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ABSTRACT

Delivering therapeutic agents for the effective treatment of bone tuberculosis (TB) is
significantly challenged by inadequate drug penetration into the infected skeletal tissues and
limited regeneration of damaged bone. Traditional systemic drug administration often fails to
achieve desired therapeutic concentrations locally, leading to increased risk of drug resistance,
treatment failure, and systemic toxicity. The aim of this study was to develop a novel, multi-
component 3D-printed scaffold incorporating bedaquiline (BQ)-loaded poly(lactic-co-glycolic
acid) (PLGA) nanoparticles for localized, sustained release and simultaneous bone
regeneration in the targeted management of bone TB. The BQ-loaded PLGA nanoparticles
were synthesized using a solvent evaporation technique and optimized through a Box—
Behnken design (BBD), focusing on critical quality attributes (CQAs). The optimized
nanoparticles exhibited an average particle size of approximately 180 nm, a polydispersity
index of less than 0.2, and an encapsulation efficiency (EE) of 78 £ 3%. In-vitro drug release
assays demonstrated controlled and sustained release kinetics, achieving approximately 85%
cumulative drug release over 21 days. The multi-component scaffold was fabricated using
advanced 3D printing technology, integrating natural, synthetic, bioactive, and metallic
biomaterials, specifically polycaprolactone (PCL), sodium alginate (NaAlg), bioactive glass
(BG), and titanium (Ti). The scaffold exhibited a porosity of nearly 70% and demonstrated
optimal mechanical properties with a compressive strength around 3.5 MPa. Comprehensive
physicochemical, morphological, and thermal characterizations were conducted using Fourier
Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Differential Scanning
Calorimetry (DSC), Thermogravimetric Analysis (TGA), Scanning Electron Microscopy (SEM),
and Transmission Electron Microscopy (TEM), confirming the scaffold's desirable structural
integrity, thermal stability, and morphological properties. Cytotoxicity assessments performed
using the MG-63 osteosarcoma cell line indicated high cell viability exceeding 85% after 72
hours, confirming excellent biocompatibility and suitability for bone tissue engineering
applications. An in vivo evaluation in a New Zealand White rabbit femoral defect model
provided further evidence of therapeutic efficacy, with histomorphometry analyses revealing
bone regeneration at defect sites treated with the scaffold, compared to regeneration in
untreated control sites after 4 weeks. Additionally, mechanical testing supported these
findings, showing significantly enhanced structural integrity and load-bearing capabilities at the
treated sites. The results of this comprehensive study demonstrate that the developed 3D-
printed scaffold loaded with BQ-encapsulated nanoparticles effectively addresses the
limitations associated with conventional systemic bone TB therapies. The scaffold provides
sustained localized drug delivery, reduces systemic side effects, and significantly enhances
bone tissue regeneration. This innovative platform holds promise for clinical translation,
potentially revolutionizing the management and treatment of bone tuberculosis and similar
skeletal conditions requiring targeted therapeutic intervention and robust regenerative support.
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Figure 4.5

Figure 4.6.

drug-loaded novel multicomponent
scaffold

TGA thermograms of (a) native BGT
10%, (b) native polycaprolactone
(PCL), (c) native polyvinyl alcohol
(PVA), (d) native sodium alginate
(NaAlg), (e) Unloaded 3D-printed
scaffold and (f) Drug loaded 3D-

printed scaffold.

Visual and microscopic evaluation of
the novel multi-component 3D-
printed scaffold. (a, b) Macroscopic
images showing the microstructure
of the 3D-printed scaffold,
highlighting its uniform grid-like
pattern and structural integrity. (c, d)
SEM images of the unloaded 3D-
printed scaffold, displaying its
porous architecture and surface
morphology. (e, f) SEM images of
the drug-loaded 3D-printed scaffold
show spherical nanoparticulate
structures distributed on the scaffold
surface and within its internal pores,
confirming successful nanoparticle
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Structural and porosity evaluation of
the novel multi-component 3D-
printed scaffold. (a) SEM image

showing the scaffold’s macroporous

architecture with pore sizes ranging
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562.3 ym. (b) BET isotherm curve

illustrating the scaffold’s adsorption-

desorption behavior, indicative of a

mesoporous structure with a
hysteresis loop, further supporting its
suitability for controlled drug delivery

and biomedical applications
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CHAPTER1
INTRODUCTION

1.1. Background of this study

According to the World Health Organization (WHO), tuberculosis (TB) is one of the
leading causes of death globally, with an estimated 1.3 million TB-related deaths in
2023. Approximately 10.8 million people were infected with TB in 2023, including
around 600,000 cases among individuals living with the human immunodeficiency virus
(HIV) (Goletti et al., 2025; World Health Organization, 2024). The COVID-19 pandemic
has further exacerbated the TB crisis by disrupting healthcare services, delaying
diagnosis, and interrupting treatment regimens. Lockdowns, resource reallocation, and
overwhelmed healthcare systems have led to decreased TB detection rates and
increased transmission, contributing to worsened disease progression and higher
mortality rates (Cioboata et al., 2023; Khoza et al., 2022; World Health Organization,
2024). TB is a well-known poverty-related disease that is frequently linked to
socioeconomic status and is an ancient chronic infectious disease caused by bacillus
Mycobacterium tuberculosis (Foster et al., 2015; Murdoch et al., 2021). The TB
bacteria primarily infect the lungs, with secondary infections being to other parts of the
body and this is known as extrapulmonary TB (EPTB) (Lee, 2015). EPTB is more
common in HIV-positive patients, particularly those with low CD4 counts. EPTB sites
include intestines, skeletal, spine, renal, kidneys, and brain (Kumar et al., 2010). These
types of TB appear to be more common in young patients, women, and people of

African or Asian ancestry (Forssbohm et al., 2007).

Extrapulmonary tuberculosis (EPTB) accounts for approximately 10-16% of all TB
cases, with skeletal TB (STB) comprising around 10% of EPTB cases. Among these,
spinal TB is the most prevalent form, representing nearly half of all skeletal EPTB
cases (Baykan et al., 2022; Gopalaswamy et al., 2021). Other commonly affected sites
include the hip, sacroiliac joints, knees, ribs, shoulders, ankles, elbows, and wrists (El
Farhaoui et al., 2023; Leonard and Blumberg, 2017). Additionally, bone TB shows a
higher predilection for long bones such as the femur, tibia, and humerus, where the
rich vascular supply provides a favorable environment for Mycobacterium tuberculosis

’



bacilli to establish infection (Hopewell and Jasmer, 2004; Leonard and Blumberg,
2017). Tuberculosis osteomyelitis is caused by the reactivation of bacilli that were
trapped in bone during the primary infection of Mycobacterium tuberculosis in the lungs
(Pigrau-Serrallach, 2013).

Diagnosing bone TB is particularly challenging due to its slow progression and
nonspecific symptoms, which often mimic other musculoskeletal disorders such as
pyogenic osteomyelitis, metastatic bone disease, or inflammatory arthritis (Pigrau-
Serrallach, 2013; Ye et al.,, 2016). Early detection is crucial to prevent severe
complications like bone destruction, deformities, and neurological impairment,
especially in cases of spinal TB (Garg and Somvanshi, 2011; Pandita et al., 2020).
Clinical evaluation plays a key role in identifying patients with persistent bone pain,
localized swelling, restricted mobility, weight loss, night sweats, and low-grade fever.
In spinal TB, symptoms can progress to neurological deficits due to spinal cord
compression, making early intervention essential (Hegde Amogh et al., 2016; Ye et al.,
2016). Various imaging techniques assist in diagnosing bone TB. While X-rays are
often used as an initial screening tool, they are less effective in detecting early-stage
disease, as bone changes may only become visible in later stages. Magnetic
Resonance Imaging (MRI) is considered the gold standard for detecting early bone
and soft tissue involvement, particularly in spinal TB, while Computed Tomography
(CT) scans provide detailed bone structural changes and are useful when MRI is
unavailable. Additionally, bone scintigraphy, a nuclear imaging technique, can help
identify TB lesions in multiple bone sites, offering a broader assessment of disease
spread (Pineda et al., 2009; Rodriguez-Takeuchi et al., 2019). Moreover, laboratory
tests like Erythrocyte Sedimentation Rate (ESR) and C-reactive protein (CRP) assist
in detecting inflammation but lack TB specificity, while Tuberculin Skin Test (TST) and
Interferon-Gamma Release Assays (IGRAs) indicate TB infection without
distinguishing between latent and active disease (Lee, 2015; Rafaoui et al., 2023; Ye
et al., 2023). More definitive diagnosis relies on molecular and microbiological tests,
with Polymerase Chain Reaction (PCR) providing rapid Mycobacterium TB detection
and bone biopsy and culture serving as the gold standard despite their long processing
time (Lee, 2015; Pandey et al., 2009). Histopathological analysis can further confirm
TB by identifying caseating granulomas (Pandey et al., 2009).



The treatment of bone TB follows a long-term multi-drug anti-TB regimen, similar to
pulmonary TB but often requiring an extended duration due to the difficulty of drug
penetration into bone tissue. The World Health Organization (WHO) recommends a
treatment course lasting between 6 to 12 months, divided into two phases. The
intensive phase, typically lasting two months, consists of four first-line anti-TB drugs:
isoniazid, rifampicin, pyrazinamide, and ethambutol (HRZE). This is followed by a
continuation phase of isoniazid and rifampicin (HR) for an additional four to ten months,
depending on disease severity and treatment response (Garg and Goyal, 2020;
Hegazy et al., 2021; Hua et al., 2022). In cases of severe or bone TB, therapy is often
extended to nine months or longer to ensure complete eradication of the infection
(Garg and Goyal, 2020; Pei et al., 2018).

Surgical intervention is required in severe cases of bone TB when there is significant
bone damage, spinal instability, abscess formation, or neurological deficits. During
surgery, the affected bone is removed, resulting in a defect (Mak and Cheung, 2013;
Zhang et al., 2015). Autogenous bone grafts are considered the gold standard for bone
restoration and regeneration in bone TB, although they come with several challenges
(Pei et al., 2018; Tang et al., 2020). To address bone defects, bone tissue engineering
(BTE) approaches, including the use of 3D scaffolds, are being explored (Alaribe et al.,
2016; Bose et al., 2013). For a 3D scaffold to be suitable for bone regeneration, it must
meet key criteria such as biocompatibility, optimal porosity, appropriate degradability,
favourable composition, antibacterial properties, and mechanical strength (Alvarez and
Nakajima, 2009; Baptista and Guedes, 2021; Jones et al., 2010; Chindamo et al.,
2020). In this study, a novel 3D-printed multi-component scaffold is proposed for the
targeted treatment of bone tuberculosis. This scaffold is designed for bone tissue
engineering, aiming to repair bone defects caused by bone TB while enabling the

localized release of anti-TB drugs to minimize the risk of drug resistance.
1.2. Rationale and Motivation for this study

Currently, there is no available product specifically designed to effectively treat bone
defects resulting from bone TB in patients who have undergone surgery. Additionally,
no localized sustained drug delivery system is currently in use for the treatment of bone

TB. This study proposes the development of a novel 3D-printed multi-component
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scaffold that aims to address the challenges associated with bone regeneration and
the inadequate treatment of bone TB in post-surgical patients. The scaffold will be
loaded with bedaquiline (BQ) encapsulated in polylactic-co-glycolic acid (PLGA)

nanoparticles, enabling localized and sustained drug release.

BQ was chosen over conventional anti-TB drugs due to its unique mechanism of
action, targeting mycobacterial ATP synthase, making it particularly effective against
drug-resistant TB and persistent infections. Its strong intracellular penetration
enhances efficacy in bone tissue, where conventional drugs have limited reach (De
Matteis et al., 2018; Veziris et al., 2017). To further support this, De Vito et al.
conducted a study on the impact of BQ on bone infections, demonstrating that
treatment led to complete healing without severe adverse effects, reinforcing its
potential as a superior therapeutic option for bone TB (De Vito et al., 2022). To optimize
delivery, PLGA nanoparticles were selected for their biocompatibility, biodegradability,
and ability to provide controlled, sustained drug release, ensuring continuous drug
availability at the infection site while minimizing systemic side effects (Budhian et al.,
2007; Makadia and Siegel, 2011). Additionally, Response Surface Methodology (RSM)
will be employed to optimize the nanoparticle formulation, enhancing key critical
parameters such as drug loading, and particle size. By incorporating bedaquiline-
loaded PLGA nanoparticles into a 3D-printed scaffold, this approach not only
addresses bone regeneration challenges but also provides a localized, sustained drug
delivery system, ultimately improving treatment outcomes, reducing drug resistance,

and enhancing patient compliance (Hua et al., 2022; Jones et al., 2010).

The use of 3D printing has emerged as a powerful technology in bone tissue
engineering, offering precise control over scaffold architecture, porosity, and material
composition to enhance bone regeneration (Bose et al., 2013). The ability to fabricate
patient-specific scaffolds with tailored mechanical and biological properties makes 3D
printing an ideal approach for addressing bone defects caused by surgical resection in
bone TB (Zhu et al., 2015). This study integrates a combinatory biomaterial approach,
utilizing polycaprolactone (PCL), sodium alginate (NaAlg), bioactive glass (BG), and
titanium (Ti) to optimize scaffold performance. PCL, a biodegradable polymer, serves
as the structural framework, providing mechanical stability and controlled degradation

(Biswas et al., 2020; Gomez-Lizarraga et al., 2017). NaAlg, a naturally derived
4



biopolymer, enhances cell adhesion, proliferation, and bioactivity, further supporting
bone regeneration (Farshidfar et al., 2023). BG has demonstrated excellent
biocompatibility with bone tissue, promoting cell adhesion and proliferation, osteo-
integration and mineralization, thus stimulating new bone formation at the defect site
(Fernandes et al., 2018; Jones et al., 2010). Additionally, Ti is incorporated to improve
mechanical strength, reducing the risk of implant failure (Smith et al., 2021; Zhao et
al., 2020).

1.3. Aim and Objectives

The aim of this study was to develop a 3D-printed multi-component scaffold
incorporating bedaquiline-loaded PLGA nanoparticles for the targeted treatment of
bone TB-related defects. The scaffold utilizes a combination of natural, synthetic,
metal, and bioactive biomaterials to provide optimal support for bone regeneration.
Localized and sustained drug release is achieved through PLGA nanoparticles,
reducing systemic side effects and minimizing drug resistance (Figure 1.1). The

specific objectives of this research are as follows:

1. Developed and optimized bedaquiline-loaded PLGA nanoparticles using a
solvent evaporation method and Box-Behnken design to create a localized and
sustained drug release system for targeted treatment of bone TB-related

defects.

2. Characterized the physicochemical properties and evaluated the in-vitro
cytotoxicity of the optimized bedaquiline-loaded PLGA nanoparticles using the
MG-63 cell line to assess their potential for bone regeneration and therapeutic

efficacy.

3. Integrated natural, synthetic, metal, and bioactive biomaterials into a suitable
Ink for a 3D-printed scaffold to support bone regeneration, providing necessary

osteo-integration, and mechanical strength.

4. Incorporated the bedaquiline-loaded PLGA nanoparticles into the optimized Ink
for a 3D-printed multi-component scaffold for enhanced drug delivery and bone

regeneration, ensuring a patient-specific, customizable solution.



5. Undertook physicochemical, physicomechanical, morphological, and thermal
characterization studies on both the drug-free and bedaquiline-loaded 3D-
printed multi-component scaffold to evaluate their properties for bone

regeneration and drug delivery.

6. Conducted an in vivo study using New Zealand White (NZW) rabbit models to
confirm the bone regeneration and drug delivery capabilities of the drug-free

and bedaquiline-loaded 3D-printed multi-component scaffold.
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1.4. Novelty of the Study

1. This study is the first to propose a 3D-printed multi-component scaffold
incorporating bedaquiline-loaded PLGA nanoparticles for the targeted treatment
of bone TB-related defects, offering a localized and sustained drug release

system to enhance therapeutic efficacy while minimizing systemic side effects.

2. The study is the first to establish the application of bedaquiline-loaded PLGA
nanoparticles for targeted bone TB treatment, employing Box-Behnken Design
(BBD) to optimize the formulation and improve drug loading, particle size, and

encapsulation profile.

3. The study has shown that a novel 3D-printed multi-component scaffold
incorporating bedaquiline-loaded PLGA nanoparticles enhances the bone

regeneration activity and there is adequate release of drug in vivo.
1.5. Overview of this Thesis

The thesis is presented as multiple chapters, structured to provide a comprehensive
understanding of the design, development, and optimization of a novel 3D-printed
multi-component scaffold incorporating bedaquiline-loaded PLGA nanoparticles for

targeted bone TB therapy.

Chapter 1 provides an introduction and background of the study, outlining the
challenges associated with treating bone TB and the limitations of current treatment
methods. It discusses the need for improved drug delivery systems and the potential of
3D-printed scaffolds for localized drug release and bone regeneration. The rationale,

motivation, and objectives of the research are also presented in this chapter.

Chapter 2 presents a literature review, focusing on current strategies for treating bone
TB, including drug delivery methods and tissue engineering approaches. It explores
the potential of 3D printing technology for fabricating scaffolds with tailored properties
and the use of nanoparticles for drug delivery. Additionally, the chapter discusses
various biomaterials used in scaffold fabrication, with a focus on their roles in bone

regeneration and drug release



Chapter 3 describes the synthesis of bedaquiline-loaded PLGA nanoparticles,
including the optimization process using Response Surface Methodology (RSM) to
ensure controlled and sustained drug release. The characterization of the
nanoparticles in terms of physicochemical properties, drug loading efficiency, and in-
vitro cytotoxicity using MG-63 cell lines is presented. The study also evaluates the

nanoparticle's stability and its potential for localized drug delivery in bone TB therapy.

Chapter 4 details the design and development of the novel 3D-printed multi-
component scaffold. This section covers the fabrication process, material selection,
and integration of Bedaquiline-loaded PLGA nanoparticles into the scaffold.
Comprehensive in vitro characterization studies, including physicochemical
assessments, mechanical testing, and cell viability/proliferation assays, are
presented to validate the scaffold’s biocompatibility, osteoconductive, and sustained
drug release profile. These findings provide the foundational evidence supporting the

scaffold’s potential for localized bone TB therapy.

Chapter 5 focuses on the in vivo performance of the optimized scaffold using a rabbit
femoral defect model. Detailed surgical protocols, post-operative care, and
experimental design are outlined, along with assessments of bone regeneration
through histological analysis, micro-CT imaging, and mechanical strength testing.
Pharmacokinetic studies further evaluate the sustained release of Bedaquiline and
its systemic availability relative to therapeutic thresholds. This chapter demonstrates
that the scaffold not only enhances bone repair compared to untreated defects but
also achieves effective localized drug delivery, thereby underscoring its potential for

clinical translation in the treatment of bone TB.

Chapter 6 summarizes the findings of the study, providing a comprehensive overview
of both loaded and unloaded scaffold results. The study demonstrated that the novel
multi-component 3D-printed scaffold, developed and characterized in Chapter 5,
effectively promotes bone regeneration and supports sustained drug release. In vivo
evaluations detailed in Chapter 6 confirmed that both the unloaded and BQ-loaded
scaffold versions significantly enhance bone repair in a rabbit femoral defect model
compared to untreated controls. These promising results underscore the scaffold’s

potential as a localized treatment for bone tuberculosis, addressing the challenges of



conventional systemic therapies. Based on these findings, recommendations for
future research include further optimization of scaffold composition, extended in vivo
studies to assess long-term efficacy and safety, and detailed mechanistic studies to
better understand the interplay between scaffold-induced bone regeneration and
localized drug delivery. Ultimately, the implications for clinical applications are
significant, suggesting that this scaffold could be a transformative approach in the
treatment of bone TB, paving the way for its translation into clinical practice with

further refinement and validation.

Chapter 7 details my research experience at Novartis Pharma in Switzerland, where
| was involved in developing thermosensitive drug delivery polymers for osteoarthritis
treatment. | contributed to formulating and testing polymers designed for controlled
and localized drug release, ensuring sustained delivery at the site of action. My role
included characterizing the polymers' physicochemical properties and assessing their

effectiveness in-vitro.
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CHAPTER 2

MULTI-PURPOSE PROTOTYPES FOR EXTRAPULMONARY MYCOBACTERIUM
TUBERCULOSIS TARGETING: A REGENERATIVE MEDICINE PERSPECTIVE

(PUBLISHED 2023)

Published in Journal of Drug Delivery Science and Technology
Mphaphuli, M.T., Sithole, M.N., Kumar, P., Kondiah, P.P., Mabrouk, M. and Choonara, Y.E., 2023.
Multi-purpose prototypes for extrapulmonary Mycobacterium tuberculosis targeting: A regenerative
medicine perspective. Journal of Drug Delivery Science and Technology, 89, p.105039.

2.1. Introduction

Tuberculosis (TB) is an ancient infectious disease caused by bacterium called
Mycobacterium tuberculosis (Mycobacterium tuberculosis), which is an intracellular
acid-fast bacillus that has developed mechanisms to circumvent macrophages (Grotz
et al., 2018; Smith, 2003). This bacterium is an actinomycetales bacteria of the
Mycobacteriacea family and Mycobacterium genus (Gagneux, 2018; Smith, 2003).
Humans are the primary host of Mycobacterium tuberculosis, and TB is primarily a
human disease. Generally, the Mycobacterium tuberculosis bacterium that targets the
lungs becomes airborne Mycobacterium tuberculosis bacteria. These airborne
particles are infectious droplet nuclei ranging from 1 to 5 ym in diameter (Khoza et al.,
2022; Sia and Rengarajan, 2019; Smith, 2003). It has been reported in the literature
that the latent tuberculosis infection (LTBI), which is a condition caused by the
bacterium Mycobacterium tuberculosis, has infected approximately one-third of the
world population. The LTBI does not show any immediate symptoms, and it does not
spread to others (Houben and Dodd, 2016). Although the LTBI is dormant in a person,
however, the bacteria remain alive in the body and can reactivate at a later stage,
leading to active tuberculosis if left untreated. Reactivation occurs in the context of an
impaired immune system. Therefore, patients with poor immunity or diseases that
impair immunity, such as an HIV-infected person or a person with type 2 diabetes
(T2DM), are more prone to active TB infection (Gagneux, 2018; Lee, 2016; Smith,
2003).

Consequently, the World Health Organization (WHO) predicted that more than 2 million
people would die from TB-related causes globally in 2020, making TB one of the most
common causes of death globally, and the second most lethal infectious disease after
COVID-19 (Bhargava and Shewade, 2020; Tadolini et al., 2020). The emergence of

COVID-19 has affected various sectors of the economy worldwide, especially the
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health sector. Migliori et al. (2021) conducted an investigational study to evaluate the
effect of the COVID-19 pandemic on TB and established that years of progress in
providing critical TB services and reducing the TB disease burden had been halted by
the COVID-19 pandemic (Migliori et al., 2021; World Health Organization, 2021a).
According to the global tuberculosis report published by WHO, TB affects both
developed and developing countries; however, it is more prevalent in developing
countries since approximately 58% of new TB cases worldwide can be accounted for
by the following countries: India, China, Indonesia, the Philippines, Pakistan, Nigeria,
Bangladesh, and South Africa (World Health Organization, 2021b).

The bacterium primarily infects the lungs (pulmonary TB), with secondary infections
occurring in other parts of the body, and this is known as extrapulmonary TB (EPTB)
(Khoza et al., 2022; Kumar et al., 2010). EPTB is estimated to account for 15-25% of
all TB cases and is more common in children than adults and HIV-positive patients,
particularly those with low CD4 counts (Haulman et al., 2008; Kaba et al., 2019; Pang
et al., 2019; Shafer et al., 1991; Sharma et al., 2021). According to researchers, EPTB
can stem from either the initial point of infection or a secondary location that may
happen due to the spread of bacteria through the bloodstream or lymphatic system,
activation of latent tuberculosis (LTB), consumption of contaminated sputum, or the
local spread from neighbouring organs (Gopalaswamy et al., 2021). Henceforth, for
people with HIV, the risk of developing EPTB is more than 50% (Hegazy et al., 2021).
Nearly any body organ can develop EPTB, but commonly infected organs include the
urogenital tract, meninges, lymph nodes, pleura, gastrointestinal system, central

nervous system (CNS), and bones (Baykan et al., 2022; Gopalaswamy et al., 2021).

EPTB is more challenging to diagnose than pulmonary TB and obtaining tissue or fluid
samples necessitates invasive procedures. EPTB is found in hard-to-reach areas of
the body, like the liver, which is in the middle of the abdomen and cannot be easily
touched or examined. The symptoms and indicators are usually particular to the
affected organ system (Lee, 2015; Purohit and Mustafa, 2015). Furthermore, clinical
manifestations are frequently nonspecific and subtle, and diagnosis can take years
(Lee, 2015). A diagnostic test for EPTB should ideally be precise, rapid, simple to
implement, reliable, and cost-effective (Gopalaswamy et al., 2021; Purohit and
Mustafa, 2015).
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The treatment protocol for EPTB involves medical chemotherapy (drugs) and surgical
intervention where necessary (Yang and Liu, 2013). The chemotherapy used for EPTB
are the same as for PTB, and the treatment regimen is differentiated into two phases:
the intensive phase, and the continuation phase. The intensive phase consists of the
following drugs: Isoniazid (INH), Rifampicin (RIF), Pyrazinamide (PZA), Streptomycin
(SM), and Ethambutol (EMB) (Baykan et al., 2022; Hegazy et al., 2021; Lee, 2015),
while the continuation phase consist of RIF and INH (Chakaya et al., 2021; Lee, 2015).
The intensive phase reduces bacillary load by killing approximately 95% of
microorganisms, whereas the continuation phase focuses on eliminating semi-dormant
organisms and preventing the development of drug resistance (Chakaya et al., 2021;
Chou Tseng, 2014). The difference between PTB and EPTB treatment is on the
duration of treatment; henceforth, the proposed treatment regimen for EPTB is as
follows: six- to nine-month regimen (two months of INH, RIF, PZA, and EMB, followed
by four to seven months of INH and RIF) is advised as initial therapy for all forms of
EPTB (Chou Tseng, 2014; Gopalaswamy et al., 2021; Purohit and Mustafa, 2015).
Different health organizations in different countries suggested that patients with CNS-
TB, including meningitis, get treatment for at least nine to twelve months (Chen et al.,
2020). Patients with bone TB that manifest delayed therapeutic response or antibiotic
resistance may also require extended therapy. Furthermore, adjunctive corticosteroids
may be beneficial for patients with TB meningitis or TB pericarditis (Chen et al., 2020;
Isiguzo et al., 2020). The mechanism of action of these drugs against Mycobacterium
tuberculosis, targets different sites of the bacteria, and Figure. 2.1 illustrates what the
drugs targets in the Mycobacterium tuberculosis bacterium structure (Jain et al., 2018;
Palomino and Martin, 2014).

The long duration treatment in EPTB had a devastating impact on treatment outcomes,
since the drugs do not last long enough to have the desired effect against
Mycobacterium tuberculosis, and they can also cause severe toxic effects
(Gopalaswamy et al., 2021; Hegazy et al., 2021; Jain et al., 2018). Hence long duration
treatment in EPTB can lead to low patient adherence, leading to patients developing
multidrug-resistant TB (MDR TB) (resistance to the chemotherapeutic drugs INH and
RIF). At the same time, extensively drug-resistant TB (XDR TB), defined as MDR with
additional resistance to any fluoroquinolone and second-line injectable drug, may also
be developed (Alam et al., 2015; Seung et al., 2015). Although researchers are

developing new drugs to aid in the treatment of Mycobacterium tuberculosis bacterium,
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such as bedaquilline (BDQ), delamanid and pretomanid. However, developing new
drugs is a process that often takes a long duration to be approved or to get into the
market (D’Ambrosio et al., 2015; De Matteis et al., 2018).
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Figure 2.1: illustrates the different targets for each drug on the M. tuberculosis (Mtb)
structure.

Current research in many disciplines focused on the development of innovative
solutions that address the constraints and difficulties faced by drug-resistant
tuberculosis, including drug target treatment, which incorporates host-directed therapy
(HDT) (Khoza et al., 2022). HDT refers to the use of small molecules or biologics that
(a) interfere with host pathways manipulated by the pathogen to persist or replicate in
host tissues; (b) boost the host immune defense against the pathogen; (c) target
pathways that may contribute to disease or immunopathology, as classically
emphasized by hyper-inflammation; and (d) modulate host factors at the local level that
a pathogen uses to cause disease (Kaufmann et al., 2018; Kolloli and Subbian, 2017).
HDTs aimed at assisting the host immune system in controlling bacterial multiplication
and tissue damage (Kaufmann et al.,, 2018). The use of HDT compounds in
combination with traditional therapy for the treatment of Mycobacterium tuberculosis
infections has been extensively reported, and these compounds target host pathways

that include autophagy, cholesterol, eicosanoids, and granuloma (Kolloli and Subbian,

18



2017). However, a limitation of HDT compounds is that the compounds are mostly
repurposed drugs such as aspirin, statins, vitamin D3, and metformin (Khoza et al.,
2022). The drugs already have a presence in the drug market and have their side effect
profile. In addition, they are not selective to a specific pathway, however, may act
systematically in the body (Ahmed et al., 2020). Another current approach in reducing
resistance and side effects associated with traditional drugs is the use of
nanotechnology to encapsulate the drugs for the improvement of their therapeutical
outcome. The development of nanocarriers has been established to have targeted drug
release, which may be advantageous because they can achieve high drug
concentration at the targeted sites while having low drug concentration throughout the
body, reducing resistance and toxic side effects dramatically (Baranyai et al., 2021;
Grotz et al., 2018).

Patients may urgently require surgery in some EPTB sites, such as bone TB,
gastrointestinal TB, CNS TB, and female genital TB when complications arise. This
includes failure to respond to current treatment and delayed diagnosis (Alam et al.,
2015; Al-Zanbagi and Shariff, 2021; Rock et al., 2008). After lesion debridement,
autogenous bone grafts and biomaterials such as titanium mesh cages, steel, and
carbon fiber are the gold standards for bone restoration and regeneration in bone TB
(Hegazy et al., 2021; Pigrau-Serrallach and Rodriguez-Pardo, 2013; Rajasekaran et
al., 2014). The primary use of titanium mesh in bone TB surgery has resulted in
successful bony defect restoration and treatment of kyphosis abnormalities (Yin et al.,
2017; Zeng et al.,, 2020; Zhang et al., 2015). However, the gold standards are
associated with a slew of drawbacks, that include restricted donor sites and potential
harvesting morbidity for autogenous bone grafts (Jensen et al., 2016; Suleman et al.,
2021). Furthermore, the host organism can easily absorb a small amount of
autogenous bone. In addition, the commonly used biomaterials have been established
to lack osteoconductive and osteoinductive properties (Dong et al., 2014; Tang et al.,
2020a). Henceforth, there is a need for the development of an alternative system, that

can address the above shortfalls.

Alternatively, the use of bone tissue engineering (BTE) to overcome bone defects is
being employed, and the development of an implantable scaffold to initiate bone
regeneration for bone TB is of great need according to orthopedic experts, as the
platform will be able to ensure bone regeneration (Zhu et al., 2015). Advances in BTE

have resulted in the use of 3D printing technologies to improve the prospects of
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significant bone deformities (Haleem et al., 2020). 3D printing techniques uses the
existing biodegradable biomaterials to construct new scaffolds with improved
mechanical characteristics for load-bearing applications (Arefin et al., 2021; Haleem et
al., 2020; Nikolova and Chavali, 2019). 3D printing technologies provides mold-free
manufacture of patient-specific bone replacements with complex topologies directly
from biomaterials and accurate macro- and micro-scale structure designs that give

optimum in vivo responses, such as increased bone regeneration (Gu et al., 2020).

This review explores the use of different technologies, such as nanotechnology and
3D-printing amongst others, to address targeted therapy against Mycobacterium
tuberculosis in the context of drug delivery. Furthermore, in the case of bone TB, where
surgery is required, this review will also address the potential use of a multi-purpose
targeted therapy platform such as combined/merged effort of 3D-printed biomaterial
scaffolds and nanotechnology systems loaded with anti-TB drugs. Likewise, to
substantiate the use of these platforms, the influence of physiological changes on

these platforms for targeted therapy and tissue regeneration.

2.2. Mycobacterium tuberculosis journey from pulmonary TB to

extrapulmonary TB

The characteristics of different organ sites affected by extrapulmonary tuberculosis
(EPTB) are summarized in Table 2.1. However, Figure. 2.2, represents the general
infection pathway of TB to an individual, where the Mycobacterium tuberculosis
bacteria travel to the lungs through air droplets, and the droplets emanate from an
individual with PTB. The droplets must implant in the lung’s alveoli before being
ingested by nonimmune alveolar macrophages to cause infection. Furthermore,
bacteria that survive the initial attack multiply within the macrophage. The proliferation
of bacteria results in the death of macrophages and the release of chemokines that
draw in other immune cells such as macrophages, natural killer cells, and T
lymphocytes. The bacterium then spreads locally before being transported via the
lymphatic system to the hilar lymph nodes and disseminating throughout the body,
leading to multiple sites infection. Although high-oxygen-saturated areas such as the
top of the lungs, kidneys, bones, and brain are more susceptible, however any tissue
or organ can be affected (Baykan et al., 2022; Houston and Macallan, 2014; Lee, 2015,
2016; Sharma et al., 2021).
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Table 2.1: Different EPTB organ sites and their characteristics.

Most common Pathophysiology Diagnostic Test Prevalence Common clinical References
EPTB infection of specific manifestation
_organs EPTB

Spine Inflammation of the spinal cord and nerve Positive skin test, Biopsy, PCR, 40-50% Back pain, spinal (Garg and
roots results from a massive Computed tomography (CT), tenderness, Somvanshi, 2011;
granulomatous exudate that fills the magnetic resonance imaging paraplegia, and Hegazy et al.,
subarachnoid space. Exudate causes (MRI) spinal deformities  2021; Rajasekaran
adhesions and fibrosis in chronic et al., 2018;
situations. Vasculitis can also damage the Rodriguez-
spine, resulting in isolated segmental Takeuchi et al.,
infarcts and edema of the spinal cord. 2019)

Central  nervous CNS TB is initiated by small tuberculous Cerebrospinal Fluid 5-10 % Fever, headache, (Rock et al., 2008;

system (CNS) foci in the brain, spinal cord, or meninges. Examination (CSF), Smear and meningismus Sharma et al.,
The location and control of these foci Examination and Culture, with focal 2021)
determine the type of CNS TB. Adenosine Deaminase, PCR, neurological
Tuberculous meningitis is the most GeneXpert MTB/RIF Ultra, deficits, behavioral
common type, while tubercular enzyme-linked  immunospot changes, and
encephalitis, tuberculoma, and brain (ELISPOT), QuantiFERON alterations in
abscess are less common. Gold, proteomics consciousness

Genitourinary Bacteria disseminate through the blood to  acid-fast bacilli (AFB), Nucleic 5.3% dysuria, (Horne and Misch,
the kidneys, settling in periglomerular Acid  Amplification  Tests, haematuria, 2017; Jones-
capillaries and forming latent granulomas. Whole-Genome Sequencing abdominal or flank  Lopez and Ellner,

(WGS), CT, MR, pain Fever, weight 2011; Mantica et
ultrasonography (US), Plain loss, and night al., 2021)

abdomen, chest X-rays, and
Hysterosalpingography (HSG)

sweats
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PERICARDITIS

Gastrointestinal
(GIT)

Knee & hip

Retrograde Ilymphatic spread from
peritracheal, peribronchial, or mediastinal
lymph nodes or hematogenous
dissemination from original TB may cause
pericardial involvement.

