the BTN by forming a hydration 

sphere to protect the product during the storage and avoid possible aggregation. [26] As 

Figure 3.8 showed, both drug loaded and blank BTN were relatively stable within 2 

weeks of storage. However, particle size largely increase after 28 days of storage, and 

boosted to 160 nm. One of the explanation is that the PLGA will start degradation after 2 

week, while pyrogenic substance may exist without contaminate-free synthesis process 

[25, 27] 
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Figure 3.7 Dispersion Stability of BTN: measurement of size, PDI and zeta potential 

values of BTN  after extended incubation at 37 °C in culture medium supplemented with 

10% fetal bovine serum 
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Figure 3.8 Storage Stability of BTN; legend indicate the payload of linezolid in BTN  
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3.3 Materials and Methods 

3.3.1 Chemicals and Reagents 

Linezolid was purchased from LKT Laboratories (St. Paul, MN), alendronate and 

soybean lecithin (from soybean) from TCI America (Portland, OR), DSPE-mPEG (1,2-

Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]) 

and DPPE lissamine rhodamine B (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-

N-(lissamine rhodamine B sulfonyl) from Avanti Polar Lipids (Alabaster, AL), DSPE-

PEG-NHS (1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene-glycol)-N-

hydroxysuccinimide, PEG MW=2000) from Nanocs (Boston, MA), cholesterol, IR780 

and ethanol from Sigma-Aldrich (St. Louis, MO), and PLGA (poly(D,L-lactic-co-

glycolic acid, 50:50 monomer ratio, ester cap, MW 30kDa) from Polyscitech (West 

Lafayette, IN). Other chemicals such as acetonitrile, chloroform and HEPES (N-(2-

Hydroxyethyl) piperazine-N'-2-ethanesulfonic Acid) were bought from Fisher Chemical 

(Pittsburg, PA, USA). 

 

3.3.2 Synthesis of Alendronate-Conjugated Phospholipid (DSPE-PEG-ALN) 

DSPE-PEG-NHS powder was dissolved in alendronate (ALN) solution (molar 

ratio of DSPE-PEG-NHS: ALN was 1:5) in HEPES buffer (pH=7.8) to initiate NHS ester 

crosslinking reaction [37]. The resulting mixture was gently stirred at room temperature 

for 2 h, and then dialyzed (MWCO 1kDa, G-Biosciences, St. Louis, MO, USA) at room 

temperature for 24 h to remove unreacted drugs. The solution containing the DSPE-PEG-

ALN was lyophilized into powder form for nanoparticle preparation.  
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3.3.3 Preparation of BTN 

BTN were prepared based on the nanoprecipitation and self-assembly technique 

[38] previously reported and specifically tailored it for bone-targeting, controlled delivery 

of linezolid. Briefly, lipid components including soy lecithin, DSPE-mPEG (2000), 

DSPE-PEG-ALN and cholesterol were dissolved in chloroform in the molar ratio of 

8.5:1:0.5:2. Cholesterol was added to reduce the permeability of linezolid and slow down 

the release from the polymeric core, while DSPE-PEG-ALN was used for bone-targeting. 

The mixture was blow-dried by nitrogen gas. After that, the dried film was rehydrated 

with 4% ethanol aqueous solution to achieve 1.5mg/ml lipid concentration. Lipid mixture 

was stirred under 65°C to liquid phase. Meanwhile, PLGA polymer was dissolved in 

acetonitrile as 2.5 mg/ml solution. For drug loading, various amounts of linezolid were 

dissolved in the PLGA/acetonitrile solution. The weight ratio of PLGA/lipid was 8.5:1.5. 

PLGA solution was added dropwise into the lipid solution under stirring. The mixture 

was vortexed for 3 min then gently stirred 5h with open lids in order to evaporate the 

organic solvents under room temperature. Unencapsulated drug and any remaining 

organic solvent were washed (deionized water) and filtered 3 times by centrifugal filter 

tube using Spin-X UF 500 (100k MWCO, Corning, NY) at 4000g for 20min. BTN was 

rehydrated with deionized water. 

 

3.3.4 Measurements of Size, PDI, and Zeta Potential 

The size distribution, polydispersity index (PDI) and zeta potential values of 

nanoparticles suspensions were determined by photon correlation spectroscopy (PCS) 

(Zetasizer® 3000HS, Malvern, UK). All samples (25 µl) were diluted with 1 ml of 
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deionized water and measurements were performed at 25 °C. Particle size values by 

intensity were recorded in triplicates.  

 

3.3.5 Determination of Encapsulation Efficiency and in vitro Drug Release Profile 

In order to measure the drug loading, blank nanoparticles and BTN formulations 

with different initial drug feeds were centrifuged in filtration tube as described above. 

The filtrate containing unencapsulated free linezolid was quantified by determining the 

absorbance at 248nm with SpectraMax M2 (Molecular Devices, Sunnyvale, CA) and 

comparing to the standard calibration curve for linezolid prepared in the range of 1 µg/ml 

to 100 µg/ml. The drug encapsulation efficiency (EE%) was determined as:  

 

[(Initial drug feed – Amount of unencapsulated drug) x 100%]/Initial drug feed 

 

To depict drug release profile of linezolid loaded BTN, free drug, blank 

nanoparticles or drug-loaded BTN, 1 ml of 10mg/ml BTN, corresponding amount of free 

drug and other control groups were transferred into dialysis bags (MWCO=10kDa). 

Dialysis was performed against 100ml PBS buffer (pH 7.4) at 37 °C for 5 days. At each 

selected time point, 1 ml of dialysate fluid was withdrawn for linezolid quantification and 

1 ml of PBS buffer was added back into the dialysate to preserve the volume.  

 

3.3.6 Dispersion Stability Study and Storage Stability Study Of BTN 

To ensure the BTN will remain well dispersed in body, dispersion stability of 

BTN was evaluated at 37 °C incubator and at room temperature for up to 10 days. The 
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nanoparticles were diluted with PBS to 1 mg/ml. For each measurement, 50 µl of solution 

was collected, and the size distribution (average size and polydispersity) and zeta 

potential value were measured in triplicate. As for storage stability, 1 mg/ml of LPN with 

5% sucrose was prepared and stored in 4 °C refrigerator. For every set time point, 25 µl 

of solution was collected for size measurement. 

 

3.3.7 Statistics  

All data are expressed as mean ± SD. Differences between groups were assessed 

using one-way ANOVA. A significance level of p < 0.05 was used for all comparisons. 

 

3.4 Summary 

We have developed a stable, approximately 100 nm in size, linezolid loaded lipid 

polymeric nanoparticle drug delivery platform with alendronate as bone targeting moiety. 

