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Abstract

Despite the notable improvements in the management of bacterial infections and sepsis, the mounting
threat of antibiotic resistance on a global scale is leading towards a post-antibiotic era. Nano-drug
delivery systems have improved the delivery and efficacy of various antibiotics. Biomimicry and stimuli-
responsiveness have recently been used to improve the targetability of these nanocarriers, and enhance
their localization at infected sites, thus improving overall therapeutic outcomes and reducing toxicity.
Strategies such as targeting bacterial biofilms and efflux pumps can further enhance the delivery and
effectiveness of antibiotics. Developing smart biomaterials with multifunctional properties to confer
biomimetic, stimuli-responsive and antivirulence properties to antibiotic nanocarriers is the focus of
ongoing research. Therefore, the general aim of this study was to investigate the potential of various novel
multifunctional biomaterial-based hybrid nanocarriers (HNs), including biomimetic and/or pH-responsive
HNs in enhancing the targeted delivery of antibiotics and modulating the proinflammatory response
against bacterial infections and sepsis. In this study, two biomaterials with multifunctional activities,
hyaluronic acid-lysine conjugate (HA-Lys) and tannic acid (TA), were employed to design, formulate,
and extensively characterize innovative biomimetic and pH-responsive HNs for efficient and targeted
delivery of antibiotics.

The novel HA-Lys was synthesized and fully characterized using proton nuclear magnetic resonance (*H
NMR) spectroscopy and Fourier-transform infrared spectroscopy (FT-IR). Then it was successfully
employed with tocopherol succinate (TS) and Oleylamine (OLA) to fabricate biomimetic pH-responsive
vancomycin-loaded hybrid nanostructured lipid carriers (VCM-HNLCs). The prepared VCM-HNLCs
were spherical and had average diameters, zeta potential, polydispersity index, drug encapsulation
efficiency and loading capacity of 110.77 + 1.69 nm, 0.11 + 0.02, -2.92 + 0.21 mV, 76.27 + 1.20 % and
8.36 = 0.25 %, respectively. Both HA-Lys conjugate and its respective nanoformulations had excellent
biosafety profiles (>70 % cell viability and < 1 % hemolytic effect). Possible VCM-HNLCs competitive
inhibition activity to toll-like receptors 2 and 4 (TLR2 and TLR4) was demonstrated via microscale
thermophoresis (MST) analysis, which showed a 5-times and 16-times lower Kq values than their natural
substrates peptidoglycan (PGN) and lipopolysaccharide (LPS), respectively. VCM-HNLCs exhibited a
pH-responsive drug release profile under acidic conditions, higher bacterial killing kinetics, enhanced
antibacterial, anti-biofilm, and efflux pump inhibition activities over bare VCM. Also, they showed an
improved activity in neutralizing reactive oxygen species (ROS) and modulating the inflammatory
response induced by LPS.
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On the other hand, tannic acid (TA) and Oleylamine (OLA) were successfully employed to formulate
biomimetic ciprofloxacin-loaded tannic acid hybrid nanoparticles (CIP-loaded TAH-NPSs) to enhance the
efficacy of CIP against bacterial infections and sepsis. The prepared HNs had onion-shaped morphology,
with average diameters, zeta potential, polydispersity index, drug encapsulation efficiency and loading
capacity of 85.65 + 0.89 nm, 0.126 + 0.01, +16.3 £ 0.23 mV, 68.73 + 0.54 % and 6.86 £ 0.09 %,
respectively. The hemolysis and MTT assays confirmed the biosafety and non-hemolytic activity of CIP-
loaded TAH-NPs formulations (>70 % cell viability and < 1 % hemolytic effect). The results of MST
investigations and in-silico simulations demonstrated that TA and its nanoformulation (CIP-loaded TAH-
NPs) competitively inhibited TLR4 compared to its natural substrate LPS. CIP-loaded TAH-NPs showed
a diffusion-based sustained release profile at physiological pH 7.4. Also, in comparison to bare CIP, the
hybrid nanovesicles demonstrated improved antibacterial, anti-biofilm and efflux pump inhibition
properties, as well as faster bacterial killing kinetics. Moreover, they showed a significant neutralization

of ROS and the ability to control the inflammatory responses brought on by LPS.

In summary, VCM-HNLCs and CIP-loaded TAH-NPs were successfully formulated and showed
significant improvement in antibiotics efficacy and overall therapeutic outcomes. This study confirmed
the potential of biomimetic stimuli-responsive antibiotic hybrid nanocarriers for enhancing antibiotic
efficacy against bacterial sepsis and addressing the antimicrobial resistance crisis. The data from this
study has resulted in one first-authored review article, two first-authored research publications and one

co-authored review article.
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CHAPTER 1. INTRODUCTION

1.1 General Introduction

This chapter provides a brief overview of the study, including the current status of bacterial infections and
associated sepsis, and emphasizes the various challenges associated with the increasing emergence of
resistant bacteria, as well as the limitations of existing antibiotic therapy. This chapter further discusses
recent advances in nano-drug delivery systems, including the design of hybrid nanocarriers using
bioactive materials and the use of stimuli-responsive and biomimetic approaches to improve the clinical
outcomes of antibiotics in treating bacterial infections and sepsis. Highlights of problem identification and
justification, the aims and objectives, the novelty and significance of the study, and the overall structure
of the thesis are also presented.

1.2 Background
Bacterial infections play a significant role in global morbidity and mortality, particularly in regions with
limited access to healthcare resources, such as Sub-Saharan Africa [1]. In 2019, 7.7 million people died
from bacterial infections worldwide, accounting for 13.6% of all global deaths, making bacterial
infections the second leading cause of mortality [2, 3]. The prevalence of bacterial infections and
antimicrobial resistance (AMR) remain public health issues of global concern [4]. According to recent
World Health Organization (WHO) publications, AMR ranks among the top 10 global public health and
socioeconomic challenges affecting human life [5, 6]. Infections due to AMR bacteria are increasing
worldwide, bringing the threat of untreatable infections closer to reality [7]. It is estimated that more than
35,000 people die from AMR infections in the EU/EEA each year, outpacing deaths from influenza,
tuberculosis and HIV/AIDS [8]. In sub-Saharan Africa the burden of AMR is largely unclear.
Measurement of AMR burden in community and hospital settings; microbiological acquisition of AMR;
genotypic development of AMR mechanisms and transmission patterns are among the significant gaps in
AMR data in Africa [9]. Additionally, AMR appears to be a low priority in most countries in Sub-Saharan
Africa, despite the urgent need for more coordinated measures, as shown by the scant number of
implemented national action plans [10]. According to the latest report published by the Lancet Glob
Health (2024), there were an estimated 1.05 million deaths associated with bacterial AMR in the WHO
African region in 2019 [11], and unless action is taken quickly enough, an additional 10 million people

will die worldwide from drug-resistant infections every year by 2050 (Figure 1) [12].
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On the other hand, sepsis, a fatal complication of impaired immune response to systemic infections, has
been identified as a serious threat to the healthcare system [13]. Even with advanced medical care, sepsis
carries a significant risk of mortality worldwide [14]. The 2020 Global Burden of Disease Report on
sepsis shows that, 48.9 million people were diagnosed with sepsis and 11 million died in 2017, making it
a bigger killer than cancer [15]. Most significantly, a Lancet study revealed secondary bacterial infections
and severe sepsis as complications in COVID-19 patients, posing further risks to their recovery [16].
Therefore, addressing bacterial infections and sepsis requires urgent attention and should be given a high

priority in public health.

AME [n 2050
10 mion

TwTaTisE
B0 200

Aot Lrathe

agcidwnin Ewfiiif

1.0 i s L mdsn

AT Aila
T o

b M

mpneing CHbemm
1THETHI) LM
T

TR TV
dismase DisEres
& e L ETTT 58 1 il

Figure 1. The anticipated worldwide mortality rate from AMR and other causes by 2050 [17].

In the realm of modern medicine, antibiotics stand as formidable weapons against bacterial infections
since their discovery in the early 20" century. They have revolutionized the healthcare sector by
effectively managing life-threatening diseases like sepsis and greatly improving the safety of surgical
procedures, leading to a substantial reduction in mortality rates and saving countless lives [18].
Antibiotics have been currently used in treating both planktonic and biofilm-related infections. [19]. They
target bacteria through various mechanisms, depending on the type of antibiotic and the bacterial strain
[17]. These mechanisms rely on blocking specific bacterial intracellular targets or inhibiting essential
bacterial metabolic pathways, such as inhibition of cell wall synthesis (B-lactams and vancomycin),

interference with vital protein synthesis (erythromycin), disruption of cell membrane integrity
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(Polymyxin), disruption of folic acid metabolism (sulfonamides), and inhibition of nucleic acid synthesis
(ciprofloxacin) (Figure 2)[17, 20, 21]. However, resistance to nearly all classes of currently in use
antibiotics has evolved, as bacteria develop defense mechanisms to withstand the effects of antibiotics,
making these once-effective drugs increasingly ineffective [22]. They are capable of acquiring mutations
in their genetic material (DNA) either through natural processes under the effect of external antibiotic
pressure (spontaneous mutations) or through horizontal gene transfer within and/or between bacterial
populations in biofilms [17]. Other intrinsic mechanisms of antibiotic resistance include enzymatic
inactivation, alteration of antibiotic target sites, modification of cell components, efflux pumps expression
and biofilm formations [23, 24]. Furthermore, bacteria can simultaneously use multiple resistance
mechanisms, rendering them extremely resistant to all antibiotics (superbug) and giving rise to multi-drug
resistant (MDR) bacterial strains, which are difficult to eradicate and necessitate multiple and high doses

of antibiotics [22].
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Figure 2. Bacterial targets of antibiotics and resistance mechanisms [21].

The misuse and overuse of antibiotics [25], along with the challenges associated with conventional

antibiotic dosage forms such as sub-optimal concentrations, poor pharmacokinetic properties, enzymatic

degradation and inadequate targeting, have been widely recognized as significant contributing factors to

antimicrobial therapy failure, infection recurrence, and development of AMR [26-28]. Moreover, the
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complex molecular pathophysiology of sepsis can significantly impact antibiotic therapy in multiple ways
[29]. For instance, the dysregulated systemic inflammatory response to infection which ultimately results
in multiorgan failure can lead to increased distribution and clearance of antibiotics from the bloodstream.
As a result, higher doses or more frequent administration may be necessary to achieve therapeutic levels
[30]. Additionally, changes in blood flow, organ perfusion, drug biodistribution and metabolism in sepsis
can affect the drug's pharmacokinetics and its effective concentrations in tissues and compartments [31,
32]. These factors are known to play a substantial role in the breakdown of infection control and
increasing healthcare expenditures [33]. Moreover, the prohibitive cost of bringing a new drug to market,
the low success rate in clinical trials, the possibility of antibiotic resistance even to new classes of
antibiotics, and difficulties in obtaining regulatory approval are the primary reasons for the declining
adoption of new antibiotics from the pharmaceutical industry, resulting in the depletion of antibiotics
pipeline (Figure 3) [28, 34]. For these reasons, more innovative delivery approaches that can be

efficiently used for combating bacterial infections and sepsis are urgently required.
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Figure 3. (A) The incidence of antimicrobial resistance (AMR) is overshadowing the decreasing
availability of antibiotics. (B) The rate of antibiotic discovery 1930-2010 and the first incidence of
resistance to the same antibiotic [28].
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Over the past few decades, the escalating challenge of antibiotic-resistant bacteria has prompted a
paradigm shift in medicine, with nanotechnology emerging as a beacon of hope. Antibiotic-delivering
nanomedicines provide an opportunity to boost the effectiveness of antibacterial regimen and tackle the
obstacles associated with conventional antibiotics [35]. By harnessing the unique properties of
nanoparticles, scientists have made significant strides in developing targeted drug delivery systems that
enhance the efficacy of antibiotics while minimizing side effects [36]. These nanosystems render
numerous advantages over conventional therapies, including higher solubility, enhanced stability and
improved bioavailability [37]. In addition, their unique nanoscale size, shape and surface charge allow
them to easily pass through the endothelium in an inflammatory region and accumulate effectively in the
site of infection, which promotes the targeting of antibiotics to bacteria [38]. Furthermore, the high
surface-to-volume ratio of these nanoparticles permits surface functionalization and enhances the drug
loading capacity, which together with their strong affinity for bacteria help to produce effective
antibacterial activity [39]. Moreover, encapsulating antibiotics into nanoparticles can protect the drugs
from enzymatic attack, improve their pharmacokinetic profile and therapeutic index, offer controlled and
sustained release profiles and can also decrease the exposure of the drug to normal tissues. These
advantages can, in turn, reduce the toxicity and adverse side effects associated with high systemic drug
and frequent dosing [40].

Most significantly, nanoparticles-based drug delivery systems have the potential to effectively circumvent
the AMR mechanisms through multiple pathways as shown in Figure 4 [41]. For instance, the targeted
delivery of the antibiotic nanocarrier to the site of infection promotes the accumulation and release of
higher drug concentrations at the infection site for prolonged period of time. Exposure of bacteria to these
high concentrations may prevent the growth and promote the killing of both susceptible and dormant
populations without increasing the dose [42]. Similarly, the nanoparticles, owing to their small size,
possess the ability to damage bacterial biofilms, thereby permitting drugs to easily penetrate the biofilm
and subsequently eradicate the bacteria [43]. They can also be engineered to bypass or inhibit bacterial
efflux pumps, enabling the antibiotic to remain within the bacterial cell and exert its bacteriostatic or
bactericidal effects [44]. Other strategies that can further enhance the potential of nanoparticles in
combating AMR include disrupting bacterial membranes, altering drug-pathogen interactions, and
promoting intracellular uptake [45]. By employing these strategies, nanoparticles offer a multifaceted
approach to enhance the efficacy of antibiotics and provide new tools in the battle against MD bacterial

infections.
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Figure 4. Different mechanisms exist by nanocarriers for antimicrobial treatment and control of MDR
bacteria [41]

Numerous nanosystems, including polymeric nanoparticles [46], micelles [47], dendrimers [48],
liposomes [49], solid lipid nanoparticles [50] and nanoplexes [51], have been investigated for antibiotic
delivery since Alec D. Bangham and his colleagues developed the first nanocarrier, liposomes, in 1965
[52]. One of the promising nanodrug delivery system (NDDS) for antibiotic delivery are hybrid
nanocarriers (HNs), which are composed of a variety of biomaterial combinations, at sub-micrometer
scales [53]. The use of HNs has proven to be a solution for the difficulties associated with drug delivery
and treatments, as they enable the creation of nanosystems that possess the desirable properties of the
combination of biomaterials used to create them, while addressing their drawbacks [54]. HNs have
demonstrated the ability to overcome the constraints present in non-hybrid nanocarriers, such as poor
biocompatibility, premature drug release, rapid elimination, instability in storage, and unacceptable
toxicity resulting from long-term exposure [55]. HNs have lately received attention for antibacterial
delivery thanks to their numerous advantages, which include good biodegradability and biocompatibility,
high loading capacity, robust structural integrity, chemical diversity for targeting and versatility in
functionalization [39, 56]. However, challenges still exist for achieving maximum targeting and
interaction with bacteria at the infection site. Given the rapid advances in nanotechnology, several
strategies have been proposed to maximize the potential of HNs in the treatment of bacterial infections
and sepsis, including the design of stimuli-responsive and biomimetic NDDSs.
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Recently, the advancement in stimuli-responsive nanosystems has improved the targeted delivery of
antibiotics to the site of infection. These nanomaterials can be triggered by various biochemical signals
characterizing the bacterial and sepsis microenvironment such as alterations in pH and redox potential, the
action of bacterial enzymes and the overproduction of reactive oxygen species (ROS) (Figure 5), which
enable precise and on-demand release of antibiotics at the site of infection and improved interaction with
the targeted bacteria [39, 57]. By taking this approach, the risk of antibiotic leakage can be minimized,
and the accumulation of nanocarriers can be particularly concentrated in the infected area, resulting in a
higher drug concentration at the infection site [58], which consequently improves bacterial targeting and

minimizes toxicity and unfavorable side effects.
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Figure 5. Emerging triggered and controlled drug delivery systems using stimuli-responsive
nanoparticles [57].

Among various stimuli responses, pH appears to be an attractive biomarker for targeted antibiotic
delivery, as some pathogenic bacteria such as Staphylococcus aureus (S. aureus) and Pseudomonas
aeruginosa (P. aeruginosa), generate acidic environments at the infection site through their metabolic
processes and the host's immune response to infection [59, 60]. Incorporating pH-responsive properties
into an NDDS represents an attractive strategy that holds great promise in the fight against bacterial
infections and sepsis. The design of pH-responsive nanocarriers involves the use of different
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biocompatible materials that ensure stability under physiological conditions while undergoing structural
changes in response to pH alterations, triggering drug release at the infection site, and allowing
eradication of the bacteria in a highly localized manner [58]. Several pH-sensitive biomaterials, including
natural polymers (chitosan and alginate), fatty acids (oleic acid), and fatty amines (Oleylamine (OLA) and
stearylamine), have been used to create pH-responsive nanocarriers with improved drug loading and
fewer side effects [61-63]. However, there is still a need to expand the scope of pH-responsive nano-

delivery of antibiotics to effectively treat bacterial sepsis and combat the growing AMR.

On the other hand, biomimicry is currently being investigated as a potential strategy to improve the
advantages of NDDSs by mimicking biological structures or disease-associated cellular communication
pathways, which leads to an increased attraction to target cells [64]. Biomimetic nanocarriers offer several
advantages that can potentially lead to more effective and personalized treatments. These advantages
include enhanced targeting and specificity to the drug action site, improved biodegradability, and greater
compatibility with biological systems [65]. In addition, they can be engineered to bypass or overcome
various physiological barriers in the body, allowing for more efficient drug delivery [66]. Furthermore,
the surface modification of biomimetic nanocarriers can be tailored to specific biomarkers associated with
a disease condition, which potentially improves the overall treatment outcomes [67]. Considering these
benefits, biomimetic nanocarriers can be engineered to mimic multiple inflammatory pathways in
bacterial infections and sepsis with the goal of optimizing their targeting to the infection

microenvironment.

Upon infection of the host cell, pattern recognition receptors such as toll-like receptors (TLRs) are
activated by structurally conserved microbial toxins, which allows the innate immune system to recognize
and identify invading bacteria [68]. The interaction between specific microbial components, such as
lipoteichoic acid (LTA), peptidoglycan (PGN), and lipopolysaccharide (LPS) and TLRs leads to the
activation of inflammatory responses that helps in eliminating the invading bacteria [69]. Nevertheless, in
cases of severe sepsis caused by bacterial infection, excessive and unregulated TLR activation takes
place, resulting in overpowering systemic inflammation, oxidative stress, and damage to multiple organs
[70]. Clarifying the function of TLR activation in bacterial sepsis is essential for creating therapies that
can regulate the immune response and enhance the chances of survival in patients with sepsis. Motivated
by this natural process of bacterial recognition and immune activation, recent studies show an interest in
developing therapeutic inhibitors of TLRs, with a specific focus on treating sepsis resulting from

infections.[71-74]. These studies have revealed that small molecules, such as glycopeptides, steroids, and

28



antibodies, can competitively bind to TLRs and have demonstrated promising outcomes in reducing TLR
signaling activity in several inflammatory conditions [74-76]. As a result, this strategy of minimizing
TLR activation by inhibiting their binding to bacterial toxins can be applied as a biomimetic approach to
an antibiotic nanocarrier, in order to enhance the overall treatment outcomes of bacterial infections and
sepsis. More interestingly, merging this biomimetic principle with the pH-responsive approach in HNs

could be a promising approach for potentiating the effectiveness of antibiotics against bacterial sepsis.