Infection to this site can occur in different
ways: 1) Hematogenous spread from a
distant focus; 2) Spread of lymph through
diseased node; 3) Extension directly from
a nearby site.

Joint tuberculosis commonly results from
osteomyelitis or hematogenous
dissemination. The bacteria cause
synovial inflammation, leading to bone
erosion.

ECG, CT, MR,

CT, US, Colonoscopy, and
AFB smear

CT, MRI, AFB smear,
Tuberculin Skin Test, Synovial
Fluid Examination, Interferon
Gamma Release Assays
(IGRAs), PCR

1%

13%

10-11%

chest pain,
dyspnea, and
ankle edema.
Cardiomegaly,
tachycardia, fever,
pericardial rub,
pulsus paradoxus,
or distended neck
veins

abdominal pain,
weight loss,
anemia, and fever
with night sweats

Local pain,
swelling,
immobility,
painless.

cold abscess,
fever, weight loss,
and

night sweat

(Isiguzo et al.,
2020; Mayosi et
al., 2005)

(Al-Zanbagi and
Shariff, 2021;
“Gastrointestinal
Tuberculosis
Imaging,” 2019)

(Chou Tseng,
2014; Malaviya
and Kotwal, 2003;
Pigrau-Serrallach
and Rodriguez-
Pardo, 2013)
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2.3. Influence of affected tissue micro-environment on the performance of

drug delivery system

The survival of the Mycobacterium tuberculosis in the human host has been well-
researched over the years (Cook et al., 2009; Ehrt and Schnappinger, 2009; Meena
and Rajni, 2010; Schaible et al., n.d.; Sia and Rengarajan, 2019; Sundaramurthy et al.,
2017; Warner and Mizrahi, 2007). The adaptation of this bacterium involves a plethora
of mechanisms, such as (a) the maturation of the macrophage phagosomal system,
(b) granuloma and caseation adaptation, (c) preventing of phagosomal acidification,
(d) induction of phagosome- lysosome fusion, and (e) resistance to acidic stress and
reaction to oxidative stress (Devarajan et al., 2015; Ehrt and Schnappinger, 2009; Garg
et al., 2009; Schaible et al., n.d.). The current first and second-line therapeutics against
Mycobacterium tuberculosis can only be effective if we understand how the bacterium
changes the microenvironment of the affected tissues and evades the immune system,
thus remaining dormant for long periods (Cook et al., 2009; Tanner et al., 2018). These
factors often result in decreased drug absorption and the accumulation of mutations
within the bacteria that contribute to the formation of drug-resistant strains. As
previously stated, Mycobacterium tuberculosis initially targets the lungs due to the high
oxygen content. In addition to the increased oxygen content, the mucosa in the
respiratory tract has a temperature range of 30°C to 36.6°C, which is close to body
temperature and has a pH between 3.5 & 5.5 which provides optimal growth conditions
for Mycobacterium tuberculosis (Doig et al., 2002; Piddington et al., 2000; Wadowsky
et al., 1985). The pH of the lung alveoli microenvironment is relatively higher than that
of the upper respiratory tract, which further contributes towards ideal conditions for

Mycobacterium tuberculosis growth (Maphasa et al., 2021).

In the case of EPTB, depending on the microenvironment, the oxygen level is typically
low, the pH is usually acidic, and the temperature corresponds to the body temperature
(Smith, 2003). This leads to minimal bacterium growth, hence the low percentage rates
of cases of EPTB compared to the pulmonary TB. However, a question may arise as
to how these tissues get infected if their microenvironment is not suitable for the optimal
growth of the bacterium. For example, in the case of bone TB, the bacterium's
preference is the spine and large joints, which can be explained by the rich vascular
supply of the vertebrae and long bone growth plates (Rajasekaran et al., 2014;
Rodriguez-Takeuchi et al., 2019). In the case of other extremities, such as the brain,

the dependent factor is the blood-brain barrier (BBB) which, like in bone TB, is highly
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vascularized, allowing the bacterium to migrate through the BBB (Beres and Meltzer,
1938; Davis et al., 2019; Manyelo et al., 2021).

The presence of Mycobacterium tuberculosis into a particular tissue/organ result in
changes in the physiological microenvironment of that tissue/organ, and this may affect
the physicochemical properties of the used drug(s), leading to unsatisfactory
absorption, release, distribution of the drug(s) and platform degradation (Smith, 2003;
Tanner et al., 2018; Wang et al., 2017). Therefore, the physicochemical properties of
anti-TB drugs can be affected by the TB microenvironment, such as pH variations,
granuloma formation, caseum presence, drug metabolism by Mycobacterium
tuberculosis, cellular uptake, and protein binding. Hence, the understanding of these
influences is critical for the optimization of drug design/delivery and the improvement
of treatment outcomes in TB patients (Fullam and J. Young, 2021; Sarathy and Dartois,
2020). The essential drug(s) physicochemical properties that may affect the factors
mentioned above include hydrophobicity, molecular weight, surface charge, and
ionization (Malan and Chetty, 2002; Piccaro et al., 2015; Tanner et al., 2018).
Hydrophilic anti-TB drugs show higher absorption through the gastrointestinal (GIT)
mucosa compared to lipophilic (log P>2) drugs (lacobino et al., 2016). Furthermore,
high molecular-weight lipophilic therapeutic agents are less likely to be absorbed orally
than low molecular weight lipophilic therapeutic agents (Vélez et al., 2022). Due to the
inability of essential compounds to be ionized in a primary media, weak bases are
absorbed more rapidly from the intestine (Caldwell et al., 1995). Similarly, a weak acid
is rapidly taken up from the gastrointestinal tract (Hua, 2019; Manallack et al., 2013),
and the Mycobacterium tuberculosis bacterium is highly susceptible to weakly acid
drugs such as PZA (Siew et al., 2012). Nonetheless, the GIT pH can directly influence
the ionization of the drug and, consequently, the drug solubility and absorption
(Abuhelwa et al., 2017; Akula and P. K., 2018; Caldwell et al., 1995). The influence of
the physicochemical properties differs from tissue to tissue, as the above case focused
on just the GIT mucosa. However, the effects are different if we examine other tissues,
such as the brain and bone. For example, for the brain, low molecular weight and
hydrophobic/lipophilic drugs are easily absorbed through the BBB as they cross
through a transmembrane diffusion (Banks, 2009). This is a challenge in treating EPTB
after GIT absorption; the drug still needs to go to the target site and be absorbed,

leading to a long-term therapeutic effect (Baykan et al., 2022; Gopalaswamy et al.,
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2021; Houston and Macallan, 2014). Therefore, target therapy in TB is an excellent

need, especially in EPTB.

In addition, the properties of the excipients and delivery platform can significantly alter
the absorption of the drug (Hua, 2019; Stillhart et al., 2020). The desired therapeutic
effect could be accomplished with an appropriately designed delivery method. The
hydrophilic-lipophilic balance and absorption can be controlled through correct
excipient selection and dosage form design, making the drug's pKa more critical than
its molecular weight for creating formulations with the necessary characteristics
(Algahtani et al., 2021; Caldwell et al., 1995; Hua, 2019). However, the dynamic
changes in the specific tissue environment can limit the physicochemical qualities of
the drug; therefore, it is essential to examine the physiological parameters before
developing the delivery system (Malan and Chetty, 2002). Table 2.2 highlights how the
changes in the physiological microenvironment caused by the infection of
Mycobacterium tuberculosis affect the absorption of the first-line anti-TB drugs in
EPTB.

Table 2.2: How physiological changes caused by Mycobacterium tuberculosis affect
drug properties and absorption.

Effect of change in the pH and temperature in the absorption
of each drug and activity against Mycobacterium tuberculosis

Anti-TB Reference
drugs pH Temperature
Rifampicin In an acidic pH environment, (Alves et
(RIF) when in combination with INH, al., 2010;
RIF is hydrolyzed to 3-formyl - Freire et
rifamycin (3-FRSV), which is al., 2014;
poorly absorbed. Sankar et
al., 2003)
Isoniazid The stability of the drug is not (Coleman
affected in either acidic or basic et al,
pH, however, in acidic pH the - 2011; Klein
drug has low permeability etal.,
2016)
Pyrazinamide The drug is active against An increase in temperature (Jia et al.,
Mycobacterium tuberculosis enhances the solubility and 2020;
only at a slightly acidic pH. thus absorption of the drug is Zhang et
increased al., 2003)
Ethambutol Ethambutol's growth-inhibiting (Beggs
effect is greatest near neutral and
pH, where it exists primarily as a - Andrews,
monohydrochloride and binds 1974)
poorly.
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Streptomycin Streptomycin is stable within a (Ujvary,
pH range of 2 to 9 but 2001)
deteriorates in highly acidic or -
basic conditions.

2.4. The role of targeted therapy (TT) in treating Mycobacterium tuberculosis

Despite the availability of potent anti-TB drugs, therapeutically appropriate dosages
are limited by toxic side effects in regions other than the infected site (Seung et al.,
2015). In addition, drug resistance develops when the bacterium is treated with
subtherapeutic levels of the drug. Henceforth, constructing a system that enables the
distribution of high concentrations of anti-TB drugs to locations where bacteria
proliferate would simplify the administration of sterilizing dosages to sites of infection
and decrease the formation of drug resistance (Seung et al., 2015; Tewabe et al.,
2021). TT is a new research field that researchers have also explored for
Mycobacterium tuberculosis and, more specifically, EPTB, since the uniqueness of this
type of disease is that the treatment involves not only chemotherapy but surgery, which
speaks to regenerative medicine. The advantages of TT in the drug delivery community
have been extensively researched, and some of them are depicted in Table 2.3.
Strategies to achieve TT for Mycobacterium tuberculosis in EPTB include using
different technologies, either in combination or individually, such as nanotechnology
and/ or scaffolds. However, each TT technology may vary due to the vastly different
characteristics of the tissues involved/ affected by EPTB. For this review, CNS and

Bone TB will be considered the most prevalent EPTB sites.

Table 2.3: Advantages offered by targeted therapy in drug delivery.

e Incorporating drugs that are hydrophilic and hydrophobic simultaneously is a possibility.

e In cases where tissue loss has occurred due to the progression of the bacterium, a single
platform that speaks to both regeneration of tissue and delivery of the drugs can be
implemented

e The delivery of drugs near their target sites of action and the minimization of unwanted side
effects at other body locations.

e The enhanced sustained release mechanism provides improved patient adherence.

e Contrary to injectable medication delivery methods, implanted devices may be removed
immediately in the event of severe allergies or adverse reactions to previously delivered
pharmaceuticals.

e Less drug is needed to address the illness condition, hence lowering potential adverse
effects, and improving therapy effectiveness.
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e These TT platforms can circumvent systemic creation, resulting in higher drug
concentrations at the target site than could be attained through systemic administration.

The CNS consists of two types of organs: the brain and the spinal cord; but, CNS TB
has been reported only for the brain (Rock et al., 2008). Henceforth, two kinds of brain
TB occur, which is meningitis and intracranial tuberculomas (Chatterjee, 2011; Rock
et al., 2008). Bone TB is the third most frequently occurring EPTB, and it appears to
be on the rise and is an area with limited research. However, it accounts for 40-50% of
all EPTB cases, resulting in a global prevalence estimate of 19-38 million cases (Alene
et al., 2021; Haulman et al., 2008; Huang et al., 2015; Malaviya and Kotwal, 2003;
Pigrau-Serrallach and Rodriguez-Pardo, 2013). As shown in Table 1, spinal TB is the
most prevalent bone TB, contributing to over 50% of all bone TB cases, and features
of spinal TB have long been reported in Egyptian mummies dating back to 9000 years
(Alam et al., 2015; Garg and Goyal, 2020; Hegazy et al., 2021; Rodriguez-Takeuchi et
al., 2019). The dorsal and lumbar spine sections are the most afflicted, whereas the
sacral and cervical vertebrae are the least affected. TB can also affect the dorsal and
sacroiliac joints (Hegazy et al., 2021; Zhan et al., 2022). The need for surgical therapy
in TB patients has substantially diminished since the development of potent

chemotherapeutic drugs.

Nonetheless, surgery is frequently required to treat spinal TB with anti-TB drugs and
supportive management (Garg and Somvanshi, 2011; Tuli, 1975). The spine is the
highest site of bone TB, with over 50-60% of bone TB states from the spine (Hegazy
et al., 2021). Henceforth, much of the treatment in this section will focus on spinal TB.
The need for surgery in spinal TB is guided by if the patient has no sign of increasing
neurological recovery and if, during treatment, neurological problems arise (Rasouli et
al., 2012). Figure.2.3 depicts a general treatment protocol for patients requiring

surgery for spinal TB.
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Management prior to -
Surgical Protocol Post-surgery care

The surgeon determines if Surgery for spinal problems After surgery, patients
surgery is appropiate and varies for each patient, aiming for  receive anti-TB drugs for 9-
intiates anti-TB debridement, decompression, 12 months and undergo
chemotherapy weeks before deformity correction, defects rehabilitation with surgical
the surgery. reconstruction, spinal evaluations.

stabilization, and bone grafts.

Figure 2.3: A general protocol for spinal TB.

Bone grafts are essential surgical treatments for spinal TB because they can restore
spinal stability and maintain alignment. Currently, surgeons have been utilizing
autogenous bone grafts (autografts) and allogeneic bank bone (allografts) for bone
regeneration after surgery (Tang et al., 2020b). However, there remain concerns, such
as disease transmission, immunogenicity, and sufficient donor tissue availability when
used (Marrale et al., 2007). Hence, researchers and orthopedics’ have started looking
at alternative treatments for bone TB, and currently, TT in bone tissue engineering
(BTE) is hoped to be the therapy of choice in the future, as it will likely alleviate many
of the drawbacks of the existing treatments (Dong et al., 2014; Garg and Goyal, 2020;
Huang et al., 2015).

2.4.1. Overview of bone-targeted therapies

Bone regeneration mechanism of action has been thoroughly investigated over the
years and involves intricate mechanisms to repair damaged bone tissue. Inflammation
triggers cell recruitment and clears debris, while blood vessels provide nutrients
(Chindamo et al., 2020; V. K. et al., 2022). Mesenchymal stem cells differentiate into
osteoblasts, forming a mineralized scaffold. Growth factors regulate cell behavior, and
osteoclasts remodel the tissue, restoring bone structure and function (V. K. et al.,
2022). Figure. 2.4 illustrates how natural bone healing occurs after a fracture.
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Figure 2.4: Demonstrates the process of natural bone healing following a fracture.
(Reprinted from Pountos et al, 2021 with permission).

Bone diseases, such as osteoporosis (OP), Paget's disease, osteoarthritis (OA),
osteosarcoma (OS), and osteomyelitis, pose significant public health challenges.
These conditions disrupt the normal functioning of the skeletal system, leading to
substantial patient distress and impeding their ability to live a normal life. Moreover,
they impose a considerable burden on healthcare systems due to the increased
demand for medical care and resources required for the diagnosis, treatment, and
management of these diseases. As a result, addressing bone diseases is crucial for
both individual well-being and the overall healthcare system. Bone targeting therapies
have been researched for the past two decades with the main objective being to
employ distinctive components that are composed of hydroxyapatite component found

in bone. Here is an overview of some commonly used bone-targeted therapies:

e Bisphosphonates: Bisphosphonates are a class of drugs that inhibit bone
breakdown by targeting osteoclasts, the cells responsible for bone resorption.
These drugs help prevent bone loss and reduce the risk of fractures in

conditions like osteoporosis and bone metastases (Farrell et al., 2018).

e Denosumab: Denosumab is a monoclonal antibody that works by inhibiting the

formation and activity of osteoclasts. It is used to treat osteoporosis and bone
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metastases, reducing the risk of fractures and skeletal-related events (Chang et
al., 2018).

Hormone Replacement Therapy (HRT): Hormone replacement therapy,
typically involving estrogen or a combination of estrogen and progesterone, is
used to manage osteoporosis in postmenopausal women. HRT helps maintain
bone density and reduces the risk of fractures (Gambacciani and Levancini,
2014).

Selective Estrogen Receptor Modulators (SERMs): SERMSs, such as raloxifene,
act as estrogen agonists or antagonists in different tissues. They are prescribed
to postmenopausal women with osteoporosis to increase bone density and

reduce fracture risk (Falsetti et al., 2022).

Calcitonin: Calcitonin is a hormone that inhibits bone resorption. It can be
administered as a nasal spray or injection to treat osteoporosis and reduce pain

in bone metastases (Ukon et al., 2019).

Targeted Therapies for Bone Metastases: In cases of cancer that have spread
to the bones (bone metastases), targeted therapies can be used to inhibit the
growth of cancer cells and reduce bone-related complications. Examples
include inhibitors of the RANK/RANKL pathway (e.g., denosumab) and tyrosine

kinase inhibitors (e.g., sorafenib) (Sousa and Clézardin, 2018).

Radiopharmaceuticals: Radiopharmaceuticals, such as radium-223, deliver
radiation directly to bone metastases, targeting cancer cells and reducing pain

and skeletal-related events (Ryan et al., 2014).

It's important to note that the choice of bone-targeted therapy depends on the specific

condition, disease stage, patient characteristics, and other individual factors. The

treatment plan is typically determined by healthcare professionals based on a thorough

assessment and consideration of the benefits and risks of each therapy (Zhong and Li,

2021). As all these bone targeting therapies are promising, however, some

disadvantages have to be considered, such as potential side effects, limited efficacy,

long-term challenges, cost of these therapies, potential interactions with other drugs,

and individual variability (Lu et al., 2020; Zhong and Li, 2021). Researchers have

suggested that this challenge can be mitigated by the use of nanotechnology drug

delivery systems, which will be discussed in section 2.4.2.
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2.4.2. Nanotechnology-based approach in targeted therapy

In most pathological conditions, the current therapeutic agents require an efficient and
effective delivery method that can traverse biological barriers while minimizing harm to
the host. Nanotechnology has dramatically changed treatment tactics for treating lethal
infections using functionalized biocompatible nanocarriers that can transport the load
correctly at the targeted spot without any substantial harmful effect on the host.
Nanoparticle technology has enhanced drug retention and release effectiveness, most
uses biodegradable materials, and reduced cytotoxicity and adverse effects. In most
instances, the surface of the nanoparticles is tunable with ligands, enabling the
integrated therapies to target cells and organs (Patra et al., 2018). The two categories
of nanotechnology TT (NTT) are passive and active drug targeting (Baranyai et al.,
2021; Devarajan et al.,, 2015; Zhang and Zhang, 2005). A significant difference
between the two types of drug targets is that passive targeting is based on the size,
shape, and surface charge of the nanoparticles, while active targeting is more
established for nanoparticles that have been functionalized to facilitate binding to a
specific tissue (Baranyai et al., 2021; Patra et al., 2018; Singh and Lillard, 2009).
Figure. 2.5 illustrates the mechanisms of nanoparticles' two different targeting systems
(Mazlan et al., 2021).

Mechanism of Action for General Active
vs Passive Drug Targetting

Active Drug targetting Passive Drug targetting
@<
: Desired __ S J.°® Carrier
(- (- : drugs El
Desired Specific :
drugs ligand

Mechanism of action: Mechanism of action:

It can engage targeted receptors by cell recognition
using given targeting ligands

It stay in the bloodstream longer to enable site-specific
accumulation, reduces drug degradation during
administration and increases drug bioavailability.

. 4 A 4 A _da A A A A
e _ ~
. © © o : .
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- W a4 4 aa 4 g _an 4
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cell —_— . receptor ——
receptor Target cell : involved Target cell

Figure 2.5: Targeting systems that nanoparticles use for targeted therapy (Mazlan et
al., 2021) (Reprinted from Mazlan et al, 2021 with permission).
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Given the challenges of effectively diagnosing and treating Mycobacterium
tuberculosis, nanotechnology may provide an alternative avenue to supplement
traditional therapeutic approaches (Grotz et al., 2018; Kerry et al., 2018). Typically,
drug delivery vehicles can be classified into two broad categories: organic carriers and
inorganic carriers (Figure. 2.6). Some of these nanotechnology-based drug delivery
systems have been documented for treatment against Mycobacterium tuberculosis
and are classified into several categories based on their composition (Bai et al., 2018;
Baranyai et al., 2021; Grotz et al., 2018; Khiev et al., 2021; Tazhbayev et al., 2021;
Wagner et al., 2006; Zhang and Zhang, 2005). Although most published research on
the nanoparticles currently speaks to PTB and not EPTB, it is crucial to comprehend
the mechanisms underlying these two disease conditions. The key distinction between
the two forms of TB is the site of the disease, but as previously noted, most extra-
pulmonary TB cases arise from pulmonary TB. As such, the nanotechnology platforms
developed for PTB can be utilized as they are or modified for EPTB treatment and
diagnosis. As only a few nanotechnology formulations have been reported specific for
EPTB. These TT nano preparations have been developed for different organs such as
the brain, bones, and liver. Thus, some of these technologies have been implemented,
and some have the potential to be implemented into different types of EPTB, namely,
CNS, bone, and GIT.

Figure 2.6: Various forms of the most frequently utilized nanostructures as drug
delivery systems (Baranyai et al., 2021).
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2.4.2.1. Organic nanoparticles
2.4.2.1.1. Polymeric nanoparticles

In recent years, polymeric nanoparticles gained significant attention owing to their
qualities deriving from their small size (Begines et al., 2020). The benefits of using
polymeric nanoparticles as drug delivery vehicles include their ability to provide
sustained release, protect drugs and other biologically active compounds from the
surroundings, and enhance bioavailability and therapeutic efficacy (Begines et al.,
2020; Patra et al., 2018). Furthermore, different types of polymeric nanoparticles exist,
which are nanocapsules (reservoir system) and nanospheres (matrix system),
polymersomes, polymeric micelles, and dendrimers (Begines et al., 2020; Pandey and
Khuller, 2004). Various authors have reported on different nanoparticle preparation
methods, including polymerization, nanoprecipitation, solvent evaporation, ionotropic

gelation, and emulsification (Begines et al., 2020).

Polymeric nanoparticles that have been explored in the treatment of TB use two types
of polymers, which can either be natural or synthetic polymers or a combination
(Begines et al., 2020; lyisan and Landfester, 2019; Mazlan et al., 2021). The utilization
of natural polymers as responsive drug carriers against Mycobacterium tuberculosis is
widespread due to their biocompatibility, low toxicity, and abundance of functional
groups (Kerry et al., 2018; Zielinska et al., 2020). By modifying their surface features,
these polymers can be made specific to a target. Several natural polymers, such as
alginate, chitosan, guar gum, gelatin, and albumin, have been utilized for encapsulating
anti-TB drugs (Ahmad et al., 2007; Ghosh et al., 2022; Kerry et al., 2018; Viswanathan
et al., 2018).

Zahoor et al., (2005) developed an aerosolized Mycobacterium tuberculosis-targeted
alginate polymeric nanosystem encapsulating INH, RIF, and PZA that enhanced the
bioavailability of all drugs encapsulated in the nanosystem compared with oral-free
medications (Table 2.4) (Zahoor et al., 2005). The system further showed it was
effective against Mycobacterium tuberculosis in guinea pigs in a maximum of 15 days
after nebulization, all drugs were found in organs (lungs, liver, and spleen) at
concentrations higher than the minimum inhibitory concentration (MIC), whereas free
drugs remained in the body until day 1 (Figure. 2.7 & 2.8) (Zahoor et al., 2005). The
research also disclosed that the therapeutic efficacy of three doses of the drug-loaded

alginate nanoparticles delivered via nebulization at 15-day intervals was comparable
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to the effectiveness of 45 daily doses of the unbound drugs taken orally (Zahoor et al.,
2005). A similar study by the same group confirmed that in mice infected with TB,
Mycobacterium tuberculosis H37Rv strain, administering three oral doses of the
formulation 15 days apart resulted in total Mycobacterium tuberculosis clearance from
the organs (Ahmad et al.,, 2006). The study compared the above formulation to
administering 45 traditional doses of orally given free drugs. Additionally, the results
showed that the nanosystem created was non-toxic, making it imperative to further
investigate the feasibility of using inhalable alginate nanoparticles as a suitable vehicle
for the controlled delivery of anti-TB drugs (Ahmad et al., 2006).

Table 2.4: The study compared the pharmacokinetics of antitubercular drugs delivered
in the form of alginate nanoparticles via nebulization to oral administration of unbound
drugs in guinea pigs. (Reprinted from Zahoor et al., 2005, with permission).

Group Cinax Tinax Kei T2 (h) AUC. Relative
(ng/mL) (h) (ng.h/mL) Bioavailabilit
y
Oral free drugs
RIF 0.8+0.18 1 -0.15+0.0 45+053 837+1.10 1.00
INH 25+0.13 1 -0.21+ 3.1+053 10.93+1.90 1.00
0.01
PZA 22.0+1.63 0.5 -0.1+0.01 6.5+1.43 185+10.00 1.00
Aerosol alginate nanoparticles
RIF 1.12 £ 0.02 96 -0.158+ 4.39+0.06 138.46 + 16.54
0.01 5.32
INH 490+0.3 168 -0.59 + 1.17£0.3 521.45 + 47.71
0.01 324
PZA 35.00+ 1.1 144 -441 £ 0.16 £ 0.02  7776.00 = 42.02
0.09 50.34
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Figure 2.7: The plasma drug profile after a single nebulization of alginate nanoparticles
loaded with antitubercular drugs and unbound drugs was evaluated in guinea pigs.
(Reprinted from Zahoor et al., 2005, with permission).
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Figure 2.8: The levels of antitubercular drugs in tissues on day 15 post aerosol
administration of alginate nanoparticles in guinea pigs were determined. The data
represent the mean + standard deviation of six animals and includes RIF, INH, and
PZA. (Reprinted from Zahoor et al., 2005, with permission).

In these two similar studies (Ahmad et al., 2006; Zahoor et al., 2005), the author
designed the same drug delivery system in order to address the hard-to-treat infectious
bacteria Mycobacterium tuberculosis using polymeric nanoparticles. The significant
difference was the quantity of the first-line drugs that the system can deliver. The

polymeric nanoparticles were produced by employing a well-established modified
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cation-induced controlled gelification of the alginate gel technique. In both studies, the
author showed the effectiveness of the designed nanosystem intended for treatment
against Mycobacterium tuberculosis by applying the necessary physicochemical
characterization of nanoparticles, aerodynamic characterization, and in vivo
characterization in different animal models. Furthermore, the in vivo characterization
involved drug deposition studies, experimental infection & chemotherapy, and
biochemical hepatotoxicity. The outcomes from these studies are significant for further
examination of polymeric nanomaterials against Mycobacterium tuberculosis.
Nevertheless, these natural polymers face some limitations, that’'s includes
inconsistent structure between batches and the potential for human allergies (Daemi
and Barikani, 2012; lyisan and Landfester, 2019).

One of the most commonly used synthetic polymers in the pharmaceutical industry is
poly lactic-co-glycolic acid (PLGA), especially in the development of polymeric
nanoparticles for anti-TB drug delivery (Essa et al., 2020; Zielinska et al., 2020). PLGA
has a long history of use in sustained-release drug delivery and tissue engineering and
has received approval for human use from the Food and Drug Administration (Essa et
al., 2020; Kalluru et al., 2013; Makadia and Siegel, 2011). Hakkimane et al., (2018)
formulated PLGA polymeric nanoparticles through solvent evaporation (Hakkimane et
al., 2018). The polymeric nanoparticles were developed for targeted delivery of RIF
and a modified INH called IH2 for the treatment against Mycobacterium tuberculosis.
INH was changed to IH2 since it has the same therapeutic effect but is more stable
and increases the drug incorporated into PLGA nanoparticles relative to INH. The
group conducted in-vitro studies and tested antimycobacterial susceptibility against the
Mycobacterium tuberculosis H37Rv strain. The results showed that owing to the
hydrophobicity of IH2, PLGA polymer nanoparticles encapsulated a greater quantity of
drug by up to 15 folds compared to INH. In addition, RIF-loaded PLGA polymeric
nanoparticles inhibited the development of the H37Rv strain to a lower concentration,
0.7 g/mL, than the minimum inhibitory concentration (MIC) level of RIF (1 g/mL)
(Hakkimane et al., 2018). The overall results suggested that the drug-targeted
polymeric nanoparticles, encapsulated with RIF and IH2, demonstrate a higher efficacy
in eliminating the H37Rv strain of Mycobacterium tuberculosis (Table 2.5). The
targeting mechanism for this system can be elucidated as being passive, as both drugs
were sustained and released for 30 days, and the stability of the drugs was enhanced
(Hakkimane et al., 2018).
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Table 2.5: Antimicrobial susceptibility test result. (Reprinted from Hakkimane et al,
International Journal of Nanomedicine 2018:13 4303-4318. Originally published by and
used with permission from Dove Medical Press Ltd).

Tube position Growth unit Status Drug Samples
concentration
(mg/ml)
B/M15 400 Control - Growth control
B/M17 0 Sensitive 1.0 Free RIF
B/M16 400 Resistant - Formulation without
drug
B/M18 0 Sensitive 1.0 Formulation with
RIF
B/M04 400 Resistant 0.70 Free RIF
B/N09 0 Sensitive 0.70 Formulation with
RIF
B/J14 0 Sensitive 0.1 Free INH
B/J12 0 Sensitive 0.16 Free IH2
B/J14 0 Sensitive 0.16 Formulation with
IH2

In the ploy to develop new therapeutic techniques to reduce the occurrence of
Mycobacterium tuberculosis resistance, Lemmer et al., (2015) investigated mycolic
acids as a potential mycobacterial ligand for drug targeting utilizing INH PLGA
nanoparticles (Lemmer et al., 2015). The production of nanoparticles involved the use
of a double emulsion solvent evaporation technique. The incorporation of mycolic acid
into the nanoparticles was verified using the Enzyme-linked immunosorbent assay
(ELISA) (Lemmer et al., 2015). The findings indicated that macrophages infected with
mycobacteria had a considerable increase in the uptake of nanoparticles coated with
mycolic acid. As a result, the use of mycolic acid as a targeting ligand for various
nanoformulations may be worth exploring as a means to effectively treat TB (Lemmer
et al., 2015).
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Figure 2.9: depicts PLGA-PEG nanoparticles that are loaded with Clofazimine (CFZ)
and functionalized with a transferrin receptor-binding peptide, intended for targeted
drug delivery to the central nervous system in the treatment of multi-drug-resistant
tuberculosis. (Reprinted from De Castro et al., 2021, with permission).

To address the role of polymeric nanoparticles for TT in EPTB. De Castro et al. (2021)
aimed to develop a new approach for treating CNS-TB by creating intravenous PLGA-
PEG nanoparticles loaded with Clofazimine (CLZ) and functionalized (Figure 2.9) (de
Castro et al., 2021). The reason for this study was because CLZ, though being a strong
anti-MDR drug, has low and inconsistent bioavailability, high plasma protein binding,
and build-up in fatty tissue after oral administration, hindering its therapeutic efficacy,
due to its limited water solubility and high lipophilicity. The study demonstrated that the
PLGA-PEG nanoparticles with functionalization are a potential method for delivering
CFZ, as indicated by the low binding to plasma proteins, selective distribution, and
precise delivery to the brain tissue. However, further in vivo studies are required to

validate these findings (de Castro et al., 2021).

In a study relating to central nervous system tuberculosis (CNS-TB), Pandey et al.
(2006) developed a poly(lactic-co-glycolic acid) (PLGA) nanosystem for the co-delivery
of rifampin, isoniazid, pyrazinamide, and ethambutol through oral administration
(Pandey and Khuller, 2006). The author conducted pharmacokinetic and
chemotherapeutic evaluations, which demonstrated that a single oral dose of the
nanosystem could maintain drug levels in mice for 5 to 8 days in plasma and 9 days in
the brain, compared to the free drugs (Pandey and Khuller, 2006). The results showed
improved pharmacokinetic measures such as mean residence time and relative
bioavailability and enhanced pharmacodynamic measures such as the area under the

curve to the minimal inhibitory concentration (AUC/MIC) and time to sustained MIC

39



values in plasma. In Mycobacterium tuberculosis H37Rv-infected mice, five oral doses
of the nanoparticle formulation every ten days led to undetectable bacilli in the
meninges, as determined by colony-forming units and histology. Thus, the PLGA
polymeric nanoparticle formulation is a promising alternative therapy for CNS-TB that

should be further investigated for intravenous or oral administration.

Although, to date, no PLGA nanoparticles have been synthesized targeting
Mycobacterium tuberculosis in the bone. However, the potential of using PLGA
nanoparticles in bone drug delivery has been explored in other bone conditions. A
study by Fu et al. (2014) where the author successfully designed and synthesized
nanoparticles containing PLGA-PEG (poly(lactic-co-glycolic acid)—polyethylene
glycol) diblock copolymers and bone-targeting moieties based on aspartic acid, (Asp)n
that target bone tissue (Fu et al., 2014). The authigenic of the polymeric nanoparticles
was evaluated by conducting different characterizations such as 'H NMR, FTIR, and
size characteristics. Additionally, to evaluate the ability of the nanoparticles to target
bone, both in-vitro, hydroxyapatite affinity tests, and in vivo, fluorescence imaging was
performed using zebrafish and rats (Fu et al., 2014). The results showed that the
dendritic Asp3 moiety of the PLGA-PEG—Asp3 nanoparticles showed the best apatite
mineral ability (Fu et al., 2014). In addition, following injection with PLGA-PEG—-Asp3
nanoparticles, the intraosseous fluorescence signal was delivered to be more intense
than after treatment with other PLGA-PEG-based NP that lacks a dendritic Asp3
moiety (Figure 2.10). The Figure demonstrates the results of the treatment of the D1
bone marrow stem cell line with hybrid nanoparticles. The data indicate that the hybrid
nanoparticles, which were labelled with FITC, were taken up by the cells in a time-
dependent manner and accumulated in a perinuclear pattern as evidenced by the co-
staining with DAPI and FITC. Furthermore, the majority of the hybrid nanoparticles
were internalized through endocytosis and did not reside in the plasma membrane.
The study yielded that the nanoparticles containing an Asp3 moiety significantly
influenced the endocytosis, intracellular route, and cellular response to the
nanoparticles in D1 cells. Moreover, the coupling of PLGA with PEG—(Asp)3 does not
affect its biocompatibility. The author further suggested that these nanoparticles may
serve as a delivery mechanism for lipophilic drugs, necessitating more research into

treating bone diseases (Fu et al., 2014).
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Figure 2.10: (i—iii) Time-dependent fluorescence imaging of PLGA-PEG-Asp3/FITC—
PLGA-PEG-OMe (8/2) NP, (iv—vi) DAPI staining and (vii—ix) merge images, which
transport into D1 living cells. (Reprinted from Yin-Chih Fu et al., 2014, with permission).