By testing the size, PDI, zeta potential and related parameters, we proved that the BTN 

system is reasonable in size and have potential of being stable in serum and in normal 

storage condition for a sufficient duration. We demonstrate that using phospholipid DSPE, 

soy lecithin, cholesterol, PLGA, and synthesized DSPE-PEG-ALN can have the potential 

of encapsulating both hydrophilic molecules and hydrophobic molecules in phospholipid 

layer and PLGA core. 
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CHAPTER 4  

AIM II: BONE-TARGETING AFFINITY QUALIFICATION  

AND TOXICITY OF BTN 

 

4.1 Introduction 

In terms of non-surgical treatment of osteomyelitis, bone and cartilaginous tissues 

present unusual challenges and opportunities for the targeting and delivery of therapeutic 

agents. Agents or antibiotics arriving by the blood must first pass through the local 

endothelial lining of the capillary and enter the interstitial fluid space. To pass from the 

interstitial fluid space to the bone tissue, the agent must pass through or around the bone 

lining cell layer. To attach to a mineralized surface, for example, the agent must also 

penetrate the thin layer of unmineralized matrix on the surface and the proteoglycans of 

the lamina limitans. [1-2] 

Due to the controllable size and modifiable surface functional module, 

nanoparticle can be tailored to the expected size and surface targeting moieties, according 

to the biological characteristics of targeted area. [3] It is also noteworthy that the 

vasculature in bone is unusually porous. Because of the fenestrated capillaries or 

sinusoids in the bone with pore size of 80-100 nm, the extravasation of the BTN 

described here into the bone fluid should not be hampered. [4]  

In recent years, Enhanced Permeability Retention (EPR) effect has been study 

over the decades in cancer-targeting formulation. It has been considered the “royal gate” 

through which the drug carriers like nanoparticles and liposomes can enter through the 

blood leaky vasculation of solid tumor area, which observed with fenestration of 100 nm 
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size. Meanwhile, the drug carriers could be trapped in the tumor site by this unique 

structure which decrease the efflux of macromolecules without cumulate high 

concentration in normal tissue. [5-7]  Even though it has not been fully understand, the 

resemble EPR effect also be observed in infection-induced inflammation. Mechanisms of 

the vasodilation enhanced permeability have been described as following: the contraction 

of endothelial cells of inflammation area, endothelial injury caused by infection and 

transcytosis. [8] In addition, the process of abnormal circulation, angiogenesis and 

remodeling of local vascular structure further provides the accumulation of drug carriers. 

[9] BTN with approximately 100 nm in size, can harness the benefit of infectious EPR 

effect and increase the local concentration near infectious area. 

Nanoparticle, in this case, may penetrate deeper into the bone volume via bone 

fluids in the extensive canalicular system in bone.  The most obvious is the mineralized 

nature of bone and the established binding to the mineral phase of a number of molecules. 

Drugs and agents that will preferentially bind bone mineral include bisphosphonates, 

tetracyclines, and other types of chelators. Additionally, bone is continually turning over 

and new bone is being synthesized, thus presenting opportunities for incorporation of 

bioactive molecules or therapeutic agents to these sites. The effective targeting of 

therapeutic agents to skeletal tissues may greatly improve the efficacy of a variety of 

pharmaceuticals while potentially greatly reducing undesired side-effects. [1, 10] With 

alendronate as targeting moiety and the 100-nm size range, BTN could be a preferable 

drug delivery platform for bone related disease. In this chapter, hydroxyapatite binding 

assay, binding directly with bone chips and intramuscular injection were performed to 
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validate the binding affinity of BTN. The amount of BTN in the bone matrix was also 

measured for this purpose. 

Linezolid as a new generation of oxazolidinone is considered as the last line of 

MRSA infection. However, with the increase use of linezolid, large numbers of reports of 

dose-limiting anemia and thrombocytopenia have been published. [11-15] The 

mechanism of the anemia has been described and previously thought to be due to 

inhibition of mitochondrial respiration. The thrombocytopenia is progressive and may 

require discontinuation of the drug; a mechanism for this effect has not been described. 

Even though for some patient, what they suffered can be managed with transfusions or 

switch to other antibiotics, it truly become a serious obstacle for effectively eradicate the 

possible source of infection. [16] What we proposed here offering a possible solution 

attribute to the targeting drug distribution, increased solubility of encapsulated drug, and 

high local concentration in infectious foci. To prove this issue, we tail veil injected the 

healthy animals and draw the blood to count the platelet number comparing each group.  

 

4.2 Results and Discussion 

4.2.1 Affinity of BTN for Hydroxyapatite  

Suspensions of nanoparticles with different alendronate levels were incubated 

with micronized hydroxyapatite powder at 37 oC. We first varied the hydroxyapatite 

concentration (while keeping the nanoparticle concentration constant) to obtain the 

maximum binding. Figure 4.1 (A) showed that all nanoparticles reached plateau values at 

40 mg/ml hydroxyapatite. Figure 4.1 (B) summarizes and compares the maximum 

binding efficiency of various BTNs and non-targeted nanoparticles.  Without alendronate 
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coating, only 13.36% of the non-targeted nanoparticles were bound onto the 

hydroxyapatite powder. In comparison, the binding of BTN to hydroxyapatite reached up 

to 45%, 59.80 ± 9.55% and 62.55 ± 4.20% (all mean ± SD, N=3) with inclusion of 3%, 6% 

and 12% DSPE-PEG-ALN by weight of the lipid coating. Figure 4.2 shows the 

representative images demonstrating increased hydroxyapatite binding by labeled BTN 

with higher alendronate density.  It may be argued that the binding could be caused by 

deposition of rhodamine-lipids.  We therefore included a control with only rhodamine-

lipids (i.e. the “dye” group in Figure 4.1 (B)). Minimal binding was detected. This rules 

out that the observed BTN-hydroxyapatite binding was a result of non-specific 

interaction.  
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Figure 4.1 BTN affinity to hydroxyapatite 
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Figure 4.2 Picture of HA binding assay 
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4.2.2 BTN-Bone Binding After Direct Exposure 

In Figure 4.3, the bone binding capability of BTN after direct bone exposure was 

first evaluated in porcine bone chips. BTN labeled with IR780 (0.5% by weight, strong 

fluorescence near 800 nm) were shown well bound onto the bone chips (fluorescence 

shown in white/green). Comparing BTN with non-targeted nanoparticles, BTN bound to 

the bones in a more efficient manner especially after short exposure. Within 10 min of 

exposure, the bone samples were already well covered with BTN, and the fluorescence 

intensities of BTN versus non-targeted nanoparticles within 30 min were over 3-fold. To 

rule out BTN and non-targeted nanoparticles carrying the same amount of IR-780 have 

different fluorescence emission intensities, the bottom panel of Figure 4.3 compares their 

intensities within nanoparticle concentration that ranged from 10 to 0.0098 µg/ml (IR-

780 dye concentration from 10 to 0.0098 µg/ml). No noticeable difference was observed 

between the two nanoformulations at same concentration.   
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Figure 4.3 Bone chips immersed in IR dye-loaded NP 

Note: 1st lane: targeted NP with drug loaded; 2nd lane: targeted NP without drug; 3rd 

land: non-targeted NP without drug; From 1st column to 3rd: 10min, 30min, 2h 
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To further confirm the bone-binding effect of BTN after direct exposure, mouse 

leg bones were extracted and examined after exposure to BTN or non-targeting 

nanoparticles and rinsed with blank medium up to 18 h (Figure 4.4). Similar to the bone 

chip study, over 3-fold intensity increases were demonstrated using BTN, and the 

nanoparticles firmly bound on or penetrated in the bones. To rule out the possibility that 

the fluorescence was caused by free IR780 dye leaked out from the nanoparticles, we 

immersed a leg bone in medium containing free dye, a weak signal was detected, 

indicating that it was the BTN, not the dye itself, have targeted the bones. 
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Figure 4.4 Mouse legs treated with saline, dye, NP and BTN 

Note: Lane 1: BTN, 6h,12h, 18h; Lane 2: NP, 6h,12h, 18h 
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4.2.3 BTN-Bone Interactions After Local Injection 

To evaluate if BTN can reach and bind to the bone tissues after local injection, we 

performed injections to the two end of gastrocnemius muscle. Fluorescence images taken 

at 700 nm (in red, indicating body tissues) and 800 nm (in green, showing the labeled 

nanoparticles) were recorded and presented. In Figure 4.5 (B), the vehicle control (PBS) 

did not show any significant fluorescence at 800 nm, confirming the lack of background 

auto-fluorescence at that wavelength. Free IR-780 dye as another control also showed 

only weak 800 nm signal, suggesting that the dye itself did not have strong non-specific 

binding to the bone tissues. When non-targeted nanoformulation and BTN were 

compared (Figure 4.5 (C) to (E)), BTN showed visibly stronger and more extensive 

accumulation near both injection sites. The BTN also spread from the injection sites and 

eventually distributed to the whole leg bone. To verify if BTN actively targeted onto the 

bone or simply just diffused to nearby tissues non-specifically, we also imaged the 

injected leg with the muscles attached. Figure 4.6 shows that BTN were localized at the 

bone without substantially staying in the muscles. Taken together, BTN demonstrated 

strong bone-targeting effect after administered as an injectable formulation.  