Furthermore, bacterial biofilms and efflux pumps can significantly contribute to the development of
chronic infections that can progress to sepsis. The extracellular matrix of biofilms provides a protective
barrier that prevents the penetration of antimicrobial agents and immune cells, leading to a high level of
resistance to treatment for biofilm-associated infections.[77]. Also, efflux pumps are vital for the survival
and adaptability of bacteria in their natural habitats. These molecular mechanisms have evolved to
actively expel a diverse range of antimicrobial substances from the cell of bacteria, which allows the
bacteria to endure and proliferate even when exposed to deadly antibiotic concentrations [78]. Targeting
bacterial biofilms and efflux pumps is an additional strategy that can be utilized in NDDSs to enhance the
effectiveness of antibiotics to prevent AMR and treat infections associated with sepsis.

In summary, developing an advanced HN integrating the biomimetic principle and pH-responsiveness
with biofilm eradication and efflux pump inhibition approach could be a novel antibacterial-
immunoregulatory strategy that requires an innovative combination of materials with multifunctional

properties to enhance the efficacy and targeted delivery of antibiotics against bacterial sepsis.

A variety of biomaterials have been employed in the creation of nanosystems that demonstrate
biocompatibility, extended circulation time, appropriate engagement with targeted pathogens and optimal
localization at infection sites. This approach has been shown to be effective in the fabrication of drug
delivery systems that potentiate the therapeutic effectiveness of loaded antibiotics [79]. In this regard,
natural biomaterials such as hyaluronic acid (HA) and -lysine (Lys) are gaining popularity as excellent
bioactive materials for effective drug delivery, thanks to their anti-inflammatory and antioxidant
properties, excellent bio-safety profiles, biocompatibility and ease of fabrication into various
nanosystems. Similarly, natural polyphenols like tannic acid (TA) and vitamin derivatives like tocopherol
succinate (TS) are increasingly being recognized as outstanding bioactive materials for antibiotic drug
delivery, due to their excellent biocompatibility properties, intrinsic antimicrobial activity, anti-
inflammatory effects, antioxidant properties, and ability to inhibit bacterial biofilms and efflux pumps.
Likewise, fatty amines such as OLA, possess unique properties that can be applied to the development of
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drug delivery systems. Their pH-dependent functionality and inherent antimicrobial properties can be
leveraged to create nanosystems with controlled drug release and improved therapy for the treatment of
infectious diseases. As a result, using such biomaterials to design smart HNs with multifunctional
properties that can respond to pH and/or mimic biological processes may enhance the effectiveness and
overall clinical performance of existing antibiotics against bacterial infections and associated sepsis.

Therefore, the general aim of this study was to explore the potential of various novel multifunctional
biomaterial-based HNs, including biomimetic and/or pH-responsive HNs in enhancing the targeted
delivery of antibiotics and suppressing the proinflammatory response against bacterial infections and

sepsis.

In this regard, the first aim of this study was to combine biomimicry and stimuli-responsive principles
through the design and synthesis of a novel biomimetic hyaluronic acid-lysine conjugate (HA-Lys) and
subsequently exploit the attributes of the synthesized polymer with TS and OLA in the formulation of
multifunctional biomimetic pH-responsive hybrid nanostructured lipid carriers (HNLCs) loaded with
vancomycin (VCM-HNLCSs), to combat bacterial-induced sepsis. The creation of a novel HA-Lys
conjugate that possesses both TLRs antagonistic properties (due to the HA moiety) and oxidative stress
reduction activities (due to the Lys moiety) could potentially offer a therapeutic adjuvant with increased
potency and targeting against sepsis-causing bacteria. In our scenario, we anticipated that the modified
HA-Lys polymer would impart biomimetic properties to the system by simulating the natural PGN-TLR2
and LPS-TLR4 interactions. This would be accomplished by the direct and competitive binding of the
HA-Lys conjugate to the host TLRs, thereby preventing their binding to the bacterial endotoxins (PGN
and LPS), which would result in the modulation of host immune response, reduction of oxidative stress,
and the control of inflammatory cytokine levels. On the other hand, TS may have the potential to decrease
bacterial antibiotic resistance by inhibiting biofilm formation and efflux pumps. Furthermore, the
controlled and triggered release of VCM from HNLCs could be enhanced through the pH-sensitive
properties of OLA. In general, this innovative multifunctional HN provides multiple mechanisms of
action to eliminate MRSA and reduce excessive inflammatory activation for optimal therapeutic
outcomes against bacterial infections and sepsis. The data obtained from the synthesis and
characterization of HA-Lys conjugate, formulation, and optimization of VCM-HNLCs, in vitro
characterization, and in vitro antibacterial, antioxidants and anti-inflammatory studies are presented in
Chapter 3.
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The second aim of this study was to develop a novel HN integrating the biomimetic principle with biofilm
eradication and efflux pump inhibition approaches. In this study, we proposed a HN derived from TA and
OLA, to improve the efficacy of ciprofloxacin (CIP-loaded TAH-NPs) against bacterial-induced sepsis
through several combined strategies. First, TA could lower bacterial infectivity and resistance
mechanisms via its possible actions against bacterial biofilms and efflux pumps. Also, it could confer
biomimetic properties to the system by mimicking the natural LPS-TLR4 interaction, which would be
achieved by the direct and competitive binding of TA to TLR4 in the host cells, thereby reducing the
LPS-induced hyperactivation of TLR4 and the subsequent downstream signal activation. In addition to its
ability to neutralize ROS, TA contributes to modulating the host’s immune response, controlling
inflammatory cytokine levels and reducing oxidative stress. On the other hand, OLA could provide
mechanical strength, stability, improved loading capacity, effective permeation into bacterial membrane,
and may work synergistically with CIP and TA to combat both Gram-positive and Gram-negative
bacteria. Overall, this novel nanosystem could be a fruitful avenue in sepsis research, with the potential to
significantly reduce the severity of this fatal disease and enhance treatment outcomes. The data resulting
from the formulation of CIP-loaded TAH-NPs, optimization, in vitro characterization, in silico studies
and in vitro antibacterial, antioxidant and anti-inflammatory studies are reported in Chapter 4.

1.3 Problem Statement

The burden of bacterial infections and sepsis is rising worldwide, particularly in low-income countries.
They are considered significant problems in the healthcare sector that require prompt attention. The
current global crisis of antibiotic resistance, coupled with the scarcity of new antibiotics has significantly
hindered the treatment of patients with bacterial sepsis, resulting in treatment failures, prolonged hospital
stays, and ultimately increased morbidity and mortality rates. Additionally, the efficacy of existing
antibiotics is reduced due to many factors such as poor pharmacokinetic properties, low bioavailability,
poor drug penetration into the infection site and fast degradation, resulting in subtherapeutic
concentrations, higher therapeutic dose requirements, and increased risk of toxicity. NDDSs including
HNSs hold great promise in the fight against sepsis and bacterial infections, thanks to their remarkable
advances in antibiotic therapy. However, difficulties for achieving optimal targeting and interaction with
bacteria at the infection site still exist. Consequently, more sophisticated stimuli-responsive and
biomimetic approaches have been used with the goal of improving the targetability of the nanocarriers
and enhancing the localization of antibiotics at the infected sites, thereby increasing the therapeutic

outcomes, and reducing adverse toxicity. Furthermore, targeting bacterial biofilms and efflux pumps is an
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additional tactic that can further enhance the antibiotics’ delivery and activity. Even more interestingly,
there is an additional advantage in the development of biomimetic nanocarriers that can modulate the
signalling pathways of bacterial sepsis and function as therapeutic agents. The use and/or synthesis of
smart biomaterials with multifunctional activity to confer biomimetic, stimuli-responsive, and
antivirulence properties to antibiotic nanocarriers remains an active area of research that could provide

innovative and promising results in the fight against bacterial infections and associated sepsis.

1.4 Aims and Objectives of the Study

The study was broadly aimed to design, synthesize, and characterize novel biomaterials with
multifunctional activities for the development of biomimetic and/or pH-responsive HNs to enhance the
targeted delivery of antibiotics and modulate the proinflammatory response against bacterial infections
and sepsis. In order to achieve this goal, the study pursues the following specific aims and objectives:

Aiml

The study aimed to synthesize a novel HA-Lys conjugate and to explore its potential with TS and OLA in
the formulation of multifunctional biomimetic pH-responsive HNLCs to improve the targeted delivery of
vancomycin (VCM-HNLCSs) against bacterial infections and sepsis.

In order to achieve this aim, the specific objectives of the study were:

1. To synthesize HA-Lys conjugate using a simple amidation reaction.

2. To characterize the synthesized HA-Lys conjugate by FT-IR and *H NMR.

3. To confirm the biosafety of HA-Lys by performing cytotoxicity studies.

4. To use the synthesized HA-Lys with TS and OLA in the production and optimization of VCM-
HNLCs using a hot homogenization ultra sonication technique

5. To characterize the formulated VCM-HNLCs in terms of average particle size, polydispersity
index (PDI), zeta potential (ZP), pH-responsiveness, entrapment efficiency (EE %), drug loading
capacity (DL % w/w), surface morphology, thermal profile, pH-responsive in vitro drug release,
and physical stability studies.

6. To confirm the biosafety of VCM-HNLCs by performing cytotoxicity and hemolysis studies.

7. To determine the binding affinity of HA-Lys and VCM-HNLCs to human TLR2 and TLR4 using
microscale thermophoresis (MST).

8. To assess the formulated VCM-HNLCs for their in vitro antibacterial, antibiofilm, efflux pump

inhibition, antioxidant and anti-inflammatory efficacy.
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Aim 2

This study aimed to formulate a novel HN derived from TA and OLA for the biomimetic targeted

delivery of CIP against bacterial infections and sepsis
In order to achieve this aim, the detailed objectives of the study were:

1. To formulate and optimize CIP-loaded TA-HNPs using a hot ultrasonic dispersion method.

2. To characterize the formulated CIP-loaded TA-HNPs in terms of average particle size, PDI, ZP,
EE %, DL % w/w, nanoparticle morphology, thermal profile, in vitro drug release, and physical
stability studies.

3. To confirm the biosafety of CIP-loaded TA-HNPs by performing cytotoxicity and hemolysis
studies.

4. To determine the binding affinity of TA and CIP-loaded TA-HNPs to TLR4 using in-silico
investigations and confirm the binding using MST.

5. To assess the formulated CIP-loaded TA-HNPs for their in vitro antibacterial, antibiofilm, efflux
pump inhibition, antioxidant and anti-inflammatory efficacy.

1.5 The Novelty of the Study

The novelty of the study is presented in two experimental studies.

Aim 1

The novelty of the experimental research, presented in Chapter 3, is discussed in the following section:
e This study reports for the first time the synthesis of a modified HA-Lys polymer.
e This study reports the first application of HA-Lys as a targeting adjuvant to treat bacterial sepsis.
e This study reports the first stimuli-responsive HNLCs for the delivery of any class of drug.
e This study also reports the first combined biomimetic and pH-responsive HNLCs to deliver

antibiotics against bacterial sepsis.

Aim 2

The novelty of the experimental research presented in Chapter 4 is discussed in the following section:
e This study reports the first HN formulated using TA and OLA to deliver any class of drug.
e This study reports the first application of a HN that simultaneously combined biomimicry with

efflux pump inhibition and biofilm eradication approaches.
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e This study reports for the first time the strategy of using TLRs as a pathway for immune

regulation in drug delivery.

1.6 Significance of the Study

This study presents groundbreaking and advanced strategies in the treatment of bacterial infections and
sepsis. The NDDSs proposed in this study are innovative nanocarriers that specifically target both the site
of bacterial infection and the sepsis microenvironment. This allows for efficient delivery of antibiotics to
eliminate the causative bacteria, overcome AMR mechanisms, and minimize the overactivation of TLRs
that occurs during sepsis. As a result, the proposed strategies exhibit enhanced antibacterial efficacy and
improved inflammatory responses, leading to better therapeutic outcomes and patient compliance. The
following highlights the significance of this study:

e New pharmaceutical products
The present study introduces unique pharmaceutical products, namely, novel targeting ligands and HNs,
which have not been previously reported in the literature. This creative approach has the potential to
encourage local pharmaceutical companies to develop more cost-effective products, thereby enhancing

their competitiveness in the global pharmaceutical market, which is known to be highly profitable.

e Improved patient well-being and disease control
The advanced HNs presented in this work could potentiate the treatment of patients with severe bacterial
infections and sepsis worldwide. They could also benefit individuals suffering from COVID-19 and other
illnesses exacerbated by bacterial infections and sepsis, leading to better disease management, improved

patient lives, and reduced mortality rates.

e Generating new knowledge for the scientific community
The innovation of this study will open new avenues for research and development worldwide in the field
of manufacturing techniques, synthesis strategies, and design approaches for the creation of innovative
and intelligent biomaterials and their subsequent use in the production of novel stimuli-responsive and
biomimetic NDDSs. It will also shed light on the in vitro characteristics of these novel nanocarriers. The
study may help scientists whose work is relevant in developing novel NDDS that will improve the

potential use of these drugs in medicine.
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e Conceptualization of new research
The proposed novel multifunctional biomaterials and their associated nanoformulations (VCM-HNLCs
and CIP-loaded TAH-NPs) as strategies to improve antibiotic delivery to infection sites, and their overall
therapeutic effect in treating complicated bacterial infections and sepsis, may stimulate further studies on
their scalability, clinical evaluation, other potential applications, and the design and synthesis of other

novel biomimetic and targeting biomaterials.

1.7 Overview of the Thesis

The research work performed in this thesis is presented in a publication format in accordance with the
guidelines of the College of Health Sciences, University of KwaZulu-Natal. It specifies the inclusion of a
brief introductory chapter, published/submitted papers and a final concluding chapter. At least three first-

authored papers, two of which must be experimental, should come from a Ph.D. study.
CHAPTER ONE: INTRODUCTION

This chapter provides a brief overview of the study, including the current status of bacterial infections and
associated sepsis, and emphasizes the various challenges associated with the emergence of resistant
bacteria, as well as the limitations of existing antibiotic therapy. This chapter further discusses recent
advances in nano-drug delivery systems, including the design of hybrid nanocarriers using bioactive
materials and the use of stimuli-responsive and biomimetic approaches to improve the clinical outcomes
of antibiotics in treating bacterial infections and sepsis. Highlights of problem identification and
justification, the aims and objectives, the novelty and significance of the study, and the overall structure

of the thesis are also presented.
CHAPTER TWO: REVIEW PAPER

This chapter focuses mainly on the recent developments, technological advancements, and contributions
of the various hybrid nanosystems created for antibacterial delivery. The review first provides a
theoretical overview on different hybrid nanosystems, including lipid-polymer hybrid NPs (LPHNPs);
organic-inorganic hybrid NPs; metal-organic frameworks (MOFs); cell membrane-coated hybrid NPs
(CMCH-NPs); and hybrid NPs-hydrogels, and their design approaches. The significance and limitations
of using these novel NDDSs in the treatment of bacterial infections are then critically discussed and

evaluated in detail. Finally, this review identifies the future strategies required to optimize the potential of
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hybrid nanosystems for treating bacterial infections. This chapter is a first-authored review article
published in Q1 ISI International Journal: Journal of Controlled Release (Impact Factor = 11.467).

CHAPTER THREE: EXPERIMENTAL PAPER ONE

This chapter addresses Aim 1, Objectives 1-8, and is a first-authored experimental paper submitted to an
ISI International Journal: International Journal of Biological Macromolecules (Manuscript ID:
IJBIOMAC-D-23-18902). (Impact factor: 8.2). This article highlights the synthesis of a novel HA-Lys
conjugate and explores its biomimetic activity to competitively inhibit bacterial-TLRs induced
inflammatory responses using in vitro investigations. It also highlights the formulation, optimization, and
characterization of multifunctional biomimetic pH-responsive VCM-HNLCs, which were prepared from
the synthesized HA-Lys, TS, and OLA to enhance VCM delivery. Furthermore, it evaluates the
biocompatibility, hemocompatibility, in vitro TLR2 and TLR4 binding affinity, in vitro antibacterial,
antibiofilm, efflux pump inhibition, antioxidant, and anti-inflammatory activities of the prepared VCM-
HNLCs.

CHAPTER FOUR: EXPERIMENTAL PAPER TWO

This chapter addresses Aim 2, Objectives 1-5, and is a first-authored experimental paper submitted to an
ISI International Journal: International Journal of Pharmaceutics (Manuscript ID: 1IJPHARM-D-23-
03925) (Impact Factor: 5.875). This article highlights the formulation, optimization, and characterization
of biomimetic CIP-loaded TAH-NPs to enhance CIP delivery. Also, it highlights the in vitro cytotoxicity,
non-hemolytic activity, TLR4 binding affinity using in-silico and in vitro tools, in vitro antibacterial,
antibiofilm, efflux pump inhibition, antioxidant, and anti-inflammatory activities of the prepared CIP-
loaded TAH-NPs.

CHAPTER FIVE: CO-AUTHORED PUBLICATIONS

In addition to the first-authored papers presented in Chapters 2, 3, and 4, | have also contributed as a co-
author in another paper published by our group during the period of my Ph.D. study. This publication
shared the same broad aims of this Ph.D. project to improve the delivery and effectiveness of antibiotics
through the development of an advanced novel drug delivery system. As such, it has been included in this
thesis. This chapter includes a review paper published in an ISl International Journals: WIREs

Nanomedicine and Nanobiotechnology (Impact Factor: 9.125).
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CHAPTER SIX: CONCLUSION

This chapter presents the key findings and the overall conclusions of this study. It describes the
significance and the limitations of the study and offers suggestions for further research in the field of HNs

using stimuli-responsive and biomimetic approaches for antibiotic delivery.
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CHAPTER 2. REVIEW PAPER

2.1 General Introduction

This chapter focuses mainly on the recent developments, technological advancements, and contributions
of the various hybrid nanosystems created for antibacterial delivery. The review first provides a
theoretical overview on different hybrid nanosystems, including lipid-polymer hybrid NPs (LPHNPS);
organic-inorganic hybrid NPs; metal-organic frameworks (MOFs); cell membrane-coated hybrid NPs
(CMCH-NPs); and hybrid NPs-hydrogels, and their design approaches. The significance and limitations
of using these novel NDDS in the treatment of bacterial infections are then critically discussed and
evaluated in detail. Finally, this review identifies the future strategies required to optimize the potential of
hybrid nanosystems for treating bacterial infections. This chapter is a first-authored review article
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2.4 Published Manuscript
Abstract

Hybrid nanoparticles (NPs) are emerging as superior alternatives to conventional nanocarriers for
enhancing the delivery of antibiotics and improving their targeting at the infection site, resulting in the
eradication of bacterial infections and overcoming antimicrobial resistance. They can specifically control
the release of antibiotics when reaching the targeted site of infection, thus enhancing and prolonging their
antimicrobial efficacy. In this review, we provide a comprehensive and an up-to-date overview of the
recent advances and contributions of lipid-polymer hybrid NPs; organic-inorganic hybrid NPs; metal-
organic frameworks; cell membrane-coated hybrid NPs; hybrid NP-hydrogels; and various others, that
have been reported in the literature for antibacterial delivery, with emphasis on their design approaches;
the nanomaterials constructed; the mechanisms of drug release; and the enhanced antibacterial efficacy of
the reported hybrid nanocarriers. This review also highlights future strategies that can be used to improve
the potential of hybrid nanosystems to treat bacterial infections and overcome antibiotic resistance.