2.4.2.1.2. Vesicular-based nanoparticles: liposomes and niosomes

In the field of drug delivery, liposomes and niosomes are the most widely used
vesicular-based systems (Kumar and Rajeshwarrao, 2011). These systems are made
up of a phospholipid bilayer that encloses an aqueous compartment. Both platforms
have received extensive research, making them viable drug delivery options for a
variety of diseases, including tuberculosis, due to their ability to encapsulate both
hydrophilic and hydrophobic drugs (Bartelds et al., 2018; Judson et al., 2001; Pinheiro
et al., 2011). The first commercially available liposome formulation was Doxil®
doxorubicin, a PEGylated liposome containing doxorubicin, which was introduced in
1995 (Lao et al., 2013). The use of polyethylene glycol increases the lifespan of
doxorubicin. The difference between niosomes and liposomes lies in the composition
of their surfactant bilayer, with the former having hydrophilic ends that are exposed to
the aqueous phase on both the exterior and interior of the vesicle and hydrophobic
chains facing each other inside the bilayer (Bartelds et al., 2018; Kazi et al., 2010;
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Kumar and Rajeshwarrao, 2011). However, the use of liposomes as a means of
delivering drugs parenterally, specifically for the selective administration of anti-cancer,
antibiotic, and antifungal medications, has been extensively researched for many years
(Pinheiro et al., 2011; Sercombe et al., 2015). However, due to drug-carrier complex
changes, liposome systems cannot be replicated and have low stability during storage
(Kazi et al., 2010; Sercombe et al., 2015). The niosomal drug delivery system holds
great potential as a targeted drug carrier, with its ability to transport medications in a
controlled and sustained manner leading to improved bioavailability and prolonged
therapeutic effects. These benefits have made niosomes a popular choice in many
applications and treatments.(Bartelds et al., 2018; Kazi et al., 2010; Kulkarni et al.,
2019; Nasr et al., 2008).

Niosomes have been utilized for oral delivery of anti-TB drugs such as RIF, INH, PZA,
and EMB (Table 6). For example, El-Ridy et al. (2015) demonstrated sustained release
of EMB from the span 60 niosomes membrane (EI-Ridy et al., 2015). The results of the
study demonstrated that the use of a niosomal formulation improved drug retention in
the lungs of mice, resulting in a decrease in the weight of the lung tissue at the root, a
reduction in the number of bacteria present in lung samples, and an improvement in
the pathological effects on the lungs, livers, and spleens of guinea pigs (El-Ridy et al.,
2015). EI-Ridy et al. (2011) evaluated the bactericidal effects of PZA-loaded niosomes
against H37Rv (EI-Ridy et al., 2011). The formulations were prepared through the
Vortex dispersion technique, and the effect of different Span’s with cholesterol
concerning the entrapment of the drug was evaluated (EI-Ridy et al., 2011). In addition,
the charge of the niosomes was also investigated by the use of diacetyl phosphate and
stearyl amine. The study revealed that Span 60 and negatively charged niosomes
resulted in the maximum percentage of PZA encapsulation. In addition, the niosome
formulation was found to be more effective than free PZA in terms of reducing bacterial
growth and promoting the extended release of PZA, which requires a reduced dosage,
shorter therapy duration, and improved patient adherence (El-Ridy et al., 2011).

Table 2.6: An overview of the anti-TB vesicular carriers that have been utilized.
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Anti-TB vesicular Technique In vivo Outcomes observed or Ref
drug systems of model outcomes
preparation
Rifabutin Liposomes Remote Mice Loaded RFB showed (Gaspar
(RFB) loading greater therapeutic et al.,
activity in the spleen and  2008)
liver. Suggesting the
suitability of formulation
to manage EPTB in
patients.
RIF Liposomes Remote Mice High antimicrobial (Agarwal
loading activity of RIF when et al.,
compared to free drug 1994)
EMB Niosomes Thin film guinea pigs . Improved efficacy and  (EI-Ridy
hydration safety were observed et al.,
compared to the 2015)
unbound drug.
RIF, INH, Niosomes Sonication - The loading efficiency (Mehta
PZA for all drugs was high, and
and sustained release Jindal,
was achieved for 2013)
hydrophilic drugs. The
release profile of RIF
was deemed acceptable.
Ethionamide Niosomes Ethanol - The formulation inhibited  (Kulkarni
and D- injection bacteria more than free et al.,
cycloserine drugs 2019)
RIF, INH, Liposomes Thin film Rats The efficacy of (Bhardwa
PZA hydration INH/RIF/PZA was j et al,
enhanced both in vitro  2013)
and in vivo, as
compared to the
individual drugs in their
unbound form.
RIF, INH, Nanoliposomes reverse- - demonstrated negligible  (Yang et
PZA phase cytotoxicity and al., 2022)
evaporation influenced THP-1-

derived macrophage
viability.

Although only a few studies focused on using these vesicular-based drug systems,

have been reported for EPTB, most especially CNS, and bone-TB. However, using

these drug delivery systems is of great potential for targeted therapy (Pinheiro et al.,

2011). The lipid bilayer of liposomes and niosomes mimics the structure of cell

membranes, enabling them to easily fuse with the target microbe's plasma membrane
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and deliver drugs. Niosomes can also be employed for prolonged drug delivery, which
reduces drug consumption and adverse effects by boosting their bioavailability
(Bartelds et al., 2018; Chen et al., 2020; Kazi et al., 2010). Liu et al. (2019) created a
self-healing and temperature-responsive hydrogel-based liposomal system that
contained a modified form of isoniazid called N'-Dodecanoylisonicotinohydrazide
(DINH) for treating bone TB (Liu et al., 2019). The technique employed for the
development of liposomes is thin-film hydration, and the produced liposome was
integrated into the PLGA-PEG copolymer hydrogel matrix (Liu et al., 2019). In-vitro,
the system exhibited extended drug release capabilities, while microdialysis (MD) and
optical imaging indicated in vivo sustained drug release (Figure.2.11), illustrating the

practical benefits afforded by liposomes (Liu et al., 2019).
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Figure 2.11: (A) A graphical representation of the in vivo pharmacokinetic analysis.
(B) An X-ray image showing the implantation of the MD probe in the joint cavity. (C)
The stability of the in-vivo recovery of the MD probe. (D) The in-vivo profiles of the
concentration-time of DINH in synovial fluid. (E) The ratios of C24h/C1h were obtained
from (D). (Reprinted from Liu et al., 2019, with permission).

Arecent study by Yang et al., (2022), explored the use of a positively charged liposome
system to treat spinal TB caused by Mycobacterium tuberculosis (Yang et al., 2022).
The aim was to improve the efficacy of anti-TB treatments and reduce the release of
transforming growth factor (TGF-1) in macrophages to promote Mycobacterium

tuberculosis clearance by encapsulating anti-TB drugs and short interfering RNA
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(siRNA) to downregulate TGF-B1 in human macrophages (Yang et al., 2022).
However, the study had limitations, including a lack of antimicrobial susceptibility

testing and in vivo studies to support the findings.
2.4.2.1.3. Solid lipid nanoparticles-based drug delivery system

In recent years, the creation of drug delivery methods such as solid lipid nanoparticles
(SLNs) has led to significant progress in the treatment of various diseases (Khatak et
al., 2020; Paliwal et al., 2020). SLNs are a type of colloidal drug delivery system that
can incorporate both hydrophilic and lipophilic drugs within their solid hydrophobic lipid
core. They are gaining popularity as a possible alternative to polymeric nanoparticles
and vesicular drug delivery systems as carriers for drugs (Geszke-Moritz and Moritz,
2016; Khatak et al., 2020; Mehnert and Mader, 2012). Henceforth, SLNs offer a
longer/higher stability, increased encapsulation efficiency, and need little quantity of
organic solvents in comparison to the two other drug delivery systems (Khoza et al.,
2022). Furthermore, the use of SLNs for targeted drug delivery has been reported for
different routes of administration, which include oral (Bhalekar et al., 2017), parenteral
(Yang et al., 1999), rectal (Sznitowska et al., 2001), ophthalmic (Singh et al., 2019),
and topical (Bhalekar et al., 2017).

Singh et al., (2019) synthesized a targeted SLN strategy against Mycobacterium
tuberculosis infection of an EPTB origin which is ocular (Singh et al., 2019). The
justification for the design of such a system emanated from the challenges that the eye
presents in drug delivery, such as highly impenetrable eye milieu, immediate washout
by tears, drainage via the nasolacrimal duct, and ineffective absorption. Hence, it was
necessary to evaluate the suitability to deliver INH into the eye following topical
application as drops (Singh et al., 2019). The formulation exhibited prolonged release,
increased corneal permeability, considerable in-vitro and in vivo absorption of
fluorescein-labeled SLNs, and a 4.2-fold ocular bioavailability (Singh et al., 2019).
Compared to the free drug value, the reduced MIC value of the INH-SLNs suggested
increased Mycobacterial absorption and intracellular retention, making the system

potentially an anti-TB drug nanocarrier.

In another work, Bhandari et al., (2013) developed orally administered SLNs loaded
with INH to improve the limitations related to INH and enhance its oral bioavailability
(Bhandari and Kaur, 2013) The author conducted pharmacokinetic, tissue distribution,

and relative bioavailability studies in rat models to achieve this. The release profile of
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the formulation showed a burst release in the initial hour and a slow release post the
first hour up to 24 hours. Moreover, the in vivo experiments showed that the
bioavailability of INH in plasma and brain significantly increased when isoniazid was
administered as solid lipid nanoparticles (SLNs) compared to the free drug solution at
the same dose (Bhandari and Kaur, 2013). SLNs are an excellent carrier to deliver
drugs, more specifically anti-TB drugs, as improved relative availability of drugs can be

achieved in different organs.

To the best of our knowledge, the literature has not yet reported any SLN system for
CNS-TB and bone-TB. However, due to favorable observed outcomes of SLNs for
targeted delivery of drugs for other CNS and bone conditions, this nanosystem can be
investigated further for potential use in CNS-TB and Bone-TB targeted drug delivery.
A study by Kakkar et al., (2011) demonstrated that curcumin-loaded SLNs (C-SLNs)
provided enhanced bioavailability and permeability in mice brains for the cure of
Alzheimer’s disease (Kakkar and Kaur, 2011). The research highlights the potential of
solid lipid nanoparticles (SLN) to enhance the ability of drugs to penetrate the blood-
brain barrier and suggests that it is a hopeful drug-targeting approach for treating

central nervous system disorders.
2.4.2.2. Inorganic nanoparticles

The study of nanoparticles has reached a thrilling new stage with the discovery of
inorganic nanoparticles. They have exceptional physical and chemical properties and
offer numerous potential applications in the biomedical, physical, and pharmaceutical
fields. The use of inorganic nanoparticles also has the advantage of their smaller size,
which makes it easier to administer drugs, as they can cross cell barriers that traditional
drugs cannot, such as the blood-brain barrier. The study of inorganic materials loaded
with drugs or not for treating various diseases through tissue targeting has been

documented.
2.4.2.2.1. Metallic nanoparticles

Metal nanoparticles are nanoscale particles of pure metals (e.g., gold, platinum, silver,
titanium, zinc, cerium, iron, and thallium), bimetallic (FePt), and metal oxides (Ceoz2,
and SiOz2) (Mody et al., 2010; Yaqoob et al., 2020). In recent years, there has been a
significant increase in the use of metallic nanoparticles as carriers for delivering drugs

to treat various illnesses (Yaqoob et al., 2020). These nanoparticles can enter
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biological or physiological membranes that are usually impermeable to

macromolecules due to their tiny size (Singh et al., 2016).

As previously stated, the diagnosis of Mycobacterium tuberculosis, especially in the
EPTB context, has been poor and yields the progression of the disease. Hussain et
al., (2013) developed unmodified gold (Au) nanoparticles to detect different types of
Mycobacterium tuberculosis strains directly and rapidly. The findings indicated that the
prototypes produced are uncomplicated, responsive, and quick, and can serve as an
alternative to PCR-based detection methods (Hussain et al., 2013). Furthermore, the
treatment against Mycobacterium tuberculosis with metallic nanoparticles free of the
drug has been extensively reported, especially with silver (Ag), zinc, and Au metals
individually and combined. Furthermore, Ag nanoparticles are the most favourable
metal in treating Mycobacterium tuberculosis due to their antimycobacterial potency.
However, this system has shown low selectivity to Mycobacterium tuberculosis in
comparison to the individual use of drugs. Thus, Singh et al., (2016) exhibited that
combining Au and Ag nanoparticles may yield greater efficiency, specificity, and
selectivity to kill Mycobacterium tuberculosis (Singh et al., 2016). In addition, Au

nanoparticles have beneficial impacts on the development of bone.

Iron oxide nanoparticles have been the subject of investigation as another type of
metallic nanoparticle due to their exceptional characteristics, including
superparamagnetism, high surface-to-volume ratio, substantial surface area, and
straightforward separation process (Jabbar et al., 2022; Padwal et al., 2015). They
have also been studied for their potential use in delivering anti-tuberculosis
medications, including for the treatment of EPTB (Lee et al., 2012, p.; Miranda et al.,
2018).

2.4.2.2.2. Mesoporous silica nanoparticles

Compared to other inorganic nanoparticles, MSNs have adequate biocompatibility and
highly organized and stable porous networks into which large amounts of the drug may
be loaded (Bharti et al., 2015). In addition, the size, shape, and pore characteristics of
MSNs may be significantly manipulated during synthesis processes, producing
numerous nanoparticle formulations from the same composite materials (Bharti et al.,
2015; Sun et al., 2021; Yu et al., 2018). MSNs are frequently capped with a gatekeeper
that inhibits sudden and unexpected drug release, allowing for regulated drug release
(Bharti et al., 2015; Karimi et al., 2016).
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MSNs have been investigated extensively as possible drug delivery vehicles.
Concerning treatment against Mycobacterium tuberculosis, Clemens et al. (2012)
developed INH and RIF-loaded MSNs by designing two different MSNs formulations
for each anti-TB drug (Clemens et al., 2012). The two different formulations include
(F1) MSNs modified through functionalization with a cationic polyethyleneimine (PEI)
polymer to increase cellular absorption and lysosomal release while still allowing the
porous interior to be used for drug binding and delivery and (F2) MSNs modified with
pH-operated beta-cyclodextrin nano valves. The results demonstrate that F1 exhibited
a much higher loading of RIF compared to uncoated MSN and significantly higher
effectiveness against macrophages infected with Mycobacterium tuberculosis. In
addition, F2 demonstrated higher effectiveness at killing Mycobacterium tuberculosis

inside macrophages than an equal quantity of free drug (Clemens et al., 2012).

The limited biodegradability of MSNs is one of their disadvantages (Pohaku Mitchell et
al., 2012; Yu et al., 2018). A recommended approach for adjusting the biodegradability
of MSNs is to dope them with metal cations, such as gold, calcium, iron, and
manganese (Pohaku Mitchell et al.,, 2012). In a recent study, Sun et al. (2021)
produced a gold-loaded MSN for the treatment and diagnosis of Mycobacterium
tuberculosis (Sun et al., 2021). The in-vitro antimicrobial test revealed that the
formulation maintained substantially reduced MIC values and could efficiently destroy

Mycobacterium tuberculosis (Sun et al., 2021).
2.5. Design of a multi-purpose novel platform

As previously mentioned, Mycobacterium tuberculosis effective treatment in the
context of EPTB does not only require drug therapy; however, surgery may be
necessary for some affected organs such as the bone. Surgery procedures involve the
loss of a specific portion of the tissue, which induces a defect in that tissue (Hegazy et
al., 2021; Rajasekaran et al., 2014). Thus, any missing piece of tissue due to surgery
must be replaced with a proper functional alternative, and this speaks to tissue
engineering (TE) in regenerative medicine (Chan and Leong, 2008; O’Brien, 2011).
Therefore, providing a TT multi-purpose platform will ensure drug delivery and TE to

achieve the optimum therapeutic outcome (Baptista and Guedes, 2021).

Bone is a complex and dynamic tissue capable of performing various functions, and
responding to various metabolic, physical, and endocrine stimuli (Chindamo et al.,

2020). Bone consists of different structures, and the functions vary from mobility to
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protection of essential organs. This tissue may also vary in mechanical strength and
modulus, for example, cortical bone has a higher Young's modulus and compressive
strength (Blumer, 2021; Chindamo et al., 2020; Morgan et al., 2018). Cortical bone is
30-211 MPa strong and 16—20 GPa elastic. Cancellous bone is 51-193 MPa strong
and 4.6-15 GPa flexible. Despite the complexity of its features and shapes, its tiny
hierarchical design is relatively straightforward (Morgan et al., 2018). The extracellular
matrix (ECM) of bone is composed of a non-mineralized organic component, type-1
collagen, and a mineralized inorganic component. The nanocomposite structure, which
is comprised of rigid and flexible collagen fibers supported by hydroxyapatite crystals,
plays a crucial role in providing the necessary compressive strength and high
resistance to fracture that is essential for bone tissue (Chindamo et al., 2020; Lin et al.,
2020).

The individual use of NTT systems, as described in section 4, has been explored in
TE, and their fundamental role is to facilitate tissue growth. However, certain limitations
with most of the NTT platforms, especially in bone diseases, have hindered the
success of these systems in achieving acceptable BTE. Limitations of the singular
system include that most of these systems are designed for either oral or parenteral
administration, making it challenging to target a specific organ (Suleman et al., 2021).
For example, physical support is required in bone regeneration after losing bone tissue;
these systems don't provide for that. Therefore, the development of multi-purpose
targeted therapy (MPTT) is another approach that is being actively researched by
orthopedics in infectious diseases that affect the skeletal system, such as spinal-TB,
to provide delivery of different compounds for treatment against Mycobacterium
tuberculosis whiles providing regenerative properties and support to the bone. In
addition, the use of MPTT therapies would have a positive impact on patients with
EPTB by shortening the duration of treatment and thus decreasing the occurrence of
side effects and enhancing patient compliance. In general, MPTT is a treatment in
which drugs or other substances are explicitly delivered to the targeted body's organ,
cellular and subcellular level (Devarajan et al., 2015; Ji et al., 2012; Majeed et al., 2021;
Tewabe et al., 2021, 2021).

There has been a growing interest in BTE, which includes restoring damaged tissue
structure or function with live cells (Preethi Soundarya et al., 2018). BTE employs
scaffolds to provide regenerative properties and support the dramatic bone structure.

Although some may define scaffolds as MPTT platforms, the challenge is that scaffolds
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have been shown to have poor and erratic behavior as carriers of either drugs or other
compounds, such as growth factors (Alvarez and Nakajima, 2009; Baptista and
Guedes, 2021). Therefore, it would be beneficial to combine nanoparticles with

scaffolds for the sole reason of MPTT.
2.5.1. The role of scaffolds in bone tissue engineering

A scaffold can be described as an engineered support structure that promotes the
growth of three-dimensional (3D) tissue. Furthermore, these structures are not
intended to be permanent implants and should facilitate the replacement of the scaffold
material by host cells through the deposition of extracellular matrix (ECM) (Preethi
Soundarya et al., 2018; Webber et al., 2015). For a scaffold to be approved for bone
regeneration, it must fulfil specific acceptance criteria, as illustrated in Figure 2.12
(Chan and Leong, 2008; Garg et al., 2012; O’Brien, 2011). Therefore, scaffolds are
fabricated using biomaterials to achieve the desired properties discussed. Biomaterials
are substances that have an interaction with biological systems, and this topic will be

covered in this review section.
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Figure 2.12: Diagram demonstrating the features that a 3D scaffold made from
biomaterials should possess (Chan and Leong, 2008; Garg et al., 2012; O’Brien, 2011).

Novel biomaterials are available in various forms, including biopolymers, bioceramics,
and biodegradable metals. Table 2.7 depicts each of these biomaterial’s advantages
and limitations. Most of these biomaterials must be engineered to provide
biocompatible and mechanical qualities for medicinal uses (Nikolova and Chavali,

2019). A range of established methods for fabricating scaffolds composed of
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biomaterials using 3D printing has been developed and put into practice, including
selective laser sintering (SLS), stereolithography (SLA), inkjet 3D printing, and fused
deposition modelling (Williams et al., 2005). All these 3D printing technologies involve
layer-by-layer material patterning to create the desired structure/object. 3D printing
enables exact control over the scaffold's form, pore size, and interconnectivity and
reduces production time. In addition, 3D printing is the preferred approach for

fabricating 3D biomaterial scaffolds for BTE in regenerative medicine.

Table 2.7: Summary of different individual-component biomaterials used for bone
tissue scaffold (Nikolova and Chavali, 2019; O’Brien, 2011).

Biomaterial Examples Advantages Limitations Application
Natural Alginate, chitosan, - Superior - Its mechanical -Hard and soft
polymers silk, gelatin, and biocompatibility qualities are tissue.
DNA inadequate for
- Natural remodeling load bearing. -Gene therapy
- Easily recognized by - Rapid
cells and better degradation rate
adhesion
Synthetic Polycaprolactone, - High mechanical - Slow Tissue
polymers Poly-I-lactic acid, strength degradation rate engineering
PLGA, polyglycolic scaffolds
acid - Can be altered - Inadequate cell
variously affinity
Bioceramic porous bioglass, -Good Bioactivity - Brittle - Replacement
s calcium silicate, of hard tissue
calcium Su|phate - Good - ngh stiffness
biocompatibility - Orthodontic
- low flexibility use
- Osteoconductive
Metals TiO2, Ti-6Al-4V, - High mechanical -Corrosive - Orthopaedic
stainless steel strength Implants
- Easy to produce and - screws, pins,
sterilize and plates

2.5.1.1. Individual component and combined component biomaterials

Biomaterials, as mentioned above, play a massive role in developing 3D-printed
biomaterial scaffolds (Nikolova and Chavali, 2019). These biomaterials may be
employed individually or in combination. The current challenges in developing 3D-
printed scaffolds for bone tissue engineering include the limited mechanical strength
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and cellular compatibility of available biomaterials and the limited selection of printable
biomaterials (O’Brien, 2011; Preethi Soundarya et al., 2018). Thus, individual-
component biomaterials have limited qualities, hence, their printability and properties
must be adjusted to completely reproduce the properties of the tissue under study
using 3D printing technical approaches (Chindamo et al., 2020; Garg et al., 2012;
Preethi Soundarya et al., 2018).

To overcome challenges with individual-component biomaterials, adequate research
has shown and proved that the blending two or more biomaterials to create composite
(hybrid) multi-biomaterial 3D scaffolds, the biomaterial qualities may be enhanced,
benefiting from the merged properties of the two or more biomaterial of interest (Mahdy
et al., 2021; O’Brien, 2011). For example, combining natural + synthetic polymers +
bioactive glass in producing a 3D biomaterial scaffold has shown promising results for
BTE, as the bioactive components (such as bioceramics) improve osteogenesis,
bioactivity, and mechanical strength (Daskalakis et al., 2022; Yao et al., 2014). In
addition, the physical/chemical bonding of bioceramics into polymeric/biomaterial
scaffolds may alleviate the mechanical property limits of pure biomaterials or individual-
component biomaterials. Most bioceramics are mixed with polymers to improve their
printability (Alaribe et al., 2016; Nikolova and Chavali, 2019; O’Brien, 2011). The choice
of appropriate biomaterial/s for scaffold development depends on the tissue needs that

one is targeting (Chan and Leong, 2008).

Ongoing investigations are underway to explore the utilization of 3D-printed scaffolds
made from biomaterials for bone-TB therapy. Table 8 presents an overview of the
various individual and multi-component biomaterials utilized in these scaffolds. These
biomaterials offer unique advantages, such as enhanced bioactivity, controlled drug
release, and improved mechanical strength, enabling the development of advanced
scaffolds for bone-TB therapy (Alaribe et al., 2016; Dong et al., 2014; Zhu et al., 2015).
Their incorporation into 3D-printing technology holds tremendous potential for
transforming the field of bone-TB treatment, opening doors to personalized and
effective therapeutic approaches (Pei et al., 2018a; Yuan et al., 2015; Zhu et al., 2015).
Further research and development efforts are warranted to optimize scaffold design
and fully harness their clinical potential in addressing the complex challenges
associated with bone-TB management.
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Recent studies have aimed at creating new biomaterial scaffolds for delivering

therapeutic agents such as proteins and drugs, and it is important to secure these

molecules to the platform for efficient loading. Bone Morphogenic Protein-2 (BMP-2)

and Vascular Endothelial Growth Factor (VEGF) are examples of proteins introduced

to scaffolds. The interaction between biomaterials and cells is crucial for cell survival,

growth, and differentiation, so the features of biomaterials such as surface chemistry,

charge, roughness, reactivity, hydrophilicity, and stiffness must be considered.

Table 2.8: Highlights the different individual/multi-component biomaterials utilized in
the development of 3D-printed scaffolds explored in bone-TB.

Biomaterial/s Type of materialls Benefits Limitations Reference
s
Tantalum Metal Achieved The scaffold (Hua et al,,
Antibacterial exhibited mild 2022)
Properties and Good  cytotoxicity during
Biocompatibility the early stages of
implantation.
PHBHHx/ MBG- Natural polymer/ Scaffolds exhibit The study didn’t (Zhu et al.,
COOH bioceramic prolonged drug include 2015)
release compared to  biodegradability and
commercial porosity studies
scaffolds. Drugs
maintain high
concentrations in
peripheral tissues
but low levels in the
bloodstream.
Polycaprolacton Synthetic polymer No cytotoxic effect Erratic drug release  (Lee et al.,
e (PCL) from the scaffold and low drug 2020)
and easy printability.  entrapment. Limited
bioactivity.
Additionally, the
study didn’t conduct
any in vivo studies
to show the release
profile of the drug.
B-tricalcium Bioceramic/syntheti The bone scaffold This study was (Yuan et
phosphate/PLG ¢ polymer displayed strong unable to achieve al., 2015)
A compression precise control over

resistance and high
porosity. In vivo, it
achieved a stable
90-day drug release,
effectively
eliminating

tuberculosis bacteria

and promoting bone
regeneration.

the drug release
from the
microspheres.
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Promising for future
bone-TB treatment.

MBG/FE Bioceramic/metal Excellent sustained Lack of in vivo (Pei et al.,
release of anti-Tb studies for 2018a)
drugs, with correlation.
enhanced

mechanical strength.
Good bioactivity and

pH control
Polylactide Acid Synthetic Polymer Excellent Limited in-vitro and (Wardhani
biodegradability in vivo studies etal., 2019)

profile of the scaffold

25.1.2. Combined efforts of nanoplatforms and scaffolds

Over the past few years, many 3D-printed biomaterial scaffolds have been studied for
BTE applications. In addition, the developed biomaterials scaffold platforms also
possess qualities for targeted/localized drug delivery interventions for bone tissue (Pei
et al., 2018a; Zhu et al., 2015). However, these platforms have been proven to have
poor drug delivery characteristics, which results in poor therapeutic outcomes,
especially in infectious bone diseases such as spinal TB. The use of nanoparticles
offers a consistent and gradual release of the substance, resulting in a high
concentration at the site of action for maximum therapeutic effect. Applying suitable
biomaterials in combination with nanoparticles in bone disease, including spinal TB,
has proved to possess great potential for enhanced bone regeneration and targeted

drug delivery interventions

2.5.2. Pros and Cons of 3D-printed scaffolds embedded with conventional drug

delivery systems.

The current advancements in the field of 3D-printing of scaffolds incorporated with drug
delivery systems exemplify the continuous efforts being made toward personalized
medicine, which is required in several applications (Hua et al., 2022; Suleman et al.,
2021; Zhu et al., 2015). These scaffolds, developed using advanced additive
manufacturing techniques, offer a unique approach to delivering drugs in the field of
TE and regenerative medicine. However, they also present certain challenges that
need to be considered for their effective implementation. Table 2.9 presents the
various pros and cons to consider with 3D-printed scaffolds embedded with

conventional drug delivery systems.
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Table 2.9: Provides an overview of the different pros and cons associated with the
utilization of 3D-printed scaffolds embedded with conventional drug delivery systems
(Domsta and Seidlitz, 2021).

Pros

Cons

By integrating these conventional drug
delivery systems into the 3D-printed
scaffolds, precise and targeted drug
release can be achieved. This allows for
localized delivery of drugs directly to the
tissue site of interest, enhancing
therapeutic effectiveness while
minimizing systemic side effects.

The combination of 3D-printed scaffolds
and conventional drug delivery systems
promotes tissue regeneration by
providing a supportive structure for cell
growth while simultaneously delivering
therapeutic agents. This synergy
accelerates the healing process and
improves the overall quality of tissue
repair.

These scaffolds enable precise control
over the release Kkinetics of drugs.
Different drug release profiles can be
achieved by modifying the scaffold’s
design, composition, or the drug
encapsulation method, allowing for
tailored release patterns based on
specific treatment requirements.

3D-printing technology allows for the
fabrication of scaffolds with patient-
specific designs and dimensions. This
customization enables the development
of personalized treatments where the
scaffold, along with the embedded drug
delivery system, can be tailored to meet
the unique needs of each patient.

Designing multi-functional 3D-printed
scaffolds incorporating organic and
inorganic drug delivery systems can be
a complex process. Achieving the
desired scaffold architecture, porosity,
and drug loading capacity while ensuring
structural integrity and biocompatibility
requires careful consideration and
optimization.

The compatibility between the drug,
scaffold material, and drug delivery
system is critical for successful
implementation. Certain drugs may have
limited compatibility with the utilized
biomaterials or drug delivery system,
posing challenges in achieving effective
drug release and maintaining
therapeutic efficacy.

Understanding the long-term
performance and degradation of these
multi-functional scaffolds is crucial.
Factors such as scaffold degradation
rates, drug stability over time, and
maintaining controlled release profiles
need to be thoroughly evaluated to
ensure sustained therapeutic effects and
avoid potential complications.

Regulatory approval for these scaffolds
may involve additional scrutiny due to
the combination of medical devices and
pharmaceuticals. Navigating the
regulatory landscape and demonstrating
safety, efficacy, and quality assurance
may pose challenges for manufacturers
seeking market authorization.

These multi-functional scaffolds offer several advantages, including targeted drug
delivery, enhanced tissue regeneration, controlled release profiles, and customization
for patient-specific treatments. However, challenges related to scaffold design
complexity, compatibility issues, long-term performance, and regulatory considerations
need to be addressed to ensure their successful integration into clinical practice.

Continued research, collaboration between different disciplines, and regulatory
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guidance are essential for harnessing the full potential of this innovation technology in
TE and regenerative medicine. In this review, potential 3D printed scaffolds employed
for the intention of MPTT in bone tissue and their application in bone-TB and other

similar bone infections are discussed in detail.
2.5.3. Polymeric Nanoparticles and 3D Printed Scaffolds

Polymeric nanoparticles have been demonstrated to be highly effective carriers of
various substances, such as drugs and growth factors. Furthermore, novel and
innovative research on incorporating these nanoparticles in 3D-printed scaffolds for
other tissues, including bone tissue, has been ongoing. The proof-of-concept study by
Yuan et al. (2015) explored the use of 3D printing technology embedding PPLGA-
composed microspheres loaded with anti-TB drugs for bone-TB, RIF, and INH. The
study evaluated the in vivo performance of these structures, including mechanical
studies, osteogenesis, cell viability, and migration using Wistar rat models. To assess
the cell viability, the study utilized rBMSCs cells and these were analysed through MTT
assays. The results showed that the scaffold was not toxic to the mentioned cells
(Figure. 13). The PLGA microspheres containing the two drugs were synthesized
through solvent evaporation method, respectively, and incorporated into the [B-
tricalcium phosphate scaffold by employing the centrifugation method. During in-vitro
testing (Figure. 2.13), it was observed that the PLGA microspheres formulations
embedded in the scaffold had an erratic release profile in the first 10 days of testing
and then stabilized until day 90 (Yuan et al., 2015). The erratic release behaviour is
not desirable in TT and is suggested to be caused by the method employed to
incorporate the microspheres into the scaffold. Additionally, the loading capacity of the
microspheres was relatively low, and this improved with an increase in concentrations
of the PLGA solution.
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A OD value ALP (U/100ML)
24h 48h 72h

Control 0.44 +0.01 0.45 +£0.05 0.46 £0.03 14.33 £0.14
Experimental 0.41 +0.03 0,43 £0.03 0.44 +0.02 6.34 +0.34
RGB% 107 104 104
Cytotoxicity 0 0 0
B C
D

—+—RFP(g/L)  —#— INH(g/L)

1 10 19 28 37 46 55 64 73 82 91 100
Time(d)

Drug concentuation(mg/L)

Figure 2.13: (a) Cell viability results, (b) SEM image depicting adhesion of scaffold to
the rBMSCs cells, (c, d, e) inverted phase contrast microscope of the scaffold on the
cells at 24hr, 48hr, and 72hr, respectively, (f) Drug release profile of the two anti-TB
drugs from the B-TCP/PLGA microspheres scaffold (Reprinted from Jing Yuan et al.,
2015 with permission).

Kim et al. (2018) developed a 3D-printed hydroxyapatite scaffold that incorporated
PLGA nanoparticles filled with BMP-2 for the treatment of bone defects (Kim et al.,
2018). A four-step process was undertaken to achieve the desired 3D-printed scaffold
(Figure. 2.14A). The scaffold composition consisted of a bioceramic (hydroxyapatite)
reinforced by synthetic polymer (PCL) to assist with mechanical strength. On the other
hand, the polymeric nanoparticle consisting of BMP-2 encapsulated in PLGA polymer
was synthesized via a double emulsion-solvent evaporation technique. Furthermore,
the nanoparticles were incorporated into the scaffold by coating the surface of the
platform with PCL with the PLGA nanoparticles. The described process produced a
3D-printed scaffold with increased compressive strength and bestowed the scaffold
with a BMP-2 releasing function. This study utilized Human bone marrow-derived
mesenchymal stem cells (hMSCs) to assess the cellular toxicity of the 3D-printed
scaffolds. The PCL_BMP-2/NPs scaffold exhibited excellent cellular cytocompatibility,

demonstrating its optimal compatibility with cells (Figure. 14B). The fluorescence
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images of live and dead cells revealed high cell viability on the scaffolds, indicating that
the majority of hMSCs remained viable. Additionally, no cytotoxic effects were
observed in the study. In a rabbit calvarial defect model, the PCL BMP-2/NPs scaffolds
that were constructed showed minimal toxicity, and improved bone regeneration. The
release profile of the BMP-2 in the nanoparticles alone showed a burst release profile,
and this is not a desired quality in BTE as a slow, sustained release is required as the
implant will be in the bone for a specific period. This was achieved when the PLGA
nanoparticles were coated on the scaffold, which was attributed to the mixture of the

PCL with the nanoparticle.
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Figure 2.14: The diagram depicts (a) the procedure involved in developing PLGA
nanoparticles for BMP-2 delivery, and (b) The viability and cytotoxicity analysis
conducted five days after seeding. (Reprinted from Beom-Su Kim et al., 2018 with
permission).

The use of PLGA has also been applied in developing not only nanoparticles but also
microspheres that can be integrated into 3D-printed scaffolds. Zhou et al. (2018)
developed a PCL/Polydopamine (PDA) 3D-printed scaffold for a bone infection (Zhou
et al., 2018). The platform was loaded with vancomycin-containing PLGA
microcarriers. Vancomycin was incorporated into PLGA microspheres to ensure its
sustained release. The microspheres were synthesized through the double-emulsion
solvent evaporation process, while the scaffold was produced using a 3D printer that
employs the fused deposition technique. The adsorption process achieved the
incorporation of the microsphere into the surface of the platform. The study exhibited

that immediate burst release of vancomycin from a scaffold-free of microspheres
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occurs, with the most significant release happening within 3-5 days. However, a slow
and sustained release was reported with the incorporation of the drug into the
microsphere and into the scaffold (Zhou et al., 2018). /In vivo, studies are needed to

ensure this claim's credibility and proof of concept.