 

Note for Figure 4.5 (next page): Left column: 800nm channel; Middle column: 

700 nm channel; Right column: merged. A: PBS only, B: Dye only, C: BTN 6h, D: BTN 

12h, E: NP 12h 
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Figure 4.5 IR scan after local injection of BTN and control groups 
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Figure 4.6 IR scan (with muscle) after local injection  

Note: Left column: 800nm channel; Middle column: 700 nm channel; Right column: 

merged. Group of BTN 12h 

 

 

 

4.2.4 Observation of Bone Targeting  

In this investigation, we analyzed the bone targeting affinity of BTN after 

intravenously injection of BTN. As anticipated Figure 4.7, BTN achieved strong 

fluorescent under the investigation of fluorescent microscope. In contrary, nanoparticle 

without alendronate as targeting moiety shows much less fluorescence comparing to the 

test group. Also, the tissue of the saline group showed slight amount of auto-fluorescence.  
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Figure 4.7 Bone sections after injection of BTN, NP and saline, view under 

fluorescent microscope 
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4.2.5 Bone Penetration by BTN 

To evaluate whether BTN actually penetrated into the bones or just deposited on 

external surface, the treated rat bones were sliced into sections of 2-3 mm thick. Figure 

4.8 shows that BTN (top row) were well distributed in the bone cross-sections. 

Substantial signals were observed in the bone marrow region, indicating the ability of 

BTN to penetrate inside. In comparison, the non-targeted nanoparticles appeared to 

localize at the external compact bone areas.    

 

 

 

 

Figure 4.8 IR scan for bone slice 
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4.2.6 Comparison of Linezolid Level in Bone 

To prove that bone-targeting nanoparticles could successfully lead to linezolid 

accumulation in bone, extracted rat legs was immersed and incubated in the nanoparticles 

and then immersed in chloroform to break the structure of bone-attached nanoparticle and 

extract linezolid. Comparing with free drug, 13.42 ± 2.13% (mean ± SD, N=3) more 

linezolid was retained in rat bones after normalization of the bone weight.  

To prove that bone-targeting nanoparticles could successfully lead to linezolid 

accumulation in bone, extracted rat legs was immersed and incubated in the nanoparticles 

and then immersed in chloroform to break the structure of bone-attached nanoparticle and 

extract linezolid. Comparing with free drug, targeted BTN and non-targeted BTN loaded 

846.94% (mean ± SD, N=3) and 506.42% more linezolid in rat bones after normalization 

of the bone weight. 

 

4.2.7 Toxicity Assay 

The result of MTT assay demonstrated that NP, BTN and free linezolid has no 

significant cytotoxicity towards MC3T3. Free linezolid has some suppression of cell 

viability but rather concentration independent. Alendronate, however, was observed to 

improve the cell viability with its presence and demonstrating concentration-dependent 

trend. This might explain why higher concentration of BTN improved the viability more 

comparing with the non-targeted nanoparticles.  

Meanwhile, the result of platelet count indicate BTN and NP formulation has 

significantly low myelosuppression effect comparing to free linezolid group (p < 0.05). 
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This showed that BTN formulation has the potential of lowering the adverse effect of 

myelosuppression that caused by high dose and prolonged use of linezolid.  

Figure 4.9 demonstrates the detailed trend of MTT in different groups. 

Figure 4.10 compares the platelet count within each group after daily injection (50 

mg/ml) of saline, free linezolid and corresponding amount of BTN. 



 97 

 

Figure 4.9 MTT assay results 
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Figure 4.10 Platelet count of mice after i.v. injection of BTN and linezolid 

 

 

 

4.3 Materials and Methods 

4.3.1 Materials and Animals 

Materials and their vendors are listed as follow: Hydroxyapatite (Sigma-Aldrich, 

St. Louis, MO), DPPE-lissamine rhodamine B, IR-780, 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (Sigma-Aldrich, St. Louis, MO), DMSO (Fisher Chemical, 

Pittsburg, PA), tryptic soy broth (Sigma-Aldrich, St. Louis, MO), Fluoromount™ 

Aqueous Mounting Medium (Sigma-Aldrich, St. Louis, MO), DAPI Nucleic Acid Stain 

(Thermo Fisher Scientific Inc., Waltham, MA), Wheat Germ Agglutinin Alexa Fluor® 

680 Conjugates (Thermo Fisher Scientific Inc., Waltham, MA). Other reagents and 

materials are mentioned in the Chapter 3.  
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The University Laboratory Animal Resources (ULAR) at Temple University 

approved all experiments and animal care procedures. All experiments involving animals 

were conducted under in a Biosafety Level 2 (BSL-2) sterile field at a facility certified by 

the Association for Assessment and Accreditation of Laboratory Animal Care. All rats 

(male Sprague-Dawley, 200-300 g, Charles River) were allowed to acclimate to the 

facility for a minimum of one week prior to their first operation. They were housed in 

separate cages in a climate-  and humidity-controlled facility with free access to 

antibiotic-free food including commercial pellets, bedding, and purified water. 

 

4.3.2 Studies of Bone-Targeting Delivery with BTN 

4.3.2.1 Hydroxyapatite (HA) Affinity Test 

For this study, BTN or non-targeted nanoparticles (without alendronate decoration) 

were labeled by replacing 5% (molar ratio) of phospholipids with DPPE-lissamine 

rhodamine B during the nanoparticle preparation process. HA suspension was prepared in 

PBS (pH 7.4). To evaluate the binding affinity, 1 ml of 10 mg/ml BTN solution was 

incubated with 10 ml of HA suspension (40 mg/ml) at 37 °C under constant shaking for 

30 min. Samples to test included saline containing the same amount of free DPPE-

lissamine rhodamine B, non-targeted nanoparticles and BTN. At the end of incubation, 

aliquots of the suspensions were centrifuged in 1 ml Eppendorf tubes at 500g for 5 min. 

The concentrations of unbound nanoparticles were quantified by measuring the 

fluorescence (ex/em = 560nm/583nm) of the supernatant using Spectramax M2 

microplate reader, and the quantity of the HA-bound nanoparticles was calculated by 

substracting the unbound fraction from the total amount of nanoparticles used.  
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4.3.2.2 Affinity of BTN for Bone After Direct Exposure  

Bone binding affinity of BTN was evaluated ex vivo in porcine bone chips and rat 

legs. Porcine rib bones were used within the same day of purchase from a butcher store. 

The bones were broken and chips weighted within the range of 70 ± 5 mg were selected 

for the study. Bone chips were immersed in 10 ml of IR-780 labeled nanoparticles (1 

mg/ml in PBS, pH7.4) at 37 °C for different time periods, rinsed with PBS, and imaged at 

800 nm imaged using LI-COR Odyssey Imaging System (Lincoln, NE, USA). Labeling 

of nanoparticles (both BTN and non-targeted) was performed by including 10 µl of 1 

mg/ml IR+780 near infrared dye into the lipid phase during preparation. 

For the study in rat leg bones, rat legs were freshly amputated from carcasses. 