Keywords
Hybrid nanosystems, antibacterial, drug delivery, bacterial infections, antibiotic resistance, nanocarriers.

1. Introduction

Bacterial infections and their induced diseases, like sepsis, are major causes of mortality worldwide. They
are considered to cause significant public health challenges, especially in low-income countries [80]. In
2017, there were 48.9 million cases of sepsis globally, with nearly 11 million deaths related to sepsis [81].
Moreover, the emergence and prevalence of multidrug-resistant bacteria (MDR) have led to antimicrobial
resistance (AMR), which is an increasing threat to human health. [82]. A recent report published by the
Centers for Disease Control and Prevention (CDC) stated that antibiotic-resistant bacteria cause more
than 2.8 million illnesses each year, with 35,000 deaths, in the United States [83]. Furthermore, the
complications resulting from secondary bacterial infections caused by antibiotic-resistant bacteria have
increased the rates of morbidity and mortality in patients with coronavirus disease (COVID-19) around
the world [84]. As a result, eradicating certain bacterial infections and their associated problems remains a
challenge, owing to the complex pathogenic mechanisms involved in the destruction of the host's immune
system, as well as the rise in the cost of healthcare services [85]. Hence, more preventative efforts and

innovative strategies are urgently required to control and eliminate bacterial infections.
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Antibiotics are often used to treat and control bacterial infections [86]. However, there is an increase in
resistance across all classes of antibiotics. It is reported that conventional antibiotic dosage forms are one
of the major contributing factors to the development of antibiotic resistance, due to their lack of
selectivity to attack only specific pathogenic bacteria; inability to enhance solubility; instability; low
bioavailability; difficulty in reaching the site of action; high frequency of administration due to
fluctuations in plasma drug concentrations resulting in severe side effects; toxicity; and thus, poor patient
compliance [87, 88]. Moreover, the problem is compounded by pharmaceutical companies abandoning
the production, research, and development of new antibiotics [87, 89]. As a result of these complications,
the development of novel drug delivery systems to improve the delivery of current and new antibiotics is

recognized as a major priority in research [90].

In the last few decades, pharmaceutical nanotechnology has opened a new era for research in the design
and characterization of drug delivery systems [91, 92]. These systems have been reported to enhance the
delivery of several antibacterial agents through overcoming the developed bacterial resistance
mechanisms that involve drug decomposition by p-lactamase [93]; efflux pumps [94]; biofilm formation
[95] and thickening of the bacterial cell wall [92, 96]. Thus, the continued development of the

nanomedicine field promises to be critical in combating antimicrobial resistance.

Among the nano drug delivery systems showing promise in antibiotic delivery are hybrid nanosystems,
which are formulated from a plethora of inorganic, organic, or a combination of both, materials on a scale
of less than one micrometer [97]. These nanosystems are solving challenges in drug delivery and
theranostic as they can be utilized to formulate nanosystems with the positive attributes of the blend of
biomaterials employed to formulate them, while simultaneously overcoming their shortcomings [98].
Moreover, hybrid nanosystems have been shown to overcome the limitations of conventional, or non-
hybrid, nanocarriers such as low stability; premature release of the encapsulated drug before reaching the
target tissue; poor biocompatibility; instability during storage; and unacceptable toxicity [99-101].
Intensive research efforts have focused on several hybrid nanosystems, such as lipid-based hybrid
systems, polymeric hybrid systems, organic/inorganic hybrid systems, and others, with proposed
applications in various biomedical fields such as cancer treatment and drug delivery [102], food

supplements [103] and vaccine therapy [104].

Recently, hybrid nanocarriers have been gaining prominence for antibacterial delivery due to several
advantages, including excellent biocompatibility and biodegradability; stable structural integrity;

chemical diversity that can be employed for targeting [85]; high dual and multiple loading capacity[105];
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and flexibility for functionalization to suit specific applications [106]. Besides the aforementioned
advantages, the hybridization of organic and inorganic biomaterials that possess intrinsic antibacterial
activity, such as metal ions (e.g., silver and gold NPs), antimicrobial peptides and lipids, results in a
powerful synergistic antibacterial effect [105].

Based on the advantages of hybrid nanosystems, reviews in the literature have broadly covered the
development and applications of different hybrid nanocarriers for cancer therapy[107, 108]; oral drug
delivery [109, 110]; skin repair and wound healing [111]; gene delivery [112]; and molecular
targeting/imaging [113]. However, despite the current bacterial disease and resistance crises, no review in
the literature has focused on the various hybrid nanocarriers that have been reported for antibacterial
delivery.

Herein, we present an up-to-date overview of the recent advances, technological progress, and
contributions of the different hybrid nanosystems that have been developed for antibacterial delivery.
Initially, the review provides a theoretical background about different hybrid nanosystems, including
lipid-polymer hybrid NPs (LPHNPSs); organic-inorganic hybrid NPs; metal-organic frameworks (MOFs);
cell membrane-coated hybrid NPs (CMCH-NPs); and hybrid NPs-hydrogels, and their design approaches.
Thereafter, the significance and limitations of applying these novel nano-delivery systems in the treatment
of bacterial infections are critically discussed and evaluated in detail. Finally, this review identifies the
future strategies required to maximize the potential of hybrid nanosystems in the treatment of bacterial

infections.

2. Engineering hybrid nanosystems for antibacterial delivery

The design of hybrid nanosystems strongly mimics natural architectural structures where a complex
hierarchical assembly is achieved by employing different complementing materials to produce functional
systems [114]. Advances in nanotechnology, synthetic techniques, supramolecular chemistry, and an
understanding of the forces involved in self-assembly have led to the development of higher order
functional hybrid nanostructures for drug delivery. The manufacturing of hybrid nanosystems involves a
myriad of interactions between the building blocks of hybrid nanocarriers, including covalent, non-
covalent, or a combination of both, types of interactions. Such nano assemblies use a variety of
intermolecular associations, such as electrostatic, hydrophobic, and hydrogen bonding, to create diverse
structural designs (for example, LPHNPs; lipid-dendrimer hybrid NPs (LDHNPs); mixed micelles; metal-
organic frameworks (MOFs); cell membrane-coated hybrid NPs (CMCH-NPs); hybrid nanogels) with
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infinite applications, including drug delivery [115]. Individually, organic and inorganic NPs, such as
liposomes; polymeric NPs; metal/metal oxide NPs and mesoporous silica NPs (MSNs) have their own
merits and drawbacks. Therefore, combining them in a single hybrid drug delivery platform provides a
multifunctional carrier with enhanced biological properties that can improve therapeutic efficacy as well
as reduce drug resistance. The following section presents a theoretical background of different hybrid
nanosystems, including LPHNPs; organic-inorganic hybrid NPs; MOFs; CMCH-NPs’ and hybrid NPs-

hydrogels, with a focus on their design principles and synthetic strategies.

2.1 Design of LPHNPs

To combine the unique advantages, and simultaneously address the limitations of polymeric NPs and
lipid-based nanovesicles, LPHNPs have been developed [100, 116]. They have been widely investigated
in the preclinical phase due to their attractive properties for drug delivery [116]. These unique drug
delivery systems can be classified according to their structural design into monolithic matrix lipid
polymeric nanoparticles, in which a lipid phase contains a homogeneous polymeric drug complex or a
polymeric matrix covered with a lipid phase; core-shell LPHNPs characterized by a polymeric core
surrounded by a lipid shell or the other way around; and liposomes decorated with polymeric materials
(Figure 1) [117]. The lipid layer behaves as a molecular barrier to prevent the loss of the entrapped drug
during fabrication and to slow down the degradation rate of the hybrid NPs in any physiological
environment, enabling sustained release Kinetics of the contained drug [85, 99]. The polymeric NPs and
the lipid layer are linked together through different binding forces, such as van der Waals (vdW) forces;
hydrophobic interactions; electrostatic interactions; and various noncovalent bonds [118]. A wide variety
of therapeutic agents (drugs; peptides and proteins; genes; vaccines; antibiotics; and others) can be either
encapsulated, adsorbed, or covalently bonded to the polymeric NPs, the lipid layer, or both, depending on
the hydrophobicity of the drug and the construction of the hybrid system [118]. A combination of the
biomimetic behavior of the lipid materials and the mechanical advantages linked to the polymeric NPs
can give an advanced delivery platform with high encapsulation efficiency; well-defined release kinetics;

well-tolerated serum stability; and well-triggered tissue, cellular, and molecular targeting [117, 119].
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Figure 1: Scheme illustrating the structural designs of LPHNPs.

The primary concern surrounding LPHNPs has been their method of preparation. The various methods of
preparing LPHNPs reported in the literature thus far are summarized in Table 1. Generally, on a
laboratory scale, two broad methods have been applied to manufacture LPHNPs, namely, the two-step
preparation and the single-step preparation methods [120]. The conventional two-step preparation method
has mainly been employed in the early phases of LPHNP development. A preformulated polymeric NP is
added into either a dried lipid film or a preformulated lipid vesicle via vortexing or sonication. Extrusion
or homogenization steps are also required after preparation to obtain homogeneous mono-sized hybrid
NPs [118, 120]. Recently, non-conventional techniques have been implemented in addition to
conventional techniques, including spray drying [121] and soft lithography particle moulding [122].
However, the alternative single-step preparation method is preferred because it is easier, highly scalable,
more efficient, and cost-effective [99, 118]. This method involves the simple mixing of a lipid solution
and polymeric NPs by nanoprecipitation [123], emulsification solvent evaporation (ESE) [106], or
chemical conjugation method [124]; and the polymeric NPs are precipitated with simultaneous self-
assembly of the lipid layer around them, or vice versa. Nowadays, microfluidic-based rapid-mixing
protocols, and a new advanced herringbone-patterned multi-inlet vortex mixer (MIVM), have been
introduced to generate small-sized LPHNPs with uniform size distribution and a shorter mixing time in a

scalable, reproducible manner [125]. In addition, other factors such as the aqueous solubility and
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lipophilicity of the drug; the type of lipid used; and the lipid/polymer (L/P) ratio have a critical impact on
the particle size, drug loading (DL), entrapment efficiency (EE%) and stability of the formulated hybrid
system. These parameters have been investigated by Cheow et al. (2011) using fluoroguinolone
antibiotics as a drug model. They noticed a reduction in particle size with an increase in the L/P ratio.
Also, they proved that ionic interactions between the drug and the lipid are crucial in the formulation of
LPHNPs by the ESE method [126].

Table 1: Different methods of preparation of LPHNPs, including the components of the hybrid

nanosystems with their encapsulated drugs, if any.

Preparation method Lipid Polymer Encapsulated drug Ref.

Conventional two-step method POPS Allylamine plasma  AgNPs [127]
polymer

Non-conventional Lecithin PLGA Levofloxacin [121]

two-step method (spray drying)

Non-conventional DOTAP/DOPE PLGA SiRNA [122]

two-step method (soft lithography)

One-step method Lecithin PLGA N-Acetyl Cysteine [123]

(nanoprecipitation)

One-step method (ESE) Soy lecithin PLA Norfloxacin [106]

Stearyl amine

POPs, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; AgNPs, silver NPs; PLGA, Poly D,
L-lactic-co-glycolic acid; DOTAP, 1,2-Dioleoyl-3-trimethylammonium-propane; DOPE, 1,2-Dioleoyl-sn-
glycero-3-phosphoethanolamine; siRNA, small interfering ribonucleic acid; PLA, polylactic acid; ESE,

emulsification solvent evaporation.

2.2 Design of organic-inorganic hybrid NPs

Inorganic NPs such as metal/metal oxide NPs, magnetic NPs and mesoporous silica NPs (MSNs) can be
hybridized by surface engineering with a wide variety of organic moieties through different synthesis
strategies to provide hybrid nanosystems for various biomedical applications, including diagnosis,
therapeutics, imaging and drug delivery [128, 129]. The integration of organic materials and inorganic
NPs retains the components and beneficial features of both, resulting in a hybrid system with high
colloidal stability; high biocompatibility; biodegradability; and low toxicity [129, 130]. Also, the organic
shell of the hybrid NP can be further functionalized with stimuli-responsive materials [129] or targeting

moieties such as antibodies, peptides, and aptamers [128] for triggering drug release.
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Organic-inorganic hybrid NPs can be classified according to the nature of the interaction between the two
components into Class | and Class Il hybrid NPs [129, 131]. In Class I, the binding can be achieved by
physical interactions through vdW forces, electrostatic interactions, or hydrogen bonds. In contrast, Class
Il includes different covalent and noncovalent chemical bonds [129]. The organic moieties play an
essential role in the stabilization of the hybrid system [120]. They can be divided into chemical organic
materials that include polymers (most common), or biological materials such as lipids, proteins, and

nucleic acids [132].

There are two main strategies for the synthesis of organic-inorganic hybrid NPs. The first strategy is
called the reversible addition-fragmentation chain transfer (RAFT) technique [129], which is based on
introducing an anchoring group onto the surface of a pre-formulated inorganic NP. Their role is to enable
the organic material to conjugate strongly with the inorganic core; and the organic material can be in the
form of a monomer/initiator (grafting-from approach) or a polymer chain (grafting-to approach) [120].
Alternatively, direct synthesis or ‘in situ’ synthesis of organic-inorganic hybrid NPs can be applied [131].
In this method, the inorganic NPs are prepared in the presence of the organic material, which acts as a
stabilizer. This technique can yield hybrid NPs of high quality, with narrow size dispersity and long-term
colloidal stability in biological media [129, 131]. Figure 2 represents a schematic illustration of the
strategies available for the synthesis of organic-inorganic hybrid NPs.
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Figure 2: Scheme representing organic-inorganic hybrid NPs prepared by (a) direct synthesis; (b)
grafting-to; and (c) grafting-from approaches of the RAFT technique (adapted with permission from
[129)).

2.3 Design of metal-organic frameworks (MOFs)

Metal-organic frameworks are novel porous hybrid materials prepared through the co-ordination of
metals/metal oxides (ions or clusters) with organic polydentate linkers, forming a three-dimensional
structure (Figure 3) [133, 134]. Researchers became interested in these hybrid materials in the late 1990s
when William and co-workers (1999) formulated a MOF called HKUST-1 by co-ordinating copper-based
clusters and benzene tricarboxylate linkers to create a three-dimensional system of channels with a pore
size of 1 nm and an accessible porosity of about 40 % [135]. Also, in 1999, a crystalline MOF, known as
MOF-5, made from zinc-based groups and benzene carboxylate linkers, was reported by Yaghi et al.
(1999). They prepared a three-dimensional framework structure with a higher apparent surface area and
pore volume than most porous crystalline zeolites and related materials [136].

The main characteristics of MOFs are their high porosity; large internal surface area; biodegradability;

high loading capacity; the possibility of functionality through surface modification; and the flexible
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architecture of the structure by selecting appropriate metal ions and linkers [105, 137, 138]. The possible
functional groups representing the organic linkers are carboxylates; phosphonates; imidazolates;
sulphonates; and amines, while the metal ions mainly include transition elements [105, 133]. The building
blocks of MOFs can be held together through different binding forces, including hydrogen bonds,

electrostatic interactions, and r-r stacking [105].

Metad loms of clisters Organic llmbara MipLal-orpinle frarmework

Figure 3: Scheme illustrating the preparation of MOFs through the co-ordination of metal ions or clusters
with organic linkers (adapted with permission from [139]).

In the literature, different approaches have been reported for the synthesis of MOFs, ranging from
conventional solvothermal/hydrothermal reactions [135, 140] to more convenient procedures, including
microfluidic synthesis [141]; microwave synthesis [142]; and mechanochemical [143] and sonochemical
techniques [142]. These methods have been described in detail by Stock and Biswas (2012) [144]. A wide
range of hydrophilic, hydrophobic, or amphiphilic drugs, can be quickly loaded into MOFs through
different loading strategies such as in situ (one-step) encapsulation strategy during the synthesis phase of
the hybrid framework or via ex situ (post-synthesis) encapsulation strategy [133, 134]. The drug can be
tethered through biomolecules in the ligand, or encapsulated in the core of the MOFs via covalent or
noncovalent interactions [134]. Drug release from MOFs may be through matrix degradation
mechanisms; ion exchange; desorption; or free diffusion [133, 134]. The porosity of the hybrid
framework is thought to be the rate-governing factor for controlling the release rate of the encapsulated
drug [134]. In addition to their large storage capacity and specific drug release properties, the porous
nature of MOFs makes them promising candidates for drug delivery [133, 137]. The first MOF used as a
drug delivery carrier was achieved by Férey et al. (2006), who encapsulated ibuprofen in MIL100 (Fe)
and MIL-101 (Fe) [145]. Nowadays, MOFs can be used for the delivery of many therapeutic agents,
including anticancer drugs [146], vaccines [147], insulin [148], and antibiotics [149].
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2.4 Design of cell membrane-coated hybrid NPs (CMCH-NPs)

Cell membrane-coated hybrid NPs are biomimetic drug delivery systems consisting of organic or
inorganic NPs core, coated with membranes derived from natural cells. This hybrid system has recently
attracted much interest because it retains more advantages from both domains, including the flexibility of
the synthetic NPs, with the functionality and complexity of the natural cell membranes [150]. This
technology has been developed to provide a hybrid system with enhanced biocompatibility; deep cell
penetration properties; prolonged circulation time; high selectivity; improved pharmacokinetics; immuno-
compatibility; and targeting properties [151-153]. Among the cell membrane-coated NPs, red blood cell
membrane-coated NPs were the first CMCH-NPs developed as an alternative to polyethylene glycol
(PEG) coating due to their high compatibility and low immunogenicity [154]. Currently, several cell
membranes derived from macrophages; platelets; leucocytes; cancer cells; and bacterial cells have been
utilized [155]. A top-down approach has been commonly used to fabricate CMCH-NPs, which involves
three stages: isolation and extraction of the cell-membrane vesicles through hypotonic treatment;
synthesis of the core NP; and then fusion of the NP with the vesicle by physical extrusion or electrostatic
interactions [152]. The different steps involved in the synthesis of different types of CMCH-NPs are
illustrated in Figure 4. Due to the biomimetic features and improved distribution of CMCH-NPs, they can
be utilized as nanocarriers for enhanced drug delivery through interaction with pathogenic cells using
their unique cell surface coating [152]. Once the hybrid system is within the cell, the therapeutic drug can
be released slowly by natural diffusion through the membrane after polymer matrix degradation, or

rapidly released through external stimuli such as UV-triggered membrane degradation [153].
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Figure 4: Various synthesis methods of CMCH-NPs (adapted with permission from [151]).
2.5 Design of hybrid NP-hydrogels

Polymeric nanohydrogels (nanogels) have been increasingly combined with NPs to form hybrid
complexes with unique physicochemical and biological properties for localized and controlled drug
delivery [156]. A wide range of NPs, including carbon-based nanomaterials; lipid-based vesicles;
polymeric NPs; inorganic NPs; and metal/metal oxides NPs, can be incorporated within the polymeric
network to obtain hybrid NP-hydrogels [157]. This innovative incorporation of the two diverse materials
results in a novel hybrid nanosystem with enhanced structural integrity and controllable release rate of the
combined NPs preserved by the nanogel network [156, 157]. In addition, they can offer extra engineering
flexibility to enhance the overall therapeutic efficacy. The improved properties of the hybrid NP-
hydrogels are mainly attributed to the enhanced physical or covalent interactions between the polymer
chains of the hydrogel and the NPs [157].