To the best of the author's knowledge, no studies have reported the use of an MPTT
platform that incorporates polymeric nanoparticles into the surface of a 3D-printed
scaffold for the treatment of bone TB. However, the exploration of such MPTT
platforms for bone-TB is necessary since polymeric nanoparticles have been
demonstrated to have the capacity to contain anti-TB drugs. Furthermore, bone
proteins may also be encapsulated into the polymeric nanoparticles to ensure a
biomimetic environment, as research has shown that they can be encapsulated into
the polymeric nanoparticles, especially PLGA. It is clear from the perspective of
biomaterials that various biomaterials can be combined effectively with polymeric

nanoparticles.
2.5.4. Lipidic nanoparticles and 3D printed scaffolds

The efficacy of using lipids as a drug delivery mechanism has been proven, particularly
against Mycobacterium tuberculosis, as described in sections 4.1.1.2 & 4.1.1.3. Lipid
systems are excellent carriers for hydrophobic drugs. Hence, hydrophobic anti-TB
drugs such as RIF and BDQ may be great candidates to be encapsulated by lipid
systems. Liposomes have been employed as a drug carrier in 3D-printed scaffolds for
bone tissue application. For example, Sarkar et al. (2019) fabricated a 3D-printed
calcium phosphate (CaP) scaffold incorporated with liposomes filled with curcumin for
the cure of bone cancer (Sarkar and Bose, 2019). The liposomes were fabricated
through a technique referred to as thin-film hydration, which is wildly used and ensures
high encapsulation. The alteration of the different liposome formulation parameters
achieved a 68% encapsulation efficiency. Interestingly, the liposomal-loaded curcumin
produced using 3D printing showed remarkable cellular toxicity against osteosarcoma
cells grown in the laboratory, while promoting the survival and growth of osteoblasts
(Sarkar and Bose, 2019). This study implies that liposome systems can be effectively
combined with bioceramic biomaterials. Table 2.10 shows lipid systems used with

other biomaterials in BTE.
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Table 2.10: Examples Lipid system that has been employed within scaffolds.

Biomaterial/s Lipidic Drug

utilized for scaffold system encapsulated Key findings References

Polycaprolactone Nano- Asprin Aspirin can be enclosed (Lietal.,
(PCL) liposome within nanoliposomes 2019)
and stimulate

osteogenesis and the
modulation of the
immune system in

human mesenchymal

stem cells (hMSCs).

gelatin methacrylate Solid lipid Resveratrol Studies both in the (Wei et al.,
nanoparticles laboratory and in living 2021)
organisms demonstrate
that the various

SLNs/GelMA scaffolds
enhance the osteogenic
differentiation of BMSCs

through an optimal,
gradual release of the
drug.

Calcium Phosphate Liposomes Curcumin Not only did his (Sarkar and
bifunctional scaffold Bose, 2019)
support the
development of bone
cells, but it exhibited
anti-cancer
characteristics.

Furthermore, just like the polymeric nanosystem, no application of any of this lipid
system incorporated in a 3D printed scaffold for bone-TB has been documented or
reported as per the publication of this work. However, this proof-of-concept may be
investigated for application in bone TB as lipidic systems have been explored for this

disease, and BTE is also ongoing research for bone TB.
2.5.5. Metallic nanoparticles and 3D printed scaffold.

Among the various metallic nanoparticles, the most beneficial and positive-yielding
nanoparticles in the treatment against Mycobacterium tuberculosis are Au and Ag
nanoparticles due to their antibacterial properties. Therefore, the Au and Ag
nanoparticles can be employed either alone or as carriers of anti-TB drugs onto a 3D-

printed scaffold for bone TB. Various studies have been conducted where these
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metallic nanoparticles have been incorporated into 3D-printed scaffolds for enhanced

bone regrowth and drug delivery properties.

To stimulate osteogenic differentiation, Au nanoparticles were integrated into PCL 3D-
printed scaffold coated with PDA (Jin Lee et al., 2018). Studies have been conducted
for decades to examine the use of Au nanoparticles as carriers for drug agents due to
their unique characteristics, such as their ability to be multi-functionalized, large
surface area to volume ratio, increased permeability, high stability, ease of production,
and flexible surface chemistry (Singh et al., 2016). The Au nanoparticles are
exogenous inducers of reactive oxygen species (ROS). After being exposed to gold
nanoparticles, the targeted organ cells go through the process of apoptosis because
they cannot tolerate the oxidative stress caused by the excessive creation of ROS
(Enea et al., 2020; Li et al., 2020; Sun et al., 2018). It is essential to keep in mind that
the cellular response to Au nanoparticles varies significantly across cell lines (Sun et
al., 2018). Fan et al., (2011) tested Au nanoparticles of three sizes: Au nanoparticles-
S, Au nanoparticles-M, and Au nanoparticles-L on hMSCs (Fan et al., 2011). Au
nanoparticles-S demonstrated the maximum toxicity of the three nanoparticle types,
whereas Au nanoparticles-M triggered necrosis and killed hMSCs. Less toxic to cells,
Au nanoparticles-L reduced osteogenic and adipogenic development (Fan et al.,
2011). Concerns have been expressed about using Au nanoparticles as a long-term

cell tracer. Safely using gold nanoparticles requires further investigation.

Furthermore, Ag nanoparticles are being studied for their physical, chemical, and
biological characteristics (Bhagyaraj and Krupa, 2020; Sharma et al., 2012). The
studies have demonstrated the integration of Ag nanoparticles into 3D printed 3-TCP
scaffolds in the form of Ag-GO nanocomposites, resulting in scaffolds with both
osteogenic and antibacterial properties (Zhang et al., 2017). Ag nanoparticles may
trigger apoptosis in disease-targeted organ cells by generating ROS, which causes
mitochondrial malfunction (Dey et al., 2022). To further reinforce the properties of Ag
nanoparticles, the combination of Ag and Au nanoparticles may be beneficial in

developing a more effective system (Singh et al., 2016).

2.5.6. Mesoporous silica (MSN)and mesoporous bioactive glass (MBG)

nanoparticles and 3D printed scaffold.

MSNs have been utilized in drug delivery due to its extensive nanopore structure.

MSNs materials may provide a more practical choice for controlled and localized anti-
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TB drug delivery without causing significant decreases in pH (Clemens et al., 2012; Yu
et al., 2018). Furthermore, to achieve MPTT, these systems have been incorporated
into the 3D printed scaffolds for bone purposes, specifically bone-TB. Zhu et al., (2011)
developed a multi-component, anti-TB-loaded, multi-facet 3D printed scaffold for bone-
TB (Zhu et al., 2011). The MPTT platform was composed of an MSNs porous B-TCP
scaffold and then coated with bioactive glass to enhance slow, sustained release. The
results of both in-vitro and in vivo release assays showed a prolonged pattern of co-
release for both RIF and INH from the platform. The drug concentrations remained
above their effective values for killing Mycobacterium tuberculosis for a period of up to
40 days. (Figure 2.15) (Zhu et al., 2011). The prolonged, controlled release of anti-TB
drugs in the scaffold is advantageous in bone TB, as it will provide sufficient drug levels
for multi-drug treatment post-surgery, effectively eliminating bacteria. This study didn't
adequately show the effect of the 3D-printed scaffold in enhancing bone regeneration.
Therefore, future studies can focus on in vivo for both enhanced bone regeneration

and drug delivery systems.
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Figure 2.15: Cumulative release (a) and release rate (b) curves of INH and RIF in SBF
at 37 °C from scaffolds. (Reprinted from Zhu et al., 2011 with permission).

However, combined MSN and dense calcium phosphate bioceramics have limited
solubility, which hinders osteogenesis. Thus, researchers have suggested replacing
the MSN with MBG (Zhu et al., 2015). Bioactive glasses (BG) are solid, nonporous,
and hard bioceramics made up of silicon dioxide (or silicate) as the major component
and three other essential components: sodium dioxide, calcium oxide, and phosphorus
(Kaur et al., 2014). These components can be modified to create various types of
bioactive glass. Literature has shown that BG's used for bone regeneration have

unique characteristics, including biocompatibility, excellent osteoconductive, and
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osteoinductive properties (Cao and Hench, 1996; Jones et al., 2010; Kaur et al., 2014).
BG platforms can release ions when in contact with deformed bone, forming a
hydroxyapatite-like (HA) layer, facilitating the interaction between the two platforms
(Faure et al., 2015; Fernandes et al., 2018; Karadjian et al., 2019; Kaur et al., 2014).
In addition, BG platforms have been established as capable of loading and releasing
drugs, but their uneven distribution of micropores results in limited drug loading
capacity. To address this issue, researchers have suggested using mesoporous
bioactive glass (MBG) to enhance drug loading efficiency (Gémez-Cerezo et al., 2021;
Wu and Chang, 2012). The M-BGs contain organized mesopores, and tunable pores,
and have a high surface area, making them an excellent drug and bioactive factor-

controlled release carrier (Vallet-Regi and Salinas, 2021; Wu and Chang, 2012)

Min et al., (2015) fabricated a dual function 3D printed scaffold for bone TB where INH
and RIF were impregnated into functionalized MBG and MSN respectively (Zhu et al.,
2015). The formation of the bio-ink for 3D printing consisted of the functionalized MBG
and MSN with the drug and bonded with 3-hydroxybutyrate-co-3-hydroxyhexanoate
(PHBHHXx). The In-vitro or in vivo results indicated that the composite scaffolds
released drugs more slowly when compared to commercialized MSN and calcium
phosphate scaffolds. These findings are desired as the long-term sustained release of
anti-TB drugs needs to be achieved to be able to kill Mycobacterium tuberculosis
effectively (Zhu et al., 2015). Pei et al. (2018) conducted a study that looked into
utilizing a blend of PCL, MBG, and Metal-Organic Frameworks (MOF) to create a 3D-
printable scaffold for bone-TB (Pei et al., 2018b). The study utilized INH as the model
drug and incorporated it into the MBG using a wetness impregnation method. The
MPTT scaffold demonstrated remarkable mechanical stability, primarily due to the
presence of MOF in the scaffold structure (Pei et al., 2018b). Furthermore, cell work
and in-vitro results showed enhanced bioactivity and good scaffold biocompatibility. /n-
vitro, release of the INH from the platform exhibited a sustained drug release behavior
(Pei et al., 2018b).

2.6. Concluding Remarks

Significant research data and reports is evaluating the use of nanotechnology-targeted
therapy for anti-TB drugs for pulmonary and extrapulmonary TB against
Mycobacterium tuberculosis. However, there have been limited advances in the

development of a multi-purpose system that will address the enhancement of
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regeneration medicine and drug delivery in EPTB cases. Bone-TB is the highest form
of EPTB, and the treatment protocol necessitates drug therapy and surgical

intervention where necessary, especially for bone-TB application.

3D printing technology has lifted many constraints in the production of 3D biomaterial
scaffolds for tissue engineering. However, due to the nature of some biomaterials, poor
release profile of the drugs/proteins loaded into the 3D-printed scaffold has been
reported. Hence, the use of two or more biomaterial to benefit from the combined
properties of the different hybrid/merged biomaterials is preferred in 3D printing
technology (e.g., 3D-printed biomaterials scaffolds), to attempt to meet the appropriate
properties of the tissue of interest, e.g., bone tissue mechanical strength amongst
others. The biomaterials for 3D-printed scaffolds can address the regeneration and
drug delivery issues. Therefore, a multi-purpose targeted therapy platform comprised
of a 3D-printed scaffold integrated with nanoparticles for enhanced bone regeneration
and drug delivery is imperative in bone-TB treatment. The combinatory platform's
design and development require a thorough investigation into the suitable nanoparticle
to be utilized, appropriate biomaterial for 3D printing of scaffold, and an excellent

method to combine the two systems.

In conclusion, the mechanical killing of Mycobacterium tuberculosis by drugs alone is
insufficient in EPTB, such as bone-TB. Nanomedicine has been leading in the new
research as a technique used to provide appropriate low doses of drugs to Kkill the
bacterium, while limiting systemic side effects. The development of a multi-functional
targeted therapy for bone TB, which utilizes 3D-printed scaffolds blended with
biomaterials to promote bone regrowth and integrated with nanoparticles for drug
delivery, will greatly enhance the effectiveness of targeted therapy against

Mycobacterium tuberculosis.
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CHAPTER 3

DEVELOPMENT AND OPTIMIZATION OF BEDAQUILINE-LOADED PLGA
NANOPARTICLE FOR POTENTIAL TARGETED BONE DELIVERY

3.1. Introduction

Tuberculosis (TB) is an ancient infectious disease that has afflicted humanity since
2400 BC. The discovery of tubercle bacillus as a causing pathogen in 1882 by Robert
Koch revolutionized the treatment of TB, as this resulted in the discovery of the Bacille
Calmette-Guérin (BCG) vaccine against TB, which is still in use to date (Barberis et al.,
2017; Cioboata et al., 2023; Daniel, 2006). Furthermore, in 1947, different anti-TB
drugs were developed (Barberis et al., 2017). To date, the treatment of TB remains a
challenge, as the prolonged treatment duration, drug-related toxicities, and non-
adherence to therapy have contributed to the rise of drug-resistant TB (Sazali et al.,
2023). Multidrug-resistant (MDR) TB, characterized by resistance to isoniazid and
rifampicin, and extensively drug-resistant (XDR) TB, involving additional resistance to
fluoroquinolones and at least one second-line injectable drug, present treatment
challenges (Mphaphuli et al., 2023; World Health Organization, 2024). These strains
require prolonged and complex therapeutic regimens, often associated with severe
side effects and reduced efficacy (Dartois and Rubin, 2022; Mphaphuli et al., 2023).

One particularly concerning manifestation of TB is bone tuberculosis (bone TB), a form
of extrapulmonary TB. Bone TB often affects the spine, causing vertebral destruction
and severe deformities, and is associated with high morbidity if not treated promptly
and effectively (Hegazy et al., 2021; Mphaphuli et al., 2023). A great clinical challenge
in treating bone TB is inadequate drug concentration at the affected site, as well as
delivering therapies directly to the bone, where infections may persist even under
systemic treatment (Hua et al., 2022; Sharma et al., 2012). Bedaquiline (BQ), a
diarylquinoline antimycobacterial agent, is the first anti-TB drug to receive FDA
approval in over forty years. BQ offers a novel mechanism of action by inhibiting the
ATP synthase enzyme essential for mycobacterial energy metabolism (Bélard et al.,
2015; Bhandari et al., 2023). Furthermore, this anti-TB drug can target and eliminate
both active and dormant forms of TB, which is crucial for bone TB treatment (Bhandari
et al., 2023). Despite its efficacy, BQ has limitations, including poor aqueous solubility,

low bioavailability, and potential toxicity, necessitating advanced drug delivery systems
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to optimize its therapeutic profile (Bélard et al., 2015; De Matteis et al., 2018; Jahan et
al., 2023).

Nanotechnology has emerged as a transformative tool in addressing these challenges,
offering opportunities for controlled drug release, enhanced bioavailability, and
targeted delivery (Malik et al., 2023). There are several advantages of nano-sized drug
delivery over the systemic delivery of drugs, some of which are listed in Figure 3.1. In
the context of TB, various nanosystem carriers including polymeric nanoparticles
(PNs), liposomes, nanoemulsions, dendrimers, polymeric micelles, carbon nanotubes,
metallic nanoparticles, solid lipid nanoparticles (SLNs), and nanostructured Lipid
Carriers (NLCs) have been employed to deliver different anti-TB drugs, including BQ
(Choudhary and Kusum Devi, 2015; Kumar et al., 2023). These nanotechnology-based
drug delivery strategies can be used to treat bone diseases that are difficult to treat

with conventional clinical therapies.
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Figure 3.1: Schematic illustration of different nanoparticles and advantages of the
nanoparticle systems.

PNs have gained significant interest in drug delivery applications due to their
advantageous properties, including small particle size, excellent thermodynamic
stability, enhanced solubility for hydrophobic drugs, prolonged drug release, and the
ability to evade recognition by the reticuloendothelial system (RES) (Begines et al.,
2020). Among the polymers used for these nanoparticles, Poly(lactic-co-glycolic acid)

(PLGA) stands out as a particularly promising option. PLGA offers unique benefits,
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including tunable degradation rates, efficient drug encapsulation, sustained release
profiles, and the potential for targeted delivery to the bone tissues affected by TB
(Begines et al., 2020; Liang et al., 2023; Makadia and Siegel, 2011). Furthermore, as
a biocompatible and biodegradable polymer approved by regulatory agencies, PLGA
has a well-established safety profile and widespread applicability in drug delivery
applications, positioning it as a superior choice compared to other polymers like
chitosan and alginate (Makadia and Siegel, 2011; Mphaphuli et al., 2023; Poh et al.,
2019). The potential of PLGA nanoparticles for bone TB treatment lies in their ability to
be tailored for both pulmonary and extrapulmonary TB, including bone infections (Luo
et al., 2024). The small size of PLGA nanoparticles enables deep tissue penetration.
At the same time, their ability to encapsulate drugs such as BQ allows for controlled
release over extended periods, ensuring that therapeutic concentrations are
maintained at the site of infection (Abdelghany et al., 2019; Luo et al., 2024; Struzek
and Scherlie, 2023). This approach could help overcome the limitations of
conventional TB treatments, offering a targeted and sustained release to affected

bones, improving drug efficacy, and minimizing systemic side effects.

In addition, the application of Design of Experiments (DoE) within the framework of
Quality by Design (QbD) has revolutionized the development and optimization of PLGA
nanoparticles (Glnday Tureli et al., 2016; Patil et al., 2024; Struzek and Scherliel3,
2023). QbD is a systematic approach to pharmaceutical development that emphasizes
a deep understanding of the product and process through predefined objectives
(Pramod et al., 2016). DoE, a critical tool in the QbD paradigm, identifies and evaluates
key formulation and process parameters and their interactions. This approach ensures
that the nanoparticle formulation meets predefined quality attributes, such as particle
size, drug loading, and release profiles (Pramod et al.,, 2016; Yu, 2008). This
integration underscores the potential of PLGA nanoparticles in achieving precise and
targeted drug delivery and meeting the stringent regulatory standards for
pharmaceutical products. Patil et al., (2024) employed a QbD strategy to systematically
develop multiple-drug-loaded PLGA nanoparticle systems as inhalable dry powders for
TB treatment. Furthermore, this research assessed BQ and pretomanid (PTD) in
combination as model drugs for TB treatment. The PLGA nanoparticles were
developed using the oil-in-water (o/w) single emulsion solvent evaporation method.
The nanoparticles demonstrated particle size of 200 £ 17 nm, PDI 0.10 — 0.14, and

surface charge of (-) 30 £ 3 mV. The NPs showed high encapsulation efficiency of
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82.04 £ 5.40 % and 92.52 + 4.69 % w/w for BQ and PTD, respectively. Optimization of
the PLGA nanoparticles for the inhalable dry powder formulation of BQ and PTD,
several critical process parameters (CPPs) played a significant role in ensuring the
success of the formulation. The following CPPs were particularly influential: spray
drying temperature, feed rate, and inlet air flow rate (Patil et al., 2024). These CPPs
were systematically evaluated using the DoE approach, which allowed the researchers
to understand their effects on the critical quality attributes (CQAs) of the nanoparticles.
By optimizing these parameters, the study successfully developed a formulation with
high yield (72 £2% w/w), low moisture content (<1% w/w), and suitable aerodynamic
properties (MMAD of 2.4 ym and an FPF greater than 75%) for inhalation delivery.
Furthermore, the optimal drug ratio of 1:4 for BQ to PTD was successfully loaded into
the PLGA nanoparticles. This specific ratio is crucial for maximizing the effectiveness
of the treatment against TB. Although the study reports on the quality attributes of the
dry powder formulation, it does not provide long-term stability data. Stability is crucial
for ensuring that the nanoparticles maintain their efficacy and safety over time,
especially for inhalable formulations that may be stored for extended periods (Patil et
al., 2024).

The primary aim of this chapter was to develop and characterize BQ-loaded PLGA
nanoparticles for the management and treatment of TB. This system was designed
with the potential for both pulmonary and extrapulmonary TB treatment, taking
advantage of the flexible nature of PLGA nanoparticles. Due to their small size,
biocompatibility, and ability to encapsulate a variety of drugs, PLGA nanoparticles can
be tailored for pulmonary delivery via inhalation or systemic administration for
extrapulmonary manifestations. The formulation of BQ-loaded PLGA nanoparticles
was optimized using DoE, where both regression modeling and response surface
modelling (RSM) were employed to identify key formulation parameters that influence
nanoparticle characteristics, such as particle size, drug loading, and encapsulation
efficiency.

3.2. Materials and Methods
3.2.1. Materials

Poly(d,I-lactide-co-glycolide) (PLGA) (75:25d, I-lactide:glycolide) were generous gift
from Corbion Purac (Singapore). Bedaquiline (BQ) was purchased from Leap Chem
(Hong Kong, China). Polyvinyl alcohol (PVA) (30kDa, 87-90% hydrolyzed), methanol
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(99.9% purity HPLC grade), acetonitrile (99.9% HPLC grade), potassium dihydrogen
orthophosphate (99.0% purity), triethylamine (99.5% purity), dichloromethane (DCM),
dimethyl sulfoxide (DMSO), orthophosphoric acid (85% purity) were purchased from
Sigma-Aldrich (Pty) Ltd (St. Louis, Missouri, United States). MG63 osteoblast-like cells
were obtained from PromoLab (Pty) T/A Separations (Johannesburg, South Africa).
Alpha minimum essential medium (a-MEM) was obtained from Gibco and Foetal
Bovine Serum (FBS), gentamicin and Penicillin-Streptomycin were obtained from
Sigma-Aldrich (Pty) Ltd (St. Louis, Missouri, United States), MTT Cell Proliferation Kit

was used (Roche, Basel, Switzerland).
3.2.2. Development and Optimization of PLGA BQ-loaded Nanoparticles

BQ-loaded PLGA nanoparticles were developed and optimized using a four-factorial
and a three-level Box-Behnken Design (BBD). The design was selected because it is
widely recognized for developing higher-order response surfaces requiring fewer
experimental runs than a standard factorial approach. Alongside the central composite
design, it eliminates specific runs to preserve the potential for higher-order surface
modeling (Jahan et al., 2023; Patil et al., 2024; Yu, 2008). The design was used to
investigate the effects of independent variables viz., PVA concentration (X1; in the
range 0.5 - 2.5%), sonication time (Xz; in the range 2-7mins), amplitude (Xs; in the
range 40 - 80%), and drug amount (X4; in the range 5 - 10 mg) (Table 3.1). The three
variables were varied at three levels: low (coded as — 1), middle (coded as 0) and high
(coded as 1). The critical quality attributes (CQA) of the PLGA nanoparticle formulation
included particle size (Y1), polydispersity index (PDI) (Y2), drug loading (Y3), and

encapsulation efficiency (EE) (Ya4).

The responses were statistically analyzed using analysis of variance (ANOVA) in
DesignExpert® v8 software (Stat-Ease Inc, MN, USA). A total of 29 formulations were
generated, as presented in Table 3.1. The selection of optimal mathematical models
was based on evaluating statistical parameters, including the p-value, lack-of-fit p-
value (non-significant), R?, adjusted R?, predicted R?, coefficient of variation (CV), and
predicted residual sum of squares (PRESS). 3D and contour plots were developed
based on the derived equations to better understand how the formulation factors
influenced the responses. Optimization of the responses was carried out using both
numerical and graphical methods. The desirability approach and overlay plots were

used to identify an ideal solution with optimal formulation.
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Table 3.1: BBD model for the effect of formulation composition on PLGA nanoparticles.

Formulation X1 ) X3 Xa

1 1.50 (0) 4.50 (0) 40.00 (-1) 5.00 (-1)
2 1.50 (0) 4.50 (0) 80.00 (1) 10.00 (1)
3 1.50 (0) 4.50 (0) 80.00 (1) 5.00 (-1)
4 1.50 (0) 4.50 (0) 40.00 (-1) 10.00 (1)
5 1.50 (0) 4.50 (0) 60.00 (0) 7.50 (0)
6 0.50 (-1) 2.00 (-1) 60.00 (0) 7.50 (0)
7 1.50 (0) 4.50 (0) 60.00 (0) 7.50 (0)
8 0.50 (-1) 7.00 (1) 60.00 (0) 7.50 (0)
9 2.50 (1) 7.00 (1) 60.00 (0) 7.50 (0)
10 2.50 (1) 2.00 (-1) 60.00 (0) 7.50 (0)
11 2.50 (1) 4.50 (0) 60.00 (0) 5.00 (-1)
12 2.50 (1) 4.50 (0) 60.00 (0) 10.00 (1)
13 1.50 (0) 4.50 (0) 60.00 (0) 7.50 (0)
14 1.50 (0) 4.50 (0) 60.00 (0) 7.50 (0)
15 1.50 (0) 7.00 (1) 40.00 (-1) 7.50 (0)
16 1.50 (0) 2.00 (-1) 80.00 (1) 7.50 (0)
17 1.50 (0) 2.00 (-1) 40.00 (-1) 7.50 (0)
18 0.50 (-1) 4.50 (0) 60.00 (0) 10.00 (1)
19 1.50 (0) 7.00 (1) 80.00 (1) 7.50 (0)
20 0.50 (-1) 4.50 (0) 60.00 (0) 5.00 (-1)
21 1.50 (0) 7.00 (1) 60.00 (0) 10.00 (1)
22 1.50 (0) 4.50 (0) 60.00 (0) 7.50 (0)
23 1.50 (0) 2.00 (-1) 60.00 (0) 5.00 (-1)
24 1.50 (0) 4.50 (0) 60.00 (0) 7.50 (0)
25 2.50 (1) 4.50 (0) 80.00 (1) 7.50 (0)
26 1.50 (0) 2.00 (-1) 60.00 (0) 10.00 (1)
27 0.50 (-1) 4.50 (0) 40.00 (-1) 7.50 (0)
28 0.50 (-1) 4.50 (0) 80.00 (1) 7.50 (0)
29 2.50 (1) 4.50 (0) 40.00 (-1) 7.50 (0)

X1: PVA conc, X2: sonication time, X3: amplitude, X4: drug amount

3.2.3. Fabrication of optimized BQ-loaded PLGA nanoparticles

BQ-loaded PLGA nanoparticles were prepared using a single emulsion (O/W) method
as depicted in Figure 3.2. (Poh et al., 2019). Briefly, 50mg of PLGA and different
amounts of BQ were dissolved in DCM (2 ml) to form the organic phase. It was then
slowly mixed with an aqueous solution containing PVA, and an O/W-type emulsion was
formed upon probe sonication at the optimized amplitude (78.4%) for a set time over
an ice bath. The emulsion was added dropwise to 20 ml of 0.75% w/v PVA mixture
under magnetic stirring (500 rpm) at room temperature. This mixture was left stirring
for 3 hours to remove DCM and form nanoparticles and was washed thrice with
deionized water followed by centrifugation at 10,000 rpm for 30 minutes. The resulting
nanoparticles were freeze-dried over 24 hours under a freeze-dried system to obtain

nanoparticles in powder form.
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Figure 3.2: Schematic representation of the manufacturing process of BQ-loaded
PLGA nanoparticles.

3.2.4. Characterization of the Optimized BQ-loaded PLGA nanoparticles
3.2.4.1. Determination of particle size

Nanoparticle size and distribution profiles were evaluated using a ZetaSizer NanoZS
(Malvern Instruments, Malvern, UK), equipped with non-invasive backscatter
technology operating at a 173° angle. The zeta potential of the formulated
nanoparticles was assessed by subjecting individual samples to a controlled electric
field and measuring their mobility through Brownian motion. This analysis utilized a
combination of Laser Doppler Velocimetry and Phase Analysis Light Scattering, with

the sample conductivity maintained at a maximum of 200 mS/cm.
3.2.4.2. Determination of particle surface morphology

Morphological evaluation of the nanoparticles was performed using scanning electron
microscopy (SEM) (ZEISS Electron Microscopy, Carl Zeiss Microscopy Ltd.,
Cambridge, UK). Samples of the nanoparticle suspension (5 to 10 uL) were dropped
onto an aluminium specimen stub and air-dried before coating (x2) with gold-palladium
(AuPd). The sample was viewed and captured under low (82.34 KX) and high (314.84
KX) magnification.

3.2.4.3. Analysis of chemical integrity using FTIR spectroscopy analysis

Fourier Transform Infrared (FTIR) spectroscopy (Spectrum 100, PerkinElmer Inc.,

Waltham, MA, USA) was employed to examine and compare the vibrational transitions
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of chemical structures in both individual components and their combinations within the
BQ-loaded PLGA nanoparticles. The analysis was performed on pristine BQ, PLGA,
and the BQ-loaded nanoparticles. Spectra were acquired under 120 psi pressure,
covering the wavelength range of 4000-550 cm™, with 20 scans conducted to ensure

the capture of detailed and relevant spectral information.
3.2.4.4. Analysis of the crystallographic structure

X-ray powder diffraction (XRD) (RIGAKU MiniFlex, RIGAKU Inc., Tokyo, Japan)
analysis was performed to examine pure BQ, pristine PLGA, blank PLGA
nanoparticles, and lyophilized BQ-loaded PLGA nanoparticles. A scan of 20 was
conducted at a speed of ten degrees per minute, between 10 and 90 degrees. This
was followed by diffraction analyses, which allowed for the observation of the

nanoparticles’ degree of crystallinity.

3.2.4.5. Analysis of thermal behaviour using differential scanning calorimetry
(DSC)

Pristine BQ, pure PLGA, blank PLGA nanoparticles, and lyophilized BQ-loaded PLGA
nanoparticles were analyzed using differential scanning calorimetry (DSC) with a DSC-
60 instrument (TA-60 WS, Shimadzu, Kyoto, Japan). Approximately 3—10 mg of each
sample was placed in aluminium pans, then crimp-sealed for analysis. The DSC
measurements were conducted at a heating rate of 10 °C/min under an inert nitrogen
atmosphere with a 50 mL/min flow rate. An empty aluminium pan served as the
reference. The DSC thermogram of free BQ was compared with that of the lyophilized
BQ-loaded PLGA nanoparticles to assess potential changes in the physicochemical

properties of BQ and its interaction with the PLGA polymer.

3.2.4.6. Analysis of thermal stability assessment using thermogravimetric
analysis (TGA)

The composition of BQ-loaded PLGA nanoparticles was determined using
thermogravimetric analysis (TGA) conducted on a TGA 4000 instrument (PerkinElmer,
Llantrisant, Wales, UK). The analysis was performed within a temperature range of 30
°C to 900 °C under a continuous nitrogen flow. Samples were heated at a constant
rate of 10 °C per minute. The resulting thermograms, represented as percentage
weight loss versus temperature, were analyzed using Pyris™ software (PerkinElmer,

Llantrisant, Wales, UK).
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3.2.4.7. Determination of BQ content in the PLGA nanoparticles

The BQ content in the PLGA nanoparticles was evaluated by high-performance liquid
chromatography (HPLC) (Waters, Milford, Massachusetts, USA) following the method
described by Ayodele et al., (2024). The HPLC system was equipped with Waters
symmetry300™ C18 5 ym, 4.6 x 150mm column, a UV-detector, and a Waters binary
HPLC pump. 95:5 (Y/v) mixtures of acetonitrile/methanol and phosphate buffer (pH 7.4)
were used as the mobile phase with a flow rate of 1.0mL/min, at a wavelength of 275
nm. For measuring BQ content in PLGA nanoparticles, 5mg of freeze-dried
nanoparticles was dissolved in DMSO and vortexed for 1 minute to completely
solubilize the PLGA nanoparticles. The solution was centrifuged at 13,000 rpm for 10
minutes at 4 °C. The supernatant was then collected for analysis of BQ concentration
by HPLC. Entrapment efficiency (EE%) and drug loading (DL%) were calculated with
equation 3.1 and 3.2. The measurements were performed in triplicate.

Weight of drug in nanoparticles

EE (%) =
( /0) Initial weight of feeding drug

X100  (3.1)

Weight of drug in nanoparticles
Weight of nanoparticles

DL (%) =

X 100 (3.2)

3.2.4.8. Stability studies

The optimized freeze-dried BQ-loaded PLGA nanoparticles were kept in sealed air-
tight vials at 25 + 2 °C and relative humidity (RH) of 60 + 5% in the stability chamber (
Labcon, South Africa) and studied for their stability over 3 months. The stability
samples were evaluated monthly to assess any variations in particle size, PDI, EE%,
and DL% of the optimized lyophilized BQ-loaded PLGA nanoparticles. The data
obtained from the samples collected every month was compared with the freshly
prepared BQ-loaded PLGA nanoparticles (time zero sample). All determinations were

run in triplicate and reported as meanS.D.
3.2.4.9. Evaluation of in-vitro release of BQ from the PLGA nanoparticles

The In-vitro drug release behaviour of BQ-loaded PLGA nanoparticles was evaluated
at pH 7.4 for 48 hours at 37 °C, mimicking the physiological conditions of the bone
environment. The freeze-dried BQ-loaded PLGA nanoparticles (5mg) were dispersed
in 2ml of prepared 0.1 M PBS (pH 7.4) containing 0.5% v/v Tween 80. The inclusion of
Tween 80 was essential for improving the solubility and stability of the nanoparticles in
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the release medium, ensuring consistent release behaviour. The samples were then
loaded into a dialysis membrane (SnakeSkin™, 3500 MWCO) and submerged into the
drug release phosphate buffer (100 mL) of pH of 7.4 and incubated in an orbital shaking
incubator (YIHDER LM-530, YIHDER Co., Ltd., Taipei, Taiwan). The dialysis
membrane was used to facilitate the diffusion of only BQ into the release medium for
quantification. Sampling (2 mL) was undertaken at different time intervals (t = 1, 2, 4,
8, 12, 24 and 48 hours). The cumulative amount of BQ release at different time points
was evaluated by the HPLC method. The data of In-vitro release were fitted into
different kinetic models to know the mechanism and kinetics of BQ release from PLGA

nanoparticles (Najib et al., 2023).
3.2.4.10. In-vitro assays for cytotoxicity studies of PLGA nanoparticles

The osteoblast-like cell line (MG63) was employed for the cytotoxicity study. The
osteoblast-like MG63 cells were chosen because they express several characteristic
features of osteoblast, and they are a great candidate for evaluation of cell viability,
cell adhesion, and cell proliferation in bone tissue engineering. Briefly, cells were grown
in Alpha Minimum Essential Medium (a-MEM, 82% v/v) supplemented with Foetal
Bovine Serum (FBS, 14% v/V), 2% (v/v) gentamicin, and 2% (v/v) penicillin-
streptomycin in a T-25 culture flask (Sigma-Aldrich; St. Louis, MO, USA). Cells were
allowed to grow, and when a 90% confluence was reached, cultured cells were
dissociated from the culture flask with 0.25% trypsin. The cells were seeded in a 96-
well plate, at a seeding density of 2.5 x 104. To each well, a cell suspension of 90 uL
was added followed by incubation at 37°C, 5% COz2 for 24 hours to allow adequate cell

adherence.

The experimental cells were treated in ftriplicate (n=3) with 10 yL of PLGA
nanoparticles, BQ, and BQ-loaded PLGA nanoparticles at concentrations of 5 ug/ml,
10 pg/ml, 20 ug/ml, 40 pg/ml, and 60 ug/ml. The negative control consisted of untreated
cells. After treatment, the cells were incubated for 72 hours before performing the MTT
cell viability assay. The MTT assay was carried out using the MTT Cell Proliferation Kit
| (Roche, Basel, Switzerland). A 10 pL solution of MTT (5 mg/mL) was added to each
well, followed by a 4-hour incubation at 37°C with 5% CO2. Afterward, 100 pL of the
solubilizing agent (acid-isopropanol, 0.04 N HCI in isopropanol) was added to dissolve
the formed formazan crystals, and the plate was incubated overnight at 37°C with 5%

CO2. Absorbance was measured at 570 nm with a reference wavelength of 620 nm
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using a multimodal microplate reader (Victor X3, PerkinElmer, Waltham, MA, USA).
The absorbance values were recorded (mean * standard deviation) and used to

calculate % cell viability using Equation 3.3.