Legs were incubated with 1 ml of 10 mg/ml BTN solution and 9 ml pH 7.4 PBS buffer 

for 8 h at 37 °C incubator. Samples to be tested include free 1 µg/ml IR-780 dye, non-

targeted nanoparticles without alendronate decoration, and BTN. The non-targeted 

nanoparticles and BTN were both labeled as above-mentioned. At the end of incubation, 

the bones were washed with PBS buffer (pH 7.4) and imaged using LI-COR Odyssey 

Imaging System (Lincoln, NE, USA) at 800 nm. 

 

4.3.2.3 Affinity of BTN for Bone After Local Injection 

To evaluate the affinity for bone after local administration, 50 µl of each tested 

sample (containing 50 µg nanoparticles in sterile PBS at pH7.4) was injected near 

Achilles tendon and near upper lateral gastrocnemius. Treatments included IR-780 

labeled BTN and non-targeted nanoparticles. Controls include free IR-780 dye dissolved 
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in DMSO and vehicle (sterile PBS at pH7.4).  Near infrared imaging of rat legs was 

performed at 8 h or 12 h after injection as aforementioned, with or without muscles 

removed.  

 

4.3.2.4 Observation of Bone Targeting Using Fluorescence Microscope 

BTN used in this section was prepared by substituting 0.5% w/w of the 

phospholipid with DPPE Liss Rhodamine B. After the animal was tail injected with 200 

µl of 5 mg/ml of BTN for 1 day, the animal was then sacrificed, and tibia was explanted 

for further investigation. The tibia samples were go through decalcification and 

cryosection. The detailed steps of both procedures were described in 5.3.4.2. The slide 

was mounted on Fluoromount medium and observed under fluorescence microscope. 

 

4.3.2.5 Penetration of BTN into Bones 

To verify if BTN only localized on bone external surface or could penetrate to the 

inner regions, after treatment as above-mentioned, leg muscles were removed, and bones 

softened by immersing in 10% formic acid for 24 h. The softened bones were rinsed with 

PBS at pH 7.4 three times, pad-dried and sliced into sections at 2-3 mm thickness. Bone 

sections were imaged at 800 nm using LI-COR Odyssey Imaging System.  

 

4.3.2.6 Evaluation of Linezolid Level in Bone 

To further verify nanoparticle bone affinity, rat bones were incubated with 

treatment or control solution at 37 °C for 24 h. Treatment include BTN, non-targeted 

nanoparticles, or free linezolid solution, all adjusted to 10 ml with PBS (pH 7.4). Drug 
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free PBS served as the negative control. After incubation, bones were immersed in 

medium containing 10% FBS for 24 h at 37 °C to allow unbound drug to diffuse away. 

The bones were pad-dried and then air-dried for 2 h, weighted, and the bound linezolid 

extracted with 10 ml chloroform for 5 min. The chloroform was evaporated by vacuum, 

and the residue containing the extracted linezolid was redissolved by sonicating with 5 ml 

deionized water for 1 min. Any undissolved particulates were removed with a 0.45µm 

filter, and the linezolid levels were determined by UV spectrophotometry at 248 nm.  

 

4.3.3 Cytotoxicity Assays 

4.3.3.1 MTT Assay 

Cytotoxicity of the blank BTN or Lin-loaded micelle was evaluated via the 3-

(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide assay. Briefly, MC3T3-E1 

cells were seeded at 5000 cells per well in a 96-well culture plate, respectively, and 

incubated at 37 °C in 5% CO2 atmosphere overnight. Then, the cells were incubated with 

different concentrations of blank BTN or Lin-loaded micelle (100, 200, 300, 400, and 

500 μg/mL) for 24 h. After that, 20 μL of MTT solution in PBS (5 mg/mL) was added to 

each well and incubated for another four hour. The culture medium was removed 

carefully, and the cells were lysed by addition of 150 μL of DMSO to dissolve the 

formazen. The 96-well culture plate was shaken for 3 min on a microplate reader (BioTek, 

USA) before reading the absorbance at 490 nm. Each experiment was performed in 

triplicate. 
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4.3.3.2 Platelet Count 

At the conclusion of the 2-week experiment, the mice were daily injected with 

50mg/kg of linezolid and corresponding BTN. Before necropsy, food was withheld for 24 

h and the rats were anesthetized with ether. Blood was then drawn from the abdominal 

aorta, collected in heparinized vacutainers, and analyzed with PLT (platelet counts).  

 

4.3.4 Statistics  

All data are expressed as mean ± SD. Differences between groups were assessed 

using one-way ANOVA. A significance level of p < 0.05 was used for all comparisons. 

 

4.4 Summary  

In summary, we have proved that BTN has significantly higher affinity towards 

the bone, lower cytotoxicity and reduced side effects, and higher antimicrobial ability. In 

terms of aim of proving bone affinity of BTN and bone, we performed affinity assays on 

HA, bone chips and healthy animals. All of the assays demonstrate increasing of three-

fold chelating comparing with non-targeted nanoparticle and up to eight-fold increasing 

of linezolid penetration to the bones tissues.   
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CHAPTER 5 

AIM III: ANTIMICROBIAL ACTIVITY OF BTN 

5.1 Introduction 

Osteomyelitis is often caused by S. aureus, which also includes the methicillin-

resistant strains (MRSA). S. aureus is capable of binding to bone matrix due to its cell-

surface adhesion molecules. Once the bacteria adhere to and colonize bone matrix, S. 

aureus will produce factors such as proteases and cytotoxins that can break down the 

bone tissue. [1] Also, S. aureus tend to form biofilm and obsolete intracellularly inside of 

osteocyte, that in turns, can sequester themselves from host immune system and stay in 

the host for a long time. The accumulating evidence demonstrates that certain strains of S. 

aureus persist as small colony variants (SCV) intracellularly in host cells. SCV represent 

the subpopulation of S. aureus that grow slowly due to the reduced metabolically activity, 

which in turns leads to persistent and relapsing infection. [2]  Even though the 

mechanism of biofilm and intracellular infection has not been fully understand, these are 

recognized as parts of the reasons that osteomyelitis prone to recurrent and develop in to 

a chronic condition. [2, 3-6]   

Osteomyelitis, as an inflammatory response to an infecting microorganism that 

cause by bone damage, can occur on any bone at any age to different species. Currently, 

the gold standard treatment is a two-stage re-implantation process. the patient will endure 

two additional surgeries requiring debridement of dead and dying tissues, removal of the 

infected implant or debris, insertion of a high-concentration antibiotic containing implant 

or cement, 6 weeks of intravenous antibiotic therapy, and followed by possible re-

implantation of the missing device or removal of drug releasing device. [7] This directly 



 107 

results in longer hospital residency, prolonged pedestrian immobility, the possibility of 

skeletal defects and limb shortening, and a total cost estimate that can exceed the 

financial capability of a normal family and become a heavy burden for healthcare system.  

Using nanomaterial to treat infection has been a trend in material nanotechnology 

and nanoformulation in therapeutically use. Nanomaterials, which either show 

antimicrobial activity by themselves or increasing the effectiveness and safety of 

antibiotic agent administration. [8-11] Some research group has showed the infection 

eradication and control capability of their nano-antimicrobials in vitro and in vivo. For 

example, as some mentioned in Chapter 2, antimicrobial that utilized nanotechnology has 

generate considerable products: antibiotic formulated in polymeric nanoparticles, [12, 13] 

vancomycin capped gold nanoparticles, [14] carbon nanotubes as a photothermal 

approach to antimicrobial nanotherapy, [15] and bone cement that carries high dose of 

ciprofloxacin and gentamicin [16,17]. However, we could hardly find on that is tailored 

for therapy of osteomyelitis cause by drug resistant strains. Current nanoantimicrobials 

are lack of targeting ability to bone, or not effectively carried good amount of antibiotics 

to the site, or not able to encapsulate enough drug molecules, or might need extra surgery 

to do the implantation.  