These hybrid NP-hydrogels can be prepared using three approaches: (a) the addition of NPs into a
preformulated hydrogel; (b) the addition of NPs to the polymer solution followed by hydrogel network
formation; or (c) monomer polymerization in the presence of preformulated NPs [158, 159]. Furthermore,
inorganic NPs can be often produced in situ within the gel matrix by loading an NP precursor into the gel

first, followed by a reduction reaction for the formation of NPs [156]. Generally, drug release from the
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hybrid NP-hydrogel system is determined by two steps: first, the NPs are released from the hydrogel
through diffusion or swelling, which is controlled by the network dissolution. Secondly, the drug is
released from the NPs that are governed by the structure, size and fabrication conditions of the NP system
[156].

A variety of hybrid NP-hydrogels have been developed for specific drug targeting to different infectious
sites, such as infections in the joints [160], the spinal cord [161], and the skin [162]. These hybrid
biomaterials have shown superior capabilities in modifying drug release kinetics facilitating site-specific

drug targeting and NP-based detoxification [156].

3. Application of hybrid nanosystems for antibacterial drug delivery

In recent years, hybrid NPs are being developed to improve the therapeutic efficacy of various antibiotics
against bacteria and other infectious pathogens. These hybrid nanosystems have superior physicochemical
properties that enable them to enhance the regulated delivery of antibiotics to bacterial cells and,
therefore, improve their targeting against bacterial infections. In this section, the latest developments and
technical advancements in the field of antibacterial delivery of hybrid nanosystems are discussed.

3.1 Lipid polymer hybrid NPs (LPHNPs)

LPHNPs have been explored as one of the promising strategies in antibiotic delivery against bacterial
infections. The subcellular size of LPHNPs allows them to effectively penetrate the target site and release
the loaded antibiotic locally, improving antibiotic concentration and localization at the infection site [89].
Polymers have a significant impact on the characteristics of LPHNPs. The incorporation of hydrophobic
polymers has been shown to improve the loading of poorly water-soluble drugs, while hydrophilic
polymers have been shown to coat the lipid core ,which enhances the stability, the loading capacity and
the systemic circulation lifetime of hydrophilic drugs [163]. Moreover, some polymers can be modified
with specific ligands to impact the targeting of the LPHNPs. Therefore, due to the importance of the
polymeric material used to formulate LPHNPs, this section discusses the applications of LPHNPs for
their antibiotic delivery based on their polymeric constituents, such as the PLGA-, chitosan- (CHT) and
dendrimers employed in formulating them.

3.1.1 PLGA-based LPHNPs

PLGA has primarily been used as a polymeric core in various LPHNP formulations for antibacterial

delivery, demonstrating excellent physical properties, biocompatibility, sustained drug release and

biodegradability [164]. Due to the versatility and biocompatibility of the polymer, various research

groups have explored the potential use of PLGA-based LPHNPs as a drug delivery system for different
57



routes of administration. The first study in this field was published by Bhardwaj et al. (2015), who
designed and optimized LPHNPs for combined pulmonary delivery of isoniazid and ciprofloxacin
hydrochloride. The spray drying technique was used to create a dry powder inhaler (DPI) form of the
drug-loaded hybrid nanosystem. The presence of PLGA had a significant impact on controlling drug
release from the LPHNPs. Furthermore, antibiotic-loaded LPHNPs achieved the maximum cellular
uptake in alveolar macrophages compared to free antibiotics. In vivo studies revealed that maximum
internalization efficiency into the lung was achieved by delivering LPHNPs in spray-dried powdered
forms via the pulmonary route. Hence, the antibiotic-loaded LPHNPs developed in this study could be
beneficial as an antibiotic delivery system to treat bacterial tuberculosis [165]. However, further
evaluation of essential parameters such as biocompatibility studies, and in vitro and in vivo antibacterial
activity studies, for the prepared LPHNPs are necessary to confirm the biosafety and antibacterial profile
of the nanosystem.

In addition to the pulmonary route, topical application of PLGA-LPHNPs has also been reported for drug
delivery. In a subsequent study, Dave and coworkers (2017) designed biodegradable LPHNPs with a
sustained-release profile using different ratios of the hydrophobic polymer PLGA to control the release of
the antibiotic norfloxacin at the site of infection, and to improve its topical activity to treat burn
infections. The optimized norfloxacin-loaded LPHNPs formulation was selected to prepare
LPHNPs@Carbopol gel for topical antibiotic delivery. In vitro skin permeation results of this formula
showed a maximum release profile, due to the higher encapsulation of the drug in NPs, compared to
other formulations. Antimicrobial activity against Staphylococcus aureus (S. aureus) and Pseudomonas
aeruginosa (P. aeruginosa) indicated that norfloxacin-loaded LPHNPs are effective against gram-positive
and gram-negative bacteria, confirmed by measuring the zone of inhibition. As a result, these norfloxacin-
loaded LPHNPs were shown to be safe and efficient for long-term treatment of bacterial infections caused
by burn [166].

More recently, Fangary’s research group (2022) produced a unique liposome combined with small
PLGA- NPs (PLGA NP-Lips ) for simultaneous ocular administration of erythromycin and 3c (a novel 5-
cyanothiazolyl urea derivative with promising antibacterial activity). This work attempted to overcome
antibiotic drug resistance by increasing nanocarrier uptake and antibiotic delivery in bacterial cells while
minimizing toxicity toward human cells. The two-step manufacturing approach was used to create
erythromycin/3c-loaded PLGA NP-Lips, and the antibacterial activity of these hybrid NPs was assessed
against gram-negative Escherichia coli (E. coli) and P. aeruginosa. In vitro studies revealed that

incorporation of small PLGA NPs into liposomes reduced the NP uptake by HEK293 cells while
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enhancing it in gram-negative bacterial cells. Consequently, four-fold and eight-fold improvements in
antibiotic selectivity were observed for E. coli and P. aeruginosa, respectively. Ocular administration of
the erythromycin/3c-loaded PLGA NP-Lips in a P. aeruginosa keratitis mouse model allowed for potent
selective inhibition of bacterial infection and full recovery. Moreover, in comparison to free antibiotics
and PLGA NPs, administration of PLGA NP-Lips showed substantial reduction in infection-induced
inflammation (tumor necrosis factor-a(TNF-a) and interleukins (IL-6) levels), confirming the
cytocompatibility and the therapeutic potential of the developed hybrid nanocarrier [167]. Overall, given
the flexibility and biosafety of PLGA, other routes of administration can be explored in future research
using PLGA-based LPHNPs.

Besides improving the antibacterial activity of antibiotics, PLGA-LPHNPs are being used to eradicate
biofilms. Biofilms are multicellular aggregates of microorganisms embedded in a self-produced polymer
matrix consisting of polysaccharides, lipids, proteins and DNA [168]. Bacterial biofilms have been linked
to chronic infectious diseases such as staphylococcal infections and chronic P. aeruginosa lung
infections, due to their increased tolerance to antibiotics, aside from resisting the host’s immune system
defence mechanisms [169]. To improve the therapeutic efficacy of antibiotics against bacterial biofilm,
Baek et al. (2018) and Guo et al. (2020) have reported the development of self-assembling PLGA-
LPHNPs with different lipid components. Both studies examined the effect of PLGA and lipid
constituents of the LPHNPs on the release profiles of encapsulated antibiotics. The results showed more
extended antibiotic release from PLGA-LPHNPs compared to non-hybrid PLGA-NPs, confirming the
impact of the hybrid system on controlling the drug release. Baek et al. (2018) investigated the binding
affinity of PLGA-NPs and PLGA-LPHNPs to both planktonic cells and bacterial biofilm. Propidium
bromide (Pl)-encapsulated NPs were prepared and introduced into planktonic cells and biofilms of
different gram-positive and gram-negative strains. The increased PI intensity indicated the aggregation of
the PLGA-LPHNPs around the bacteria and biofilm with higher affinity than PLGA-NPs (Figure 5A).
Furthermore, they investigated the release profile of antibiotics with varying degrees of hydrophilicity
from PLGA-NPs and PLGA-LPHNPs. The latter had a more sustained release profile for hydrophobic
(rifamycin), amphiphilic (ampicillin), and hydrophilic (amoxicillin, kanamycin, D-cycloserine)
antibiotics; while PLGA-NPs exhibited a faster release profile for hydrophilic drugs (Figure 5B). When
comparing the antimicrobial activity of LPHNPs against bacterial biofilms to that of free antibiotics,
PLGA-LPHNPs demonstrated a significant increase in biofilm inhibition at concentrations 8 - 32 times
lower than that of free antibiotics, confirming the effectiveness of the prepared hybrid NPs in eradicating

bacterial biofilm [170].
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Figure 5: (A): Confocal laser scanning microscopy (CLSM) images of a) E. faecalis and b) S. aureus
biofilms co-stained by Pl encapsulated PLGA-NPs (i) or PLGA-LPHNPs (ii). (B): In vitro release
profiles of different antibiotics from (a) PLGA-NPs and (b) PLGA-LPHNPs in PBS (pH 7.4) for 24 hrs at
37 £ 1°C (adapted with permission from [170]).

While the above study focused solely on biofilm eradication, there are emerging studies evaluating
combined antibacterial and antibiofilm effectiveness. For instance, Guo et al. (2020) created
linezolid@PLGA-LPHNPs, aiming to evaluate the antibacterial and antibiofilm activities of the prepared
hybrid system against intracellular MRSA residing within osteoblasts and biofilms to treat osteomyelitis.
Although the hybrid system attained lower antibacterial activity against planktonic MRSA, it was far
more effective against intracellular MRSA embedded inside bone cells than free linezolid. Furthermore,
linezolid-loaded LPHNPs showed superior antibiofilm activity to the free antibiotic, and these activities
were attributed to the excessive accumulation of the hybrid system inside the infected bone cells and
biofilms, which was validated by an in vivo biodistribution study (> 4-fold increase in linezolid -bone
level was observed when linezolid-LPHNPs was used) [171]. Later, the same research team developed
similar hybrid NPs loaded with rifampicin to target intracellular and biofilm-embedded MRSA (2020).
Rifampicin-loaded LPHNPs showed moderate but significant antibacterial activity against planktonic
osteomyelitis-causing MRSA, with superiority to the free drug. Also, in comparison to free rifampicin,

rifampicin-LPHNPs showed improved antibacterial and antibiofilm activity against intracellular MRSA
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within osteoblasts and biofilms. Confocal microscopy pictures demonstrated the widespread deposition of
antibiotic-loaded LPHNPs inside MRSA-infected bone cells and biofilm matrices [172]. Further studies
are needed to improve the bone and biofilm targeting properties of rifampicin-LPHNPs and evaluate their
in vivo antimicrobial activity and biosafety, in addition to investigating the possibility of using these
hybrid NPs for the systemic delivery of antibiotic combinations.

In order to construct successful hybrid nanocarriers for antibacterial delivery, and further enhance the
performance of LPHNPs against intracellular bacteria, it is essential to identify correlations between the
physicochemical properties of hybrid NPs and their intracellular uptake. An emerging research has been
reported by Bose and coworkers (2020), who explored the effect of lipid constituents and lipid-based
surface engineering on the biological cell-NP interaction. The research team investigated the effect of
surface charge on the physicochemical properties, macrophage uptake, and in vitro intracellular Kkilling
efficiency of cationic and zwitterionic PLGA-LPHNPs loaded with doxycycline or vancomycin against S.
aureus and M. smegmatis. All tested PLGA-NPs, and cationic LPHNPs, inhibited the intracellular growth
of S. aureus and M. smegmatis effectively, with the latter was more successful. This is due to the
synergism between the antibiotics and the cationic hybrid NPs, enhancing the antibacterial activity against
intracellular pathogens. However, the authors did not notice a synergistic effect for zwitterionic LPHNPs.
In addition, cationic LPHNPs showed higher macrophage recognition and uptake, and thus enhanced in
vitro intracellular antibacterial activity compared to zwitterionic LPHNPs and non-lipid PLGA-NPs
because of strong adhesion of the cationic lipid shell and the negatively charged bacteria [173]. Overall,
the data obtained from this research study suggest that LPHNPs containing cationic lipids have the
potential to enhance macrophage uptake and thereby improve the intracellular antibacterial efficacy of

antibiotics against gram-positive bacterial infections.

Taken together, the findings of these studies encourage the application of PLGA-based LPHNPs as
antibacterial delivery systems, because of their ability to enhance stability; biodegradability; controlled
drug release; and antibacterial activity, suggesting a promising approach to improve antibiotics efficacy
and reduce the development of resistance. Also, the investigations indicated that PLGA-based LPHNPs

could remove hard-to-treat infections such as intracellular bacteria, osteomyelitis and biofilms, despite the

fact that free antibiotics are not able to reach those infection sites. Most of these hard-to-treat conditions

have been reported as a source of chronic infections and antimicrobial resistance [168, 174, 175]. The

versatility of PLGA-based LPHNPs has been proved by their ability to be formulated into different

dosage forms via spray drying, loading into gels and colloidal systems, and then administered to the body
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via different routes such as transdermal, inhalation, ocular and parenteral. Table 2 summarizes the current
state of research on the preparation of LPHNPs using PLGA as a polymeric core, highlighting their lipid
constituent; the ratios of poly lactic acid (PLA)/poly glycolic acid (PGA) copolymer used; the antibiotic
drug loaded; the method of preparation; and the characterization studies and findings. As shown in the
table, only PLGA 50:50 has been used to formulate all PLGA-based LPHNPs. This could be due to its
favorable degradation properties compared to the other PLGA types [164], making it an attractive

polymeric candidate to fabricate LPHNPs for controlled antibiotic delivery.
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Table 2: Summary of the studies undertaken to date with LPHNPs using PLGA as a polymeric core.

Lipid PLA/PGA Antibiotic drug Method of Characterization studies  Characteristic findings - Ref.
copolymer preparation
ratio -
Soy lecithin 50:50 Isoniazid/Ciprofloxacin DESE PS, PDI, EE %. - Size: 111 and 172nm, PDI: [165]
Particle flow properties  0.189 and 0.169 and EE %:
Aerodynamic properties  63.64% and 68.49 % for isoniazid
DSC, FT-IR, and ciprofloxacin-loaded
morphology (SEM) LPHNPs, respectively.
- DPI had good flow properties.
- MMAD < 5 pm with high lung
localization.
Soy lecithin 50:50 Norfloxacin ESE PS, PDI, ZP - Size: 186 - 219 nm [166]
Stearyl amine Morphology (TEM/ - Suitable viscosity, pH and
SEM) spreadability with decreased skin
FT-IR irritation upon application on
DSC and TGA. burnt skin.
Characterization of the
LPHNPs loaded gel:
- Viscosity
- pH
- Spreadability
i - Skin irritation assay.
Soy lecithin 50:50 Erythromycin/3c ESE/thin film PS, ZP - Size: 364 nm [167]
Cholesterol hydration Morphology (SEM, -ZP:-20 Mv
TEM) - EE% : 98.4%
EE % - Minimum  dose-dependent

Cationic DOTAP 50:50

Rifamycin
Ampicillin

Self-assembly

approach

63

Cytotoxicity assay

PS, PDI, ZP
Morphology (SEM)

cytotoxicity

- Positive ZP indicating the [170]
coating of PLGA surface with the



Lecithin 50:50
DSPE-mPEG-2000
Cholesterol

Lecithin 50:50
DSPE-mPEG-2000
Cholesterol

Cationic DOTAP 50:50
Zwitterionic PC

Kanamycin
Amoxicillin
D-cycloserine

Linezolid

Rifampicin

Doxycycline
Vancomycin

Nanoprecipitation

Nanoprecipitation

Modified ESE

EE %

PS, PDI, ZP
Morphology (TEM)
EE %

Dispersion stability
Cytotoxicity assay

PS, PDI, ZP
Morphology (SEM)
EE %

Dispersion stability
Cytotoxicity assay

PS, PDI, ZP
Morphology (SEM,
TEM)

EE %

Cytotoxicity assay

cationic DOTAP.

- High EE% for antibiotics,
irrespective  of  their  water
solubility.

- Size: 110

- PDI: 0.130

- Controlled drug release.

- Enhanced serum stability

- Minimum cytotoxicity against
osteoblast

- Size: 110 nm and

- PDI: 0.142.

- Controlled drug release.

- Maintained serum stability.

- No noticeable toxicity against
osteoblast.

- LPHNPs had significantly less
particle size than non-lipid PLGA
NPs (p-value < 0.05)

- Dose-dependent cytotoxicity for
cationic  LPHNPs, and no
noticeable  cytotoxicity = for
zwitterionic LPHNPs.

[171]

[-172]

[173]

DESE, double emulsification solvent evaporation; PS, particle size; PDI, polydispersity index; EE%, percentage entrapment efficiency; DSC, differential scanning
calorimetry; FT-IR, Fourier transform infra-red; SEM, scanning electron microscope; TEM, transmission electron microscope; DPI, dry powder inhaler; MMAD,
mass median aerodynamic diameter; TGA,
amino(polyethylene glycol)-2000; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; PC, phosphatidylcholine.

thermogravimetric analysis;
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3.1.2 Chitosan-based LPHNPs

Chitosan (CHT) is a cationic natural polymer with inherent antimicrobial and antifungal properties. It
has been widely employed as an antibiotic delivery polymer. This is due to its unique characteristics,
such as biocompatibility; biodegradability; non-toxicity; and target specific triggering due to its
cationic nature [176]. Recently, the application of CHT in the preparation of antibacterial-loaded
hybrid NPs has attracted considerable interest for its use against microbial infections. Therefore, in
this subsection, conventional and stimuli-responsive CHT-based LPHNPs with mono-antibiotic
therapy and CHT-based LPHNPs with dual-antibiotic therapy will be discussed.