% Cell viability = —2test™fblank _ y 17 (3.3)

control= Ablank

where Atest is the test absorbance, Abiank is the blank absorbance, and Acontrol is the

control absorbance in nm.
3.3. Results and Discussion
3.3.1. Statistical Optimization

The 29 experimental runs conducted for the BQ-loaded PLGA nanoparticles are
summarized in Table 3.2, detailing the results for particle size, PDI, encapsulation
efficiency, and drug loading. The effects of PVA concentration, sonication time,
amplitude percentage, and drug amount on these responses are analyzed and
illustrated using 2D contour plots, 3D response surface plots, and corresponding

polynomial equations.

Table 3.2: Experimental design and characteristics of BQ-loaded PLGA nanoparticles.

Std Experimental Y1 Y2 Y; Y4
run
5 1 2255 0.06 9.0 67.5
8 2 252.2 0.05 16.3 38.0
6 3 238.5 0.08 9.4 74.1
7 4 244.0 0.07 16.8 76.9
9 5 238.4 0.06 13.3 78.1
1 6 317.8 0.19 13.2 83.5
10 7 233.4 0.04 13.3 69.5
3 8 316.4 0.21 12.9 59.7
4 9 182.9 0.07 12.8 68.4
2 10 216.6 0.07 13.1 67.3
12 11 198.0 0.05 9.2 54.1
14 12 193.2 0.06 17.1 59.3
19 13 233.0 0.05 13.0 59.3
20 14 234.0 0.08 13.1 54.5
16 15 209.1 0.04 13.1 62.0
17 16 389.6 0.18 13.0 52.1
15 17 400.5 0.20 13.1 55.3
13 18 324.8 0.17 16.6 48.9
18 19 228.2 0.07 12.8 58.1
11 20 318.1 0.22 9.1 60.9
27 21 323.6 0.23 16.4 50.3
28 22 235.0 0.07 13.1 56.0
25 23 223.5 0.05 9.1 56.0
29 24 234.0 0.05 13.1 42.4
24 25 197.2 0.05 13.0 37.9
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26 26 231.0 0.07 134

21 27 323.2 0.19 13.1
23 28 323.8 0.21 13.2
22 29 238.4 0.08 13.0

35.8
31.0
33.6
33.7

Y.:particle size, Y2: polydispersity index, Ys: drug loading, Y4: entrapment efficiency

3.3.1.1. Evaluation of model adequacy and ANOVA for particle size (Y1)

The model's reliability and accuracy were confirmed through various statistical metrics,

as summarized in Table 3.3. An R? value near 1 indicates a strong data fit, while

adequate precision, with a value of 41.044 (well above the threshold of >4), confirms

the model’s strong predictive capability. A low coefficient of variation (C.V.) of 5.70%

(below the 10% threshold) demonstrates high reproducibility. Together, these metrics

validate the model's robustness and precision. To further confirm the adequacy,

validity, and robustness of the regression model, a graphical representation of the

model for particle size was analyzed. The graphical representations include the normal

probability plot of residuals depicted in Figure 3.3a which exhibits the linearity of the

data. The plot of the measured and model-predicted values depicted in Figure 3.3b

shows data that is linear, suggesting that the model is adequate.

Table 3.3 Model adequacy measures and values summary.

Fit statistics Values

Std Dev 4.12E-009
Mean 7.236E-008
%C.V 5.70

R? 0.99
Adjusted R? 0.99
Adequate Precision 41.04
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Figure 3.3: (a) Normal plot of residuals depicting the impact of model terms on particle
size, (b) Observed versus predicted response for particle size.

To meet the validity requirements of ANOVA, the experimental data concerning Y1
response was transformed. The power transformation was utilized for this response.

Hence, after transformation, the statistical model used with a significant value (p<0.05)
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was linear as summarized in Table 3.4. The F-value is 125.78 and the low probability
of p<0.0001 indicates that there is a 0.01% chance that the F-value is due to noise,
resulting in the model being significant. The effects of X1, X2, X3, X4, X1X2, X1X3, X2X3,
X2X4, X23, X24, X21X2, X21X3, X21X4, X1X23, X2X21, and X23X4 are significant to the linear
model (shaded in grey). The absence of a significant lack-of-fit further emphasizes the

high predictive capability of the model.

Table 3.4: Statistical measures of model adequacy.

Source gum of Df Mean Square | F-value p-value
quares
Model 4.059E-014 19 2.137E-015 125.78 < 0.0001
X1 2.064E-014 1 2.064E-014 1215.19 < 0.0001
X2 6.485E-015 1 6.485E-015 381.76 < 0.0001
X3 2.407E-016 1 2.407E-016 14.17 0.0070
X4 8.113E-016 1 8.113E-016 47.76 0.0002
XiX2 1.044E-015 1 1.044E-015 61.45 0.0001
XiX3 8.054E-016 1 8.054E-016 47.42 0.0002
X2X3 3.437E-017 1 3.437E-017 2.02 0.1979
X2X4 1.765E-016 1 1.765E-016 10.39 0.0146
X2 6.084E-016 1 6.084E-016 35.82 0.0006
X24 1.225E-017 1 1.225E-017 0.72 0.4239
X21X2 1.405E-017 1 1.405E-017 0.83 0.3934
X%1X3 1.225E-015 1 1.225E-015 72.10 < 0.0001
X21X4 2.922E-016 1 2.922E-016 17.20 0.0043
X1X23 1.143E-015 1 1.143E-015 67.26 < 0.0001
XaX24 1.024E-015 1 1.024E-015 60.27 0.0001
X%3X4 7.614E-016 1 7.614E-016 44.82 0.0003
Lack of fit 1,062E-16 4 2,654E-17 6,25 0,0821

X1: PVA conc, X2: sonication time, X3: amplitude, X4: drug amount

The relationship between the particle size of PLGA nanoparticles and other input

variables, including their interaction, is described by Equation 3.4.

Y13 = +7.704E008+5.080E008X1+4.026E008X2 - 5.485E009X3 - 3.149E008X_4+1.615E008X1 X2
+1.419E008X1 X3+2.931E009X1 X4 - 6.643E009X2 X3- 2.727E008X2 X4+1.750E009X3
X4+1.623E009X12-1.515E008X32+8.058E009X42-2.390E008X12 X2+3.348E008X12 X4-
1.451E008X1 X32-3.880E008X2 X42+2.450E008X32 X4 (3.4)

Where,

Y1 = particle size
X1 = PVA Concentration

X2 = Sonication time
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X3= Amplitude

X4 = drug amount

The polynomial equation was employed to draw conclusions based on the magnitude
and mathematical sign of the coefficients. In Equations 3.4, PVA concentration,
sonication time, amplitude, and drug amount are recognized as the primary factors
influencing the response (Y1). PVA concentration and sonication time positively
impacted the response, while the amplitude and drug amount exhibited a negative

effect.

The contour and three-dimensional (3D) plots were generated to study the relationship
between the input variables and the responses. The shape and color of the plots reveal
the interaction between the variables being investigated. The particle size of the BQ-
loaded PLGA nanoparticles ranged from 182.9d.nm to 400.5d. nm as shown in Figure
3.4 a,b. Notably, formulations with high PVA concentration (F9 and F12, 182.9d.nm
and 193.2d.nm, respectively) showed a decrease in size compared to those with low
PVA concentration (F17, F18, F27, and F28,400.5d.nm; 324.8d.nm; 323.2d.nm;
323.8d.nm, respectively). Pharmaceutically, PVA has a variety of functions and is
commonly used as a surfactant and stabilizer (Cortés et al., 2021; Higazy et al., 2021).
For the BQ-loaded PLGA nanoparticles, PVA is suggested to have reduced the
interfacial tension between the organic solution and aqueous medium, increasing the
emulsion stability and acting as a steric stabilizer, increasing particle size as illustrated
in Figure 3.4 a,b (Menon et al.,, 2012). The results achieved in this study are in
agreement with previous findings done by other groups (Gunday Tureli et al., 2016;
Menon et al., 2012; Struzek and Scherliel3, 2023).

Furthermore, a decrease in the nanoparticle size was observed when increasing the
sonication time. This is consistent with a study conducted by Madani et al., (2018)
(Madani et al., 2018). This effect can be attributed to that a higher sonication time
promotes a rapid diffusion of the organic solution in the aqueous phase (Kolahi et al.,
2022; Madani et al., 2018).
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Factor Coding: Actual
a Response: Size (d.nm)
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Figure 3.4: (a) 2D contour plot depicting the impact of X1 and Xz on particle size, (b)
3D response surface plot depicting the impact of X1 and Xz on the particle size of the
BQ-loaded PLGA nanoparticles.

An ideal nanoparticle size for targeted bone drug delivery is 0-100 nm, as this allows
the nanoparticles to travel within the bone sinusoids efficiently and deliver a substantial
quantity of the drug into the cells via endocytosis. However, it has been shown that a
nanoparticle size of 200 nm is sufficient for bone-targeted delivery, as this particle size

can penetrate cellular barriers and enhance endocytosis (Posadowska et al., 2015).
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3.3.1.2. Evaluation of model adequacy and ANOVA for polydispersity index (Y2)

The model adequacy was confirmed according to the specifications detailed in Table
3.5. The predicted R? is in reasonable agreement with the adjusted R?, and the
adequate precision is greater than 4, indicating that the model is robust and can be
used. The graphical representations of the model adequacy for PDI are summarized

in Appendix A.

Table 3.5: Model adequacy measures and values summary.

Fit statistics Values
Std Dev 0.0445
Mean 0.3073
Predicted R? 0,6184
PRESS 0,1035
%C.V 14.49

R? 0.8831
Adjusted R? 0.8100
Adequate Precision 9.847

The suggested PDI (Y2) model was square root, and the ANOVA data are summarized

in Table 3.6. The model terms that exerted a significant effect are shaded in grey

Table 3.6: ANOVA analysis model for PDI.

Source gum of Df Mean Square | F-value p-value
quares

Model 0,2396 10 0,0240 12,08 < 0.0001
X 0,1189 1 0,1189 59,94 < 0.0001
Xz 0,0148 1 0,0148 7,47 0,0147
X3 0,0001 1 0,0001 0,0719 0,7920
Xa 0,0004 1 0,0004 0,2157 0,6486
X1X3 0,0019 1 0,0019 0,9460 0,3452
X2X3 0,0006 1 0,0006 0,3179 0,5807
X% 0,0349 1 0,0349 17,61 0,0007
X2, 0,0240 1 0,0240 12,08 0,0031
X% 0,0024 1 0,0024 1,19 0,2917
X2X23 0,0603 1 0,0603 30,38 < 0.0001
Lack of fit 0.0271 13 0.0021 1.36 0.4507

X1: PVA conc, Xz: sonication time, X3: amplitude, X,: drug amount

The PVA concentration and sonication time exert significant effects on PDI, and this
effect is better understood using a mathematical representation shown by Equation
3.5. The effect of the input variables on PDI is mathematically represented by Equation
3.5.
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JY, = 0.2489-0.0995X1+0.0473X2-0.0034X3+0.0064X4—0.0217X1X3+0.0126X2X3

+0.071X12+0.0602X22+0.0187X3%—0.1554X2X32 (3.5)

Where,

Y. = PDI

X1 = PVA Concentration
X2 = Sonication time
X3= Amplitude

X4 = drug amount

PDI is an indicator of the size distribution of PLGA nanoparticles, lower PDI values
(0.1-0.25) indicate monodisperse samples whereas polydisperse samples have higher
values (>0.5) of PDI and this indicates a wider particle size distribution (Ruiz et al.,
2022). The PDI for the BQ-loaded PLGA nanoparticles ranged from 0.038 to -0.23. The
increase in PVA concentrations, which reduces PDI by stabilizing the nanoparticles

during formation, is suggested as the reason for the low PDI values.

The impact of PVA concentration and amplitude on PDI was further interpreted using
response surface plots, as depicted in Figure 3.5a,b. An increase in PVA
concentration resulted in a significant decrease in PDI compared to the effect of
amplitude, as shown in Figure 3.5a,b, where increasing the amplitude caused a slight
increase in the PDI of the BQ-loaded PLGA nanoparticles. There was no combinatory
effect between PVA concentration and amplitude, as observed by the little to no

change in PDI due to amplitude throughout the concentrations.
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Figure 3.5: (a) 2D contour plot depicting the impact of X1 and X3 on PDI, (b) 3D
response surface plot depicting the impact of X1 and Xs on the PDI of the BQ-loaded
PLGA nanoparticles.

3.3.1.3. Evaluation of model adequacy and ANOVA for drug loading (%) (Y3)

The value and a Prob > F value was used to determine the significance of the model
at a 0.05 level of confidence. The ANOVA data for the linear mixture model for DL (%)
(Y3) are summarized in Table 3.7. The significant model terms were X1, X2, Xa, X1X4,
X3X4, X21, X23, X24, X21X2, X21Xa, X1X2%2, X1X?%3, X22Xa, X2X23, and X?1X?2 (highlighted in
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grey). The significance of response surface models was investigated using ANOVA

and model F.

Table 3.7: ANOVA analysis model for DL (%).

Source gum of Df Mean Square F-value p-value
quares
Model 141,60 22 6,44 2852,82 <0.0001
X4 0,0657 1 0,0657 29,10 0,0057
X2 0,5250 1 0,5250 232,69 0,0001
X3 0,0002 1 0,0002 0,0684 0,8065
Xq 54,44 1 54,44 24131,25 <0.0001
X1X2 0,0003 1 0,0003 0,1112 0,7556
X1Xs 0,0031 1 0,0031 1,3570 0,3088
) O 0,0470 1 0,0470 20,8103 0,0103
X2X3 0,0070 1 0,0070 3,0883 0,1537
X2X4 0,0054 1 0,0054 2,4127 0,1953
X3Xa 0,1686 1 0,1686 74,7388 0,0010
X2 0,0438 1 0,0438 19,4224 0,0116
) & 0,0017 1 0,0017 0,7694 0,4299
X% 0,0516 1 0,0516 22,8831 0,0088
X% 0,0989 1 0,0989 43,8476 0,0027
X% Xz 0,5894 1 0,5894 261,2458 <0,0001
X% X4 0,0462 1 0,0462 20,4729 0,0106
X1X2, 0,0485 1 0,0485 21,5135 0,0097
X1X23 0,0633 1 0,0633 28,0556 0,0061
X%, X3 0,0149 1 0,0149 6,5993 0,0620
X% X4 0,5050 1 0,5050 223,8135 0,0001
, X2X23 0,5257 1 0,5257 233,0250 0,0001
X21X%, 0,0554 1 0,0554 24,5669 0,0077
Lack of 0.0039 1 0.0039 2.33 0,2244

fit

X1: PVA conc, Xz: sonication time, X3: amplitude, X4: drug amount

The model F-value of 2852.82 and p-value <0.0001 indicate that the model was
significant. Furthermore, the lack of fit was not significant for the generated data,
confirming that the model is acceptable. The adequacy of the model was investigated
by examining normal probability, studentized residuals, and Box-Cox plots for DL(%)
(Y3), as depicted in Figures 3.6a-c. The normal probability and studentized residual
plots reveal a linear distribution and scatter of data, confirming that the data was
normal. The Box-Cox plot shows that the data were in the optimum region of the
parabola and that transformation of the data was not required. From the results
obtained from the diagnostic plots of the linear model, it is evident that the model fits
the criteria of model adequacy. This implies that the linear model is adequate to be

used to describe the relationship between input variables and zeta potential.
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Figure 3.6: (a) Normal probability plot of residuals for DL, (b) plot of studentized residuals versus predicted responses for DL, (c)
Box-cox plot for power transformation for DL.

106



The Box-Cox plot generated includes the blue line within the 95% confidence interval,
confirming that the data were in the optimum region of the parabola and model
adequacy. The determination of DL (%) was evaluated to establish nanoparticles with
a high drug loading percentage as this would require fewer nanoparticles to achieve
the therapeutic level. This approach results in minimal adverse effects caused by
excessive carrier materials (Khalbas et al., 2024; Shen et al., 2017). The final equation

for the DL is reported as Equation 3.6.

Y3 = 13.16+0.1281X1+1.66X2-0.0044X3+3.69X4+0.0079X1X2-0.0277X1X3+0.1083X1X4-0.0417X2 Xs-
0.1690X2 X4-0.2053X3 X4+0.1570X12+0.0561X22-0.1704X32-0.2359X42-1.80X12 X2+0.1520X12 Xs-

0.1558X1 X22-0.1779X1 X32-0.0747X2? X3-1.67X2? Xa-1.70X2 X3?-0.5264X+2 X2? (3.6)
Where,

Y3= Drug loading (%)
X1 =PVA Concentration
X> = Sonication time
X3= Amplitude

X4 = drug amount

Contour plots that show the impact of drug amount, PVA concentration, and sonication
time on the DL(%) are depicted in Figure 3.7a, b. The plots show that X4 has a positive
effect with DL(%), evidently as more drug is added, the higher the DL(%), indicating
better incorporation efficiency. DL(%) of BQ in the prepared PLGA nanoparticles was
noted to range from 9.02% to 17.09% proving to be satisfactory as most polymeric
nanoparticles have a DL(%) ranging from 0.2% to 35% (Troiano et al., 2013). A
hypothesized cause for this phenomenon is that BQ is highly hydrophobic due to its
aromatic rings and long aliphatic chains. Its hydrophobic nature makes it poorly soluble
in aqueous environments but highly compatible with hydrophobic polymers like PLGA
(75:25), which has a high proportion of lactic acid residues (Preiss et al., 2015; Van
Hemelryck et al., 2021). This results in the hydrophobic regions of BQ interacting with
the hydrophobic segments of PLGA through van der Waals forces and hydrophobic
interactions (Lee and Pokorski, 2018). This leads to BQ embedding itself in the polymer
matrix, increasing DL(%). Figure 3.7a shows a slight decrease in DL(%) with higher
PVA concentration, this is due to that PVA concentration affects the stability of the

nanoparticle formation.
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Figure 3.7: (a) 3D response surface plot showing the impact of X1 and X4 on DL(%),
(b) 3D response surface plot depicting the impact of X2 and X4 on the DL(%) of the BQ-
loaded PLGA nanoparticles.

3.3.1.4. Evaluation of model adequacy and ANOVA for entrapment efficiency (Y1)

Table 3.8 summarizes the ANOVA data for the two-factor interaction (2Fl) model for
entrapment efficiency (EE) (Y4). The model F-value was 4.74, and the p-value was
much lower than 0.05 (p=0.0029), which indicates that the model was significant. In
this model, the X4, X3Xa, X21, X23, and X21X2 were considered significant terms. The

2F| response surface equation for EE is represented by Equation 3.7.
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Table 3.8: ANOVA analysis model for EE.

Source gum of Df Mean Square | F-value p-value
quares
Model 1688,60 9 187,62 4,74 0,0029
X4 0,8401 1 0,8401 0,0212 0,8859
X2 85,87 1 85,87 2,17 0,1591
X3 88,52 1 88,52 2,24 0,1531
) 274,06 1 274,06 6,92 0,0175
X1X2 154,11 1 154,11 3,89 0,0650
X3X4 516,70 1 516,70 13,05 0,0021
X% 216,05 1 216,05 5,46 0,0320
X3 426,03 1 426,03 10,76 0,0044
X21X2 215,01 1 215,01 5,43 0,0323
Lack of fit 532.36 14 38.03 0.8116 0.6649

X1: PVA conc, Xz: sonication time, X3: amplitude, X,: drug amount

Y4=-53.81505-44.05657X1-10.63150X2+3.94080X3+11.664X4+13.60248X1X2-
0.227309X3X4+11.04953X12-0.019765X52-3.70656X12X2 (3.7)

Where,

Y4=EE (%)

X1 =PVA Concentration
X2 = Sonication time
X3= Amplitude

X4 = drug amount

The model was established to be adequate as depicted by the normal probability,
studentized residuals, and Box-Cox plots as the points on the normal probability, as
shown in Figures 3.8a,b, respectively. The plot of residuals fell on or close to the
straight line, and the Box-Cox plot did not require transformations. The EE ranged from
30,97% to 83,49% with X4 having the most significant effect as shown in the above
equation, the effect is agonistic as an increase in BQ amount results in better
entrapment efficiency to a certain point. However, as depicted by the one-factor plot
(Figure 3.9a), an increase in drug amount from 6-10mg results in a linear decline in
EE. Furthermore, the decline in EE is observed in the interaction between X1 and X4
(Figure 3.9b,c), where a decline in EE occurs when the BQ amount is increased
beyond 8mg, especially when combined with higher PVA concentrations. This
phenomenon is suggested to be caused by the higher PVA concentration, which alters
the interfacial tension and negatively affects the droplet formation in emulsions (Otte
et al., 2020; Song et al., 2008). This leads to more BQ partitioning into the aqueous
phase (Song et al., 2008).
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Figure 3.8: (a) Normal probability plot of residuals for EE, (b) Box-cox plot for power
transformation for EE.
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Figure 3.9: (a) One-factor plot depicting the impact of X4 on EE, (b) 2D contour plot
depicting the impact of X1 and X4 on EE, (¢) 3D response surface plot depicting the
impact of X1 and X4 on the EE of the BQ-loaded PLGA nanoparticles.
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3.3.1.5. Formulation Optimization

The major objective of this part of the study was to design and develop stable BQ-
loaded PLGA nanoparticles with appropriate particle size (Y7), PDI (Y2), DL(%) (Y3),
and EE (Y4). The use of numerical optimization techniques is a highly effective
approach to achieving a continuous optimization process (Campbell et al., 2019).
Numerical optimization locates a point in space in which the desirability function is at
a maximum for which the characteristics of the target can be modified by adjusting the
relative importance of that target (Pasandideh and Niaki, 2006; Shishir and Chen,
2017; Yeom et al., 2017). Numerical optimization was undertaken using Design
Expert® software to select an optimum formulation composition that would lead to the
development of the desired microemulsion. The optimized input variable generated
and the predicted desired target level for each output response are summarised in
Table 3.9.

Table 3.9: Optimized formulation variables and predicted responses.

Formulation variable Predicted responses Desirability
X1 X2 X3 Xa Y1 Y2 Y3 Y4

% Mins % Mg d.nm % %

212 7 78.4 5 200 0.038 10.18 70.5 0.924

X1: PVA conc, X,: sonication time, Xs: amplitude, X4: drug amount; Y4:particle size, Y2: polydispersity index, Y3: drug loading, Y,:
entrapment efficiency

The model's desirability was 0.942, the highest desirability value observed. Henceforth
this composition was selected as the optimum formulation. A summary of the predicted
response values and experimental responses with the corresponding percent

prediction error is listed in Table 3.10.

Table 3.10: Results BQ-loaded PLGA nanoparticles developed using the optimum
process variables.

Response Prediction value Experimental Prediction Error
Y1 200 183.8 8.8

Y2 0.038 0.053 28.30

Y3 10.18 12.5 18.56

Ya 70.5 69.5 1.47

Y.: particle size, Y,: polydispersity index, Ys: drug loading, Y4: entrapment efficiency
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The low values of the calculated percentage prediction error indicate the mathematical
model’s robustness. In addition, the efficacy of RSM’s predictive ability is also
demonstrated, suggesting its efficiency as a tool for process optimization (Veza et al.,
2023).

3.3.2. Characterization of optimized BQ-loaded PLGA nanoparticles

3.3.2.1. Assessment of BDQ-loaded PLGA nanoparticles in terms of particle size,

PDI, and morphology

BQ-loaded PLGA nanoparticles were prepared by a simple solvent evaporation
method using PVA as a stabilizer as previously reported (Patil et al., 2024). The
technique was selected over other methods due to its ability to be able to produce
nanoparticles with relatively mono-dispersed size distribution, which is crucial for
consistent drug delivery performance (Budhian et al., 2007; Glinday Tureli et al., 2016;
Kizilbey, 2019). In addition, the choice of the PLGA (75:25) polymer was selected
based on the hydrophobicity of both the polymer and drug, which would result in higher
drug loading (Budhian et al., 2007; Lee and Pokorski, 2018).

The average hydrodynamic particle size and PDI of pristine optimized PLGA
nanoparticles were found to be 124+102.3 nm, and 0.412+2.03 respectively
(Appendix A). Meanwhile, the optimized BQ-loaded PLGA nanoparticles had a
hydrodynamic size of 183.8+54.54 nm and a PDI of 0.053+ 0.02 (Figure 3.10a). In
addition, the zeta potential of the pristine optimized PLGA nanoparticles and optimized
BQ-loaded PLGA nanoparticles was -11.6 mV (Appendix A) and -5.5mV (Figure
3.10b). , respectively. The reason for the decrease in zeta potential is due to the
surface interaction of free BQ and the free carboxylic groups on the surface of the
PLGA, which then results in the masking of the negative groups of PLGA (Jamali et
al., 2018; Rafiei and Haddadi, 2019). Furthermore, the use of PVA as a surfactant is
suggested to affect the zeta potential of the PLGA nanoparticles as the residuals after
washing partially cover the surface charge of the PLGA (Chumakova et al., 2008; Mura
et al., 2011). However, the low PDI is indicative of monodispersed particles with lower
possibilities of aggregation, while the hydrodynamic size is at an optimal range for
enhanced permeability and retention (EPR) effects (Budhian et al., 2007; Cortés et al.,
2021).
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The optimized BQ-loaded PLGA nanoparticles had a well-defined spherical overall
morphology (Figure 3.10c,d). These findings show that the synthesized BQ-loaded
PLGA nanoparticles are desirable for potential bone-targeted delivery, as their particle
size, shape, PDI, and zeta potential play crucial roles in cellular uptake, circulation

stability, and bioavailability.
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Figure 3.10: A visualization of the morphological attributes of the optimized BQ-loaded
PLGA nanoparticles, showing (a) average hydrodynamic particle size of 183.8+54.54
nm (PDI = 0.05 + 0.02), (b) zeta potential of -5.5+ 5.44 mV, and (c) SEM image
showing overall morphology at 3 pg/ml scale (5.00 KX magnification), and (d) a higher
magnification SEM image at 300 nm scale (50.00 KX magnification), showing a
spherical nanoparticle morphology.

3.3.2.2. Determination of structural integrity of the optimized BQ-loaded PLGA

nanoparticles

The FTIR spectra of pure PVA, PLGA, BQ, and optimized BQ-loaded PLGA
nanoparticles are presented in Figure 3.11a-d. The infrared spectrum of PVA (Figure

3.11a) showed a broad peak at 3300-3400 cm™', which corresponds to the presence
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of OH stretching, and at 2900-2950 cm™' C-H stretching bands are observed.
Furthermore, at around 1090 and 1150 cm-" a shoulder stretching of the C-O is evident
(Jipa et al., 2012).The PLGA spectrum (Figure 3.11b) on the other hand revealed
absorption peaks at 1750 cm-!, 1080-1170 cm™" and 2850-2950 cm-' regions which
correspond to C=0, C-O-C, and CH asymmetric and symmetric stretching vibrations,
respectively (Pirooznia et al., 2012). Three bands were observed on the spectrum of
pure BQ (Figure 3.11c) at around 3200 cm™', 1500 cm™', and 600-900 cm-', which
were ascribed to the N-H or O-H stretching, possibly due to hydrogen bonding,
aromatic C=C stretching vibrations and C-N and C-CI stretching, respectively,
confirming the presence of functional groups associated with BQ (Momin et al., 2019).
The Lyophilized BQ-loaded PLGA nanoparticles (Figure 3.11d) exhibit the C=0
stretching peak at around 1750 cm-1, confirming the presence of PLGA. In addition,
the reduction in O-H and N-H peaks indicates successful drug entrapment within the
polymer and the preservation of major peaks of BQ suggests stability of BQ in the
nanoparticles. It is important to note that PVA peaks in Figure 3.11d have a reduced
intensity and this is because PVA serves as a stabilizer during the emulsification
process, therefore the low detected amount is typical due to PVA bounded to the

nanoparticle surface (Higazy et al., 2021).
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Figure 3.11: FTIR spectra of the (a) PVA, (b) PLGA, (c) BQ, and (d) optimized
lyophilized BQ-loaded PLGA nanoparticles.

3.3.2.3. Assessment of the crystalline structural properties of optimized BQ-

loaded PLGA nanoparticles

The crystallization of BQ in the optimized formulation was investigated by utilizing
XRD. Figure 3.12 shows the XRD results of PVA, PLGA, BQ, and optimized BQ-
loaded PLGA nanoparticles. The pattern of plain PVA (Figure 3.12a) indicates a Broad
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peak at approximately 206 = 19.5° and a secondary diffuse peak around 40.5° that
characterizes the semi-crystalline nature of the PVA (Kaur et al., 2024; Nerkar D. M et
al.,, 2018; Sun et al, 2022). On the contrary, PLGA (Figure 3.12b) shows
characteristics of an amorphous structure between 206 = 15-30° and no sharp
crystalline peaks. These results correspond to those reported by (Zhang et al., 2020).
In the diffractogram of BQ (Figure 3.12c) powder, distinct sharp peaks are present at
diffraction angles of 20 = 7.2°, 14.4°, 15.8°, and 20.2° indicating its crystalline nature
(Okezue et al., 2020). Furthermore, these characteristic peaks are not observed in the
optimized BQ-loaded PLGA nanoparticles (Figure 3.12d). This suggests that BQ is
no longer retained in its crystalline state within the optimized BQ-loaded PLGA
nanoparticles; instead, it adopts an amorphous structure. These findings align with the
FTIR results, further supporting the absence of crystalline BQ within the nanoparticles.
Additionally, this is consistent with previous studies on nanoparticles produced using
the solvent-antisolvent precipitation technique, where drug molecules are generally
distributed in an amorphous form within the polymer matrix (Kolahi et al., 2022; Li et
al., 2024; Verma et al., 2021).
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Figure 3.12: XRD diffraction pattern of the (a) PVA, (b) PLGA, (c) BQ, and (d)
optimized lyophilized BQ-loaded PLGA nanoparticles.

3.3.2.4. Evaluation of thermal behaviour using differential scanning calorimetry
(DSC) of optimized BQ-loaded PLGA nanoparticles

Pharmaceutically, DSC has been used to identify the potential instability of various
APIs in different dosage forms (Bharate et al., 2010). The DSC thermograms of the
PVA, PLGA, BQ, and optimized BQ-loaded PLGA nanoparticles are presented in
Figure 3.13a-d. For PVA (Figure 3.13a), an endothermic peak at 190-200°C
represents PVA's melting point (Gupta et al., 2009; Nerkar D. M et al., 2018). This
indicates that PVA is a semi-crystalline structure, where crystalline regions provide
rigidity and stability (Sun et al., 2022). Furthermore, the high melting point ensures
formulation stability during processing and storage (Chen et al., 2007). The glass

transition temperature (Tg) for PLGA (Figure 3.13b) is observed around 45-50°C. In
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contrast with PVA, PLGA usually does not have a distinct melting point because it is
largely amorphous (Jia et al., 2021; Menon et al., 2012; Song et al., 2008). For BQ
(Figure 3.13c), the DSC thermogram shows a sharp endothermic peak around 180°C
for pristine BQ. This suggests that the drug is largely crystalline and these results are
in agreement with those observed with XRD data (Momin et al., 2019). The
thermogram of the optimized BQ-loaded PLGA nanoparticles (Figure 3.13d) shows a
reduction in BQ melting peak intensity which suggests successful molecular dispersion
of the drug within the PLGA matrix and conversion of BQ from crystalline to
amorphous. Furthermore, the shift in PLGA's Tg indicates drug-polymer molecular
interactions, the formation of a stable drug-polymer matrix, and successful

encapsulation of BQ which is corroborated by the FTIR and XRD results (Momin et al.,
2019; Patil et al., 2024).
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Figure 3.13: DSC thermogram patterns of the (a) PVA, (b) PLGA, (c) BQ, and (d)
optimized lyophilized BQ-loaded PLGA nanoparticles.
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3.3.2.5. Assessment of the thermal stability properties of optimized BQ-loaded

PLGA nanoparticles release from the optimized PLGA nanoparticles

The thermograms in Figure 3.14a-d show the degradation of PVA, PLGA, BQ, and
optimized PLGA nanoparticles. PVA (Figure 3.14a) shows a two-step degradation:
initial moisture loss around 100°C, followed by main decomposition at 250-350°C
(Nerkar D. M et al., 2018). The thermal degradation of PLGA (Figure 3.14b) begins at
temperatures greater than 200 °C and reaches full degradation by around 400 °C,
noticeably up to 900 °C, there is no additional major weight loss event observed,
suggesting that the residuals formed after complete degradation remain stable over
higher temperatures (Silva et al., 2015). Moreover, pristine BQ (Figure 3.14c) displays
a gradual weight loss around 180-200 °C. The TGA curve of the optimized formulation
(Figure 3.14d) follows a similar degradation profile to PLGA indicating that the
formulation’s behaviour is dominated by the polymer matrix. However, the presence
of BQ modifies the onset and progression slightly. The weight loss observed between
250 °C and 300 °C is indicative of the combined effect of both the drug and the polymer
undergoing degradation. Similar trends were observed in the FTIR, DSC, and XRD
data, further confirming the successful encapsulation of BQ within the polymer matrix

and its influence on the formulation's physicochemical properties.
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Figure 3.14: TGA thermogram patterns of the (a) PVA, (b) PLGA, (c) BQ, and (d)
optimized lyophilized BQ-loaded PLGA nanoparticles.

3.3.2.6. Evaluation of BQ entrapment efficiency, drug loading, and In-vitro

release from optimized BQ-loaded PLGA nanoparticles

DL and EE are two crucial concepts concerning drug delivery systems as a high
percentage of both is associated with the effectiveness of the drug delivery system
(Freitas et al., 2019). Although BQ is clinically indicated for MDR-TB in combination
with other anti-TB drugs, it has not been indicated for bone TB. However (De Vito et
al., 2022) conducted a study in an attempt to assess the effectiveness of BQ in patients

with bone TB and BQ was found to be effective with no severe adverse effects (De
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Vito et al., 2022). Despite its promises, the dosing of BQ has been met with a lot of
controversy in practice as the current use of BQ has been accompanied by serious
side effects and potential drug interactions, necessitating careful monitoring and
consideration of resistance development (Bélard et al., 2015; Veziris et al., 2017).
Therefore, to minimize those as mentioned above, loading the drug in a PLGA
nanoparticle system would be more beneficial. Furthermore, targeting BQ to bone can
lead to dose reduction (Pirooznia et al., 2012; Song et al., 2008). In the present study,
BQ was successfully loaded into the optimized PLGA nanoparticles, achieving an EE
(%) of 69.5% and DL (%) of 12.5%. A consistent challenge in formulation development
is the encapsulation of hydrophobic drugs and achieving controlled drug release
(Ezike et al., 2023). However, the high EE and DL for BQ were observed due to the
interaction between PLGA and the drug, supporting its potential as an effective

delivery system

The in-vitro drug release study was conducted to quantify the amount of BQ released
from the optimized PLGA nanoparticles at pH 7.4 representing the physiology pH of
bone. The BQ release over 48 hours is presented in Figure 3.15. and the release
profile from the nanoparticles exhibited a biphasic pattern, consisting of an initial burst
release followed by a sustained release phase. A maximum cumulative release of
67+2.68% was obtained over 48 hours. The sustained release was achieved by the
gradual diffusion of BQ from the nanoparticle core through interconnected pores and

channels within the polymeric matrix.
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Figure 3.15: In-vitro BQ release profiles from the optimized PLGA nanoparticles at pH
7.4. Experiment data are presented as the mean £ SD, n = 3.