A new method should be developed that can achieve: controllable and relatively 

uniform distribution in the target tissue, which in here is bone mineral, 2) improved 

solubility, 3) sustained and controlled release, 4) minimized side effects, 5) enhanced 

cellular internalization and 6) retention inside biofilm. Therefore, the development of a 

drug-delivery system that can introduce proper dose in infection foci would significantly 
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shorten the duration of treatment, elevate patient quality of life, and lower the high cost 

of the treatment. 

In this chapter, in order to investigate the potential application of this drug-loaded 

delivery system for the treatment of osteomyelitis, antibacterial effect of linezolid-loaded 

BTN on MRSA was tested in vitro. In this part, MIC and MBEC assays were performed 

within different groups to test the in vitro antimicrobial ability of BTN comparing with 

free drug group. Mice osteoblasts, MC3T3-E1, were co-cultured with MRSA to test the 

intracellular antimicrobial ability with gentamicin to eliminate the extracellular bacteria. 

Another objective of this chapter is to demonstrate a reproducible in vivo 

osteomyelitis model by rat and MRSA and its related strains. To assess the effectiveness 

of our new bone targeting nanoparticle formulation, we must study the response of the 

bone trauma following the infection by drug resistant S. aureus strain. Meanwhile, using 

in vivo osteomyelitis animal model can further confirm the bone targeting affinity of 

BTN. To these end, the in vivo animal model should be established to verify the 

capability of the BTN we produced and comparing with free linezolid in reasonable 

experimental condition. animal models using mice, rats, guinea pigs, chickens, rabbits, 

dogs, pigs, and goats have all been reported and include S. aureus as the pathogenic agent. 

[12-25] Rats widely used animal model since they are more prone to infection, relatively 

inexpensive. Goats are an excellent model for testing human sized implants, but initial 

scale studies should first be conducted on a smaller animal model. S. aureus can be 

introduced via inoculum or a colonized foreign body. This study uses the latter approach 

as it provides an implant surface onto which bacteria may form a biofilm. Eradication of 
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sessile bacteria colonized under a robust biofilm requires orders of magnitude higher 

concentration of antibiotics than planktonic bacteria in the same medium [23, 24]. 

 

5.2 Results and Discussion 

5.2.1 Antibacterial Activity of BTN by MIC and MBEC Assay 

The most commonly isolated bacteria in OM patients is S. aureus, which includes 

MRSA as one of the hardest strains for antibiotic to eradicate. MRSA strain was used to 

test MIC and MBEC in vitro. As shown in Table 5.1, BTN demonstrated higher MIC (i.e. 

weaker effect) than free linezolid against planktonic MRSA of community acquired 

USA300-0114. However, when handling S. aureus that formed biofilm, the MBEC of 

free linezolid was almost 2-fold higher than that of BTN containing equivalent linezolid 

level, indicating superior effect of BTN over free linezolid. Similar results are observed 

in other strains. It was worth mention that in most case, MIC were indistinguishable 

between free linezolid and BTN, whereas BTN achieved lower eradication concentration 

while dealing with biofilm.  This is critical as in OM, MRSA often grow in form of 

biofilm as the bone provides good surface for the bacteria to adhere and colonize.   
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      MIC (µg/ml) MBEC (µg/ml) 

Strain   Note Free Drug BTN Free Drug BTN 

Staphylococc

us aureus 

ATCC(4

9230) 

Patient with 

chronic 

osteomyelitis 

6.1±4.08 
5.98±

4.21 

378.75±14

2.34 

277.5±

29.05 

  

ATCC(

BA-

1720) 

MRSA 

(Nosocomial 

Acquired) 

8.3±4.55 
7.45±

3.9 

367.5±76.7

7 

200±53

.62 

  
USA300

-0114 

MRSA 

(Community 

Acquired) 

3.42±1.89 
5.62±

4.08 
260±65.57 

142.5±

43.52 

Staphylococc

us 

epidermidis 

ATCC(3

5984) 

Slime 

producing 
23.68±10.54 

19.53

±9.57 
480±75.16 

402.5±

182.62 

 

Table 5.1 MIC and MBEC assay results of BTN (Mean ± SD, N=9) 
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5.2.2 Intracellular Antimicrobial Activity of BTN 

Gentamicin was known with poor eukaryotic cell membrane penetration and 

frequently used in in vitro model of intracellular infection. In order to eradicate the 

extracellular bacteria, S. aureus infected osteoblasts were then followed by 3 h of 

incubation with 25 µg/ml of gentamicin. Based on Figure 5.1, considerable S. aureus 

cells were survived within osteoblast after gentamicin treatment. Nearly 106 CFU/ml of 

bacteria after an overnight incubation at the TBA (Tryptic Broth Agar) plate. As the 

result showed, linezolid loaded BTN had optimized inhibition performance. When the 

drug concentration reaches 4 µg/ml, drug loaded particles had reached the detection limit 

and strongest inhibition comparing with similar amount free drug and drug/blank BTN 

mixture. This indicated that, the BTN would facilitate the drug to enter and accumulate 

intracellularly for antimicrobial effect. 

To further confirm the intracellular effect of BTN, the uptake test using mouse 

osteoblast was observed by fluorescence labeled BTN under confocal laser scanning 

microscopy. As showed in Figure 5.2, after 6 h exposure of BTNs, cell plasma membrane 

and nucleus were stained with fluorescence dye for better visualization effect. Based on 

image analysis, red signals from BTN were located near the nucleus with green signal 

indicated the outline of the cell membrane. This suggests that BTNs were taken up by the 

MC3T3 osteoblasts and confirmed the potential of BTNs ability to facilitate cellular 

uptake and accessibility to intracellular bacteria. 
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Figure 5.1 The effects on intracellular S. aureus by linezolid, drug loaded LPNs and 

blank LPN/drug mixture (osteoblasts were lysed, plated on tryptic soy agar plate) 

 

 

 



 113 

 

Figure 5.2 Confocal microscopy image of BTNs internalized osteoblast (with 20 µm 

scale bar); first image is the merged result of following signals: upper right green 

represents plasma membrane of osteoblast, which stained by WGA Alexa 633; lower 

right red represents fluorescence labeled BTNs, which comprised with DPPE-Lissamine 

Rhodamine B; lower left blue represents nucleus, which stained by DAPI 
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Linezolid as new generation oxazolidinone antibiotic is usually considered as a 

drug of last resort for persistent infection. Even it is effective against planktonic bacteria 

cells, linezolid is struggle to be bactericidal when encounter the biofilm isolates. [26] 

Here, we have hypothesis that LPN has the potential to embed and reside in the matrix of 

biofilm. This can leads to accumulated high drug concentration in biofilm and enhanced 

antimicrobial effect. In this part, biofilm was first incubated in a sucrose enriched broth, 

which can promote the adherent of the biofilm to the inner surface of container. Linezolid 

LPN was mixed with TSB to treat the biofilm for 12 h with corresponding control groups: 

same concentration free linezolid and drug/blank LPN mixture.  Since S. aureus is non-

motile and forms a biofilm on the bottom of the well, using crystal violet staining can be 

a convenient way to quantify the amount of biofilm. The biofilm retention percentage 

will be quantified by comparing with the group without any treatment.  