Monotherapy with the use of various antimicrobials, such as antibiotics, is one of the successful
strategies to treat different bacterial infections. Two research studies were reported by Thakur and
coworkers, describing the use of CHT to fabricate conventional LPHNPs with mono-antibiotic
therapy. In the first study, Thakur’s research group investigated the possibility of combined lipid NPs
and CHT as a therapy for managing and treating wound infections (2018). They developed and
optimized LPHNPs loaded with fusidic acid by the hot micro-emulsion method. Administration of
fusidic acid-LPHNPs resulted in a five-fold decrease in its MIC against MRSA and other S. aureus
bacterial strains, accompanied by a longer period of antibacterial activity compared to the free fusidic
acid solution. This protracted antibacterial activity is attributed to the incorporation of the drug within
the hybrid system, which attempts to prolong the residence time of the drug at the infection site,
besides enhancing its penetration into the bacterial cell wall. The optimized formulation of fusidic
acid-LPHNPs was selected to prepare LPHNP-loaded carbopol gel for the topical application against
burn wound infections. The gel incorporating NPs exhibited good gel strength; extrudability;
spreadability and enhanced permeation into mice skin. The comprehensive studies indicated that the
developed hybrid system offers possible advantages in prolonged and improved burn wound healing
[177]. One year later, the same research group subjected the fusidic acid-LPHNPs gel to in vivo
pharmacodynamic studies in a murine burn wound model infected with MRSA (2019). The results of
the in vivo bacterial loads indicated that the fusidic acid-LPHNP gel exhibited significant antibacterial
potency against the MRSA that was present in the burn wound, as the animals treated with fusidic
acid-LPHNPs gel exhibited significantly higher bacterial count reduction, compared to the
conventional fusidic acid topical formulation, during 15 days of treatment [178]. The formulation
strategies of these studies show the safety and effectiveness of fusidic acid-encapsulated LPHNPs in
inhibiting bacterial infections. They also provide a unique hybrid system for topical application

against burn wound infection.

Furthermore, CHT has been introduced to prepare stimuli-responsive LPHNPs with mono-antibiotic
therapy. Stimuli-responsive LPHNPs have the potential to improve the therapeutic efficacy of
antibiotics, while reducing their side effects, by releasing the encapsulated drug at the site of infection

in response to stimuli [179]. Depending on the type of polymer, lipid and functional groups, various
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stimuli-responsive LPHNPs, such as pH-responsive LPHNPs, have been developed. To explore the
advantages of these pH-responsive LPHNPs, Hassan et al. (2020) fabricated novel vancomycin-
loaded pH-responsive LPHNPs using CHT and a synthesized oleyl amine based zwitterionic lipid
(OLA), produced by ion gelation, to deliver vancomycin against MRSA. The in vitro antibacterial
activity of the developed hybrid nanosystem against MRSA was higher than bare vancomycin and
was also enhanced at pH 6.0, compared to the physiological pH 7.4, indicating that the system was
pH-dependent. The overall enhancement in the antibacterial activity of the LPHNPs could be due to
the increase in the binding of the system to the negative bacterial membrane and the additive intrinsic
antimicrobial activity of the LPHNPs. Assessment of the developed LPHNPs with different in vitro
antibacterial activity tests, indicated that LPHNPs had the potential to effectively treat MRSA, and
resulted in the successful and irrecoverable membrane disruption and biofilm eradication, compared
to the free vancomycin. Also, the in vivo results obtained by treating mice skin infection revealed the
ability of the LPHNPs to reduce and eradicate MRSA colonies (MRSA/CFU) by 95-fold, when
compared to bare vancomycin treatment, confirming the effectiveness of the prepared hybrid
nanosystem in treating MRSA infections [180]. According to the author’s findings in this work,
innovative biocompatible vancomycin-loaded pH-responsive LPHNPs can potentially be effective in
the pH-responsive targeted delivery of VCM to effectively prevent the development of antimicrobial

resistance.

Besides mono-antibiotic therapy, dual-therapy, which combines different antibiotics or antibiotics
with adjuncts, has been introduced to improve the efficiency of already-in-use antibiotics through
synergistic effects, or to combat antibiotic resistance [181]. Rodenak-Kladniew et al. (2019) and
Bueloni et al. (2020), published two research studies on the use of CHT-based LPHNPs encapsulating
an antibiotic-adjunct combination for dual antibacterial therapy. Their strategy aimed to enhance the
antibacterial efficacy of the loaded antibiotics against both gram-positive S. aureus and gram-negative
P. aeruginosa. Both research groups employed a hot homogenization/ultrasonication technique, while
using different lipid nanocarriers for the development of a CHT-hybrid nanosystem. Rodenak-
Kladniew et al. (2019), developed hybrid CHT-based solid lipid NPs (CHT/SLNSs) incorporating the
broad-spectrum antibiotic, ofloxacin, and a natural phenolic compound, eugenol (Eu), into a lipid
matrix (ofloxacin-Eu@CHT/SLNs). Characterization of the developed hybrid SLNs by different
analytical tools confirmed the presence of spherical NPs composed of a lipid matrix containing an
ofloxacin-Eu combination and coated with positively charged CHT. This hybrid ofloxacin-Eu/CHT
SLNs showed improved antimicrobial activity against P. aeruginosa and S. aureus, with MICs that
were 6- and 16-fold lower than free ofloxacin, respectively. These findings suggest that CHT and Eu

may have an impact on the increased antibacterial activity of the encapsulated antibiotic. Moreover, in
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vivo investigations using hybrid SLNs delivered via a pulmonary route to mice in the form of DPI
showed that the hybrid NPs were nontoxic to human pulmonary cells and can be applied as an
inhalable therapeutic system to treat pulmonary infections [182]. Alternatively, Bueloni et al. (2020)
incorporated nalidixic acid-vanadium complex into myristyl myristate nanostructured lipid carriers
(NCL) hybridized with CHT to improve the antibiotic complex's solubility, bioavailability, and
antimicrobial activity. Likewise, the results showed a significant antibacterial enhancement for the
loaded NCL/CHT against P. aeruginosa with a MIC value of 129.3 uM compared to 625 uM of the
free nalidixic acid-vanadium antibiotic complex, while the MIC of the loaded NCL/CHT against S.
aureus was in the same order as the free complex (129.9 uM vs. 125uM). Furthermore, the authors
investigated the quorum-sensing inhibition activity of the developed NCL/CHT hybrid NPs, and the
results indicated that the formulated hybrid NPs exhibited an inhibitory effect on quorum sensing,
observed by reporter strain Chromobacterium violaceum. However, further investigations for the
developed nalidixic acid-vanadium hybrid NPs, including in silico studies and preclinical studies in
appropriate animal models, are still required [183]. In summary, the outcomes of these reported
studies confirm the influence of CHT on controlling LPHNP drug release and increasing the
antibacterial efficacy of the encapsulated antibiotics against both gram-positive and gram-negative
bacterial infections.

Accordingly, the overall data illustrate that chitosan-based LPHNPs are actively being studied, as the
polymer has an intrinsic, antimicrobial effect that improves the overall antimicrobial activity of the
system. Moreover, the polysaccharide polymer has multiple surface amine groups which use covalent
modifications, and electrostatic and supramolecular interactions, to formulate stable conventional and

stimuli-responsive LPHNPs.

3.1.3 Dendritic-based LPHNPs (LDHNPs)

Dendrimers are synthetic polymers with an especial branching architecture. They possess humerous
advantages that make them suitable as drug delivery platforms, such as multivalency; globular
architecture; well-defined molecular weight; the ability to encapsulate a variety of therapeutic agents
within the internal hydrophobic environment; and the availability of multiple surface functional
groups [184, 185]. Therefore, dendrimers with specific properties can be used to improve the
performance of lipid dendrimer hybrid NPs (LDHNPs) as a novel type of LPHNP for effective
antibiotic delivery. Encapsulation of a dendrimer in a lipid shell as liposomes and SLNs can improve
the solubility and the EE percentage of the loaded drug [186]. To date, only two papers using
dendrimers have been published by Govender’s research group. In the early study, Sonawane et al.
(2016) developed a system of LPHNPs with a dendrimer for the effective delivery of vancomycin

against MRSA infections. They prepared LDHNPs through a hot stirring ultrasonication technigque
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using the solid lipid Compritol 888 ATO, and a generation 4 poly amidoamine-succinamic acid
dendrimer (G4 PAMAM-SA). The formation of LDHNPs with G4 PAMAM-SA entrapped inside the
lipid shell, and vancomycin encapsulated within the dendrimer core, were confirmed using DSC and
FT-IR studies. In vitro antibacterial activity studies confirmed the enhanced antibacterial activity of
vancomycin-LDHNPs with MICs of 15.62 pg/ml and 7.81 pg/ml against S. aureus and MRSA,
respectively. In addition, the formulation exhibited sustained antibacterial activity with an MIC of
62.5 ug/ml against S. aureus and 500 pg/ml against MRSA for up to 72 hrs and 54 hrs, respectively
[187]. Later, Maji and coworkers (2019) formulated and optimized novel pH-responsive LDHNPs to
effectively deliver vancomycin into the site of infection targeting intracellular MRSA. The LDHNPs
were formulated by the ESE method using OLA as a lipid and G3 PAMAM-SA dendrimer as a
polymer. The antibacterial activity of LDHNPs against MRSA showed an 8-fold lower MIC at pH 6.0
and 7.4, compared to treatment with bare vancomycin. Also, bacterial cell viability study indicated
that, despite the lower MIC values, vancomycin-LDHNPs were more effective at killing MRSA than
free vancomycin, with complete cell membrane destruction. Likewise, the treatment with
vancomycin-LDHNPs showed significant intracellular antibacterial activity, as compared to untreated
cells and cells treated with vancomycin only [98]. Although, the same research group had previously
conducted two studies on the formulation and development of LDHNPs for antibacterial drug
delivery, the latter confirmed that the therapeutic potential of such a hybrid system for improving
antibiotic delivery and combating drug resistance could be enhanced by designing it as a pH-
responsive system using different lipid and dendrimer components. Therefore, in both studies, further
investigation with in vivo studies is required to prove their in vitro findings of the developed
LDHNPs.

As already stated, dendrimers have traits that make them attractive and promising candidates for drug
delivery. However, concerns about their toxicity and biocompatibility limit their applications and
translational potential [185, 188]. According to the studies discussed, dendrimers have the potential to
be used as an effective delivery system for antibiotics, when incorporated into LPHNPs with various
polymeric and lipid constituents, because they have the ability to control antibiotic release; improve
biocompatibility and stability; and enhance antibacterial efficacy and the formulation of stimuli-
responsive systems. However, there is a need for acute and long-term, in-depth toxicological studies
to confirm their safety profiles. Moreover, apart from PAMAM dendrimers which are cationic in
nature, studies involving anionic dendrimers, which have better biosafety profiles, could result in

safer hybrid nanosystems [189].
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3.2 Organic-inorganic hybrid NPs

Various combinations of organic and inorganic materials are being used to construct different
nanocarriers to treat bacterial infections, including nanofibers, mesoporous silica NPs (MSNs) and
nanocomposites. In this sub-section, we describe the incorporation of antibiotics, as well as free
radical releasing biomaterials, into organic-inorganic hybrid NPs, to achieve site-specific and
controlled-release delivery systems, which offer significant advantages in improving antibacterial
efficiency and overcoming therapeutic problems caused by bacteria.[190].

Several classes of antibiotics, such as penicillins; tetracyclines; aminoglycosides; fluoroguinolones;
macrolides and polymyxins have been employed to fabricate antibiotic-loaded organic-inorganic
hybrid NPs for effective antibacterial delivery. The first report of an organic-inorganic hybrid NP
loaded with an antibiotic was by Wang et al. (2012), who employed an electrospinning approach to
fabricate amoxicillin-loaded laponite (LAP) doped PLGA (amoxicillin-LAP/PLGA) nanofibers for
antibacterial application. The authors aimed to provide the nanofiber hybrid system with a sustained
release profile and to improve its mechanical durability. The amoxicillin-LAP/PLGA nanofibers
showed a biphasic in vitro release pattern due to the combination of two different dissociation
pathways, leading to a slower release of the antibiotic for up to nine days. Also, the hybrid nanofibers
revealed concentration-dependent and long-term antibacterial activity against S. aureus in a liquid and
a solid medium for 48 hrs. The system showed > 90 % antibacterial inhibition at higher
concentrations, with no significant difference compared to the free amoxicillin and amoxicillin-loaded
PLGA nanofibers [191]. One year later, the same research group reported two research studies with
the same preparation approach to fabricate hybrid nanofibers using the same organic material, PLGA,
but with different inorganic materials, namely n-hydroxyapatite(n-HA) and halloysite nanotubes
(HNTSs), and encapsulated antibiotics, amoxicillin and tetracycline, respectively, to target S. aureus.
The results were comparable with the previous study as the encapsulation of the antibiotics into the
hybrid nanofibers also enabled sustained and controlled release profiles, with effective and prolonged
growth inhibition activity of the antibiotics against the gram-positive bacterial strain. Among the
reported organic-inorganic hybrid nanofibers, tetracycline-loaded HNTs/PLGA NPs showed the most
sustained release for up to 42 days, and thus their antibacterial activity was improved significantly
[192, 193]. Cytocompatibility of the formulated hybrid nanofibers in the three studies, together with
the improved mechanical durability and antibacterial activity, indicated the potential of such hybrid
organic-inorganic NPs for application as antibacterial drug delivery systems in the field of tissue
engineering. However, if such research modifications are to have an impact, more investigations, such

as preclinical in vivo studies, are required.
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Another antibiotic that has been explored for loading organic-inorganic hybrid NPs formulations is
gentamicin. Vasile et al. (2014) and Yang et al. (2018) have reported different gentamicin-loaded
organic-inorganic hybrid NPs intended for the treatment of extracellular and intracellular bacterial
pathogens, respectively. Vasile and coworkers (2014) developed and optimized a gentamicin-loaded
zinc oxide-CHT (gentamicin-ZnO/CHT) hybrid nanocomposite to improve the targeting efficacy of
gentamicin in treating external bacterial infections. The sustained release characteristics of the
prepared gentamicin-ZnO/CHT NPs improved the antibacterial activity of the hybrid nanosystem
against S. aureus and P. aeruginosa in both planktonic and surface-attached conditions, since
controlled, synergistic and prolonged antibacterial activity was obtained, with four-fold and two-fold
lower MIC values against S. aureus and P. aeruginosa, respectively, compared to the free gentamicin
control [194]. On the other hand, Yang et al. (2018) developed a novel gentamicin-loaded MSNs
decorated with bacteria toxin-sensitive liposomes immobilized with a targeting peptide ubiquicidin
(UB\29-41) to enhance the targeting efficacy and binding affinity of gentamicin to the intracellular S.
aureus. The antibiotic release from MSNs/LU hybrid NPs was triggered by bacterial toxins which
degraded the liposome bilayer, allowing the rapid release of the loaded antibiotic from the hybrid
system. In vitro and in vivo antibacterial activity studies confirmed the superior antibacterial effects of
gentamicin-MSNs/LU hybrid NPs against planktonic and intracellular bacterial infection, in
comparison to free gentamicin and gentamicin-loaded MSNs. Moreover, the inflammation-related
gene expression in infected pre-osteoblasts and macrophages was also reduced extensively after
treatment with the gentamicin-MSNs/LU hybrid NPs. Therefore, the cytocompatibility and the
microenvironment-responsive antibiotic release of gentamicin-MSNs/LU hybrid NPs confirm their
potential to target intracellular pathogens and inflammation associated with intracellular S. aureus
infections and possibly other gram-positive bacterial infections [195]. In both studies, the therapeutic
efficacy of gentamicin against bacteria has been improved significantly; although, in the later work,
the authors modified the prepared organic-inorganic hybrid NPs by integrating a bacteria toxin-
sensitive liposome and a targeting peptide into the nanosystem. In addition, the prepared NPs were
fully characterized, including in vivo studies, which allow the clinical translation of such a research

study.

Moreover, fluoroquinolone antibiotics, especially ciprofloxacin, have been introduced into various
organic-inorganic hybrid NPs to treat infectious diseases caused by gram-positive and gram-negative
pathogens. Two research studies reported the delivery of ciprofloxacin via organic-inorganic hybrid
NPs for controlled and targeted drug delivery. Murugesan and coworkers (2018) investigated the
functionalization of a natural biocompatible organic humic acid (HA) with ZnO for the pH-responsive

and site-specific delivery of ciprofloxacin, using a simple ESE method. The prepared ciprofloxacin-
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loaded ZnO-HA hybrid NPs showed higher bacterial growth inhibition against P. aeruginosa and B.
cereus, with lower MIC values compared to the blank ZnO-HA hybrid NPs and free ciprofloxacin. In
addition, the biofilm formation was suppressed by 75% and 85%, for B. cereus and P. aeruginosa,
respectively, when treated with the drug-loaded hybrid nanocarrier [196]. Later in the same year, Al-
Obaidi et al. (2018) reported novel hybrid NPs of silica-coated AgNPs embedded into a ciprofloxacin-
encapsulated-CHT matrix for effective inhibition of growth and biofilm formation of P. aeruginosa.
The authors attempted to produce a first inhalable dosage form of ciprofloxacin for treating cystic
fibrosis (CF) caused by gram-negative bacteria. They investigated and optimized various parameters,
such as Ag* concentration and CHT ratio, to obtain hybrid NPs with an improved particle deposition
within the lung. The prepared hybrid NPs were deposited in Stage 2, reaching ~70 % deposition,
which is considered essential for the successful delivery of the drug deep inside the lung. In vitro
antibacterial and antibiofilm formation assays revealed that the formulated hybrid system exhibited 3 -
4 times more growth and biofilm inhibition with a synergistic antibacterial effect against P.
aeruginosa, compared to free ciprofloxacin [197]. Despite the promising outcomes in these two
studies, further development through performing a cytotoxicity investigation, and cellular uptake and
in vivo studies in suitable animal models, are required to illustrate the advantages of both hybrid
nanocarriers.

Tetracyclines were also loaded into organic-inorganic hybrid NPs to improve their targeting efficacy
against pathogenic bacteria. Kankala et al. (2020) designed a novel pH-responsive trio-hybrid
nanocomposite system based on MSNs with the goal of overcoming antibiotic resistance. They
developed tetracycline-immobilized Cu-doped MSNs coated with silver-stabilized polyethyleneimine
(AgNPs-PEI) through a series of reaction steps. The antibacterial activity was studied against MDR E.
coli species, and the results indicated that hybridization of tetracycline-encapsulated Cu-MSNs NPs
with AgNPs-PEI significantly improved the antibacterial effectiveness of tetracycline against MDR E.
coli through sensitizing the cell membrane to the ROS generation effect of Ag, thus improving the
intracellular availability of the hybrid nanocarrier for the pH-triggered release of the antibiotic
associated with high ROS levels due to the Cu-MSNSs. Altogether, this biocompatible trio-hybrid
nanocomposite with a synergistic effect and pH-responsive delivery of tetracycline is considered a

promising approach for efficiently combatting MDR infections [198].