In drug delivery research, mathematical modelling has become increasingly common
to promote predicting and identifying the kinetics and mechanism of API release from
drug delivery systems (Khalbas et al., 2024). Zero-order, first-order, Higuchi and
Korsmeyer-Peppas and Hixson-Crowell models are mathematical models that have
been widely used to characterize in-vitro API release (Ofori-Kwakye et al., 2016;
OjsterSek et al., 2024). To elucidate the kinetics of BQ release, In-vitro release data
were fitted to mathematical models. To determine the model that best fits the
experimental data, R? values were generated from zero-order, first-order, Higuchi,
Korsmeyer-Peppas, and Hixson-Crowell models. This was achieved by plotting the
graphs of cumulative % BQ released versus time (zero-order model), the natural
logarithm of cumulative % BQ remaining in the matrix versus time (first-order model),

cumulative % BQ released versus square root of time (Higuchi model), the natural
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logarithm of cumulative % BQ released versus the natural logarithm of time
(Korsmeyer-Peppas model) and cube root of the initial concentration minus cube root
of % BQ remaining versus time ( Hixson-Crowell model). The R? was used as an
indicator of the best model that defined the release of BQ from the optimized PLGA

nanoparticles.

Table 3.11: Results of fitting in-vitro data for BQ release from optimized BQ-loaded
PLGA nanoparticles to different mathematical models.

Formulation R? for kinetic model

Zero-order  First-order Higuchi Korsmeyer-Peppas Hixson-Crowell
Optimized BQ- 0.6381 0.7146 0.8592 0.7105 0.6907
loaded PLGA
nanoparticles

The highest R? value (0.8592) suggests that the Higuchi model best describes the
release behaviour. The model elucidates that drug release is primarily controlled by
diffusion through a polymeric matrix. This suggests that BQ gradually diffuses out of

the polymer matrix.

3.3.2.7. Assessment of long-term stability of optimized BQ-loaded PLGA

nanoparticles

The evaluation of long-term stability in formulation development is crucial, as this
elucidates the physicochemical integrity, efficacy, and safety of the particular
formulation over time (Evers et al., 2022). The guidelines on how to conduct such
studies are described in the International Conference on Harmonisation (ICH)
guidelines (Abraham, 2010). This study assessed long-term stability by evaluating
particle size, PDI, EE(%), and DL(%) as depicted in Figures 3.16a-b. Statistically, no
significant changes were observed in particle size, PDI, EE (%) and DL (%) when
optimized lyophilized BQ-loaded PLGA nanoparticles were stored at 25 + 2 °C/60 *
5% relative humidity over the 3 months. The particle size and PDI (Figure 3.16a had
slightly increased after 30 days, then both factors stabilized to a similar level of the
freshly prepared optimized BQ-loaded nanoparticles after 60 and 90 days. This
occurrence is suggested to be caused by the fact that the nanoparticles might have

undergone some physical changes, such as aggregation or fusion. However, the fact
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The change in the EE (%) and DL (%) within the nanoparticulate systems for 90 days
was examined as shown in Figure 3.16b. The EE (%) and DL (%) of the loaded BQ
in the nanosystem dropped slightly from 69.5% to 58% and 12.5% to 10% after 30
days of incubation, respectively. Similar to the size and PDI, the EE (%) and DL (%)
did stabilize between days 30 and 90. Moreover, the stabilization of EE (%) and DL
(%) suggests that the optimized BQ-loaded PLGA nanoparticles can retain sufficient
drug payload, preventing premature drug loss and enhancing localized drug
concentration within bone tissues. This is especially beneficial for treating chronic
bone infections such as bone TB or osteomyelitis, where prolonged exposure to the
therapeutic agent is essential for bacterial eradication and bone regeneration (Haider
et al., 2020).

3.3.2.8. Evaluation of cytotoxicity of the optimized BQ-loaded PLGA

nanoparticles on MG-63 cell line

The cell growth rate was evaluated by exposing cells to different concentrations of free
BQ and optimized BQ-loaded PLGA nanoparticles (ranging from 5 to 60 ug/ml) over
72 hours, using the MTT assay. The pristine cells were used as a negative control;
thus, the cell viability was set at 100% to compare against the experimental samples
(Figure 3.17). The results showed dose-dependent cytotoxicity for both free BQ and
BQ-loaded PLGA nanoparticles, with increasing concentrations leading to reduced cell
viability. For the BQ-loaded PLGA nanoparticles, cell viability at the lowest
concentration of 5 ug/mL was approximately 80%, dropping to around 32% at the
highest concentration of 60 pg/mL. In contrast, free BQ induced a steeper decline in
cell viability, decreasing from about 65% at 5 pg/mL to roughly 25% at 60 ug/mL. This
observation aligns with previous findings indicating toxicity across various cell lines
(Jahan et al., 2023; Najib Ullah et al., 2023). The slower rate of cell death seen with
the encapsulated formulation suggests that PLGA encapsulation provides a controlled
release profile, mitigating the immediate cytotoxic effects of free BQ while maintaining
therapeutic efficacy. Collectively, these results indicate that BQ-loaded PLGA
nanoparticles offer a promising strategy for bone-targeted therapy, balancing efficacy

and safety.

To further support the above, BQ-loaded PLGA nanoparticles were assessed for their
potential to reduce cell viability of MG-63 cells (Table 3.12). A lower IC50 value
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indicates higher drug potency, while a higher IC50 suggests lower potency (Garcia-
Molina et al., 2022). In our study, the free drug has a lower IC50, indicating that it is
more toxic to MG-63 cells, whereas the loaded nanoparticles have a higher 1C50,
suggesting that the sustained release of the drug as shown in Figure 3.15, reduces
immediate cytotoxicity. These findings suggest that PLGA nanoparticles enhance drug
delivery, reduce side effects, and improve therapeutic outcomes for bone infection

treatments.
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Figure 3.17: Cell viability of MG-63 cell line treated with BQ-loaded PLGA
nanoparticles and free BQ incubated at 37°C for 72 hours. Data presented as mean +
SD, n =4 (p<0.0001).

Table 3.12: IC50 values for the BQ-loaded PLGA nanoparticles and free BQ

incubated. Data are presented as mean + SD (n=4).
Free-BQ BQ-loaded PLGA
nanoparticles

IC50 (ug/ml) 1.3406 £ 2.56 16.2902 £ 2.6
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3.4. Concluding Remarks

In this chapter, BQ-loaded PLGA nanoparticles were successfully fabricated using the
single emulsion (O/W) method, aiming for potential application in bone-TB therapy.
The box-Behnken design was employed in this study to systematically optimize the
formulation and this approach allowed for the effective evaluation of critical factors
influencing nanoparticle size, polydispersity index, encapsulation efficiency, and drug
loading while minimizing the number of experimental runs. Furthermore, model
adequacy was rigorously validated using statistical parameters, confirming the
developed models' reliability. This optimized approach enhances the reproducibility

and potential applicability of the nanoparticle system for bone-TB therapy.

The statistical results revealed that an increase in both PVA and sonication time
decreased particle size, while the effects of amplitude and drug amount were
negligible. Furthermore, the effect of the PVA concentration on PDI was observed as
a negative correlation. The EE (%) and DL (%) were both statistically influenced by
the drug amount and the relationship between the polymer and the drug. This
synergistic effect suggests that the polymer matrix provided a favourable environment
for drug entrapment, potentially due to improved drug-polymer affinity, reduced drug
diffusion out of the emulsion system, or optimized polymer precipitation dynamics
during nanoparticle formation. The statistical analysis further confirmed that this
interaction had a significant positive effect, contributing to higher EE and DL values in

the optimized formulation.

The optimized formulation was achieved by utilizing a median concentration of PVA
and a moderate drug amount while maintaining high sonication time and amplitude.
This combination resulted in a particle size of 200 nm, a polydispersity index (PDI) of
0.038, a drug loading (DL) of 10.18%, and an encapsulation efficiency (EE) of 70.5%,
demonstrating the effectiveness of the optimized formulation in achieving desirable
nanoparticle characteristics. Furthermore, the nanosystem exhibited sustained drug
release, with 67% of the drug released over 48 hours, indicating its potential for
prolonged therapeutic action. Stability studies demonstrated that the system remained
stable over three months, maintaining its physicochemical properties. Additionally,
cytotoxicity studies confirmed the biocompatibility of the nanoparticles, suggesting that
the formulation is safe for further biomedical applications.
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Expanding on these findings, Chapter 4 will focus on the development of a novel drug
delivery system, a 3D-printed scaffold incorporating the BQ-loaded PLGA
nanoparticles. This scaffold-based approach aims to provide a localized and sustained
drug release platform, enhancing bone regeneration while effectively delivering anti-
TB therapy to the affected site. The integration of nanoparticles into the scaffold is
expected to improve drug retention, prolong release kinetics, and offer a

multifunctional system for targeted bone-TB treatment.
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CHAPTER 4
DEVELOPMENT, AND /IN-VITRO, CHARACTERIZATION OF THE NOVEL MULTI-
COMPONENT 3D-PRINTED SCAFFOLD EMBEDDED WITH BQ-LOADED PLGA
NANOPARTICLES FOR BONE TB THERAPY

4.1. Introduction

Bone tuberculosis (TB) has significant clinical, socioeconomic, and healthcare
implications, especially in regions with high TB prevalence. Its impact extends beyond
bone destruction, affecting mobility, quality of life, and healthcare systems (Ferreira et
al., 2023; Foster et al., 2015; Nidoi et al., 2021). Bone TB primarily affects the spine
and long bones, leading to severe complications such as bone destruction,
deformities, and chronic pain (Pigrau-Serrallach, 2013). The current treatment
strategies for bone TB involve prolonged systemic antibiotic therapy and, in severe
cases, surgical debridement or bone grafting. However, these approaches have
several limitations, including poor drug penetration into infected bone tissue, systemic
toxicity from high-dose antibiotics, and limited regenerative capacity following bone
loss (Mphaphuli et al., 2023; Pandita et al., 2020; Ruparel et al., 2022). These
challenges necessitate the development of novel therapeutic strategies that not only

deliver localized, sustained drug release but also promote bone regeneration.

Bone tissue engineering (BTE) is used as one of the solutions to circumvent the
specified limitations through the development of an implantable scaffold. BTE has
improved the prognosis of major bone deformities by employing 3D printing technology
as one strategy for addressing these challenges (Haleem et al., 2020). Utilizing
existing components, 3D printing techniques construct new scaffolds with enhanced
mechanical properties for load-bearing applications (Arefin et al., 2021; Haleem et al.,
2020; Nikolova and Chavali, 2019a). In addition, among the various 3D printing
techniques, extrusion printing has been the most widely recognized technique for
creating 3D printed scaffolds for bone tissue regeneration (Do et al., 2015; Kim et al.,
2018; Martin et al., 2019; Turnbull et al., 2018; Zhang et al., 2020; Zhu et al., 2016).

To ensure optimal scaffold performance for bone applications, novel inks used in 3D
printing must possess critical properties such as biocompatibility, biodegradability,

mechanical strength, and rheological properties that facilitate precise printing and
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maintain scaffold integrity (Rezania et al., 2022). These biomaterial ink properties are
vital for promoting cell growth, tissue infiltration, and bone regeneration. The scaffold
must also exhibit adequate porosity and interconnectivity to support nutrient diffusion
and vascularization. Therefore, biomaterials are commonly used to fabricate these
scaffolds, combining biopolymers, bioceramics, and biodegradable metals to provide
the best qualities for bone regeneration (Loh and Choong, 2013; Nikolova and Chavali,
2019a; Zhang et al., 2021). However, selecting the appropriate biomaterial for 3D
printing remains a significant challenge (Kumar et al., 2019). This can be addressed
through the development of a multi-component scaffold using a combination of
biomaterials, ensuring excellent mechanical and biological properties that closely

mimic natural bone (Alaribe et al., 2016; Kumar et al., 2019; Ogueri et al., 2019).

Few studies on the design and development of a 3D-printed multi-component scaffold
for bone TB have been conducted over the past decade. Yuan et al., (2015)
emphasized the necessity of selecting appropriate biomaterials for a spinal TB
scaffold, highlighting that these materials must release drugs at a concentration high
enough to kill TB bacteria but low enough not to impair osteogenesis. In addition, the
biomaterials must be biocompatible, and have a slow, consistent drug release rate to
synchronize with bacterial clearance and bone regeneration (Yuan et al., 2015). While
bioactive glasses (BG) have been explored as a potential biomaterial due to their
ability to bond with native bone tissue and support angiogenesis and tissue
regeneration, their rapid ion dissolution and resulting hydroxyapatite layer formation
may not always provide optimal, sustained drug release (Distler et al., 2020; Shah and
Czechowska, 2018; Yazdanpanah et al., 2022). The improvement of BGs for medical
use is ongoing, with titanium (Ti)-containing bioactive glasses (BGTs) gaining attention
for their enhanced mechanical strength and antibacterial properties, as well as their
ability to promote bone regeneration (Han et al., 2019; Smith et al., 2021). Pei et al.,
(2018) developed a 3D printed scaffold for spinal TB composed of mesoporous
bioactive glass (MBG), however, to avoid the britleness of the scaffold,
polycaprolactone (PCL) was added to improve the mechanical strength and to
enhance drug delivery properties, Metal-Organic Frameworks (MOFs) were
incorporated to the MBG (Pei et al., 2018). Similarly, Zhu et al., (2015) combined MBG
with mesoporous silica nanoparticles (MSN) to improve drug loading, while PHBHHXx

polymer was added to facilitate adhesion between bioceramics and drug powders.
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These studies highlight the importance of combining different biomaterials to achieve
scaffolds with desirable properties for bone regeneration and drug delivery (Zhu et al.,
2015). However, these approaches still face significant limitations, such as
inconsistent drug release profiles, limited mechanical strength, and lack of

comprehensive biocompatibility across multiple stages of bone regeneration.

Our study proposes the development of a novel multi-component scaffold using 3D
printing for bone TB therapy. This scaffold will incorporate BGTs to enhance
bioactivity. Furthermore, synthetic polymers such as PCL and polyvinyl alcohol (PVA)
will be used to improve the scaffold's mechanical strength, with PVA also functioning
as a stabilizing agent in the novel ink (Rezania et al., 2022; Uma Maheshwari et al.,
2014; Xu et al., 2022). The addition of natural polymers like sodium alginate is
essential to enhance the biocompatibility, and biodegradability, of the scaffold (Heo et
al., 2017). Unlike previous designs, our prototype combines natural, synthetic, and
bioactive components, addressing the limitations of earlier studies by offering superior
mechanical strength, controlled drug release, and enhanced biocompatibility, ensuring
more consistent therapeutic effects and better bone regeneration outcomes for bone
TB treatment. This study reports on a comprehensive fabrication approach to achieve
a targeted 3D-printed multi-component scaffold for bone TB therapy, ensuring safety
by design. This includes the formulation of BQ-loaded PLGA nanoparticles as
discussed in Chapter 3, embedded in a 3D-printed scaffold, with /n-vitro evaluations

conducted to assess its efficacy and biocompatibility.
4.2. Materials and methods
4.2.1. Materials

Sodium alginate (NaAlg, Product number: W201502) was obtained from Sigma-
Aldrich, Gillingham, UK. Poly (vinyl alcohol) (PVA, Mw 19 000) and Polycaprolactone
(PCL, Mw 80 000) were also obtained from Sigma-Aldrich. The bioactive glass titanium
(BGT) containing (10%) titanium was kindly donated by the National Research Centre
(Cairo, Egypt). MG63 osteoblast-like cells were sourced from PromolLab (Pty) T/A
Separations (Johannesburg, South Africa). Alpha minimum essential medium (o-
MEM) was obtained from Gibco, while fetal bovine serum (FBS), gentamicin, and

penicillin-streptomycin were purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
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The MTT Cell Proliferation Kit | was acquired from Roche (Basel, Switzerland).

Chemicals were utilized without further purification unless stated.
4.2.2. Fabrication of the novel multi-component 3D-printed scaffold

The BGT-PCL-PVA-NaALG scaffold was fabricated using the 4th generation 3D
Bioplotter™ (EnvisionTEC, Germany). First, PCL was dissolved in chloroform (30%
w/v). Sodium alginate (10% w/v) was hydrated in deionized water and homogenized
at 17,000 rpm for 10 minutes before being slowly mixed with the PCL solution and
homogenized at 18,000 rpm for 15 minutes in an ice bath. Bioactive glass titanium (1.5
g) and water (10 mL) were then added gradually, followed by homogenization at
20,000 rpm. Meanwhile, PVA (10% w/v) was dissolved in deionized water at 65°C for

1 hour and then slowly mixed in.

Additionally, 10% (v/v) of BQ-loaded PLGA nanoparticles were incorporated into the
final novel ink to enhance the scaffold’s drug delivery properties. This volume was
chosen based on preliminary optimization studies to ensure a uniform distribution of
nanoparticles without compromising the structural integrity or printability of the
scaffold. The specified concentration was selected to achieve a balance between
adequate drug loading and maintaining the physical characteristics of the ink for
successful 3D printing. Uniform nanoparticle distribution is critical for ensuring
consistent release of BQ while retaining the mechanical properties of the scaffold.
Printability was a key consideration to guarantee that the ink could flow smoothly
through the 3D printer nozzle, avoiding issues like clogging or poor layer adhesion.
The final novel ink, which was in the form of a paste, was loaded into a cartridge and
3D-printed into a petri dish containing propanol as a solidifying solution. Figure 4.1
illustrates the fabrication process. The parameters in Table 4.1 were used in

fabricating the novel multi-component 3D-printed scaffold.
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Figure 4.1: Schematic and photographic depiction of the development of the novel
multi-component 3D-printed scaffold.

Table 4.1: Parameters for the novel multi-component 3D-printed scaffold

Parameter Value
Printing pressure 2 Bar
Printing speed 35.1 mm/s
Nozzle size 25 um
Temperature 20°c
Waiting period 15 seconds

4.3. Characterisation studies of the loaded and unloaded novel multi-

component 3D-printed scaffold

4.3.1. Physicochemical properties of the novel multi-component 3D-printed

scaffold

Fourier transform infrared spectroscopy (Spectrum 100, PerkinElmer Inc., Waltham,
MA, USA) was employed to identify the molecular vibrations indicative of chemical
changes within the 3D-printed scaffold samples. FTIR measurements were conducted
over a wavenumber range of 4000-650 cm™. X-ray diffraction (XRD) analysis was
performed using a Rigaku 600 X-ray diffractometer (RIGAKU MiniFlex, RIGAKU Inc.,

Tokyo, Japan) to examine the phase composition (crystalline and/or amorphous) of
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the prepared 3D-printed scaffold. The XRD spectra were recorded within a range of
10° to 90°.

4.3.2. Thermal properties of the novel multi-component 3D-printed scaffold

A thermogravimetric analyzer (TGA 400, PerkinElmer, MA) was used to analyze the
thermal decomposition of the 3D printed scaffold and the native materials. Samples
(10-20 mg) were placed in a ceramic pan under a nitrogen gas atmosphere.
Thermograms were recorded in a range of 30-900°C and revealed the thermal

decomposition of the materials.

4.3.3. Microstructure and morphology of the novel multi-component 3D-printed

scaffold

To investigate the surface morphology, the 3D-printed multi-component scaffolds were
first coated with a thin layer of gold using an EPI coater. The gold was sputtered onto
the samples, which were mounted on aluminum stubs, using an SPI Model sputter-
coater and control unit (Hester, PA). After a 60-second coating process, the samples
were imaged and analyzed using an FElI Nova NanoLab SEM (FEI Company,
Hillsboro, OR).

4.3.4. Porosity and pore size distribution of the novel multi-component 3D-

printed scaffold

The porosimetric analysis of the 3D-printed multi-component scaffolds was conducted
using an ASAP 2020 porositometer (Micromeritics Instrument Company (Pty) Ltd.,
Norcross, GA, USA) equipped with research-grade ASAP 2020 V3.01 software (n =
3). This analysis was performed to quantify the porous characteristics of the scaffolds,
including surface area, pore size distribution, and total pore volume. Briefly, scaffold
samples (~10.5 mg) were evacuated with nitrogen gas (N.) to remove surface
moisture and residual gas particles before analysis. The samples were then enclosed
in an isothermal jacket and degassed for approximately 18 hours. Following
degassing, the samples were transferred to the analysis port and immersed in liquid
nitrogen for porosity measurements. The Barrett—-Joyner—Halenda (BJH) and

Brunauer-Emmett-Teller (BET) adsorption-desorption models were subsequently
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applied to determine pore size distribution and surface area characteristics (Govender
et al., 2018).

4.3.5. Biomineralization of the novel multi-component 3D-printed scaffold

The SBF immersion test is commonly used to evaluate the ion release behavior (and
bioactivity) of samples in the field of bioactive glasses. With the assumption that the
ion release kinetics in SBF and in cell culture medium are comparable, we conducted
the SBF immersion test to investigate the bioactivity and ion release profiles (Kokubo
and Takadama, 2006; Mabrouk et al., 2019). The immersion of the novel multi-
component 3D-printed scaffold was conducted as follows: Briefly, 10 mg of the scaffold
was immersed in 15 mL of SBF following the procedure described (Kokubo and
Takadama, 2006) for 0, 7, 14, 21, and 28 days at 37 °C. After immersion, samples

were examined by X-ray diffraction, and FTIR as described in section 4.3.1.
4.3.6. Swelling analysis of the novel multi-component 3D-printed scaffold

The swelling behaviour of the 3D-printed multi-component scaffolds was evaluated by
immersing the samples in phosphate-buffered saline (PBS, Ph 7.4, 37°C) to simulate
physiological conditions. At predetermined time intervals, the scaffolds were carefully
removed, gently blotted with filter paper to remove excess surface moisture and
weighed. The initial dry weight of each scaffold was recorded as Wi, while the wet
weight at each time point was noted as Wr. Equation 4.1 shows the determination of

the swelling ratio (mean +SD) (n=3):

Swelling ratio % = leoo .............. (4.1)

1

This analysis provided insights into the scaffold’s water absorption capacity, structural
stability, and potential for fluid uptake in biological environments.

4.3.7. Biodegradation of the novel multi-component 3D-printed scaffold

Degradation studies of the 3D-printed scaffolds were performed under physiological
conditions to assess their biodegradability and suitability for tissue engineering
applications. The scaffolds were carefully prepared to ensure uniform weight (1g). The
degradation capability of the engineered scaffolds was evaluated in simulated body

fluid (SBF) at 37°C over 30 days. The SBF fluid was changed after every seven days.
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The scaffolds were dried at 90°C and weighed after being removed from the SBF at
specific intervals (Chen et al., 2021). The weight loss was calculated using Equation
4.2

Degradation rate % = Mo=W8) % 100..ceeee...... (4.2)

Wo

Where;
Wo = the initial mass of the scaffolds (before immersion),
W: = Final weight of the scaffold at a specific time point

4.3.8. Compressive strength analysis of the novel multi-component 3D-printed

scaffold

The mechanical properties of the 3D-printed multi-component scaffolds were
evaluated using a Texture Analyzer (Ta.XTplus, Stable Micro Systems, Surrey, UK) to
assess their compressive strength and structural integrity. Furthermore, to investigate
the impact of BGT on mechanical performance, an unloaded 3D-printed scaffold

without bioactive glass titanium was also assessed for comparison.

Before testing, scaffolds were incubated for 24 hours at 37°C in a cell culture medium
composed of Alpha Minimum Essential Medium (a-MEM, 82% v/v), supplemented with
14% (v/v) fetal bovine serum (FBS), 2% (v/v) gentamicin, and 2% (v/v) penicillin-
streptomycin. Following incubation, compressive force was applied using a texture
probe at a pre-test speed of 0.5 mm/s and an initial compression force of 1 kg.
Compression continued at a test speed of 1 mm/s until scaffold fracture occurred, with
data recorded at an acquisition rate of 200 points/s. Scaffold mechanical failure was
identified as the point of structural breakage (Cuadros et al., 2015; Diaz-Gomez et al.,
2022). Mechanical strength was conducted in triplicate and data was recorded as a
mean £ SD (n=3).

4.3.9. Bedaquilline release from the novel multi-component 3D-printed scaffold

A drug-loaded multi-component 3D-printed scaffold weighing 1g was placed in 20 mL
of SBF and incubated in an orbital shaking incubator (YIHDER LM-530, YIHDER Co.,
Ltd., Taipei, Taiwan) at 37 °C to simulate physiological conditions. Samples were

collected over a period of 4 weeks. Fresh SBF was replenished after each sampling
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to maintain sink conditions (Ji et al., 2024; Jin Lee et al., 2018). A high-performance
liquid chromatography (HPLC) (Waters, Milford, Massachusetts, USA) was used to
analyze the drug release profile, following the method described by Ayodele et al.
(2024). The HPLC system was equipped with a Waters Symmetry300™ C18 (5 um,
4.6 x 150 mm) column, a UV detector, and a Waters binary HPLC pump. The mobile
phase consisted of a 95:5 (v/v) mixture of acetonitrile/methanol and phosphate buffer

(pH 7.4), with a flow rate of 1.0 mL/min and a detection wavelength of 275 nm.

4.3.10. In-vitro Cytotoxicity analysis of the novel multi-component 3D-

printed scaffold

In this study, the newly synthesized scaffolds were subject to cell viability evaluation
using a 3-(4,5-dimethylthiazole2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Osteoblast-like cells were utilized to assess the cell viability of the 3D-printed
scaffolds, before implanting the 3D-printed scaffolds in a living organism. The standard
culture medium served as the control in this study. The primary aim of the assay was
to determine whether the cells remained metabolically active on the 3D-printed

scaffold, ensuring its biocompatibility for further applications (Gong et al., 2020).
4.3.11. Cell culture and experimental setup

Osteoblast-like MG63 cells, derived from human osteosarcoma, were selected for their
osteoblast-like properties, making them an ideal model for evaluating cell viability,
adhesion, and proliferation in BTE (Dvorakova et al., 2023). Briefly, cells were cultured
in Alpha Minimum Essential Medium (a-MEM, 82% v/v) supplemented with 14% (v/v)
fetal bovine serum (FBS), 2% (v/v) gentamicin, and 2% (v/v) penicillin-streptomycin in
a T-75cm? culture flask (Sigma-Aldrich, St. Louis, MO, USA). containing 15ml. The
flask was incubated at 37°C in a 5% CO, environment. The cell culturing medium was

changed every second day (Sithole et al., 2018).

4.3.11.1. Cell viability evaluation for the novel multi-component 3D-printed

scaffold

Before conducting cytotoxicity studies, the 3D-printed scaffolds (0.6 g/well) were
washed with 70% ethanol and thoroughly rinsed with PBS. The scaffolds were then
exposed to continuous UV-C light (254 nm) for 30 minutes using a UV EQUIP system
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(South Africa) to ensure surface sterilization (Lopianiak and Butruk-Raszeja, 2020;
Tohamy et al., 2018). The sterilized 3D-printed scaffolds were first placed in cell culture
medium within sterilized polytops to allow for proper wetting of the scaffold before
transferring them to the well plates. Once the osteoblast-like MG63 cells had reached
the confluence of 80-90%, the cells were detached using 0.25% trypsin solution
following the cell supplier protocol. Then cells were centrifuged and re-suspended in
a prepared culture medium and counted using a hemocytometer. Aliquots (1mL)
containing 1x10% cells were seeded on top of the novel multi-component 3D-printed
scaffolds which were transferred in 24-well plates. The following was then incubated
at 37°C in a 5% CO, environment for 2 hours. After Incubation, the medium was
removed and replaced with 1ml of fresh culture medium (Sithole et al., 2018; Tavakoli
et al., 2024).

At the end of each designated time point (1, 3, and 7 days), the medium was removed
and replaced with MTT solution (20 yL) was added to each well plate, followed by the
addition of acid-isopropanol solubilizing agent (100 uL) after 4 hours, and incubation
overnight under standard culture conditions. Absorbance measurements were carried
out in triplicates using the Victor™ X3 microplate reader. Absorbances were read at
570 nm, with the background measurement taken at 690 nm. Equation 4.3 was
applied to calculate the cell viability (Kondiah et al., 2017; Tohamy et al., 2018).

(%) Cell Viability = —2test™Ablank ¥ 100 | .oiveeeeene. (4.3)

Acontrol—Ablank

Where;

Atest = absorbance from the 3D-printed scaffolds
Acontrol = absorbance from control (medium with cells)
Aviank = absorbance from blank (medium only)

4.3.12. Cell adhesion onto the novel multi-component 3D-printed scaffold

The assessment of the adhesion of cells to the surface of the scaffold is a crucial
measure in BTE, as it provides fundamental details on the biocompatibility of the
scaffold and its potential to support cell proliferation, differentiation, and integration
(Tupe et al., 2024). A positive cell adhesion of cells to the scaffold indicates the

scaffold's effectiveness in promoting BTE (Nikolova and Chavali, 2019b; Tupe et al.,
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2024). In this study, the adhesion of osteoblast-like MG-63 cells on the surface of the
scaffolds was investigated after day 7 of the culture period, with a seeding density of
2x10° cells per scaffold. The cells were first fixed using a 1.5%v/v glutaraldehyde in
PBS solution for 30 minutes to preserve the cells and facilitate the analysis. The
scaffolds were then dehydrated through a series of ethanol washes with increasing
concentrations to maintain the integrity of the cell morphology. SEM was employed to
examine the detailed surface interactions between the cells and the scaffold material.
To ensure high-quality imaging and accurate visualization, the scaffold surface was
coated with a thin layer of gold before imaging (Sithole et al., 2018; Tavakoli et al.,
2024). This method allowed for the clear observation of the cellular attachment,
spread, and morphology on the scaffold surface, providing valuable information on its

suitability for supporting osteoblast-like cell growth.
4.3.13. Statistical analysis

GraphPad Prism 9 (GraphPad Software, Inc., San Diego, CA, USA) two-tailed
Student’s t-test was used for data analysis, with p< 0.05 deemed statistically
significant. Data are presented as mean values of biological triplicates (n=3) %

standard deviation.
4.4. Results and discussion

4.4.1. Chemical integrity evaluation of the novel multi-component 3D-printed

scaffold

Figure 4.2 presents the FTIR spectra of the drug-loaded and unloaded novel
multicomponent scaffold and its components, highlighting key functional groups that
contribute to its suitability for BTE. The (Figure 4.2a) bioactive glass titanium (BGT
10%) spectrum features Si-O-Si bending (490 cm™) and symmetric stretching (778
cm™) vibrations, confirming SiO, as a network former, which is crucial for
osteoconductivity and hydroxyapatite (HA) formation. The P-O stretching (1043-1024
cm™") supports bone mineralization, while the Ti-O vibration (635 cm™) indicates
titanium incorporation, which enhances osteoinduction by promoting cell adhesion and
differentiation (Mabrouk et al., 2021; Mahdy et al., 2021).
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The FTIR spectrum of the unloaded novel multi-component scaffold (Figure 4.2F)
exhibits characteristic peaks from its polymeric and inorganic components. The ester
groups of (Figure 4.2b) PCL contribute to its distinct carbonyl stretching band at 1722
cm™, ensuring mechanical stability and controlled degradation for gradual bone
replacement (She et al., 2021; Uma Maheshwari et al., 2014). Hydroxyl and
carbocyclic groups from (Figure 4.2c) PVA are evident in the broad O—H stretching
(3550-3200 cm™), which supports hydration and cell viability, while (Figure 4.2d)
NaAlg COO vibrations (1594, 1406 cm™) enhance hydrophilicity and cell adhesion,
facilitating extracellular matrix formation (Kim et al., 2018, 2018; Tohamy et al., 2018).
(Figure 4.2a) BGT 10% introduces additional signals, confirming its integration into

the polymeric network.

The (Figure 4.2g) drug-loaded novel multi-component scaffold displays additional
spectral contributions from the drug and inorganic bioglass component. The
incorporation of (e) BQ-loaded PLGA nanoparticles is confirmed by characteristic
peaks described in Chapter 3, indicating successful drug loading within the system.
The presence of bioglass and titanium introduces new silicon-oxygen (Si—O) stretching
bands within the 1000-1100 cm™ region. The interactions between organic and
inorganic components may result in slight shifts or peak broadening, suggesting
hydrogen bonding or electrostatic interactions, which enhance scaffold stability and
bioactivity. These molecular interactions contribute to osteointegration, controlled
degradation, and localized drug release, making the scaffold highly effective for bone
tissue regeneration by promoting cell adhesion, proliferation, and new bone formation
(Mabrouk et al., 2019).
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Figure 4.2: FTIR spectra of (a) native BGT 10%, (b) native polycaprolactone (PCL),
(c) native polyvinyl alcohol (PVA), (d) native sodium alginate (NaAlg), (e) BQ-loaded
PLGA nanoparticles (f) Unloaded 3D-printed scaffold and (g) Drug loaded 3D-printed
scaffold.

The XRD diffractograms of the drug-loaded and unloaded novel multicomponent
scaffold and its components are shown in Figure 4.3 to ascertain the scaffold’s
physicochemical state. The X-ray diffraction analysis of (Figure 4.3a) pure BGT10%
reveals distinct peaks within the 28°-30° range (20), indicating a degree of crystallinity
within the bio-glass matrix. The (Figure 4.3b) native PVA exhibits a broad peak at
19°-20°, characteristic of its semicrystalline nature, while (Figure 4.3c) NaAlg displays
peaks at approximately 14°, 22°, and 38°, confirming its partially ordered structure
(Mabrouk et al., 2014). The XRD of the (Figure 4.3d) unloaded novel multi-component
scaffold shows overlapping diffraction features from its components, with peaks
associated with PVA (18° and 23°) exhibiting increased crystallinity due to polymer
interactions. Upon (e) BQ-loaded PLGA nanoparticles, the scaffold displays subtle
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peak shifts and intensity variations, suggesting molecular interactions between the
delivery system and the scaffold matrix. These modifications may indicate partial
disruption of crystallinity or structural rearrangements, potentially influencing drug
release behaviour and scaffold integrity. Overall, the XRD analysis confirms the
composite scaffold’s balance between crystalline and amorphous phases, crucial for

mechanical strength, bioactivity, and controlled drug release in bone tissue

regeneration.
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Figure 4.3: XRD spectra of (a) native BGT (10%) (b) native PVA, (c) native NaAlg,
(d) unloaded novel multicomponent scaffold and (e) drug-loaded novel
multicomponent scaffold.
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4.4.2. Assessment of thermal stability and composition of the 3D-printed

scaffold

Thermogravimetric analysis (TGA) plays a crucial role in evaluating the thermal
stability and the TGA curves of the individual components and the novel multi-
component 3D-printed scaffolds (both unloaded and drug-loaded) are presented in
Figure 4.4. The TGA analysis provides valuable insights into the material's thermal
stability and degradation behaviour, which is crucial for tissue engineering
applications. The (Figure 4.4a) BGT 10% exhibited a straight-line thermogram,
indicating no weight loss and confirming its high thermal stability, which is expected
for an inorganic material (Mabrouk et al., 2021). The thermogram for (Figure 4.4b)
PCL showed an initial weight loss at ~350°C, corresponding to its polymer backbone
decomposition, while (Figure 4.4c) PVA degraded at ~300°C, due to dehydration and
polymer chain (Uma Maheshwari et al., 2014; Zhou et al., 2018). The thermogram for
(d) NaAlg was the least thermally stable, with decomposition starting at ~240°C,
attributed to the breakdown of its carboxyl and hydroxyl functional groups (Valido et
al., 2020).