As Figure 5.3 showed, even though linezolid achieve good inhibition for 

planktonic cell and intracellular variant, there was still high biofilm retention in all 

groups that tested in higher drug concentration. Drug loaded LPN has significant low 

biofilm retention, in group of 32, 64 and 128 µg/ml. It also statistically lower comparing 

to the drug/blank LPN mixture in group 64 and 128 µg/ml. One of the explanation is the 

that PEGylated shell of LPN may have higher biofilm affinity that help LPN entangled in 

the matrix of S. aureus biofilm.  
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Figure 5.3 Biofilm formation was inhibited under different concentration by linezolid, 

blank LPN/linezolid mixture and linezolid loaded LPNs; remaining biofilm represented 

by biofilm retention rate, which quantified by the OD550 of crystal violet 

 

 

Figure 5.4 Biofilm inhibition performed by LPNs and non-PEGylated LPN 
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To prove the assumption, LPN with PEGylated lipid and LPN without DSPE-

PEG were tested with the same amount of linezolid loaded. As result showed in Figure 

5.4, non-PEGylated LPN showed high biofilm retention comparing to DSPE-PEG 

phospholipid added version. In order to visualize the LPN retention in S. aureus biofilm, 

fluorescent labelled LPN was incubated with biofilm. Figure 5.5 showed the CLSM 

images of LPN and non-PEGylated LPN. Based on the ImageJ particle analysis, 

PEGylated LPN group has roughly double the amount of particle trapped in the biofilm 

matrix after wash. This suggested that long polyethylene chain will facilitate the 

localization of nanoparticle and further improve the drug concentration at the focus of 

infection. 
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Figure 5.5 Confocal microscopy image of BTNs (right column) and non-PEGylated 

BTNs (left column) trapped in biofilm matrix; green represents biofilm and S. aureus, 

which stained by WGA Alexa 633; red represents fluorescence labeled LPNs, which 

comprised with DPPE-Lissamine Rhodamine B; scale bar as 10 µm 
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5.2.3 Preliminary Confirmation of Bone Infection 

We monitored the development of osteomyelitis using bioluminescent bacteria 

strain for a short session of inoculation of 5 x 106 CFU. As shown in Figure 5.6, the test 

group still showed the prolonged bioluminescence after 7 days of injection, 

demonstrating the proliferation and the delayed resolution of the bacteria at the site. By 

contrast, the control group treated with saline had no detectable bioluminescence as 

predicted.  

Then, we analyzed histological sections of excised tibiae to explore the cellular 

processes at the implant site during the development of bone infection (Figure 5.7). As 

anticipated, normal bone healing with no signs of infection was observed in a Saline-

treated tibia tip to 3 weeks post-inoculation. By contrast, the infected group showed 

adverse inflammatory reactions and the clear staining of MRSA existence in the bone 

tissue. The histological data suggests the successful development of a bone infection in 

the implant site. 
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Figure 5.6 Bacterial growth after inoculation 
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Figure 5.7 Gram stain of the bone section after 7 days of inoculation 
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5.3 Materials and Methods 

5.3.1 Osteoblast Cell Culture and Bacteria Cell Culture 

We obtained MC3T3-E1 osteoblast cell line from ATCC. This cell line is used in 

this study is obtained from ATCC derived from mouse calvariae and has been studied for 

bone matrix synthesis, mineralization and changes in morphology and metabolism during 

differentiation. The base medium for this cell line is Alpha Minimum Essential Medium 

(𝛼-MEM). For complete growth medium, add fetal bovine serum to a final concentration 

of 10%; and add penicillin-streptomycin (Pen-Strep) (Fisher Scientific) to a final 

concentration of 100 U/ml-100 µg/ml. The cell culture was incubated at 37 °C in a 5% 

CO2 incubator. Medium was changed 48 h after seeding and then every 24 h after. Once 

the cell reached confluence, cell culture was then subcultivated by 1:6 ratio.  

USA300-0114, one of the predominant community acquired Staphylococcus 

aureus strain in US [27], was obtained from ATCC. The other two kind of S. aureus 

strain were nosocomial acquired subtype with ATCC(49230) isolated from patient with 

chronic OM. We also tested Staphylococcus epidermidis which considered as other 

dominant microorganism of OM. Bacterial strains were routinely grown on Trypic Soy 

Broth (TSB) solidified with 1.5% agar at 37 °C or TSB with shaking at 200 rpm, 

ventilated, unless otherwise indicated. Bacterial inocula were prepared by pick of single 

colony overnight LB cultures followed by growth at 37 °C and 200 rpm shaking for 3-6 

hours. Bacteria were collected by centrifugation, washed with PBS twice, and 

resuspended to a needed concentration in corresponding solution. 
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5.3.2 MRSA Internalization 

After osteoblasts reached confluence, growth medium was removed and the cells 

were washed three times with DPBS. Fresh growth medium without antibiotics was then 

added to the cells. Osteoblasts were inoculated for 1 h at 37 °C with approximately 5×108 

bacterial cells each well in a 12-well culture plate. After internalization, supernatants 

were removed and the osteoblasts were washed three times with DPBS. Then, growth 

medium containing 25 µg/ml gentamicin was added to each well to kill remaining 

extracellular bacteria. After incubation at 37°C for 3 h, the cell culture was washed and 

then lysed by addition of 0.1% Triton X-100 with incubation for 5 min at 37 °C. To 

quantify the number of internalized bacteria, suspension dilution of the lysate was plated 

on tryptic soy agar overnight at 37 °C. The gentamicin treated, inoculated osteoblasts 

were also centrifuged and supernatant were plated on tryptic soy agar plate to further 

verify the eradication of extracellular bacteria. 

 

5.3.3 Visualization of LPN Internalization 

To exam if the NP can be internalized, NP was labeled with 0.25% (weight ratio 

comparing with lipid content of LPN) DPPE-lissamine rhodamine B. Osteoblasts were 

seeded on sterilized coverslip in a 35mm poly-lysine coated cell culture dish. After 

osteoblasts reached confluence, replace with fresh growth medium, then 50 µl of 10 

mg/ml of fluorescence labeled NP was added. At the end of 6 h incubation at 37 °C, 

osteoblasts Nuclei and cell membrane was stained with DAPI and Wheat Germ 

Agglutinin (Alexa Fluor 633 Conjugate) after treatment. The cell was then fixed with 4% 

formaldehyde for 10 min and mounted on slides with Fluoromount Aqueous Mounting 
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Medium. Internalization was visualized with a Leica DM IRE2 confocal microscope with 

a TCS SL system (Buffalo Grove, IL).  

 

5.3.4 Intracellular Antimicrobial Assay 

To examine the inhibition effect of linezolid loaded NP, MC3T3-E1 cells was 

treated with different concentration of drug loaded LNP, blank LNP and linezolid 

solution. Briefly, after the internalization of MRSA, osteoblasts culture dish was carefully 

washed twice with DPBS and then refilled with fresh growth medium without antibiotics. 

Drug loaded LNP, blank LNP and linezolid solution were serial diluted based on the final 

concentration of linezolid. Following incubation at 37°C for 6 h, treated cultures were 

washed and then lysed by addition of 0.1% Triton X-100 with incubation for 5 min at 

37 °C. To quantify the remaining number of internalized bacteria, suspension dilution of 

the lysate was plated on tryptic soy agar overnight at 37 °C.  