Currently, two research studies published by ludin et al. (2022) and Xiang et al. (2022), further
improved the performance of organic-inorganic hybrid NPs for efficient antibiotic therapy. First,
ludin et al. (2022) developed a novel organic-inorganic hybrid nanocarrier for polymyxins delivery,
aimed to optimize their antibacterial properties against various infectious diseases while minimizing

their toxic side effects. A hybrid core-shell silver-poly glutamic acid NPs loaded with polymyxins B
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and E, respectively, (polymyxin@PGlu-Ag NPs) have been designed and carefully investigated.
Cytotoxicity studies were performed to confirm the biosafety, biocompatibility, and minimal
macrophage uptake of the prepared hybrid nanocarriers. Then, the synthesized NPs were incorporated
into an agarose gel to form a hydrogel nanocomposite delivery system proposed to treat skin wound
infections. The antibacterial efficacy of both polymyxin-loaded hybrid NPs and their nanocomposites
were assessed against P. aeruginosa, in vitro. Both formulations demonstrated a synergistic bacterial
growth inhibition against P. aeruginosa proved by the lower MICs (1 ug/ml), when compared to free
polymyxins, blank hybrid NPs and bare AgNPs. This decreased MIC values could be attributed to the
combined activity of the polymyxins and AgNPs in one hybrid nanosystem. In summary, they
concluded that polymyxin@PGIlu-Ag NPs and their hydrogel composite could eventually enhance the

therapeutic potential of polymyxins to treat skin injuries [199].

More recently, Xiang and co-workers (2022) loaded a macrolide antibiotic azithromycin and a
photosensitizer methylene blue into zwitterionic pH-responsive MSNs/polypeptide hybrid
nanoparticles (azithromycin/MB@MSPNSs) for chemo-photodynamic combination therapy against
MRSA infections. A pH-triggered and lipase-induced controlled azithromycin release was achieved,
and the loaded MB revealed an efficient generation of singlet oxygen (*O.), which resulted in a
facilitated photodynamic action. Also, the prepared azithromycin/MB@MSPNs showed improved
biocompatibility towards normal mammalian cells, and a strong antibacterial and antibiofilm activity
against MRSA. Moreover, in vivo studies were conducted in an MRSA infected mice model, and the
hybrid nanocarrier exhibited synergistic and enhanced bactericidal action with a rapid wound healing
process for up to 94 % comparing to mono azithromycin therapy. Therefore, the developed
azithromycin/MB@MSPNSs could be promising candidate for clinical application in combined chemo-

photodynamic therapy against MDR bacteria [200].

In addition to antibiotic delivery, different organic-inorganic hybrid nanoparticulate systems have
been explored as a free radical release platform against infectious diseases. Free radicals have been
known to have significant antibacterial activity against gram-positive and gram-negative bacteria, in
addition to multidrug-resistant pathogens. They act by stimulating natural microbial elimination
through modulating the host defensive mechanisms. This process results in a high production of
reactive oxygen species (ROS), which increases the susceptibility of the immune cells to oxidative
stress [168]. Cui et al. (2016) and Elsherbiny et al. (2016) used different approaches to design
organic-inorganic hybrid NPs comprising various organic and inorganic components in an attempt to
treat bacterial infections by enhancing the generation of free radicals from NPs. Cui et al. (2016)
employed an in situ reduction method to develop photosensitizer-loaded hybrid NPs synthesized by
directly reducing AuNPs onto the surface of polyallylamine/CHT polymeric NPs (PAA/CHT NPs),
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followed by the conjugation of a photosensitizer, Rose Bengal (RB), with the PAA/CHT-Au hybrid
NPs. The RB-loaded PAA/CHT-Au hybrid NPs exhibited a prolonged lifetime and excellent
antibacterial activity against E. coli; higher than that of blank PAA/CHT-AuNPs and free RB, due to
the excessive and direct in situ generation of ROS at the bacterial cell surface, from the RB-loaded
hybrid NPs [201]. Instead, Elsherbiny et al. (2016) studied the photo-induced green synthesis,
antimicrobial activity and free radical formation of poly(s-caprolactone)/curcumin/grape leaf extract-
silver hybrid NPs (PCL/Cur/GLE-Ag NPs) against different strains of gram-positive and gram-
negative bacteria, in addition to two fungal strains. The antibacterial activity of the natural
antimicrobial curcumin/grape leaf extract was enhanced significantly when combined with AgNPs,
compared to the pure curcumin and grape leaf extract, and this could be related to the free radical
formation properties of the AgNPs, as well as the high surface area of the PCL/Cur/GLE-Ag hybrid
NPs that enables them to be in direct contact with the bacterial cell wall, leading to bacterial cell
damage [202]. Finally, the overall findings of the two studies can provide a foundation to promote the
use of photosensitizers and natural antimicrobials loaded into hybrid organic-inorganic NPs as
alternative strategies against bacterial infections, thus helping to combat bacterial resistance. Figure 6
illustrates the design of the antimicrobial PCL/Cur/GLE-Ag hybrid NPs.
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Figure 6: Scheme illustrating the design of antimicrobial PCL/Cur/GLE-Ag hybrid NPs (adapted with

permission from [202]).
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Overall, organic-inorganic hybrid NPs loaded with various antibacterial agents, such as antibiotics
and free radical releasing biomaterials, have been successfully applied to achieve targeted and
controlled drug delivery for the effective treatment of gram-positive and gram-negative bacteria,
which helps in overcoming antibiotic resistance caused by such pathogens. A summary of organic-
inorganic hybrid NPs reported to enhance antibacterial delivery is provided in Table 3, highlighting
the nanocarrier components; the method of preparation; the loaded antibacterial agent; and the in vitro
antibacterial assays that have been done for each reported study. So far, the majority of the research
has used polymeric NPs as organic materials to formulate various organic-inorganic hybrid
nanocarriers for antibacterial delivery, with only one study incorporating liposomes. Therefore, other
organic biomaterials such as dendrimers, carbon nanomaterials and polymeric micelles, could also be

investigated in the future.

Table 3: Reported organic-inorganic hybrid NPs for enhancing antibacterial delivery

Organic material Inorganic material Method of Loaded In vitro antibacterial Ref.
preparation antibacterial assays
agent
LAP Amoxicillin
n-HA Electrospinning  Amoxicillin - Growth inhibition % 191-193]
in liquid and solid
. medium
HNTs Tetracycline
ZnO NPs Gentamicin -Qualitative growth [194]
inhibition % in
- planktonic and
surface-attached
conditions
-MICs
Bacteria toxin- MSNs Co-condensation +  Gentamicin -MICs [195]
responsive thin layer -Bacterial affinity
liposomes hydration method -Change in bacterial
morphology (SEM).
HA ZnO NPs ESE method Ciprofloxacin -MICs and MBCs [196]
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-Time killing assay
-Biofilm inhibition
-Motility and colony-
spreading assay



CHT Silica-coated lon-gelation Ciprofloxacin -MICs and minimal
AgNPs method biofilm eradication
concentration
(MBEC)
-Biofilm
guantification
AgNPs-PEI Cu-MSNs - Tetracycline -CFU Assay
-ROS determination
-Membrane
permeability assay
PGlu AgNPs - Polymyxin B - MICs
polymyxin E
Poly peptide MSNs Nanoprecipitation  Azithromycin -CFU Assay
method Methylene blue - Biofilm inhibition
- Bacterial cell
membrane disruption
CHT/PAA AUNPs In situ reduction Photosensitizer ~ -Colony forming unit
method Rose Bengal (CFU) assay
-ROS determination
-SEM (bacteria-NPs
interaction)
PCL AgNPs ESE + photo Curcumin -MICs and growth
induced green Grape leaf reduction (ICso)
synthesis extracts -Minimum bacterial

concentration (MBC)

[197]

[198]

[199]

[200]

[201]

[202]

PLGA, poly D, L-lactic-co-glycolic acid; LAP, laponite; n-HA, n-hydroxyapatite; HNTSs, halloysite
nanotubes; CHT, chitosan; ZnO, zinc oxide; NPs; nanoparticles; MSNs, mesoporous silica NPs; HA,
humic acid; AgNPs, silver NPs; CuNPs, copper NPs; PEI, polyethyleneimine; PGlu, polyglutamic
acid; AuNPs, gold NPs; PAA, polyallylamine ; PCL, poly ¢-caprolactone.

3.3 Metal-organic framework (MOFs)

The advantages of MOFs as potent antimicrobial agents are due to their larger pore size, which allows
the storage of antimicrobial molecules; their biocompatibility; and the ability to release antimicrobial
metal ions such as Ag*, Au*, Cu?*, Fe** and Zn?*. Also, the organic linkers used to create the
framework may have antimicrobial properties [105]. As a result, the antimicrobial activities of metal
ions and linkers could reveal synergistic effects. Therefore, due to their high drug loading capacity

and precise drug release, MOFs have been applied as carriers of many active pharmaceutical
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substances, including antibiotics [203]. In this section, MOFs comprising various organic linkers such
as imidazole, carboxylate and terephthalate linkers are discussed.
3.3.1 Zeolitic imidazole frameworks (ZIFs)

Zeolite imidazole frameworks are a subclass of three-dimensional MOFs that consist of zinc ions
(Zn?*) and 2-methylimidazole linkage. These frameworks are considered to be strong pH-responsive
nanocarriers that can be used for triggering antibacterial release at the acidic environment of bacterial
infections [204]. Among the ZIFs, ZIF-8 crystals have been studied extensively by many research
groups. These hybrid NPs were modified and functionalized through direct conjugation or surface
coating with various materials to produce a novel nanosystem with synergistic and promising
antibacterial effects. In this case, Soomro et al. (2019) have encapsulated a natural antimicrobial drug
physcion into conventional ZIF-8 crystals using a one-step nanoprecipitation method. The release
behavior of physcion from physcion@ZIF-8 NPs was investigated at three pH levels (7.4, 5.4 and 5).
The authors observed that, in acidic conditions (pH 5 and 5.4), the release was significantly enhanced
as the cumulative drug release was 88.72% and 81.31%, respectively, at the end of 72 hrs. Also, the
formulated physcion@ZIF-8 NPs exhibited a maximum growth inhibition activity against gram-
positive and gram-negative bacteria strains compared to the pure antimicrobial. Therefore, the
findings of this study are promising in improving the antibacterial activity of a natural antimicrobial
agent, physcion, against various infections[205].

Also, instead of using conventional ZIFs, direct conjugation of ZIF-8 with a natural polymer has also
been done for more effective antibacterial treatment. Zhang et al. (2019) developed a modified pH-
responsive MOFs/antibiotic system targeting intracellular gram-positive and gram-negative bacteria.
They designed a tetracycline-loaded ZIF-8@hyaluronic acid (HA) system (abbreviated as TZH hybrid
system) through a simple in situ encapsulation approach. Tetracycline showed a faster release profile
at pH 5.5 compared to pH 7.4, with approximately 80% and 20% of the drug released from TZH
within 3 hrs, respectively. Moreover, the TZH hybrid system demonstrated enhanced and synergistic
in vitro and in vivo antibacterial activity, compared to free tetracycline and free ZIF-8. The overall
results suggested that the TZH could be promising for optimizing the efficacy of tetracycline against
intracellular bacteria through the combination of a triple effect of HA, ZIF-8 and Zn?* in one drug

delivery system, which could result in a potent synergistic antibacterial effect [206].

Furthermore, ZIF-8 nanoparticles have been incorporated into nano-structured polymer scaffolds to
deliver different active pharmaceutical ingredients for effective tissue regeneration. For example,
Karakecili and coworkers (2019) used ZIF-8 as a vancomycin carrier to achieve a pH-responsive,
controlled drug delivery system. CHT scaffolds loaded with vancomycin-ZIF-8 were prepared by a

wet spinning technique to obtain a three-dimensional fiber scaffold to be used as a tissue substitute in
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the treatment of bone infections. The swelling behavior and the release profile of the vancomycin-
ZIF-8/CHT scaffolds were pH-dependent and exhibited higher effects at pH 5.4 than at pH 7.4, due to
the presence of ZIF-8. Also, vancomycin-ZIF-8/CHT scaffolds displayed a stronger antibacterial
effect against gram-positive bacteria compared to the free ZIF-8 and CHT scaffolds. This enhanced
effect was due to the pH-triggered release of vancomycin, in addition to the combined release of Zn?*
from the ZIF-8, which synergize the antibacterial effects of the antibiotic. Besides the enhanced
antibacterial properties, the cell culture assay using MC3T3-E1 preosteoblasts showed a high
proliferation of osteogenic activity on vancomycin-ZIF-8/CHT scaffolds, confirming the safety and

biocompatibility of the prepared hybrid system [207].

Likewise, surface modification is further facilitated by the framework flexibility of ZIF-8. As a result,
ZIF-8 crystals can be modified on their surface with magnetic biomaterials to improve the
antibacterial efficiency of antibiotics, resulting in a drug with a superior antibacterial effect. A novel
MOF was prepared by Esfahanian et al. (2019) using ZIF-8 crystals, as they formulated a magnetic
framework based on Fe;Os-polyacrylic acid (PAA)@ZIF-8 for the delivery of ciprofloxacin. Fe;O4
and PAA were added to improve the drug-loading capacity and modify the MOFs for drug delivery.
Ciprofloxacin-loaded Fe;0.PAA@ZIF-8 showed a pH-responsive release profile, as rapid
degradation of the framework occurred in acidic pH 5, resulting in a faster antibiotic release compared
to that at pH 7.4. Furthermore, the antimicrobial activity of ciprofloxacin was enhanced significantly
when it was loaded into the modified MOFs compared to the bare drug and Fe;04..PAA@ZIF-8. So,
the use of Fe;0,-PAA@ZIF-8 as an antibiotic carrier can improve the antibacterial properties of the
antibiotics [208].

In another study, Yang et al. (2020) developed a novel, carbonized ZIF-8 NP (called C-ZIF) with
effective ion releasing properties and photothermal activity for a broad-spectrum antibacterial action.
They prepared an AgNPs-doped C-ZIF composite (AgNPs@C-ZIF NPs) with a graphitic-like carbon
framework through in situ displacement reaction. The formulated AgNPs@C-ZIF NPs were examined
for their metal-ion release capability and their photothermal activity. The results revealed that these
functionalized MOFs possessed rapid metal-ion release and photothermal conversion properties,
which provide the potential of photothermal therapy for synergistic bacterial eradication. Gram-
positive and gram-negative bacteria were used as models to investigate the photothermal antibacterial
activity of the AgNPs@C-ZIF system. The results illustrated that AgNPs@C-ZIF nanocomposites
possess nearly 100% bactericidal ratio against both bacterial strains at extremely low concentrations
(0.16 mg/ml). Furthermore, a cytocompatibility study and wound healing evaluation in vivo on rabbit

skin demonstrated its biosafety and rapid wound healing and disinfection ability. Overall, these novel

77



carbonized ZIF-8 NPs show high chemical and photothermal antibacterial efficiency and can be
applied for broad-spectrum bacterial sterilization [209].

More recently, Xiao and coworkers (2021) exploited the benefits of both ZIF-8 and polydopamine
(PDA) to design near infrared (NIR)/pH dual stimuli responsive MOFs for synergistic photothermal/
pharmacological antibacterial therapy. ZIF-8 crystals were used to encapsulate the antibiotic
vancomycin first; and then surface modification of the vancomycin/ZIF-8 NPs with PDA was
undertaken to improve the structure stability, dispersibility, and biocompatibility of the system.
Vancomycin/ZIF-8@PDA displayed an enhanced drug release in response to acidic pH 4.7, compared
to the physiological pH 7.4, with a more potent effect under NIR irradiation. The antibacterial
activity of the system was examined in vitro and in vivo against gram-negative strains and a
vancomycin-intermediate gram-positive bacteria (called Mu50). All findings indicated that the
combination of photothermal/pharmacotherapy of vancomycin/ZIF-8@PDA NPs significantly
enhanced the antibacterial activity of vancomycin against both strains, in vitro and in vivo, and
reduced the effective concentration of the antibiotic (MIC was 3.62 ug/ml). This enhanced
antibacterial activity resulted in bacterial death and healing of the infected mice’s skin. Therefore, a
NIR/pH dual stimuli responsive vancomycin/ZIF-8@PDA system could be promising for biomedical
application in overcoming antibiotic resistance [210]. Figure 7 represents a schematic diagram
explaining the photothermal/pharmacological therapy of the vancomycin/ZIF-8 @PDA system and its

in vivo application.
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Taken together, the findings of these studies proved the modification and the potential use of ZIF-8
NPs to enhance the delivery and efficacy of various antibacterial agents. Photodynamic antimicrobial
therapy (PACT), as a novel strategy, shows potential for treating and overcoming antimicrobial
resistance. The application of ZIF-8 hybrid NPs in PACT significantly enhances its antimicrobial
activity. In addition, other antimicrobial drugs are being combined with photosensitizers to achieve
activity both in dark and in the presence of light. However, as interesting as the ZIF-8 hybrid NPs are,
there is a need for additional biocompatibility, stability and in vivo antibacterial activity studies, as
most reports lack them. It is critical to confirm the biosafety and antibacterial profiles of these

modified MOFs in animal experiments, before moving further to clinical application.

3.3.2 Metal-carboxylate frameworks

Metal-carboxylate frameworks are another subclass of MOFs composed of metal ions such as Fe®*
and carboxylic acid or carboxylate derivatives. They are among the flexible and highly porous
biodegradable and biocompatible MOFs that can adapt their pore diameters during drug adsorption. In
addition, these carboxylate-based MOFs exhibit high stability in acidic conditions and, thus, metal-
carboxylate frameworks can significantly control the release of drugs, such as antibiotics, under
physiological conditions [211].

Three research studies reported the use of carboxylate MOFs for antibacterial drug delivery. Lin et al.
(2017) designed a carboxylate-iron MOF called MOF-53(Fe) NP as a drug carrier to enhance the
antibacterial efficacy of vancomycin against gram-positive bacteria. Vancomycin release from
vancomycin-loaded MOF-53(Fe)NPs was sustained with an initial burst release profile at pH 7.4,
reaching up to 97% after 36 hrs; while in acidic pH levels of 6.5 and 5.5, vancomycin showed slower
release profiles. The authors suggested that the accelerated release rate of vancomycin in neutral pH
7.4 was due to the partial degradation of MOF-53(Fe) NPs; while in acidic conditions, the system
showed a smaller degree of degradation, and the release of vancomycin was relatively slow. This
property could be beneficial in targeting the local therapy of bacterial infections that require
prolonged treatment. Despite the controlled and slower release of vancomycin in an acidic
environment, vancomycin-loaded MOF-53(Fe)NPs showed excellent antibacterial activity with a high
efficiency of 99.3% [212]. On the other hand, to improve the oral bioavailability and control the
release of gentamicin, Unamuno and coworkers (2018) formulated and optimized a gentamicin-loaded
(Fe)-carboxylate MOF (gentamicin@MIL-100(Fe)NPs) through a simple impregnation method. In
vitro drug release studies for gentamicin were conducted using different oral and intravenous
simulated physiological conditions. The results indicated that gentamicin-loaded MIL-100(Fe) NPs
exhibited superior colloidal, chemical and structural stability under gastrointestinal conditions, with

good biocompatibility and enhanced delivery of the antibiotic under intestinal conditions, making
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these MOFs highly promising for the oral administration of gentamicin. Furthermore, the in vitro
antibacterial activity of gentamicin@MIL-100(Fe) NPs was investigated against different strains of
gram-positive and gram-negative bacteria, and the results showed that the loaded MOFs exhibited the
same antibacterial activity as free gentamicin, confirming that the antimicrobial activity of the
antibiotic was maintained after its encapsulation into MIL-100(Fe) NPs [213].