The (e) unloaded novel multi-component 3D-printed scaffold exhibited an initial weight
loss at ~340°C, indicating strong polymer-polymer interactions through hydrogen
bonding and possible cross-linking. The slightly higher thermal stability compared to
the individual polymer components suggests that BGT incorporation reinforces the
scaffold’s structural integrity (Mabrouk et al., 2014; Smith et al., 2021). However, in
the (f) drug-loaded novel multi-component 3D-printed scaffold, the initial degradation
shifted to ~310°C, indicating that BQ-loaded PLGA nanoparticles influenced the
thermal stability. This earlier degradation may be due to the weakening of polymer-
polymer interactions, where the drug disrupts the original hydrogen bonding network
or reduces crystallinity, leading to an earlier thermal breakdown (Madorsky and Straus,
1959). Together, these results confirm that the thermal behavior observed in the TGA
aligns with the structural characteristics identified by the XRD and FTIR spectra.
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Figure 4.4: TGA thermograms of (a) native BGT 10%, (b) native polycaprolactone
(PCL), (c) native polyvinyl alcohol (PVA), (d) native sodium alginate (NaAlg), (e)
Unloaded 3D-printed scaffold and (f) Drug loaded 3D-printed scaffold.

4.4.3. Evaluation of microstructure, morphology, and porosity of the novel

multi-component 3D-printed scaffold.

The microstructural, morphological, and porosity evaluation of the 3D-printed scaffold
is crucial for understanding its surface characteristics and overall structural integrity.
This section presents macroscopic and microscopic analyses, incorporating visual
assessment through captured images, high-resolution structural insights via scanning
electron microscopy (SEM), and porosity measurements conducted using a

porosimeter, with SEM also used to confirm porosity.

Figure 4.5 (a,b) illustrates the microstructure characteristic of the novel multi-
component 3D-printed scaffold, which is indicative of both drug-loaded and unloaded
scaffold. The scaffold exhibits a distinct grid-like pattern with uniformly distributed

pores, indicative of a controlled and precise printing process. Small droplets or surface
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irregularities are visible, which could be remnants of material deposition during
printing. The scaffold's surface appears moist and reflective, which can be attributed
to its recent removal from propanol, which is the solidifying solvent used during the
printing process and was observed before the drying stage. Furthermore, Figure 4.5
(c-f) depicted images of the loaded and unloaded 3D printed scaffolds further
confirming and expanding upon the macroscopic observations previously described.
Both scaffolds maintain a highly interconnected porous structure at the microscopic
level, corresponding closely with the uniform, grid-like morphology observed
macroscopically. The loaded scaffold (Figure 4.5 e,f) distinctly reveals spherical
nanoparticulate structures evenly distributed on its surface and within its internal
pores, confirming the successful incorporation of drug-loaded nanoparticles. In
contrast, the unloaded scaffold (Figure 4.5 c,d) presents a clear, unobstructed porous
network without these nanoparticulate structures, highlighting the morphological
changes induced by nanoparticle loading. The rough texture observed in both scaffold
types through SEM analysis is consistent with the earlier macroscopic assessment,
indicating favourable surface characteristics for cell adhesion and proliferation
(Baptista and Guedes, 2021; Calore et al., 2021; Pei et al., 2018). Overall, SEM
imaging validates the macroscopic evaluations and demonstrates that nanoparticle
loading does not compromise the scaffold’s structural integrity but rather improves its

functional attributes for targeted biomedical applications.

The SEM and BET analyses offered complementary insights into the scaffold’s
porosity characteristics (Bardestani et al., 2019). The SEM image (Figure 4.6 a),
analyzed through ImageJ, revealed macropores with sizes ranging from approximately
415.7 uym to 562.3 pym which falls within the optimal pore size range of >300 ym known
to support effective cell infiltration, tissue integration, and nutrient diffusion in BTE
applications (Baptista and Guedes, 2021; Sithole et al., 2018; Zhang et al., 2022). It
should be noted that pore size measurements and pore size distributions obtained
from SEM and BET analyses were comparable for both the loaded and unloaded
scaffolds. Therefore, representative images and data for only one scaffold type are

presented to avoid redundancy.

The BET analysis provided information about the scaffold's surface area, pore size,
and pore volume, as displayed in Figure 4.6 (b) (Lapczyna et al., 2014). The
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combination of the different biomaterials resulted in an isotherm that exhibits a
hysteresis loop, indicative of a mesoporous structure. The inset pore-size distribution
confirms pores predominantly in the nanometer range (below 200 nm), suggesting the
presence of additional micro- and mesoporous features on the scaffold surface
(Bardestani et al., 2019; Mndlovu et al., 2019; Zhu et al., 2015). Such hierarchical
porosity improves the scaffold’s functional properties by promoting cell attachment,
proliferation, and efficient drug delivery (Mirhadi et al., 2018). BET analysis further
supports these findings, revealing a high specific surface area (75.549 m?q),
substantial total pore volume (0.396 cm?®qg), and an average pore diameter of
approximately 166.130 nm. Collectively, these parameters indicate that the scaffold
possesses a favourable porous architecture capable of facilitating enhanced drug-
loading capacity, sustained drug release, efficient mass transport, and robust cell
infiltration, making it particularly advantageous for targeted drug delivery and tissue

engineering applications (Mirhadi et al., 2018; Mndlovu et al., 2019).
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Figure 4.5: Visual and microscopic evaluation of the novel multi-component 3D-printed scaffold. (a, b) Macroscopic images showing
the microstructure of the 3D-printed scaffold, highlighting its uniform grid-like pattern and structural integrity. (¢, d) SEM images of
the unloaded 3D-printed scaffold, displaying its porous architecture and surface morphology. (e, f) SEM images of the drug-loaded
3D-printed scaffold show spherical nanoparticulate structures distributed on the scaffold surface and within its internal pores,
confirming successful nanoparticle incorporation.
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Figure 4.6: Structural and porosity evaluation of the novel multi-component 3D-printed
scaffold. (a) SEM image showing the scaffold’s macroporous architecture with pore
sizes ranging from approximately 415.7 ym to 562.3 ym. (b) BET isotherm curve
illustrating the scaffold’s adsorption-desorption behavior, indicative of a mesoporous
structure with a hysteresis loop, further supporting its suitability for controlled drug
delivery and biomedical applications.

4.4.4. Evaluation of biomineralization of the Novel Multi-Component 3D-Printed
Scaffold

The primary role of a 3D-printed scaffold in bone tissue engineering is to serve as a
supportive framework that facilitates cell attachment, proliferation, and differentiation,
ultimately promoting bone regeneration (Hasan et al., 2022; She et al., 2021; Yoo et
al., 2011). To achieve this, the scaffold must closely mimic the composition and
structural properties of natural bone tissue. Incorporating minerals such as
hydroxyapatite (HA), the primary mineral found in bone, plays a crucial role in
achieving this biomimetic design (Rezania et al., 2022; Tohamy et al., 2018). The
biomineralization of the 3D-printed scaffold improves the scaffold's biocompatibility
and promotes better cell adhesion, proliferation, and differentiation, which ultimately

enhances tissue regeneration (Hasan et al., 2022).

SBF soaking experiments were performed to assess the biomineralization and
biodegradation of the novel multi-component 3D-printed scaffolds. For both studies,
the scaffolds were assessed for over 28 days. For the biomineralization study, XRD
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and FTIR (Figure 4.7 a,b) were used to evaluate the scaffold mineralization over time.
The FTIR spectrum (Figure 4.7a) initially displayed prominent polymer peaks (C-H,
C=0) characteristic of PCL and PVA, with no evidence of mineral deposition on day
0. By day 7, phosphate (PO,*") bands appeared between 900-1200 cm™, suggesting
early calcium phosphate formation, while O-H bands indicated possible hydration
layers resulting from bioactive glass (BG) interaction (Mabrouk et al., 2014; Pei et al.,
2018). BG undergoes controlled dissolution, releasing calcium and silicate ions that
form a silica-rich (SiO,) layer, which acts as a template for apatite deposition. By day
14, increased PO,*  intensity and the emergence of a C-O (cyclic) peak suggested
carbonate incorporation, resembling bone-like carbonated apatite (Fu et al., 2011; Pei
et al., 2018). By day 21 and day 28, stronger PO,*" peaks alongside well-defined O-H
bands confirmed apatite formation, with an enhanced SiO, peak indicating ongoing

BG degradation and sustained ion exchange (Mabrouk et al., 2014).

The XRD pattern (Figure 4.7b) showed distinct PCL, PVA, and titanium peaks on day
0, with no evidence of calcium phosphate phases. By day 7, weak and broad peaks
characteristic of amorphous calcium phosphate emerged. On day 14, increased peak
intensity near 28 = 25.8° indicated early apatite crystal growth. By day 21, sharper and
more intense apatite peaks confirmed improved crystallinity and mineralization, while
by day 28, well-defined apatite peaks indicated the formation of mature, crystalline
apatite. The progressive increase in apatite peak intensity and sharpness reflects
successful biomineralization, driven by BG dissolution, ion exchange, and subsequent

apatite deposition (Lopez-Fontal and Gin, 2025; Tohamy et al., 2018).

158



a PO + SiO2
c-0 (r_\clV b Day 28
4

Day 21

o
X o

f
)

T(%)

Day 7

Day 0

j

g -
=
0
>L
<
A
Intensity (cps)

f L 1 1 )
20 40 60 80 100
Theta (deg)

1 { 1
4000 3000 2000

Wavelength (cm™)

Figure 4.7: Spectra of (a) FTIR and (b) XRD of the novel multi-component 3D-printed
scaffolds before immersion in SBF (pH 7.4, 37°C) and after immersion for over 28
days.

To further elucidate surface biomineralization, energy-dispersive X-ray (EDX) was
employed on the novel multi-component 3D-printed scaffold before and after
immersion (Figure 4.8a,b) in SBF (pH 7.4, 37°C). The EDX spectra before and after
immersion confirm successful biomineralization and align with the FTIR and XRD data.
Before immersion, the absence of calcium (Ca) and phosphorus (P) peaks in the EDX
spectrum corresponds with the day 0 FTIR and XRD data. After immersion, the EDX
spectrum reveals prominent Ca, P, Si, and O peaks, indicating mineral deposition.
This aligns with the appearance of phosphate (PO,3") bands in the FTIR spectrum
from day 7 onward. The presence of Si further supports bioactive glass degradation
and the formation of a silica-rich layer, which facilitates calcium phosphate nucleation.
Together, these results confirm the successful formation of an appetite layer,
enhancing the scaffold’s bioactivity and suitability for bone regeneration (He et al.,
2023; Kumar et al., 2019).
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Figure 4.8: EDX of the novel multi-component 3D-printed scaffold (a) before
immersion in SBF and (b) after immersion in SBF for 28 days. The presence of Ca
and P can be attributed to the formation of apatite on the surfaces of the scaffolds.

4.4.5. Evaluation of biodegradation and swelling of the Novel Multi-Component
3D-printed Scaffold

Controlled biodegradation is crucial in ensuring the gradual breakdown of scaffold, as
new bone tissue forms, maintaining mechanical support during healing. In BTE, it is
necessary to achieve a balance between biomineralization and biodegradation to
ensure effective bone tissue regeneration and scaffold integration (Gémez-Cerezo et
al., 2021; Tupe et al., 2024). The degradation profile (Figure 4.9) demonstrates a
controlled decrease in scaffold mass over the 30 days, characterized by rapid initial
degradation, reducing from 100% at day 0 to approximately 42% by day 5, followed
by a slower, stabilized degradation to around 30% at day 10, 26% at day 20, and
ultimately reaching approximately 20% by day 30. This initial rapid degradation aligns
closely with FTIR, XRD, and EDX data, reflecting early-stage bioactive glass

dissolution, calcium and silicate ion release, and initiation of calcium phosphate
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nucleation with the formation of a silica-rich layer promoting apatite deposition
(Ebrahimi and Sipaut, 2022). The subsequent reduction in degradation rate,
particularly after day 10, corresponds to the progressive crystallization of apatite,
confirmed by sharper apatite peaks in XRD and prominent Ca and P signals in EDX.
The stable apatite mineralization reinforces scaffold integrity, slowing further
degradation. This controlled biodegradation, together with  successful
biomineralization, optimizes scaffold performance for bone regeneration by balancing

scaffold resorption with new bone formation (Chen et al., 2021; Hartley et al., 2022).
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Figure 4.9: Degradation of novel multi-component 3D-printed scaffolds over 30 days.

The swelling rate refers to the reversible fluid uptake influencing scaffold volume,
porosity, and cellular activity (Su et al., 2020). Both scaffolds maintained their shape
and structural integrity during incubation, with the loaded scaffold (Figure 4.10 a)
remaining intact until day 10 and the unloaded scaffold (Figure 4.10 b) until day 19.
However, the unloaded 3D-printed scaffolds displayed a higher swelling ratio
compared to the loaded scaffolds, as observed in Figure 4.10(a,b). The presence of
BQ-loaded PLGA nanoparticles in the loaded scaffolds restricted water absorption and
limited swelling, causing these drug-containing scaffolds to absorb less fluid and

maintain a tighter structure with reduced flexibility (Bittner et al., 2021; Su et al., 2020).
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Figure 4.10: Swelling profiles of (a) unloaded novel multi-component 3D-printed
scaffold and (b) drug-loaded novel multi-component 3D-printed scaffold measured
over 30 days.

4.4.6. Compressive strength of the novel multi-component 3D-printed scaffold.

The compressive strength of the novel 3D-printed scaffolds was determined using a
Texture analyzer and illustrated in Figure 4.11. Exposure to physiological fluids can
significantly affect the mechanical strength of scaffolds. Consequently, this study
examined the changes between the loaded and unloaded 3D-printed scaffold strength
following incubation in a culture medium over 24 hours, to better understand the
mechanical scaffold performance. To assess the mechanical role of Bioglass Titanium
(BGT), an unloaded multi-component scaffold was fabricated without BGT. This
allowed direct comparison to isolate BGT’s effect as a mechanical enhancer. Known
for its bioactivity and ability to improve interfacial bonding and rigidity, the absence of
BGT led to a notable drop in compressive strength whichconfirming its critical role in
reinforcing the scaffold structure.

The acceptable compressive strength of trabecular bone typically ranges between 2—
12 MPa (Zhu et al.,, 2015). In this study, the unloaded 3D-printed scaffold
demonstrated significantly higher compressive strength (7.24 MPa) compared to the
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drug-loaded scaffold (4.13 MPa) as shown in Figure 4.11. This reduction in
mechanical strength in the drug-loaded scaffold is likely attributed to BQ-loaded PLGA
nanoparticles, which may have increased the scaffold's porosity, weakening its overall
structural integrity. Since higher porosity generally leads to decreased mechanical
strength, this structural change likely contributed to the observed difference (Martinez-
Garcia et al., 2022; Zhang et al., 2022). In contrast, the unloaded scaffold maintained
a denser, uninterrupted structure with a stronger polymer network, resulting in
improved compressive strength (Zhang et al., 2022). Both observations are consistent
with previous studies, which have similarly reported a reduction in mechanical strength
due to increased porosity in drug-loaded systems and enhanced strength in denser,
drug-free scaffolds (Amini et al., 2012; Lu et al., 2014; Yekeler et al., 2024).

The incorporation of BGT played a crucial role in reinforcing the mechanical strength
of the scaffolds. As evident in Figure 4.11, the exclusion of BGT resulted in a
significant drop in compressive strength, confirming its structural contribution. Bioglass
enhances mechanical stability by forming strong interfacial bonds with the polymer
matrix, improving load transfer efficiency, and reducing localized stress concentrations
(Fuetal., 2011; Pei et al., 2018). Additionally, titanium provides excellent strength and
stiffness, further contributing to the scaffold’s ability to resist compressive forces
(Mabrouk et al.,, 2021; Smith et al., 2021). These synergistic effects of BGT
components accounted for the improved mechanical performance observed in the

scaffolds.
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Figure 4.11: Compressive strength (MPa) of various 3D-printed scaffolds.
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4.4.7. In-vitro drug release of bedaquiline in the novel multi-component 3D-

printed scaffold

The release of BQ from the optimized PLGA nanoparticles is illustrated in Chapter 3,
where 67+2.68% of the drug was released over 48 hours. The release profile exhibited
sustained release characteristics, and the entrapment efficiency (EE%) and drug
loading (DL%) were 69.5% and 12.5%, respectively. In this study, we investigated the
release profile of BQ loaded into optimized PLGA nanoparticles integrated within the

novel multi-component 3D-printed scaffold.

The cumulative BQ release percentages of the 3D-printed scaffold over four weeks
(Figure 12) showed an extraordinary, sustained release profile. During the initial days,
no burst release was observed. This is a positive indication for a sustained release
profile, as a burst release is often deemed undesirable due to its associated risk of
toxicity from high local concentrations and the potential loss of long-term effectiveness.
Between days 10 and 21, approximately 24% of the drug was released, likely
attributable to the polymer degradation and subsequent scaffold breakdown. This
observation aligns with the swelling study, which indicated that the scaffold maintained
structural stability up to day 10 but began to become brittle thereafter. After day 21,
the release continued at a slower pace, pointing toward a more gradual, sustained

release phase.
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Figure 4.12: In-vitro BQ release profile from the 3D-printed scaffold at pH 7.4.
Experiment data are presented as the mean + SD, n = 3.
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4.4.8. In-vitro cell compatibility of loaded and unloaded novel multi-component
3D-printed scaffold

The in vitro cytocompatibility of the drug-loaded and unloaded novel multicomponent
3D-printed scaffolds was assessed by evaluating the cell viability of osteoblast-like
MG63 cells. The MG63 cells were successfully cultured and allowed to differentiate
until they reached approximately 90% confluence, as shown in Figure 4.13. The cell
culture medium served as a negative control, with cell viability set at 100% to provide

a reference for comparison with the test samples.

Figure 4.13: Assessment of osteoblast-ike MG63 cell differentiation at ~90
confluence.

As shown in Figure 4.14a, the MTT assay demonstrates that both unloaded, and drug-
loaded 3D-printed scaffolds support high cell viability over the 7-day evaluation period.
The results indicate that the differences are statistically significant across all tested
days (day 1, day 3, and day 7), with p-values < 0.05. Notably, cells grown on the
unloaded scaffolds displayed viability exceeding 140% on day 1, rising to
approximately 200% by day 7. Although the drug-loaded scaffolds also exhibited

viability well above 100%, their values were slightly lower than those of the unloaded
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scaffolds at each time point. This marginal reduction in cell viability could be due to
localized drug release, which can transiently modulate cell proliferation or metabolic
activity. Figure 4.14 b,c shows SEM images SEM images of loaded and unloaded 3D-
printed scaffolds after 7 days of culture with osteoblast-like MG63 cells, demonstrating

the scaffolds’ ability to support cellular attachment and growth.
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Figure 4.14: (a) Viability of osteoblast-like MG63 cells, assessed using an MTT assay,
in the presence of the optimal drug-free and drug-loaded 3D-printed scaffolds. (b, c)
SEM images of the unloaded and loaded 3D-printed scaffolds, respectively, after 7
days of culture with osteoblast-like MG63 cells.

4.5. Concluding Remarks

In this chapter, a novel multi-component 3D printed scaffold composed of bioactive
glass titanium, polycaprolactone, polyvinyl alcohol, and sodium alginate was
successfully developed for localized bone TB therapy. The scaffold demonstrated
excellent printability, a tailored porous architecture, clinically relevant mechanical
strength, and a well-controlled biodegradation profile. Incorporating bedaquiline
loaded PLGA nanoparticles achieved a sustained drug release pattern, effectively
mitigating burst release. Furthermore, the scaffold promoted robust MG63 osteoblast

like cell viability, indicating its biocompatibility and potential for bone regeneration.
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Chapter 5 will detail the in vivo animal studies undertaken to further assess the safety,
efficacy, and therapeutic potential of this scaffold under physiologically relevant
conditions. This is a critical step for validating its clinical promise in bone TB therapy

and advancing its potential for real-world applications.
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CHAPTER 5

IN-VIVO EVALUATION OF THE NOVEL MULTI-COMPONENT 3D-PRINTED
SCAFFOLD EMBEDDED WITH BQ-LOADED PLGA NANOPARTICLES FOR
BONE TUBERCULOSIS THERAPY.

. __________ _____ _____________ ______ ______ __________ _____________ _________ ___ __ _____ |
The In vivo study received approval from the University of the Witwatersrand's Animal

Research Ethics Committee (AREC), clearance certificate nhumber 2309004C (see
Appendix B).

5.1. Introduction

Bone tuberculosis (TB), a form of extrapulmonary TB caused by Mycobacterium
tuberculosis, remains a significant clinical concern due to its complex pathology and
the prolonged duration of treatment required (Garg and Goyal, 2020; Hegazy et al.,
2021; Mphaphuli et al., 2023). Conventional systemic chemotherapy is often
inadequate for eradicating the infection within the dense and poorly vascularized bone
environment, leading to high relapse rates and the potential emergence of drug-
resistant strains (Luo et al., 2024). Consequently, the development of localized drug
delivery systems that can consistently achieve therapeutic concentrations of anti-TB
agents at the lesion site has become a critical objective in orthopedic and infectious

disease research.

Recent studies have demonstrated a growing interest in the integration of
nanotechnology and three-dimensional (3D) printing for the management of bone
tuberculosis, underscoring the clinical relevance and translational potential of such
multifunctional therapeutic platforms (Luo et al., 2024; Vinogradova et al., 2023; Yahia
et al.,, 2023). 3D printing enables the fabrication of scaffolds with patient-specific
geometries and tailored pore architectures conducive to bone regeneration (Bose et
al., 2013). Furthermore, Hua et al. (2022) reported the successful development of 3D
printed porous tantalum scaffolds coated with antitubercular agents, which exhibited
effective antibacterial activity and favourable biocompatibility, demonstrating the
viability of embedding therapeutic agents within metallic scaffolds for localized
infection control. In alignment with these advances, the present study introduces a
novel multi-component 3D printed scaffold embedded with bedaquiline (BQ) loaded

PLGA nanoparticles designed to provide both osteoconductive support and sustained,
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localized anti-TB drug release. Using a rabbit critical sized femoral defect model,
selected for its clinical relevance to skeletal TB, the scaffold’s bone-regenerative
capacity and therapeutic performance were assessed by comparing drug-loaded and
drug-free variants. This approach aims to establish a dual-function biomaterial capable
of promoting functional bone repair while delivering targeted antimycobacterial therapy

at the defect site.
5.2. Materials and Methods
5.2.1. Materials

Ketamine HCL (a dissociative anesthetic) and lignocaine were purchased from Bayer
(Pty) Ltd Animal Health Div (Wrench, Isando, SA). Xylazine HCI (sedation, anesthesia,
muscle relaxation, and analgesia) was purchased from in vervet S.A. (Pty) Ltd.
(Isando, SA), sodium pentobarbitone, antisedan, meloxican were purchased from
Dechra Veterinary Products Limited (Hadnall, Shrewsbury, UK) and temgesic® was
purchased from Mundipharma (Pty) Ltd. (Claremont, Cape Town, SA). Fetal bovine
serum (FBS; Biochrom, Berlin, Germany), dulbecco’s modified eagle’s medium
(DMEM), bone morphogenic protein 7 (Osteogenicprotein 1) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All other reagents were of standard analytical

grade and were used as procured.
5.2.2. Animal welfare, housing, and habituation before study experiment

Prior to the main experiment, a pilot study was conducted with a smaller cohort of New
Zealand White rabbits to optimize and confirm the overall methodology. Insights
gained from this preliminary phase informed the design and execution of the full
experimental study, including refinements to animal handling techniques, scaffold
implantation procedures, and data collection protocols.

For the experimental study, twenty-eight male New Zealand White rabbits (12-16
weeks old, weighing 2.5-3.0 kg) were sourced from the University of the
Witwatersrand Central Animal Service (CAS) unit. As depicted in Figure 5.1(a-b),
each rabbit was housed individually in a separate cage, maintained under a 12-hour
light/12-hour dark cycle. A seven-day habituation process was implemented under the

supervision of trained CAS staff and the researcher to acclimate the animals to their
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environment and handling routines. This daily habituation involved twice-daily visits,
ensuring the rabbits’ food and water were sufficient, and routine weighing before the
surgical procedure and throughout the study. Such acclimatization minimizes stress
and facilitates smoother surgical interventions. Environmental enrichments were
provided according to CAS standard operating procedures, further ensuring optimal

animal welfare and study conditions.

Figure 5.1: Photographic representation of (a-b) housing of the New Zealand white
Rabbits.
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5.2.3. The novel multi-component 3D-printed scaffolds preparation prior

implantation

The novel multi-component 3D-printed scaffolds were sterilized with ethanol and then
exposed to UV light for 24 hours. To confirm the effectiveness of the sterilization, a
qualitative sterility test was performed whereby the scaffolds were incubated in sterile
PBS, vortexed, and the supernatant plated onto nutrient-rich Tryptic Soy Agar (TSA).
The plates were incubated at 37 °C for 48 hours, with no microbial growth observed
for both loaded and unloaded 3D-printed scaffolds, confirming sterility (see images in
Appendix A) (United States Pharmacopeial Convention, 2008). A known culture of
Staphylococcus aureus was used as a positive control to confirm the capacity of the
TSA plates to support microbial growth. All handling procedures were conducted using
aseptic techniques, by USP <71> guidelines for sterility testing. Afterwards, the
scaffolds were soaked in Alpha Minimum Essential Medium (a-MEM, 82% v/v)
supplemented with 14% (v/v) fetal bovine serum (FBS), 2% (v/v), and incubated at
37 °C in a 5% CO, atmosphere for 24 hours to equilibrate before implantation into the

rabbits with induced critical-sized femoral bone defects.
5.2.4. Design and surgical procedure for the pilot intervention

To refine and validate the surgical technique required for creating critical-sized bone
defects, pilot tests were conducted using white New Zealand rabbits to optimize the
procedure for developing a critical-sized defect (6x8 mm) on the right femur. A
preliminary in vivo study was performed involving four New Zealand white rabbits
under approved ethical guidelines. The pilot study included four distinct intervention
groups: one rabbit served as the defect-only control, one received the defect implanted
with a scaffold containing BQ-loaded PLGA nanoparticles, another received a drug-
free scaffold, and the final rabbit received a scaffold integrated with BQ-loaded PLGA

nanoparticles and bone morphogenetic protein (BMP).

The pilot results confirmed that rabbits are suitable animal models, demonstrating
excellent survival rates, absence of noticeable adverse effects, and typical behavioural
patterns throughout the 4-week study duration. Furthermore, the pilot study provided
valuable insight, indicating that complete defect healing could be achieved within 4

weeks, prompting the main study to be shortened to a 4-week duration rather than the
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initially planned 12 weeks. Following these successful pilot outcomes, the main study
was conducted accordingly with twelve rabbits assessed at 4 weeks as approved by

the ethics committee.
5.2.5. The design of the main study

Group 1 (Control Group, n=4): In the control group, comprising 4 young New
Zealand rabbits, each animal underwent surgery to create a 6x8 mm surgical defect
on the right femur at week 0. Rabbits were terminated sequentially, with one animal
terminated each week over 4 weeks. Subsequent analyses were conducted on the

bone defect site to assess bone formation and pharmacokinetic parameters.

Group 2 (Intervention Group, n=24): The intervention group comprised 24 young
New Zealand rabbits, each animal receiving surgery to induce a 6x8 mm surgical
defect on the right femur at week 0. This group was divided into two subgroups of 12

rabbits each:

e Twelve rabbits (n =12) received implantation with a 3D-printed multi-component

scaffold without any drug.

e Twelve rabbits (n = 12) received implantation with a 3D-printed multi-

component scaffold loaded with PLGA nanoparticles containing bedaquiline.

Rabbits from each subgroup were terminated weekly, with 3 rabbits from each
subgroup terminated at weeks 1, 2, 3, and 4, respectively. Subsequent analyses were
performed to evaluate bone formation and conduct pharmacokinetic studies. Figure
5.2 illustrates this experimental design, clearly depicting rabbit groupings, surgical

interventions, scaffold treatments, and the weekly termination schedule.
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Figure 5.2: Schematic showing the in vivo studied model for the implanted scaffold.
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5.2.5.1. Surgical procedure for the intervention

All surgical procedures were performed under sterile conditions. The critical-size bone
defect was induced as previously described by Zhu et al.,, (2015) with minor
modifications (Zhu et al., 2015). Briefly, New Zealand White Rabbits were anesthetized
using an intramuscular combination of ketamine hydrochloride (40 mg/kg) and xylazine
(10 mg/kg), with anaesthesia maintained using isoflurane (1-3%) in oxygen. The hair
above the right femur was shaved, and the skin was surgically prepared using F10
Skin Prep Solution. F10 Skin Prep Solution was utilized as the ready-to-use
disinfectant for the skin. It is a surgical spray with pre- and postoperative broad-
spectrum capabilities. This non-staining formula was easy to use, effectively
preventing the spread of infections and destroying microorganisms. It did not irritate
the skin and was brightly colored, making it easily identifiable and highly beneficial in
preventing post-surgical infections. The right femoral recipient site was accessed using
a sharp scalpel, and the disto-medial metaphysis of the femur was cleared of soft tissue
using a Woodson or Freer periosteal elevator. A surgical drill (6 mm outer diameter)
was then employed to prepare an 8 mm deep defect for scaffold insertion. One drug-
loaded scaffold was embedded into the groove. A picture was taken to illustrate the
surgical procedure (Figure 5.3). After surgery, the surgical site was sutured closed,
antibiotics were administered to prevent bone infections, and pain management was

provided with meloxicam (Zhu et al., 2015).
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Figure 5.3: Surgical procedure demonstrating the creation of a critical-sized bone
defect and scaffold implantation in Rabbits. (a) preparation of the rabbit pre-surgery,
(b-c) creation of surgical defect before scaffold implantation with measurements to
ensure defect dimension accuracy, (d) placement of 3D-printed scaffold into the defect,
(e-f) surgical closure and suturing of the site post-implantation.

5.2.5.2. Post-operative Care of the New Zealand White Rabbits

Post-surgery, the rabbits were closely monitored to ensure optimal recovery
immediately following the surgical procedures. Each rabbit was housed individually in

separate cages maintained at +25°C under a 12-hour light: 12-hour dark cycle.
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Throughout the study, rabbits were fed according to the Wits CAS feeding standard
operating procedures (SOPs). No indication of insufficient food or water intake was
observed during the entire study period. The rabbits were weighed twice a week, cared
for according to the WRAF protocol, and continuously monitored by both the
researcher and the veterinarian until the study's completion. No postoperative
restrictions on activity or supportive orthotic devices were necessary. The rabbits were
inspected twice daily, assessing parameters such as behavior, posture, weight,

feeding, and drinking patterns, with observations recorded for future reference.

5.2.5.3. Procedure for euthanasia and sample collection

Blood samples were collected from the rabbits via the ear vein immediately before
euthanasia at each termination point (weeks 1, 2, 3, and 4). The withdrawn blood
samples were immediately placed in heparinized tubes to prevent clotting. The blood
samples were centrifuged at 5000rpm, and the supernatant was transferred into 2mL
Eppendorf tubes and stored in the -80 °C freezer for further analysis. Following blood
collection, the rabbits were euthanized via intravenous injection of sodium
pentobarbitone (2 mL/kg) administered through the ear vein, ensuring minimal
anatomical and physiological disruption and discomfort. Euthanasia occurred at 1,2, 3,
and 4 weeks following scaffold implantation. Immediately post-euthanasia, implanted
scaffolds and samples from empty femoral bone defects were carefully extracted and
temporarily stored in 10% buffered formalin before histological processing as depicted

in Figure 5.4.
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Figure 5.4: Procedure for femoral bone extraction and sample preparation post-
euthanasia: (a) isolated hind limb immediately post-euthanasia; (b) muscle tissue
removal exposing femoral bone; (c) cleaned femur clearly showing the defect region;
(d) femoral bone segment containing defect region; (e) extracted bone segment
demonstrating intact and healthy bone marrow, and (f) samples stored in 10% buffered
formalin awaiting histological analysis.
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5.2.5.4. Mechanical strength and computed tomography (CT) assessment

The mechanical strength of the extracted femoral bones was assessed at each
termination point (weeks 1, 2, 3, and 4) using a Texture Analyzer (TA.XTplus, Stable
Micro Systems, Surrey, UK), enabling comparison between control bones and bones
with different scaffold treatments. The method was adopted from Belill K et al. (2014)
with some modifications. Briefly, A calibrated textural analyzer (TA.XT.plus; Stable
Micro Systems, Surrey, UK), equipped with a 5 mm diameter ball probe coupled with a
10 mm inserter indenter, was used to press the surface of the horizontally mounted
femur bone at the defect site, which was either left empty or filled with scaffold material.
An average femur specimen was utilized, with an 8 mm diameter and pre-cut to a
length of 50 mm (Figure 5.5a-d). tissue from rabbit femur tissue was maintained in
0.9% NaCl-soaked gauze and stored at —80 °C until immediately before testing. Data
acquisition was performed using Texture Exponent Software (Version 6.1.16.0), and
the specific parameter configurations employed for the analysis are provided in Table
5.1. The maximum force generated during the indentation of the segment matrix at a
depth of 0.5 mm was determined and regarded as the matrix hardness or indentation

resistance (Belill et al., 2014).

Table 5.1: Textural configurations for determining bone hardness.

Parameters Setting
Test mode Compression
Test speed 1 mm/s
Post-test speed 5 mm/s
Indentation depth 0.5 mm
Target mode Distance
Load cell 100 kg
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Figure 5.5: (a) Rabbit femur specimen immediately after retrieval from storage, (b)
clamping of the horizontally oriented femur in a vise under the textural analyzer, (c)
positioning of the 5 mm diameter ball probe at the defect site, and (d) performing the
indentation test to determine the bone’s matrix hardness or indentation resistance.

5.2.5.5. Evaluation of micro-computed tomography scan of rabbit femur

Micro-CT scans were conducted on the same bone samples at each termination point
to evaluate the healing process and structural integration of the scaffolds. The scans
were performed using a Skyscan 1278 micro-CT instrument, which provided high-
resolution imaging of the femoral architecture and scaffold incorporation. For image

reconstruction, NRecon software (Bruker) was employed (Bartos et al., 2018).
5.2.5.6. Sample preparation for histological examination

The specimens collected were fixed in 10% buffered formalin and subsequently
demineralized using 14% EDTA for 4 weeks. Following demineralization,
representative samples were sectioned according to Idexx standard operating
procedure (ldexxSA-AP-26) and processed through routine automated histological
tissue processing (IdexxSA-AP-SOP-27). Processed tissues were embedded, and
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transverse sections of 5 ym thickness were prepared (IdexxSA-AP-SOP-30), mounted
onto slides, and stained using an automated Haematoxylin and Eosin tissue stainer

(IdexxSA-AP-SOP-205) in preparation for histological evaluation.