 

5.3.5 BTN Intracellular Effect Observed by CLSM 

MC3T3-E1 cells were incubate in 35mm culture dished, which contains poly-

lysine precoated (precoated for 1h) cover slip, with the condition of 37 °C, 5% CO2, until 

100% confluence was reached. 0.25% w/w DPPE-lissamine rhodamine B labeled BTNs 

are used to treat the cell for 1h with the final concentration of 100 µg/ml. Then cell was 

treated with nucleus stain DAPI for counterstaining. Briefly, DAPI was diluted to 30 nM 

in PBS. Then pipet 300 µL of this staining solution directly onto the coverslip. Incubate 

the specimen in the incubator for 20 minutes. Also, Alexa Fluor® 680 conjugate was use 

as cell membrane staining. Briefly, 300 µL of 5.0 µg/ml labeling agent was pipetted onto 

the coverslip. Incubate for 10 minutes at 37°C. Then labeled cells can be fixed with 4% 
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formaldehyde for 15 minutes at 37°C, followed by washes in PBS buffer. Sample was 

then finally mounted on Fluoromount™ Aqueous Mounting Medium and ready to be 

observed by CLSM with 100x objective.  

 

5.3.6  Biofilm Microplate Assay and Viability Assay 

Overnight cultures of S. aureus grown in TSB medium were added to TSB+1% 

sucrose at a concentration of 5 × 106 CFU/ml (or normalizing to optical density at OD600 

of 0.02). The bacterial suspension was inoculated into a 96-well tissue culture plate. After 

overnight incubation, drug loaded LPN and linezolid medium solution were added at 

different concentration for a 12 h treatment. The culture plate was washed with water for 

3 times to ensure all the planktonic bacteria cells and non-embedded antibacterial was 

washed away. Fresh TBS was added into the culture plate for another overnight 

incubation at 37 °C. Then, crystal violet staining of biofilm was then performed as 

follows [26] : non-adherent cells were washed off by water 3 times, and adherent biofilm 

was stained with 0.1% crystal violet at room temperature for 15 min; after washed with 

water 3 times, the stained biofilm was dried overnight and mixed with 30% acetic acid 

(v/v) for 10 min. The absorbance was measured at 550 nm on a microplate reader.  

 

5.3.7 Confocal Laser-Scanning Microscopy of LPN Penetration in Biofilm  

Biofilm formation and eradication was visualized by CLSM. Wheatgerm 

agglutinin (WGA) conjugated with fluorescent Alexa Fluor 633, which binds to 

polysaccharide intercellular adhesin (PIA), was used to visualize the structure of biofilm. 

The overnight bacterial suspension described in 2.10 was inoculated in optically clear 

bottom 96-well plate. DPPE-lissamine rhodamine B labeled LPNs with different 
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concentration were added into the well. After 12 h incubation, each well was washed with 

PBS for 3 times and stained with 10 µg/ml WGA Alexa Fluor 633 for 15 min. After 

30min fixation by 4% formaldehyde PBS solution, the sample was observed by Operetta 

CLS microscopy (PerkinElmer, Waltham, MA).  

 

5.3.8 Animals 

The University Laboratory Animal Resources (ULAR) at Temple University 

approved all experiments and animal care procedures. All experiments involving animals 

were conducted under in a Biosafety Level 2 (BSL-2) sterile field at a facility certified by 

the Association for Assessment and Accreditation of Laboratory Animal Care. All rats 

(male Sprague-Dawley, 200-300 g, Charles River) were allowed to acclimate to the 

facility for a minimum of one week prior to their first operation. They were housed in 

separate cages in a climate-  and humidity-controlled facility with free access to 

antibiotic-free food including commercial pellets, bedding, and purified water. 

 

5.3.9 Details of Surgery 

Rats were given preoperative analgesics (1 mg/kg meloxicam) via subcutaneous 

injection, and intraoperative anesthesia via 1-3% isofurane in oxygen. Both lower limbs 

were shaved, disinfected with povidone iodine, and draped in a sterile manner. A 5-mm 

skill incision was made at the proximal tibial metaphysis in the region of the tibial 

tuberosity and extended to the underlying fascia and periosteum. The implant site was 

prepared by intermittent drilling a 0.8 mm hole through the cortical and cancellous bone 

below the patella ligament in order to gain access to the medullary cavity of the proximal 
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metaphysis. This was done using a customized handheld drill with dental burrs and 

operated at a low rotary speed with saline irrigation. An implant was then inserted into 

the implant site without tapping. The implant is a 3-mm long 0.7-mm in diameter 

stainless steel wire and was inoculated through direct injection with inoculation of either 

of the MRSA strain (5 x 106 CFU/rat) into the implant cavity using a 3/10 cc syringe 

insulin syringe for acute infection. After administering MRSA, rats were also weighed at 

predetermined time points to monitor health condition. Replication of SAP149 was 

monitored by IVIS detection of luminescence to determine the extent of bone infection 

during the residence time. 

 

5.3.10 Confirmation of Infection 

5.3.10.1 Use of Bioluminescent Bacteria and in vivo Imaging System 

Rats was immediate taken to image right after injection and day 7. Images of mice 

were acquired by using the in vivo imaging system (IVIS Lumina LT, Series III). Mice 

were anesthetized by using 3% isofluorane mixed with oxygen using the XGI-8 gas 

anesthesia system supplied with the IVIS 100 Lumina LT. Images were acquired 

according to manufacturer's recommendations and analyzed by using Living Image 

software. 

 

5.3.10.2 Cryo-Histology Section and Crystal Violet Staining 

After euthanasia, tibiae were explanted and were fixed in 4% paraformaldehyde 

(PFA). PFA-fixed tibiae with implants were partially decalcified for 24 hours with 2% 

formic acid or for about 2 weeks with neutral EDTA solution, and embedded in optimum 
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cutting temperature (Tissue-Tek, O.C.T. Compound) and freezed in -80 °C. The sample 

embedded blocks were cut into 10 µm slice by cryosection microtome (Leica CM1850 

Cryostat) and mounted on a microscope slide. Then the slide was stained by crystal violet 

staining. Briefly, the slide was air-dry and fixed with even thin flame. The fixed slide was 

then added 5 drops of crystal violet stain and stand for 1 min. Then, excess stain on slide 

was washed by water. Iodine solution was then added on to the slide for 30 second. After 

slide was rinsed off, it decolorized by 1:1 ethanol/acetone solution. Finally, the slide was 

covered by coverslip and observed under microscope. 

 

5.3.11 Statistics  

All data are expressed as mean ± SD. Differences between groups were assessed 

using one-way ANOVA. A significance level of p < 0.05 was used for all comparisons. 

 

5.4 Summary and Future Work 

The work of this chapter fully demonstrated the BTN antimicrobial activity 

against biofilm and intracellular infection. Even though linezolid encapsulated BTN 

showed similar MIC with the free drug group, the BTN indicated its advantages when it 

comes to biofilm inhibition. The intracellular assay that use gentamicin to eliminate the 

extracellular microorganism, further proves the point that BTN has the potential to enter 

the eukaryotic cell for eradicate cytoplasm located bacteria colonies. CLSM also 

confirmed the intracellular localized BTN with fluorescence visualized image. In addition, 

BTN demonstrated the superior inhibition to biofilm than free drug. One of the 
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explanation is the PEGylated surface and the size of BTN can help the drug carrier 

trapped in the matrix of biofilm and achieve the higher local antibiotic concentration. 

The in vivo bone infection model described in this chapter, which involved at least 

7 days of incubation time allowed for the development of bone infection, was 

successfully reproduced over multiple animals. Development of a local soft tissue abscess, 

sepsis, and morbidity make longer incubation times challenging and hence development 

of a chronic osteomyelitis extension to this model requires further research. Also, the 

using this in vivo model, BTN bone targeting affinity was, again, proved by tail-vein 

injection of nanoparticle and fluorescent microscope.  