Furthermore, carboxylate MOFs have been modified via saccharide coating to promote their surface
contact with bacterial cells. Recently, Haseena et al. (2022) designed and evaluated a novel mannose
(MNS)-coated Fe-MIL-88NH; NPs loaded with vancomycin to improve its efficacy against S. aureus
and MRSA. The prepared MNS-coated/vancomycin@MOFs exhibited superior antibacterial activity
than the un-coated nanocarriers against all gram-positive strains, confirmed by lower MIC values.
This improved antibacterial effect could be due to the interaction of MNS coating with lectins on the
cell wall of gram-positive bacteria, which ultimately promotes the cellular penetration and increase
the bactericidal potential of vancomycin against both susceptible and resistant bacteria. In addition,
atomic force microscope (AFM) investigation of all S. aureus strains showed total morphological
damage upon treatment with MNS-coated/vancomycin@MOFs. Overall, this study suggested that
coating of MOFs with MNS could be an effective technique to enhance the bactericidal activity of
vancomycin and hence, improve the antibiotic therapy against MDR-associated diseases. [214].

In summary, the previous studies reported the use of carboxylate-iron MOFs to improve the
antibacterial efficacy of various classes of antibiotics. Vancomycin revealed a controlled release
profile with more enhanced antibacterial effects in the first experiment [212], whereas its Killing
efficacy against MDR strains was improved significantly with complete bacterial cell damage when
loaded into MNS-coated carboxylate MOFs [214] Also, the bioavailability and the oral antibacterial
activity of gentamicin could be maintained when encapsulated into carboxylate-iron MOFs [213].
Therefore, to confirm the in vitro findings and the applicability of such promising MOFs, stability

studies and in vivo antibacterial studies for the formulated carboxylate-iron MOFs are required

3.3.3. Metal-terephthalate frameworks

Another generation of MOFs are metal-terephthalate frameworks which contain metal ions such as
Zn?*, Cu?*, Ti*, and others with terephthalic acid or terephthalate derivatives. These MOFs are
characterized by their photocatalytic activity when exposed to UV-Vis irradiation [215]. In this
regard, three emerging studies reported the use of metal-terephthalate frameworks for treatment of
bacterial infections. The first report was by Bhardwaj et al. (2018), who investigated the antimicrobial
efficiency of three Zn-terephthalate frameworks called IRMOF-3, MOF-5, and Zn-BTC alone, and in

combination with ampicillin and kanamycin. Antibacterial activity assessment showed that all
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antibiotic-loaded Zn-terephthalate frameworks exhibited superior antimicrobial activity, indicated by
lower MIC values against gram-positive and gram-negative strains, compared to the free antibiotics
and free MOFs, with synergistic (for kanamycin-loaded IRMOF-3) and additive (for other antibiotic-
loaded MOFs) interactions [216]. However, to confirm these in vitro antibacterial findings and the
potential use of these metal-terephthalate frameworks, additional characterization, including stability
studies, in vitro drug and metal ions release studies from the MOFs in different physiological
environments and in vivo antibacterial studies, are also essential.

Metal-terephthalate frameworks have also been explored for the design of antibacterial surface
coatings, since bacterial adhesion and growth remain a concern in the design of various medical and
surgical devices. Taking this different approach, Arenas-Vivo and coworkers (2019) developed a
novel silver NP-loaded photoactive titanium (IV) aminoterephthalate framework (AgNPs@ MIL-
125(Ti)NH2 MOFs) as an antifouling and bactericidal surface coating to act against bacterial biofilm.
Silver nanoparticles were efficiently entrapped into the MIL-125 (Ti) MOFs using the impregnation-
reduction method. The antibacterial activity investigation indicated that the bactericidal effects of
MIL-125(Ti) NPs were significantly enhanced after encapsulation of AgNPs, compared to free
AgNPs, MIL-125(Ti)NH2 MOFs, and a physical mixture of both AgNPs and MOFs. This bactericidal
activity of the nanocomposite film, in addition to their ability to detach the bacterial biofilm, was
further promoted when the hybrid film received UVA irradiation for 2 hrs [217]. Therefore, the
promising results of this study can be applied with different antimicrobial agents to prove the potential
of this film nanocomposite as a surface coating for biofilm treatment on high-touch surfaces such as

surgical devices.

Moreover, MOFs have been proposed as a promising candidate for encapsulating a variety of
biomolecules as a biomimetic strategy to combat bacterial infections. Generally, biomimetic strategies
have been explored for the development of nano delivery systems, with the goal of either mimicking
cellular communication signal pathways or utilizing the activity path of biological structures in living
organisms to achieve several advantages, such as biocompatibility and targeting characteristics [88].
Nowadays, this strategy shows the potential for encapsulating nanoparticles/biomolecules into MOFs
to construct antibacterial nanosystems with synergistic activity. In a recent study, novel biomimetic
multienzyme MOFs with Fenton-like catalytic activity were designed by Cheng et al. (2020) to
acquire synergistic antibacterial activity against both gram-positive and gram-negative strains.
Glucose oxidase (GO,) and L-arginine (.-Arg) were simultaneously entrapped within Cu-MOFs
(called Cu-BDC) through a biomimetic mineralization growth technique on an enzyme surface. The
preparation technique resulted in uniform distribution of the biomolecules (GO, and -Arg) within the

Cu-BDC pores, which enhanced the synergistic bactericidal activity by spontaneously activating the
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double cascade reaction of ROS and reactive nitrogen species (RNS). The in vitro antibacterial
activity studies indicated that the bacterial viability of both gram-negative and gram-positive bacteria
were significantly reduced when treated with GO, / (-Arg@ Cu-BDC hybrid composite with
inactivation rates of 98 % and 97 % for E. coli and S. aureus, respectively. This was due to the
biomimetic structure of the hybrid composite and the synergistic antibacterial activity of GO,, .-Arg
and Cu-BDC. In addition, an in vivo study was carried out in mice models to confirm the
cytocompatibility of the formulated hybrid MOFs and the results revealed that the prepared GO, / .-
Arg@ Cu-BDC hybrid composite has good biocompatibility, indicating the in vivo potential of such
biomimetic multienzyme hybrid MOFs [218]. Figure 8 represents a schematic diagram of the

biomimetic mineralization synthesis process for GO, / .-Arg@ Cu-BDC hybrid NPs and their
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Figure 8: Scheme represents (a) the biomimetic mineralization synthesis process for GO, / .-Arg@
Cu-BDC hybrid NPs; and (b) the self-activated double-cascade reaction mechanism for enhanced

synergistic bactericidal activity (adapted with permission from [218]).

3.3.4 MOFs using other metal ions and organic linkers

In addition to the above-mentioned linkers, some other MOFs that contain different metal ions and

linkers can be used as nanocarriers for antibacterial application. André and his coworker (2019)

developed a novel BioMOF that consisted of antibiotic nalidixic acid as an organic linker and

magnesium (Mg) and manganese (Mn) as metal ions. The system showed improved antimicrobial

activity against both gram-positive and gram-negative strains compared to free nalidixic acid, with

more efficacy reported against gram-negative bacteria. A significant bacterial growth inhibition effect
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was observed with bactericidal action when it was treated with Mg-MOFs, while Mn-MOFs exhibited
bacteriostatic actions. However, in vivo studies are needed to support the in vitro antibacterial activity
findings [219].

More recently, Wei’s group (2021) designed a y-cyclodextrin-based MOF using y-cyclodextrin as an
organic ligand co-ordinated with potassium ions to encapsulate the antibiotics, enrofloxacin and
florfenicol. The antibiotics were primarily adsorbed into the pores of the y-cyclodextrin-MOF
structure via an impregnation method to achieve small NPs and to improve the stability of the
formulated antibiotics@y-cyclodextrin-MOFs. The formulated MOFs displayed continuous sustained
release behavior over a period of 4 hrs at physiological pH 7.4, and the cumulative amount released
was 79.85% and 87.50% for florfenicol and enrofloxacin, respectively. The in vitro and in vivo
antibacterial activity results confirmed that the antibiotic loaded y-cyclodextrin-MOF NPs showed
higher and longer inhibition efficacy against gram-positive and gram-negative bacteria, compared to
free antibiotics with lower MIC values, and a 90% inhibition rate for both antibacterial agents.
Therefore, this study indicated that antibiotics@y-cyclodextrin-MOF could be an effective,

biocompatible carrier for antibiotic therapy with a controlled release profile [220].

Altogether, the outcomes of the abovementioned studies confirm the prospective use of MOFs as
promising nanocarriers for the treatment of bacterial infections, and they can be successfully applied
to enhance the antibacterial efficacy of antibiotics, thus helping in overcoming resistance. Table 4
summarizes all the MOFs reported in this review. It provides comprehensive information such as
metal ions; loaded antibacterial agent (s); bacteria species; the mechanism of antibacterial actions; and

the mode of antibacterial investigation.
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Table 4: Summary of the reported MOFs and their antibacterial mechanisms.

MOF Antibacterial agent ~ Targeted bacteria Mechanism of the antibacterial actions Mode of Ref.
study

ZIF-8 Physcion S. aureus Binding to cell membrane’s protein leading to In vitro [205]
E. coli membrane destruction.
P. putida

ZIF-8/HA Tetracycline S. aureus Binding to CDa44 antigen receptor by the aid of In vivo [206]
Salmonella HA and kill the bacteria intracellularly.

ZIF-8/CHT Vancomycin S. aureus Inhibition of biofilm formation and affecting the  In vitro [207]

morphology of the bacteria.

ZIF-8/Fe;04.PAA Ciprofloxacin S. aureus Damage of bacterial cell wall. In vitro [208]
E. coli

C-ZIF AgNPs S. aureus Release of Ag* and irradiation heat destroyed the  In vivo [209]
E. coli bacterial cell membrane.

ZIF-8/PDA Vancomycin E. coli Nucleic acid degradation, biofilm inhibitionand  In vivo [210]
VM- intermediate S. cell membrane damage.
aureus (Mu50)

MOF-53 (Fe) Vancomycin S. aureus Inhibition of bacterial cell wall synthesis In vitro [211]

MIL-100(Fe) Gentamicin S. aureus Not reported In vitro [212]

UiO-66(Zr) S. epidermidis
P. aeruginosa

MNS-coated/Fe- Vancomycin S. aureus Damage of bacterial cell wall. In vitro [214]

MIL-88NH; MRSA

IRMOF-3 Ampicillin S. aureus Sustained release of Zn*? and inhibition of the In vitro [213]

MOF-5 Kanamycin S. lentus enzymes and proteins involved in cell wall

Zn-BTC L. monocytogenes production which resulted in membrane injury.
E. coli

MIL-125(Ti) AgNPs S. aureus Biofilm inhibition and generation of ROS. In vitro [217]
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Cu-BDC Glucose oxidase and  S. aureus Change of bacterial morphology due to the In vivo [218]

L-arginine E. coli release of free radicals through a double cascade
reaction.
BioMOFs Nalidixic acid S. aureus Not reported In vitro [219]
E. faecalis
P. aeruginosa
E. coli
y-cyclodextrin-MOF  Enrofloxacin S. aureus Not reported In vivo [220]
florfenicol E. coli

MOF, metal organic framework; HA, hyaluronic acid; CHT, chitosan; PAA, poly allylamine; PDA, poly dopamine; MNS, mannose; MRSA, methicillin
resistant S. aureus.
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3.4 Cell membrane-coated hybrid NPs (CMCH-NPs)

Coating of NPs with extracted cell membranes is one of the strategies that has been used to improve the
pharmacokinetic parameters of various drugs, including antibiotics, which makes CMCH-NPs attractive
candidates for targeted and sustained antibacterial drug delivery [152]. In this field, red blood cell
membrane-coated hybrid NPs (RBCM/CH-NPs) and CMCH-NPs using other extracted cell membranes,
such as gastric epithelial cells, bacterial cell membranes and neutrophils, and their applications in
antibacterial delivery are discussed.

Several nanosystems have been modified by coating them with red blood cell membranes (RBCM) to
enhance the delivery of antibiotics within the body, reducing its clearance by the immune system and
enhancing its blood circulation time [2], which improves the pharmacokinetic properties of the antibiotic
nanocarrier. In this regard, three research studies have been reported by Li et al. (2014), Lin et al. (2019)
and Kamal et al. (2022) for combating MDR bacteria. They developed a core-shell gelatin NP (GNP)
decorated on their surface with RBCM for adaptive and ‘on-demand’ antibiotic delivery. All hybrid
nanosystems were designed for gelatinase-triggered release of antibiotics at the infection site, and the
results indicated that the release of all loaded antibacterials was gelatinase concentration/time-dependent,
as they showed a higher release profile in the presence of gelatinase and gelatinase-positive bacteria. The
authors suggested that the coating of GNPs with RBCM improved their stability and cytocompatibility
and enhanced their antihaemolytic activity against bacterial toxins. Li and coworkers (2014) designed
vancomycin-loaded RBCM-coated supramolecular GNPs (vancomycin-loaded SGNPs-RBCM) using the
desolvation method. The antibacterial activity of the prepared vancomycin-loaded hybrid NPs was
examined in vitro, and the results revealed higher activity against gelatinase-positive strains, including S.
aureus, P. vulgaris and P. aeruginosa, with lower MIC values compared to free vancomycin. This
enhanced activity was due to the degradation of gelatin in response to the gelatinase enzyme that is
overexpressed in the infection site, which resulted in vancomycin release and bacterial death [221].
Thereafter, Lin et al. (2019) developed ruthenium (Ru)-complexes functionalized selenium (Se) NPs
loaded into RBCM-GNPs (Ru—Se@GNP-RBCM) for the in situ detection and inhibition of MDR
bacteria. In vitro investigations of the antibacterial activity of the system showed that the Ru—Se@GNP-
RBCM had a strong antibacterial effect on MRSA, as the survival rates of the bacteria decreased
significantly, indicating a good synergistic antibacterial effect against gelatinase-positive strains.
Moreover, an in vivo assessment of MRSA-infected mouse models was performed for the evaluation of
wound healing ability, and the overall findings confirmed that the prepared Ru—Se@GNP-RBCM could

be used to detect bacterial infection in vivo and improve the healing of MRSA-infected wounds [222].
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More recently, Kamal and co-workers (2022) developed a unique RBCM-coated supramolecular GNPs
loaded with vancomycin and chlorogenic acid for combined antibacterial and antibiofilm activity against
MRSA infection, both in vitro and in vivo. The prepared biomimetic hybrid NPs were able to evade the
immune system and greatly prolong their systemic circulation for the responsive and sustained release of
vancomycin/chlorogenic. The successful in vitro time-concentration dependent antibacterial and
antibiofilm effects were validated through in vivo studies using leg- and skin-infected mice models.
Synergistic antibacterial activities of vancomycin and chlorogenic acid in response to the
microenvironment of MRSA infection were confirmed by the total eradication of bacteria, as well as the
healing of inflammation and wounds. Therefore, these smart on-demand antibiotic delivery platform

could be promising in future nanotechnology to treat resistant infectious pathogens [223].

Compared to the first study published by Li [221], both Lin et al. (2019) and Kamal et al. (2022) reached
the in vivo stage in their studies, thereby building a solid in vitro-in vivo correlation [222, 223]; while Li
et al. (2014) did not investigate the in vivo activity, which is crucial in considering such nanosystems for
clinical trials. In summary, the promising results of all reported studies indicated that RBCM-coated
GNPs loaded with various antibacterial agents could be used as an alternative to antibiotics for combating
MDR bacterial infection. Figure 9 demonstrated the preparation method of vancomycin/chlorogenic acid-
loaded RBCM-coated supramolecular GNPs, and the mechanism of combating MRSA infection in mice
models by means of prolonged circulation time, immune escaping ability and responsive on-demand

antibiotic delivery.
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Figure 9: Scheme illustrating the preparation method of vancomycin/chlorogenic acid-loaded RBCM-
coated supramolecular GNPs, and their synergistic and infection microenvironment-responsive
antibacterial and antibiofilm effectiveness mechanisms to eradicate MRSA infection in mice model

(adapted with permission from [223]).

Using the same coating strategy, a cell membrane-coated nanogel system composed of a redox-responsive
nanogel core and RBCM shell was reported by Zhang et al. (2017) for vancomycin delivery to combat
intracellular MRSA. The vancomycin-loaded nanogel core was crosslinked with disulfide bonds to be
cleaved in response to the intracellular reducing environment for the on-site release of vancomycin, while
the in situ gelation method was used to coat the surface of vancomycin-loaded nanogel with RBCM. The
RBCM-coated nanogel effectively neutralized MRSA a-toxin, which in turn enhanced the intracellular
bacterial uptake. Vancomycin release from the RBCM-nanogels in the presence of reducing agents was
significantly increased, reaching a cumulative release of about 95% in 24 hrs, confirming the
responsiveness of the system to the intracellular reducing environment. Additionally, the in vitro
antibacterial activity study revealed that the RBCM-coated/vancomycin-nanogel exhibited improved
antibacterial activity against intracellular MRSA with an MIC value of 2.5 pg/ml, while the non-coated
vancomycin-loaded nanogel showed less anti-MRSA activity with an MIC value of 5 ug/ml, compared to
free vancomycin. These findings suggest that the redox-responsive RBCM-coated nanogel system could

be promising for treating intracellular MRSA infection [224].
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Finally, in 2021, Wu et al. used a simple ultrasound method to prepare RBCM-coated tedizolid phosphate
(TR-701)-loaded PLGA NPs (TR-701-PLGA@RBCM NPs) for treating methicillin-sensitive S. aureus
(MSSA) and MRSA wound infections. The formulated hybrid biomimetic system was evaluated for its in
vitro and in vivo biocompatibility, toxin adsorption capability and antibacterial efficiency. The results
showed that TR-701-PLGA@RBCM NPs were safe and highly biocompatible, with significant exotoxin
neutralizing ability. The in vitro antibacterial activity study indicated that the antibacterial activity of the
prepared hybrid system was equivalent to free TR-701 against both MRSA and MSSA. Moreover, the
healing rate of the MRSA-infected wound was improved significantly when treated with TR-701-
PLGA@RBCM NP, due to its improved growth inhibition of MRSA in the mice skin wound, compared
to free TR-701. Accordingly, TR-701-PLGA@RBCM NPs could be promising in treating MRSA-
infected wounds due to their high stability, biocompatibility and enhanced antibacterial efficacy in vitro
and in vivo [225]. Figure 10 presents a schematic illustration of the preparation and application of TR-
701-PLGA@RBCM NPs in treating MRSA-wound infection.
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Figure 10: Scheme representing the preparation and application of TR-701-PLGA@RBCM NPs in
treating MRSA-wound infection (adapted with permission from [225]).