5.2.5.7. Quantification of bedaquiline concentration in plasma using high-

pressure liquid chromatography

Bedaquiline (BQ) concentration in blood samples was quantified using High-
Performance Liquid Chromatography (HPLC). Blood samples collected from rabbits
were subjected to liquid-liquid extraction to isolate the drug from plasma. Briefly,
plasma samples were mixed with an organic solvent diethyl ether, vortexed vigorously,
and centrifuged at ~4000 rpm for 10 minutes to separate organic and aqueous phases.
The organic layer containing the drug was carefully transferred into a clean tube and
evaporated under nitrogen gas at room temperature. The residue was reconstituted
with the mobile phase, filtered, and analyzed using HPLC following the method
described by Ayodele et al., (2024). The HPLC system (Waters, Milford,
Massachusetts, USA) had a Waters Symmetry300™ C18 (5 um, 4.6 x 150 mm)
column, a UV detector, and a Waters binary HPLC pump. The mobile phase consisted
of a 95:5 (v/v) mixture of acetonitrile/methanol and phosphate buffer (pH 7.4), with a
1.0 mL/min flow rate and a detection wavelength of 275 nm. BQ concentrations were
determined by comparing peak areas of samples to a calibration curve ranging from 1

to 60 pg/mL, prepared under identical analytical conditions.
5.3. Results and discussion
5.3.1. Pilot study assessment

The pilot study validated the feasibility of the experimental (surgical) procedures and
confirmed previous findings (Hua et al., 2022; Pei et al., 2018; Zhu et al., 2015)
indicating that rabbits are a suitable experimental model for this type of research.
Rabbits tolerated the surgical interventions well, showing no observable adverse
effects throughout the 4-week duration of the pilot study. All rabbits successfully
survived the full duration of the study. Histological analyses conducted during the pilot
study confirmed bone healing, as illustrated in Figure 5.6. Additionally, findings from
the pilot study demonstrated no significant difference in bone healing between the
scaffold with drug alone and the scaffold with drug plus growth factor (BMP).
Consequently, the scaffold incorporating the drug plus growth factor was excluded from
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the main study. Following these successful pilot outcomes and after receiving approval
from the ethics committee of the University of the Witwatersrand, the main study was

conducted for 4 weeks to assess the healing duration and efficacy of scaffold

treatments.

Figure 5.6: Histological evaluation of femoral defect healing after 4 weeks post-
implantation (H&E staining): (a) Scaffold loaded with BQ showing moderate bone
regeneration and inflammatory response; (b) Scaffold loaded with BQ plus BMP
illustrating similar regenerative activity and inflammation to the drug-only scaffold; (c)
Drug-free scaffold exhibiting reduced bone formation activity; (d) Untreated defect
(control) predominantly characterized by fibrous tissue and minimal bone regeneration.

5.3.2. Clinical and histological analysis for main study

5.3.2.1. Clinical examination

During the four-week observation period, there were no post-operative complications
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or adverse reactions, such as abnormal bleeding, at any of the surgical sites.
Inflammation was minimal (e.g., slight swelling), and after a brief resting period of three
to six days post-operation, the rabbits were able to move and leap without notable pain
or restriction. Pain levels and recovery were assessed using the grimace scale, while
vital signs were monitored, and weight measurements were taken weekly to ensure
overall health; these findings are detailed in Appendix A. At the time of termination
and sample collection, the novel multi-component 3D-printed scaffolds remained intact
within the defects, indicating stable integration. Overall, healing progressed smoothly

throughout the study period.
5.3.2.2. Histological evaluation of right femur following various interventions
5.3.2.2.1. Histological examination for week 1

In Week 1, early healing responses were evident in all samples, though the presence
of the 3D-printed scaffolds appeared to enhance the extent of woven bone formation
compared to the defect control. In the control Rabbit (Figure 5.7a), a focal, segmental
full-thickness defect in the cortical bone was filled predominantly with haemorrhage
and fibrin, with only peripheral fibroplasia and early woven bone formation emanating
from the adjacent endosteum. In contrast, the scaffold-only Rabbit (Figure 5.7b)
demonstrated a focal defect in the cortical bone that was filled with woven bone lined
by osteoblasts; the periosteal surface showed mild fibroplasia while the endosteal
surface revealed amorphous, basophilic, slightly crystalline structures—occasionally
calcified—and infiltrated by histiocytic cells, including some multinucleated giant cells,
with the marrow cavity maintaining a mixture of adipose tissue and hematopoietic
precursors alongside mild hemorrhage. The scaffold infused with BQ-loaded PLGA
nanoparticles (Figure 5.7¢) also exhibited a focal defect in the cortical bone, but with
more prominent periosteal fibroplasia and significant histiocytic infiltration; the
endosteal surface contained amorphous, slightly crystalline, basophilic material with
calcification, and variably sized grey crystalline structures were observed within the
matrix, together with abundant histiocytic cells including multinucleated forms,
hemorrhage, and fibrin. Overall, while the free and drug-loaded scaffolds displayed
similar patterns of early woven bone formation, the infused scaffold was distinguished
by the more pronounced crystalline structures, suggesting subtle differences in

material integration without a significant impact on the overall osteogenic response.
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Figure 5.7: Histological sections of rabbit femoral defects at Week 1, comparing (a)
control defects, (b) defects treated with a 3D-printed scaffold only, and (c) defects
treated with a 3D-printed scaffold loaded with BQ-loaded PLGA nanoparticles.

5.3.2.2.2. Histological examination for week 2

During Week 2, the histological appearance of the defects varied according to whether
scaffolds were present or not. For Rabbits with scaffold only (Figure 5.8a) a segmental
full-thickness cortical bone defect contained a basophilic, crystalline scaffold extending
into the marrow cavity, accompanied by small numbers of histiocytoid cells, occasional
multinucleated giant cells, and mild haemorrhage and fibrin. Early woven bone
formation was evident at the periphery, while extensive hyaline cartilage within the
periosteum and endosteum suggested active endochondral ossification. In the Rabbit
with scaffold plus BQ-loaded PLGA nanoparticles (Figure 5.8b), the cortical bone
defect likewise contained basophilic scaffold material interspersed with spicules of
calcification. Fibroblasts, histiocytoid cells, and pronounced multinucleated cells
populated the periphery, with mild periosteal woven bone and fibroplasia extending
into the adjacent marrow space, where scattered lymphoplasmacytic infiltrates were
noted. By contrast, Rabbit with defect (Figure 5.8¢c) showed no scaffold material but

displayed a segment of mildly thickened woven bone replacing part of the cortical bone,
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with mild periosteal reaction and fibrosis. The marrow cavity contained both adipose
tissue and hematopoietic elements. Overall, the Week 2 scaffolds showed a mild
foreign-body type reaction alongside early-stage bone formation and cartilage
development, while the control group reflected a straightforward, unassisted bone

repair process.

Figure 5.8: Histological sections of rabbit femoral defects at Week 2, comparing (a)
defects treated with a 3D-printed scaffold only (b) defects treated with a 3D-printed
scaffold loaded with BQ-loaded PLGA nanoparticles, and (c) control defects.

5.3.2.2.3. Histological examination for week 3

By Week 3, both the scaffold and control groups demonstrated progress in bone
healing, although the scaffold structures remained visible in the treated groups. Figure
5.9a depicts a histological image of Rabbit with scaffold only, a persistent cortical bone
defect was filled with a basophilic, slightly crystalline scaffold, surrounded by
histiocytoid and multinucleated giant cells. Peripheral fibroplasia and woven bone
formation became more pronounced, with a notably thickened periosteum laying down
new bone. For Rabbit with scaffold plus BQ-loaded PLGA nanoparticles (Figure 5.9b),
a similar basophilic scaffold was found within the marrow cavity, showing infiltration by
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histiocytes, scattered multinucleated cells, and calcified spicules. Peripheral fibroplasia
and woven bone formation were evident, and the cortex itself remained largely intact,
although mild periosteal thickening was observed. Meanwhile, Rabbit with defect
(Figure 5.9c) exhibited a segmental cortical defect filled with fibroblasts and woven
bone extending into the marrow cavity, alongside mild to moderate new bone formation
in the periosteal and endosteal regions. Small areas of hyaline cartilage within the
periosteum underwent endochondral ossification. Overall, the Week 3 samples
indicated ongoing integration of the scaffold in the treated groups and a typical

intermediate stage of callus formation in the control group.

Figure 5.9: Histological sections of rabbit femoral defects at Week 3, comparing (a)
defects treated with a 3D-printed scaffold only (b) defects treated with a 3D-printed
scaffold loaded with BQ-loaded PLGA nanoparticles, and (c) control defects.

5.3.2.2.4. Histological examination for week 4
At Week 4, the scaffold groups exhibited advanced woven bone formation and an
ongoing mild inflammatory response, while the control defect showed further

maturation of the repair tissue. Rabbit with scaffold only (Figure 5.10a), a basophilic

crystalline scaffold persisted in the cortical defect space, interspersed with histiocytoid
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cells, multinucleated giant cells, and scattered neutrophils. Pronounced woven bone
extended from the endosteum into the marrow cavity, accompanied by marked
periosteal bone formation and mild lymphoplasmacytic infiltrates. Figure 5.10b
demonstrates Rabbit with scaffold plus BQ-loaded PLGA nanoparticles, a similar
scaffold occupied the segmental defect and elicited a foreign-body reaction marked by
numerous histiocytes, multinucleated giant cells, and scattered neutrophils. A robust
shell of woven bone extended from the endosteum, with periosteal fibrosis and
moderate to marked peripheral fibroplasia providing structural support. In contrast,
Rabbit with defect (Figure 5.10c) presented a segmental defect largely bridged by
reactive woven bone and mild periosteal fibrosis, with the adjacent marrow cavity
containing normal fat and scattered hematopoietic elements. Collectively, the Week 4
findings demonstrated that both scaffold-only and scaffold-plus-drug interventions
supported considerable bone ingrowth around the material, whereas the control defect
continued to mature naturally with substantial woven bone formation but lacked the

mild foreign-body reaction observed in scaffold-treated groups.

Figure 5.10: Histological sections of rabbit femoral defects at Week 4, comparing (a)
defects treated with a 3D-printed scaffold only (b) defects treated with a 3D-printed
scaffold loaded with BQ-loaded PLGA nanoparticles, and (c) control defects.
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5.3.3. Assessment of mechanical strength

The mechanical integrity of the healing bone defects was quantitatively assessed using
a texture analyzer, providing a functional perspective on the osteogenic process.
Measurements were performed weekly (Weeks 1-4) across three experimental
groups: defect control, free 3D-printed scaffold, and 3D-printed scaffold infused with
anti-TB drug. This systematic evaluation aimed to correlate histological healing with
biomechanical performance, offering insights into how scaffold integration and drug
delivery impact the structural stability and overall mechanical strength of the

regenerated tissue over time.

Figure 5.11 illustrates the mechanical strength of the defect control, scaffold only, and
scaffold with BQ PLGA nanoparticles, over the four weeks. The graph demonstrates
that the scaffold-treated groups consistently exhibit significantly higher force
measurements compared to the control group, with statistical analysis confirming these
differences (p < 0.05) at each time point. In the early weeks, the scaffold groups already
showed an elevated load-bearing capacity, suggesting that the structural support
provided by the scaffold enhances the initial phase of bone repair. As the healing
process progresses, both the scaffold only and the scaffold with nanoparticles groups
display a marked increase in mechanical strength, reflecting more advanced woven
bone formation and integration of the scaffold material. Although the addition of
nanoparticles yields only subtle differences during the early stages, the overall trend
indicates that the combined approach may offer a long-term advantage in bone
regeneration. This statistically robust data supports the conclusion that scaffold-based
strategies significantly improve the mechanical stability of healing bone defects
compared to natural, unassisted repair (Alonzo et al., 2021; Bartos et al., 2018; Blumer,
2021).

195



I VVEEK 1
I WEEK 2
I VVEEK 3
I WEEK 4

500 —

400 —

300

Force (N)

200 -

100

B

Bone Type

Figure 5.11: Analysis of indentation force of rabbit femoral defects over four weeks,
comparing (a) control defects, (b) defects treated with a 3D-printed scaffold only, and
(c) defects treated with a 3D-printed scaffold loaded with BQ-loaded PLGA
nanoparticles.

5.3.4. Assessment of micro-CT scans of right femur following various

interventions

Figure 5.12a (Defect Bone), a radiolucent region indicates a segmental or partial
defect with limited new bone formation. The surrounding cortical bone remains intact,
but the central gap shows minimal bridging, suggesting incomplete or ongoing healing
in the absence of a scaffold. In contrast, In Figure 5.12b-c both exhibits more
radiodense tissue within the defect area, reflecting new bone formation around or
within the scaffold material. Although some radiolucent pockets persist, the overall
density is notably higher than in the defect-only image, indicating that the drug-infused
scaffold provides a supportive matrix for enhanced osteogenesis (Beaman et al.,
2006). Between the two scaffold-treated, Figure 5.12c appears to have more robust
bone in-growth and denser mineralization, implying a more advanced stage of healing.
Taken together, these findings demonstrate that the drug-loaded scaffold promotes
greater bone formation and partial bridging of the defect site compared to the untreated

defect.
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Figure 5.12: Micro-CT images of femoral (a) defect, (b) implantation of scaffold only,
and (c) scaffold with BQ-loaded PLGA nanoparticles.

5.3.5. Concentration of Bedaquiline in the blood of the Rabbitt model

The released concentrations of BQ in blood was monitored over time as illustrated in
Figure 5.13. The scaffold exhibits a slow rise in BQ plasma levels that peaks around
Week 3 (approximately 8—-9 ug/mL) before slightly declining at Week 4. This profile
reflects not only the scaffold’s release characteristics but also the body’s distribution,
metabolism, and excretion of the drug. In Chapter 4, the in-vitro environment shows a
mild burst within the first few days, while in vivo measurements at Week 1 remain
relatively low, followed by a steady climb that indicates release balanced by
physiological clearance. Despite these differences in magnitude and timing, both the
in-vitro and in vivo data confirm that the scaffold is designed for long-term, controlled

delivery, rather than a rapid, high concentration burst.

BQ has been minimum inhibitory concentration (MIC) of BQ for Mycobacterium
tuberculosis can be as low as 0.03-0.12 ug/mL, and even for slightly higher MICs,
therapeutic targets typically remain under 1 ug/Ml (Ayodele et al., 2024; Kaniga et al.,
2022). The in vivo scaffold achieves plasma levels of around 8-9 ug/mL at its peak,
which far exceeds the typical MIC. This suggests that the concentrations delivered are
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not only sufficient but likely more than adequate to exert an antimicrobial effect (Kaniga
et al., 2022). Since the scaffold continues releasing drugs up to at least Week 4, and
the plasma levels remain in the multi-microgram-per-milliliter range, local and systemic
concentrations appear to stay above the MIC for an extended period. Such sustained
coverage is crucial for preventing or treating infections in bone defects, where localized
antibiotic delivery can significantly enhance therapeutic outcomes (Pei et al., 2018; Zhu
et al., 2015).

10

BQ plasma conc (ug/mL)

Figure 5.13: Bedaquiline distribution with respect to weeks in blood.

5.4. Concluding Remarks

The in vivo evaluation of the novel multi-component 3D-printed scaffold embedded with
BQ-loaded PLGA nanoparticles demonstrates its significant potential for bone
tuberculosis therapy. The data show that the scaffold not only greatly improves bone
regeneration and mechanical strength compared to untreated controls but also
provides sustained local delivery of BQ, keeping plasma concentrations well above the
MIC for Mycobacterium tuberculosis. Histological and micro-CT analyses confirm
strong new bone formation and scaffold integration, while mechanical testing indicates
superior load-bearing capacity throughout the healing process. Overall, these findings
highlight the scaffold’s promise as an effective platform for localized drug delivery and
targeted osteogenic support, offering a practical alternative to traditional systemic

chemotherapy in managing bone TB. This approach aligns with emerging strategies in
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tissue engineering that emphasize multifunctional scaffolds capable of simultaneously
addressing infection control and defect repair. Chen et al. (2023) and Zhu et al. (2021)
demonstrated 3D-printed systems targeting infection and osteosarcoma or
osteomyelitis, while Huang et al. (2024) introduced nitric oxide-releasing PEEK
implants with multimodal therapeutic effects. Furthermore, Hua et al. (2022) validated
the concept using a porous tantalum scaffold coated with antitubercular drugs.
Collectively, these advances reinforce the clinical relevance of integrated therapeutic
platforms. The current study contributes to this growing body of work by offering a
bioengineered scaffold that combines the mechanical, biological, and pharmacological

features necessary for effective bone TB management.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusion

Bone tuberculosis (TB) is a serious extrapulmonary manifestation of tuberculosis
caused by the bacterium Mycobacterium tuberculosis, primarily affecting the spine,
long bones, and joints. It presents significant challenges due to its insidious onset,
nonspecific clinical features, and complications such as bone destruction, deformities,
neurological impairment, and potential drug resistance. Conventional treatment
methods that involve long-term systemic administration of anti-TB drugs often have
limitations, including poor drug penetration into bone tissue, systemic side effects, and

issues related to patient adherence.

This study successfully developed and validated a novel 3D-printed multi-component
scaffold incorporating bedaquiline (BQ)-loaded PLGA nanoparticles, specifically
designed for the targeted treatment of bone tuberculosis-related defects. Addressing
a critical gap in current bone TB treatments, this scaffold provides a unique
combination of localized sustained drug delivery and enhanced bone regeneration,

minimizing systemic side effects and reducing the risk of drug resistance.

Correlating with the initial aim and objectives, this research demonstrated the
successful development and optimization of BQ-loaded PLGA nanoparticles utilizing
the solvent evaporation method and Box-Behnken design. The nanoparticles exhibited
suitable physicochemical properties, sustained drug release profiles, and favourable
in-vitro cytotoxicity towards MG-63 cell lines, confirming their therapeutic potential for
bone regeneration applications. Furthermore, the study effectively integrated natural
(sodium alginate), synthetic (polycaprolactone), metal (titanium), and bioactive
(bioactive glass) biomaterials into an optimal ink formulation suitable for 3D printing,
achieving the essential characteristics of osteointegration, mechanical strength,
biocompatibility, and controlled degradation necessary for bone tissue engineering.
Incorporation of the optimized bedaquiline-loaded nanoparticles into this bioink led to
the fabrication of a customized, patient-specific scaffold that demonstrated excellent
physicochemical, mechanical, and morphological properties, supporting both bone

regeneration and localized therapeutic delivery.
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In vivo evaluations employing a rabbit femoral defect model provided robust evidence
of the scaffold’s efficacy in promoting bone repair and sustained localized drug
delivery. Histological, micro-CT, and mechanical testing confirmed significant
enhancement of bone regeneration and integration, alongside effective management
of local TB infection, underscoring its potential clinical applicability. These results
validate the scaffold as an innovative solution for localized, effective, and sustained

treatment of bone TB-related defects.
6.2. Recommendations
Based on these findings, the recommendations for future research are proposed:

e Long-Term In Vivo Studies: Extended studies should be conducted to
thoroughly assess long-term scaffold biocompatibility, biodegradation
behaviour, bone remodelling dynamics, and sustained therapeutic efficacy

beyond the initial healing period observed in this study.

e Mechanistic Studies: Detailed mechanistic investigations are recommended to
elucidate cellular and molecular pathways involved in scaffold-mediated bone
regeneration and the interaction dynamics between scaffold materials and BQ-

loaded nanoparticles in promoting local therapeutic effects.

e Clinical Translation Studies: Pre-clinical studies involving larger animal models
and humanized physiological conditions should be pursued to further validate
safety, efficacy, and dose optimization, paving the way for subsequent clinical

trials.

e Enhancement of Scaffold Functionalization: Future investigations could explore
incorporating additional bioactive agents or growth factors into the scaffold
system, potentially further enhancing therapeutic outcomes, bone regeneration,

and anti-TB efficacy.

e Scalability and Manufacturing Feasibility: While 3D printing offers strong
potential for patient-specific applications, future work should evaluate the
scalability of the scaffold fabrication process using good manufacturing practice
compliant systems. This includes assessing reproducibility, process validation,

and cost-effectiveness at a manufacturing scale suitable for clinical translation.
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e Safety and Regulatory Considerations: Although titanium provides desirable
mechanical strength and bioactivity, potential safety and regulatory hurdles
must be considered for human application, including metal ion release,
immunogenicity, and compatibility with long-term implantation. Additionally, the
cost implications of multi-material scaffolds should be evaluated in the context
of widespread accessibility and affordability, particularly in TB-burdened low-

resource settings.

In summary, this research successfully introduces a highly promising multi-component
scaffold with significant potential to revolutionize the targeted treatment of bone TB,

providing a comprehensive and robust platform for future clinical translation.
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CHAPTER7
NOVARTIS NEXT GENERATION PROGRAM EXPERIENCE

7.1. Overview of the Program

The Next Generation Scientist (NGS) Program is a prestigious initiative held at the
Novartis Campus in Basel, Switzerland, created to empower talented young scientists
worldwide. The program provides selected researchers a unique chance to participate
in advanced scientific research projects under the guidance of leading Novartis
scientists and mentors, fostering an inspiring environment for innovation, collaboration,
and professional development. Participants go through a highly competitive selection
process and receive extensive support, including access to cutting-edge research
facilities, scientific seminars, networking events, mentorship programs, and
customized training workshops. | was honoured to be part of the 2023 cohort of the
NGS Program, spending three months at the Novartis Campus working with a dynamic
research team focused on advanced analytical techniques for pharmaceutical and

biomedical applications.
7.2. Research Focus of Program

The research group at Novartis, which hosted me during the NGS Program, specializes
in developing advanced fluorescence-based analytical techniques to study polymeric
and proteinate materials used in drug delivery systems. The team is dedicated to
understanding and optimizing thermosensitive drug delivery systems (DDS),
particularly focusing on the dynamics of conformational changes within these systems
under various physiological conditions. Their innovative research aims at unravelling
mechanisms of drug encapsulation, controlled release, and delivery efficiency using
sophisticated fluorescence spectroscopy, imaging, and quantitative analysis tools. This
is essential for enhancing targeted therapies, reducing adverse effects, and improving
therapeutic outcomes. During my tenure, | contributed to research activities that
investigated these conformational dynamics, gaining invaluable skills and knowledge
in fluorescence-based quantitative analyses, polymer chemistry, and pharmaceutical

biotechnology applications.
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7.3. Achievements and Work Undertaken During the NGS Program Period

During my participation in the NGS Program at Novartis, | had the opportunity to
present my research to fellow scientists and mentors within Novartis, facilitating
insightful discussions and exchange of ideas that significantly enhanced my

understanding and professional network.

e Quantitative Fluorescence Analysis of Conformational Dynamics in

Thermosensitive Polymeric Drug Carriers

This study explored fluorescence-based quantitative methods to investigate the
conformational changes occurring in polymeric drug carriers responsive to thermal
stimuli. Employing advanced Forster resonance energy transfer (FRET) and time-
resolved fluorescence spectroscopy, we quantified structural rearrangements in
polymer chains at various temperatures, closely simulating physiological conditions.
Results highlighted significant temperature-dependent structural shifts correlating with
drug encapsulation efficiency and controlled release profiles, providing key insights
into the optimization of thermosensitive polymer systems for targeted pharmaceutical

applications.

e Fluorescence-Based Monitoring of Protein Stability in Thermoresponsive

Drug Delivery Systems

We developed and validated novel fluorescence assays to quantitatively monitor the
stability and structural integrity of protein therapeutics encapsulated within
thermosensitive delivery platforms. By analyzing intrinsic protein fluorescence
alongside extrinsic fluorescent labelling techniques, we elucidated critical temperature
thresholds affecting protein conformation and bioactivity. Our findings demonstrated
the precise conditions under which proteins remain stable and therapeutically effective,
significantly contributing to the rational design of advanced protein-based DDSs.

7.4. Highlights and Impact of the Work

The research conducted during the NGS Program significantly advanced our
understanding of fluorescence-based analytical methods in pharmaceutical sciences,
particularly regarding the precise monitoring of conformational dynamics in
thermosensitive drug delivery systems. The innovative approaches developed and

validated during this period have potential implications for optimizing targeted
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therapies and improving patient outcomes by ensuring greater precision and control in
drug delivery. Furthermore, the experience and skills gained through the NGS Program
have enriched my professional development, fostering collaboration and innovation

that align closely with global healthcare research objectives.
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APPENDICES

Appendix A: Supplementary Material
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Figure S1 (a) Normal plot of residuals depicting the impact of model terms on PDI, (b)
Observed versus predicted response for PDI.
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Figure S3 Images depicting daily recovery observations over the first three days post-
surgery, including (a) body temperature, (b) pulse rate, (c) respiratory rate, and (d) gut

motility.
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Figure S4 Weekly weight of the rabbits, with weeks 1 and 2 representing pre-surgery

measurements and weeks 3 to 5 representing post-surgery measurements.
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Figure S5 Representative images showing sterility testing of 3D-printed scaffolds. (a)

Loaded and unloaded scaffolds incubated in sterile PBS prior to plating. (b) Tryptic Soy
Agar (TSA) plates inoculated with supernatant and incubated at 37 °C for 48 hours. (c)
Negative control plate with PBS only, showing no microbial growth. (d, e) Plates with
drug-loaded scaffolds before and after incubation, confirming sterility after 48 hours.
(f) Positive control with Staphylococcus aureus demonstrating robust bacterial growth,
validating media suitability. (g, h) Plates with unloaded scaffolds before and after

incubation, also showing no evidence of microbial contamination.
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Appendix B: Animal Ethics Clearance Certificate

UNIVERSITY OF THE
ANIMALS RESEARCH ETHICS COMMITTEE (AREC) “”*ﬁ"]&ﬁ‘l‘\{l"‘er’l‘lp @

STRICTLY CONFIDENTIAL
CLEARANCE CERTIFICATE NUMBER: AREC23-09-004C

APPLICANT: Mr M Mphaphuli
School: Therapeutic Sciences; Department: Pharmacy & Pharmacology; Location: WRAF

PROJECT TITLE: In vivo evaluation of 3D printed multi-component scaffolds incorperated with
growth factor and bedaquiline nanoparticles for bone regeneration and drug distribution in
young New Zealand rabbits.

Category: C; Species and Numbers involved: 48X, Male, 2.5-3.0 Kg, New Zealand White,

Rabbhits

Approval is hereby given for the use of animals for the research project named above and
described in the application reviewed by a quorate meeting of the AREC held on 28 May 2024,
This approval remains valid until 6 June 2026 and is conditional to the following (if blank there
are no special conditions):

Condition 1 Condition 2 Condition 3 Condition 4

All material changes to the approved research must be reported to the AREC before they are
implemented. Failure to do so will invalidate this clearance certificate.

An annual progress report must be provided to the AREC.

The use of these animals is subject to AREC guidelines on the use and care of laboratory
animals, is limited to the procedures described in the application and is subject to additional
conditions listed below:

I, the Chair of the AREC (or my designated representative) am satisfied that the proposed
reszarch is ethical as judgad by local law, international standards and University policy.

Signed: = Date: __ 07/06/2024
[Chairperson of the AREC)

| am satisfied that the persons listed in this application are competent to perform the
procadures described in the application, in the context of Section 23 (1) (c) of the veterinary
and Para-veterinary Professions Act (19 of 1982).

W‘-ﬂ?"'ﬂ
Date: _07 June 2024

(Registered Veterinarian)
CC: Student supervisor: Prof ¥.E Choonara
Acting Director Wits Ressarch Animal Facility (WRAF): 5r A Rammekwa

Signed:
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Review article ')

Multi-purpose prototypes for extrapulmonary Mycobacterium tuberculosis %8
targeting: A regenerative medicine perspective

Mashudu T. Mphaphuli®, Mduduzi N. Sithele *, Pradeep Kumar *, Pierre P.D. Kondiah °,
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ARTICLEINFO ABSTRACT

Keywaords: Tuberculogiz (TB) io a highly contamious infection caused by Myeoborterium fubereulosiz that primarily affeces the
Estrapulmonary TH lungs but can spread to other orsans. Thio is Lnown as extrapulmonary tuberculosis (EPTB), which includes bane
Mycobacteriam tuberculosis

TB and central nervous syotem TB (CNS-TB). EPTB can zlter the narmal pﬂthnphp&inh)gi:al state of the affectsd
Multi-purpase targeted therapy tisoue :m] affect drug a.b.nurpti.ull. L'.‘.m'uul treztment of bane TH am] L'.'.\'S—T.H imvolves a l:omhi..naliun of anti-TB
Bésnctive three-dimenslonsl seaffolds drugs which can result in Jrug resistance; and also, the sursical intervention treatment, which has a slew of
Béomatesinla drawbaclie such 2z, rectrictesd donor sites and potential harvesting morbidity for autogenous bone grafte limi-
tatlon. Hewewer, to mitigate drug resistance and surgieal limitation of bone TB, a multi-purpose l.'ugmd therapy
platform lo necessary, capable of Jelivering Jrugs while p ing local bone Al b various
nanctechnological-based drug delivery cyoeeme, such 22 pmlrlmm nanoparticles, weslcular carriers, and metallic
naneparticles have been explored, they often lach mechanical preperties and have yielded Limited pesults in
facllitating bane regrowth. This review article examines the curvent use of nanotechnology a0 & drug Jelivesy
pyaeem for ane-TB Jdrugs, encompassing both pulmeonary TB and EPTB treatment. Adlditienally, we explore the
patential of istegrating these nancparticle systems into bioactive thres-limensicnal biomaterial scaffolds
fabricated wzing the 30-printing technalogy, with 2 specific focus on their ability to achieve concurrent bane
regeneration and localised (targeted) drug Jelivery. This innovarive approach has the potential to revalutionize
the treatment of bone TH and CHE-TB.

Namotechnology targeted therapy
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Appendix D: Research Outputs

D1: Microphysiological Systems World Summit 2023 (Poster Presentation). JW
Marriott Hotel, Berlin, Germany, June 26—-30, 2023.

ANOVEL 3D PRINTED MULTI-COMPONENT SCAFFOLDS FOR
TARGETED SPINAL TUBERCULOSIS THERAPY.
Mphaphuli M.T*, Choonara YE?, Kumar P?, Sithole M*, Kondiah P2,

Department of Pharmacy and Pharmacology, Faculty of Health Sciences, University of the
Witwatersrand, Johannesburg, South Africa

Comesponding author.
Email address: 1109238 @students wits.ac.za
Kevwords: Scaffold, Biomatenals, 3d printing, pohmer, bioactive glazs fitanium.

Introduction:

Spinal TB is the most prevalent type of skeletal TB accounting for over 50% of the cases. It
disrupts the nervous system resulting in permanent spine distortion. Early detection and the use
of combination chemotherapy are essential for the treatment and cure of spinal TB. Howewver,
due to low patient compliance and the emergence of dmg-resistant strains, current therapies
have been linked to unsatisfactory therapeutic outcomes. Additionally. the growth of bacteria
in the spine damages the bone, necessitating repair through surgery which leads to bone defects
(1). Currently. no effective strategies to achieve targeted-sustained anti-TB diug delivery and
sufficient bone regeneration. Therefore, this research proposes the design and development of
a duoal-functional 3D-printed drmug-loaded biomaterial scaffold, that addresses local
chemotherapy delivery and critical-size bone defects. This approach has the potential to
overcome challenges of bone regeneration and poor dmug treatment of spinal TB in patients
who have had surgery (2).

Aim: The smdy aimed to develop a novel multicomponent biomaterial scaffold conjugation
using a 3D printing technique for the treatment of spinal TB.

Methods: Fabrication of the mmlticomponent scaffold consisted of a mixture of sodium
alginate. polycaprolactone, pelyvinyl alcohol different concentrations of bicactive glass
titaninm_ and bedaguiline as a model dmg. The composition. structure, mechanical properties.
and in vitro degradability of fabricated scaffolds were characterized. The eytocompatibility and
osteogenic activity of the scaffolds were evaluated by in vifro cell culture.

Result: The results indicated that increasing the glass contents of the scaffold. decreased its
porosity and degradation rate. However, the compressive strength was enhanced. Furthermore,
the incorporation of bedaquiline microspheres improved the cell adhesion proliferation and
osteogenic differentiation of MG63 cultured on the surface of the scaffolds.

Conclusion: This novel formulation has the potential to improve patients’ healing time,
therefore enhancing their quality of life.

Eeferences:

1. Fuparel 5. et al. Surgical Management of Spimal Tuberculosis—The Past, Present. and Future.
Diagnostics. 2022 hm; 12(6):1307.

2. Pei P et al. 3D printed mesoporous bicactive glass/metal-organic framework scaffolds with
antitubercular drug delivery. MMM 2018 Dec 1; 272:24-30.
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D2: 82nd FIP World Congress of Pharmacy and Pharmaceutical Sciences 2024 (Oral
Presentation). Cape Town, South Africa, 1-4 September 2024.

A NOVEL 3D PRINTED MULTI-COMPONENT SCAFFOLD FOR
TARGETED BONE TUBERCULOSIS THERAPY.

Mphaphuli M.T*, Sithole M*, Kumar P*, Kondiah P*, Choonara YE*,

PDepartment of Pharmacy and Pharmacology, Faculty of Health Sciences, University of the
Witwatersrand. Johannesburg, South Africa

Introduction: Bone tuberculosis (TB) is a common form of extrapulmonary TB and accounts
for 1 to 3% of all TB cases. Effective management relies on a combination of chemotherapy
and prompt detection. However, prolonged admimistration of anti-TB dmgs often yields
suboptimal results due to low adherence and drug resistance. Additionally, bacterial
proliferation in bone leads to struchural damage necessitating surgical intervention, resulting in
bone loss and defects. Addressing these challenges necessitates innovative therapeuvtic
strategies. Leveraging 3D-printing technology opens avenues for tailored scaffeld design in
biomedical engineering. Parameters such as mechanical strength.  porosity, and
biodegradability are crucial for scaffold suwccess in bone TB therapy. While individual
biomaterials have limitations, the multi-component approach offers distinet advantages over
single-material scaffolds. The implementation of this pioneering approach holds transformative
potential in bone TB treatment, promising improved patient cutcomes, reduced surgical
interventions, and enhanced quality of Life.

Objective: The research explered the desion fabnication and evaluation of the mmlti-
component scaffold, focusing on its mechanical strength porosity. and biode gradability.

Method: The 4th generation 3D Biﬂplcttﬂm (EnvisionTEC, Germany) was used to fabricate
multi-component scaffolds. The scaffold was developed wsing four sclutions containing
polycaprolactone, sodium alginate, polyvinyl alcohol, and different concentrations of bioactive
glass titanium. The solutions were mixed and homogenized to form a bio-ink suitable for 3D
printing. The parameters for 3D printing were determined using a computer-aided design
(CAD) and involved nozzle size, printing speed, temperature, waiting period, and printing
pressure. The scaffolds were then printed into a solidifying solution of propancl.

Result: The composite's microstructural analysis and BET surface area measurement revealed
that the majority of pores were in the micro-size range_ ranging from 434 = 4.58um to 562 =
10.87pm. Notably., peres larger than 50pum are conducive to cell infiltration and bone
mineralization indicating suitability for tissue regeneration. Initially. the scaffold experienced
a 55% mass loss within 7 days due to bioactive glass-titaninm_ stabilizing thereafter until day
28. Incorporating bicactive glass-titanium into the PCL-PVA-Sedmm Alpinate scaffold
enhanced compressive strength through robust bonding with the polymer matrix. Fourier
transform infrared spectroscopy (FTIR) and X-ray powder diffraction (XBD) data suggested
an interaction between the scaffold and simulated body fluid. Energy-dispersive X-ray
spectroscopy (EDX) analysis revealed the scaffold’s elemental compesition including C1, Ca,
Na, 51, and P pealks, essential for bene healing and regeneration.

Conclusion: This study utilized 3D printing to create multi-component biocomposite scaffolds
with interconnected pores. improving mechanical strength and biodegradation. Adjusting the
bicactive glass-titaninm content allowed for control over the scaffold bicdegradation rate and
mechanical properties.
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