Further works are proposed as follow: 1) long-term incubation time to mimic the 

chronic osteomyelitis; 2) microbiological evaluation using CFU count of different stage 

of infection; 3) in vivo antibacterial treatment using BTN, free linezolid. 
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CHAPTER 6  

CONCLUSIONS AND FUTURE DIRECTION 

 

6.1 Summary and Conclusions 

In this study, we report the development of a new targeted linezolid nanotherapy 

known as BTN. Our three key objectives are to demonstrate that BTN can (i) demonstrate 

potential as a formulation that can efficiently encapsulate linezolid and remains stable 

and functional in conditions that mimic physiological environment (e.g. body temperature 

in serum-supplemented medium for extended time), (ii) significantly bind to and localize 

in bone both after direct exposure and as an injectable form, and (iii) achieve stronger 

therapeutic effect on MRSA in biofilm than free linezolid. Up to date, this is the first 

bone-targeting linezolid nanoformulation reported. BTN is also the second bone-targeting 

antibiotic nanoformulation ever documented, only after Cong et al.’s report of 

alendronate-coated polymeric micelle formulation of vancomycin which did not 

demonstrate capabilities to deliver linezolid in controlled manner and treat biofilm 

effectively [1].      

Regarding the first objective, we showed that BTN formulations have size ranges 

(around 100 nm in diameter) close to the nanoformulations approved by FDA for 

parenteral administration (e.g. Doxil averages 87.3 +/- 8.5 nm in diameter [2]). Their 

average size, size distribution (as indicated by PDI) and surface charge properties (as 

indicated by zeta potential) were all fairly consistent after incubating in serum-

supplemented medium at body temperature over 10 days. Controlled linezolid release at 

37 °C for 5 days was also achieved. The highest drug payload achieved was over 10% by 

weight at around 60% encapsulation efficiency, which are quite high considering that 
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linezolid is a water-soluble drug with low molecular weight, so it is difficult to be well 

encapsulated. All in all, our findings indicate that BTNs have the potential for efficiently 

encapsulating, delivering and releasing linezolid as a stable parenteral nanoformulation.  

According to the study by Kutscha-Lissberg et al. [3], the linezolid level in 

cancellous bone after IV linezolid treatment was 3.2 +/- 2 mg/L while all other tissue 

samples (e.g. joint capsule, granulation tissue, bone marrow) took up much higher drug 

level (all showed >10 mg/L). In other words, even other studies reported higher bone 

drug level (e.g. 9.1 mg/L reported by Lovering et al.), it is evident that linezolid generally 

does not accumulate in the bone more than any other tissues. In order to increase intra-

bone linezolid level by increasing the total dose, it will inevitably increase the drug levels 

in plasma and other tissues at the same time, leading to higher risk of drug toxicity. Our 

second objective therefore focused on demonstrating that BTN can bind and accumulate 

in the bone in a specific manner under different conditions. As presented in Chapter 4, we 

showed that BTN were able to localize well in bone tissue both after direct exposure (by 

immersion) and as an injectable form administered near the bone. We further 

demonstrated that BTN could spread from the injection sites, distribute along the bone 

and penetrate into deeper regions of the bone, and did not non-specifically accumulate in 

the surrounding muscle tissues. All of our findings consistently indicated that BTN is a 

nanoformulation that can efficiently bind, distribute, penetrate and accumulate at the 

targeted bone tissues.  

We performed both MIC assay and MBEC assay on MRSA, the most common 

cause of OA, to compare the effectiveness of BTN with free linezolid against planktonic 

(free floating) bacteria and biofilm-forming bacteria, respectively. Our data indicated that 



 134 

free linezolid was more effective than BTN on planktonic MRSA (MIC lower), but 39% 

less effective on biofilm-forming ones. It should be noted that the comparison of MIC 

values between BTN and free linezolid is not a fair and realistic one. The purpose of this 

experiment is mainly to determine if the encapsulated linezolid in BTN remains 

therapeutically active. The reason is that the exposure time of both treatment to the 

MRSA was only for 24 h. From Figure. 8, we have learned that within this time period, 

only approximately half of the encapsulated drug can be released as BTN is a controlled 

release formulation.  In actual clinical situation, BTN will likely stay with the bone and 

continue to release more drug after 24 h, while the linezolid level tends to quickly decline 

with the use of free drug solution (average half-life of linezolid is 2.9 h in children, 4.1 h 

in teenagers, and 4.9 h in adults) [4], so the use of 24 h incubation at the same drug level 

actually gave the free linezolid treatment a substantial advantage. More importantly, our 

bone linezolid level study also showed that BTN led to 8-fold of linezolid concentration 

in bone versus free linezolid, so in reality, it is expected that the OM-causing pathogens 

will not be exposed to the same linezolid level when the drug is delivered by BTN as in 

the case of linezolid solution. 

Hence, considering the aforementioned limitation in mimicking the actual bone 

environment under in vitro experimental conditions, it is quite surprising to see that BTN 

remained more effective than free linezolid against MRSA biofilm even both treatments 

were washed away at the end of incubation. The finding suggests that unlike free 

linezolid, linezolid in BTN likely adhered and accumulated on the biofilm to continue the 

therapeutic action. This is critical for OM treatment as MRSA has strong tendency to 

form biofilm on the bone surface, and it is well known that these bacteria are quite 
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resistant to antibiotic administered in conventional, free drug manner [5-7]. . By 

comparing non-PEGylated version, PEGylated nanoparticle showed the possibility of 

biofilm-trapped pattern, which may provide the explanation of higher biofilm eradication 

rate.  

 

6.2 Future Direction 

This thesis work helps address the potential of using an actively targeting 

nanoparticle to treat bacteria related osteomyelitis. The results are promising, but there 

still are many direction to explore and expand the system further and address the other 

clinical indications. 

 

6.2.1 Delivery of Different or Multiple Agents and Delivery System Improvement 

First of all, the overall advantage of the BTN is the potential of accumulate drug 

carrying vehicle to bone tissue within 3-6 hours. By choice of antimicrobial agents based 

on solubility, hydrophilicity, pH and other physiochemical properties, BTN system could 

be designed in bottom-up fashion with the modification of PLGA co-polymer and surface 

modification. Some groups has synthesized the targeting moieties with more potent agent 

in this class, such as zoledronate-PLGA and zoledronate-phospholipid. [8,9] Comparing 

to alendronate, zoledronate provides 20-fold higher potency while largely shorten the 

half-life by 630-fold. [10, 11] Such improvement will theoretically enhance the bone 

affinity of the BTN and potentially further lower the toxicity. In addition, when 

combining with multiple agents, other clinical indications like bone-metastases cancer 
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can explore the benefit of this delivery vehicles. To this end, however, BTN also needs to 

enhance its in vivo stability for extended release. 

 

6.2.2 Further Investigation of Animal Model and Larger Animal for Translation 

The next study would focus on establishing a functional rat osteomyelitis model 

to determine the biodistribution of the linezolid. Rat model will further confirm the 

effectiveness of the hypothesis and the antimicrobial activity at lower dosage. In addition, 

it would be more practical to mimic the microenvironment of bone infection in animals of 

larger scale, such as rabbit and goat. Results of rabbit model could extrapolate for clinical 

trial since it is more received for pre-clinical model for microbe infected bone infection. 

[12] The higher body weight of large animals could provide more accurate data for 

dosage prediction for clinical translation.  

 

6.3 Concluding Remarks 

The work presented in this thesis have developed a novel nanoformulation of 

linezolid, known as BTN, that is tailored for bacterial infections in bone. It was shown to 

substantially bind, distribute and penetrate to bones by direct exposure or after injection. 

It has over 10% payload of linezolid and can release the drug in a fairly controlled 

manner for 5 days. The nanoformulation showed lower inhibition or eradication 

concentration comparing with free drug in vitro for inhibition of biofilm and intracellular 

infection. Overall, BTN is a promising targeting drug delivery platform for bone tissue 

related infection. 
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