The coating of NPs with extracted cell membranes can be used also as a pathogen-host adhesion strategy
for active targeting of various antibiotics to enhance the drug localization, reduce side effects, and
improve their therapeutic effectiveness [226]. Two research studies have reported the coating of PLGA
NPs with extracted cell membranes for active targeting and improving antibiotic delivery and localization
at the site of infection. A membrane derived from gastric epithelial cells (called AGS cells) has been

successfully applied by Angsantikul et al. (2018) to enhance the delivery and active bacterial targeting of
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clarithromycin. They prepared AGS coated-clarithromycin-loaded PLGA NPs (clarithromycin-
PLGA@AGS NPs) to treat H. pylori infection. The prepared biomimetic hybrid NPs exhibited enhanced
bacterial adhesion with prolonged and controlled antibiotic release, which improved the therapeutic
efficacy of clarithromycin. The antibacterial activity of clarithromycin-PLGA@AGS NPs was studied in
vitro and in vivo, and the results indicated that the system had superior in vitro antibacterial activity
against H. pylori, compared with free antibiotic and clarithromycin-loaded PLGA NPs. In addition, the
NPs were able to reduce the H. pylori burden effectively in an infected mouse model. Therefore, coating
of clarithromycin-loaded polymeric NPs with a membrane derived from gastric epithelial cells could be a
useful and safe approach for effective, targeted antibiotic delivery to treat H. pylori infection. Also, this
bacteria-host adhesion approach can be applied to treat other bacterial infections [227]. Continuing the
research into the coating of PLGA NPs with extracted cell membranes, Gao and coworkers (2018) used
PLGA NPs coated with a membrane of extracellular vesicles (EV) secreted by S. aureus (PLGA
NPs@EV) as an active targeting carrier to eliminate bacterial infections caused by intracellular S. aureus.
The prepared PLGA NPs@EV were internalized by S. aureus-infected macrophages in vitro, with better
efficiency compared to PLGA NPs coated with liposomes and E. coli outer membrane vesicles,
respectively. In addition, the hybrid NPs were loaded with vancomycin and rifampicin and were injected
intravenously to intracellular S. aureus-infected mouse models. The antibiotic-loaded PLGA NPs@EV
exhibited significantly enhanced antibacterial activity as they reduced the pathogen burdens in major
organs, especially in the kidneys and lungs. The overall findings of this study suggested that EV-coated
hybrid NPs can improve the therapeutic efficiency of loaded antibiotics by providing them with an active
targeting capacity, both in vitro and in vivo [228].

In addition to the previous biological coating materials, the most recent study of CMCH-NPs for the
treatment of bacterial infections and inflammation was reported by Wang et al. (2020). In this study,
PCL-PEG NPs were coated with neutrophil membrane and then loaded with sparfloxacin for specific
targeting to inflammatory sites. The prepared neutrophil-coated hybrid NPs demonstrated good
biocompatibility, controlled drug release profiles and targeted delivery to pulmonary sites of
inflammation. Also, the hybrid NPs showed significantly higher antibacterial activity against MRSA,
confirmed by larger zones of inhibition when compared to free antibiotic and PLC-PEG NPs. Finally, the
in vivo study findings indicated that these neutrophil-coated hybrid NPs could efficiently treat lung

inflammation in the mouse pneumonia model [229].
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Taken together, the studies discussed in this subsection have confirmed the potential use of CMCH-NPs
as biomimetic antibiotic nanocarriers for the effective treatment of bacterial infections. Functionalization
of such hybrid nanosystems combines nanotechnology with biomimetic strategies and takes the
advantages of biological cell membranes to develop nature-inspired nanomedicines for targeted antibiotic
delivery.

3.5 Hybrid NP-hydrogels

In recent years, hybrid NP-hydrogels have garnered more attention as antibacterial drug delivery carriers
due to their unique advantages, such as self-healing abilities; injectability; tissue adhesiveness; high drug
loading capacity; controlled drug release; and superior biocompatibility. Hybrid NP-hydrogels loaded
with different antibiotics can be used for local antibacterial delivery to the site of infection, thereby
reducing the development of antibiotic resistance. They can be applied to treat different infectious
diseases, including skin wounds and bone infections [230]. Herein, hybrid NP-hydrogels based on the
types of the combined NPs are discussed.

3.5.1 Hybrid metal and metal oxide NP-hydrogels

A variety of metal/metal oxide NPs such as AgNPs, AuNPs, CuO NPs and ZnO NPs have been
incorporated into hydrogels to form hybrid systems applied in the treatment of bacterial infections. These
NPs combined with hydrogels can be used for the controlled release of antibacterial metal ions or
encapsulated antibiotics. In this regard, Sattari et al. (2018) incorporated Ag, CuO and ZnO NPs into a
polyaspartic acid/graphene nanosheets@polyacrylamide-co-acrylic acid hydrogel for pH-responsive and
controlled release of a loaded drug, curcumin. The release profile of curcumin from the prepared hybrid
NP-hydrogels was sustained and pH-dependent as it showed more drug release at pH 7.4 than at pH 2.1,
due to the increased electrostatic repulsion and hydrogel swelling. Hybrid curcumin-loaded AgNP-
hydrogel exhibited more curcumin release compared to the hybrid metal oxide-hydrogels. In addition, the
prepared curcumin-loaded hybrid hydrogels exhibited enhanced antibacterial activity against E. coli and
S. aureus, compared to the bare curcumin, with the AgNP-hydrogel proving the most successful. This
improved antibacterial activity was due to the enhanced curcumin release and more synergistic
antibacterial effects of AgNPs, compared to hydrogel embedded with CuO and ZnO NPs. As a result, the
prepared metal/metal oxide NP-hydrogel could be useful for wound healing and dressing applications
[231]. However, biocompatibility and in vivo studies are crucial in motivating such a use.

In addition, hybrid metal NP-hydrogels can be used as an alternative strategy for combined local

antibacterial/photothermal therapy. Tao and co-workers (2019) prepared an NP-hydrogel hybrid system
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composed of methacrylate modified gelatin (Gel-MA) combined with N, N-bis(acryloyl) cystamine-
chelated CuNPs (BACA/Cu NPs) via a radical polymerization technique. The formulated BACA/Cu
NPs@Gel-MA was able to convert NIR laser irradiation energy into localized heat for antibacterial
photothermal therapy. In vitro antibacterial studies indicated that the hybrid hydrogel exhibited superior
antibacterial efficacy against both S. aureus and E. coli, with biofilm inhibition capability. This enhanced
antibacterial activity derived from the synergistic effect of photothermal activity and the rapid release
Cu?* and ROS under laser irradiation of CuNPs (as shown in Figure 11). Moreover, the wound-healing
process of an S. aureus- infected mice model was significantly accelerated by enhancing
neovascularization with a reduced inflammatory response in vivo. Overall, the biocompatible
CuNPs-hydrogel hybrid system is a promising candidate in photothermal therapy for wound healing

applications and skin tissue regeneration [232].
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Figure 11: Scheme illustrating the preparation of BACA/Cu NPs@Gel-MA hybrid hydrogel and the
synergistic antibacterial photothermal therapy via the generation of ROS under NIR irradiation (adapted

with permission from [232]).

Likewise, Lin et al. (2020) employed the same synergistic antibacterial photothermal therapy to treat
periodontal infections. The research team designed a NIR-activated hybrid hydrogel system, composed of
Gel-MA with mesoporous silica-coated AuNPs (SiO2/AuNPs), to achieve a sustained antibiotic release.
The prepared hybrid hydrogel exhibited a controlled release profile of the loaded drug minocycline at pH
7.4, with an increased release rate under NIR light irradiation. This controlled release assisted in

improving the antibacterial activity of the system against Porphyromonas gingivalis (P. gingivalis), as the
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prepared SiO./AuNP-hydrogel showed enhanced antibacterial efficacy (~90 %) under NIR irradiation,
with rapidly eliminated pathogens in the periodontal pocket. In addition, cytotoxicity studies confirmed
the cytocompatibility of the formulated hybrid hydrogels [233]. Therefore, the NPs-Gel-MA hybrid
hydrogels developed in the two previous studies with synergistic antibiotic release and photothermal
therapy show promise for the prolonged treatment of local skin wound infections and periodontal

diseases.

3.5.2 Hybrid polymeric NP-hydrogels

Various polymeric NPs embedded in hydrogels, such as PLGA and PCL, have been investigated for
controlled and sustained antibiotic release to improve targeted and localized antibacterial drug delivery.
Posadowska et al. (2016) designed an injectable hybrid hydrogel system composed of vancomycin-loaded
PLGA NPs combined with gellan gum (GG) for local treatment of osteomyelitis. Vancomycin was loaded
successfully into both polymeric NPs and within the gel matrix and, as a result, the system exhibited a
biphasic release profile: an initial burst release at day ten, followed by a sustained prolonged release for
up to 40 days. Also, the vancomycin-PLGA NPs@GG hydrogel system showed cytocompatibility with
osteoblast-like cells and more enhanced antibacterial activity against osteomyelitis-causing S. aureus than
bare vancomycin, vancomycin-loaded PLGA NPs, and vancomycin-loaded GG hydrogel, confirmed by a
zone of inhibition [160]. Later in the same year, the same research group prepared a hybrid PLGA
NPs@GG hydrogel injectable system loaded with gentamicin (2016). The results were comparable with
the previous study, as the gentamicin-loaded hydrogel system demonstrated a controlled release profile
for up to 90 days and the in vitro studies confirmed the antibacterial activity and the cytocompatibility of
the prepared hybrid hydrogel system [234]. Hence, the developed hybrid, antibiotic-loaded, polymeric
NP-hydrogels displayed good injectability, self-healing ability, adjustable drug release and enhanced
antibacterial efficacy, revealing their potential for localized treatment of bone infections. However, both
studies required in vivo investigations to be applied clinically.

To further improve the performance and activity of hybrid NP-hydrogels at the infection sites,
bioadhesive materials can be included into the hydrogel network to form a bioadhesive delivery system.
These bioadhesive nanogels combine the extensive swelling ability of the hydrogel with its bioadhesion
properties [235]. As a result, they can efficiently adhere to the infected tissue surface and deliver
antibiotics locally. In two other studies, Zhang et al. (2016) and Salatin et al. (2020) reported the design
of bioadhesive hybrid NP-hydrogels for localized and sustained topical drug delivery. Zhang and
coworkers (2016) constructed a bio-adhesive hybrid PLGA NP-dopamine methacrylamide (DMA)

hydrogel to enhance the local delivery of ciprofloxacin under high shear force conditions. Ciprofloxacin
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was loaded into PLGA NPs and then combined into a tissue adhesive DMA hydrogel. The prepared
hybrid system showed enhanced adhesion and antibiotic retention under high shear stress on bacterial
biofilm, mammalian cells, and mouse skin tissue, allowing for a gradual release of ciprofloxacin from the
PLGA NP-DMA hydrogel, which continued for up to seven days. In addition, the system effectively
inhibited the formation of E. coli bacterial biofilm under in vitro flow conditions with more enhanced
antibacterial activity, compared to the free ciprofloxacin and ciprofloxacin-loaded PLGA NPs. Moreover,
the NP-hydrogel was safe and cytocompatible within seven days of treatment on a mouse skin model
[236]. On the other hand, Salatin et al. (2020) developed a thermosensitive and bio-adhesive cephalexin-
loaded PCL NPs@ pluronic F-127(PF-127)/CHT hydrogel for topical antibacterial delivery. The
formulated system had good viscosity, suitable spreadability and bioadhesion with an in situ
thermogelling-forming ability at body temperature. The in vitro antibacterial activity results indicated that
the drug-loaded NP-hydrogel had superior antibacterial efficacy against S. aureus, confirmed by the
reduced MIC values when compared to the free drug and the drug-loaded CHT hydrogel. Similarly, the
hybrid NP-hydrogel exhibited an enhanced antibacterial activity after six days of treatment on an infected
rat skin [162]. Overall, the developed bioadhesive hybrid polymeric NP-hydrogels reported in these two
studies can potentially be applied for prolonged and localized delivery of antibiotics to treat various

bacterial infections and overcome antibiotic resistance.

3.5.3 Hybrid vesicular NP-hydrogels

Aside from metal/metal oxide and polymeric NPs, numerous vesicular NPs, such as liposomes and
nanotransfersomes (NTs), were combined with hydrogels to generate a hybrid hydrogel system with high
stability and a controlled release profile [237]. This strategy has also been applied to enhance the
antibacterial activity of antibiotics for localized antibacterial delivery. In this case, two research studies
have also reported the use of bio-adhesive and/or thermosensitive hybrid vesicular NP-hydrogels for
topical delivery of antibiotics to treat skin infections. Gao et al. (2014) designed a pH-responsive
carboxyl-modified AuNP (C-AuNPs)-stabilized liposomes@polyacrylamide hydrogel for topical
antimicrobial delivery. The formulated hybrid hydrogel system maintained the structural integrity of the
stabilized liposomes, allowing for controlled release kinetics of the C-AuNPs-liposome. The released
stabilized liposomes could fuse with the membrane of S. aureus in response to the skin infection
environment (pH 4.5), resulting in an enhanced and prolonged bacterial inhibition activity of Au®,
confirmed by the liposome-bacterium fusion assay. Finally, a mouse skin model was used to evaluate the
toxicity of the prepared C-AuNPs-liposome@hydrogel, and the results confirmed the compatibility of the

system within seven days of treatment [238]. A more recent study reporting the use of hybrid vesicular
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NP-hydrogels was conducted by Salatin and coworkers (2020), who developed and optimized a
thermosensitive and bio-adhesive hybrid NT-CHT hydrogel to enhance the skin bioavailability and the
antibacterial activity of cephalexin. The findings were comparable to their previous research study which
used polymeric NP-hydrogel [162]. As the optimized hybrid, NT-CHT hydrogel improved cephalexin
penetration through the skin pores after eight hours of treatment, and exhibited more enhanced in vitro
antibacterial activity against S. aureus compared to the bare drug, and confirmed by MIC. In addition, the
system was cytocompatible and showed superior antibacterial activity when applied to the rat skin for ten
days [239]. Therefore, the overall results proved the potential application of the hybrid vesicular NP-
hydrogels for prolonged and localized transdermal delivery of antibiotics.

In summary, hybrid NP-hydrogel systems could be an alternative, promising strategy for local
antibacterial drug delivery due to their ability to reduce bacterial infections in a controlled manner,
decrease side effects, combat bacterial resistance, and improve patient compliance. A summary of the
reported hybrid NP-hydrogels for localized antibacterial delivery is provided in Table 5, highlighting the
advantages and application of such hybrid NP-hydrogels.
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Table 5: Hybrid NP-hydrogels for localized antibacterial delivery.

NPs Hydrogel Advantages Application Ref.
AgNPs Polyacrylamide-co-acrylic acid -pH-responsive controlled release. Wound dressing [231]
CuO NPs hydrogel -Synergistic antibacterial activity.
ZnO NPs
CuNPs Gel-MA hydrogel -Enhanced antibacterial activity Wound healing and [232]
with biofilm inhibition ability. skin tissue regeneration
-Combined antibiotic treatment
and photothermal therapy.
AuNPs Gel-MA hydrogel -Controlled release of antibiotic Periodontal infections [233]
in response to NIR irradiation.
-Combined antibiotic treatment
and photothermal therapy
PLGA NPs GG hydrogel -Improved mechanical properties Bone infections. [160,
-Ensured local antibiotic delivery 234]

in a controlled manner
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PLGA NPs DMA hydrogel

PCL NPs PF-127/CHT hydrogel
NP-stabilized liposomes Polyacrylamide hydrogel
NTs CHT hydrogel

-Enhanced drug permeability
through the skin.

-Bioadhesion.

-Increased stability

-Thermosensitive gel-forming ability.
-Bioadhesion

Enhanced permeability through

the skin.

-Increased stability

-Enhanced permeation through the skin.
-Bioadhesion.

-pH-responsive and

controlled antimicrobial release.

-Thermosensitive gel-forming ability.
- Bioadhesion

- Enhanced permeability through

the skin.

-Increased stability

Topical antibiotic delivery

Topical antibiotic delivery

Topical antibiotic delivery

Transdermal antibiotic delivery

[236]

[162]

[238]

[239]

Gel-MA, methacrylate modified gelatin; GG, gellan gum; DMA, dopamine methacrylamide; PLGA, Poly D, L-lactic-co-glycolic acid; CHT,

chitosan; PCL, poly ¢-caprolactone; NTs, nanotransfersomes.
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3.6 Miscellaneous hybrid NPs.

In addition to all the above-mentioned hybrid nanosystems as promising antibiotic delivery vehicles,
researchers have reported on a number of other hybrid NPs for antibacterial application. These
nanosystems include hybrid magnetite nanocomplexes, hybrid linear polymer-dendrimer NPs and
hybrid self-assembled core-shell polymeric NPs.

In this regard, three research studies reported the design of hybrid magnetite nanocomplexes to
enhance the antibacterial delivery of loaded antimicrobial metal ions and/or antibiotics. Tung et al.
(2016) synthesized hybrid magnetite FesO4-Ag nanocomplexes by a simple photochemical method to
investigate their antibacterial efficacy against MRSA infections. The prepared hybrid NPs had a
dimer-like nanostructure confirmed by XRD and TEM. In vitro antibacterial activity of the hybrid
nanosystem was evaluated using paper-disc diffusion and standard microdilution methods, and the
results indicated that the prepared hybrid magnetite Fe3O4s-Ag NPs were more effective than the bare
Fes04NPs and AgNPs against MRSA. This enhanced activity could be a result of the Ag nanocrystals
decorated on the magnetic oxide seeds, in addition to the direct contact of the bacterial cell wall with
hybrid NPs, leading to Ag* release, membrane rupture, biofilm inhibition and bacterial cell death
[240]. On the other hand, Zhang and his research group (2019) examined the biofilm eradication
ability of the same Fe3;04-Ag hybrid system against gram-negative bacteria. They prepared hybrid,
multinucleated Fe;O4-Ag seeds with a flower-structured morphology. The results confirmed that the
prepared hybrid NPs exhibited superior antibacterial and antibiofilm activity against E. coli and P.
aeruginosa when compared to free AgNPs and Fe;O4NPs, and these activities were improved with the
application of an external magnetic field, since the nanocomposites could penetrate deep into bacterial
biofilms and Kill the bacteria within the destroyed biofilm [241]. Similarly, a recent study describing a
novel hybrid nanodrug delivery system based on magnetite NPs was reported by Zhang et al. (2020),
who designed a hybrid core/shell Fe;04-SiO2 NP coated with a vancomycin-loaded polyvinyl alcohol
(PVA) and conjugated with a cell-penetrating peptide (CPP) for the effective treatment of both gram-
positive and gram-negative bacterial infections. The prepared complex hybrid NPs demonstrated a
controlled release profile of vancomycin due to the swelling and shrinking effect of the PVA coat.
Also, the conjugation of the hybrid system with a CPP resulted in enhanced antibacterial activity, with
a lower effective dosage of vancomycin against both S. aureus and resistant E. coli, when compared
to bare vancomycin and Fe;0.-SiO2 NPs. The enhanced activity of the hybrid system could be
attributed to its ability to be significantly internalized into bacterial cells with aid of CPP [242].
These promising results indicated the potential application of the hybrid magnetite nanocomplexes as
efficient antibacterial nanocarriers for rapid targeted-drug delivery process. However, all the above-
mentioned studies required more investigations, such as stability studies and in vivo examinations in

suitable animal models with localized infection, before being clinically applied in the future.
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In a different approach, hybrid star polymer NPs (called 3-mPEA,) composed of a linear diblock
copolymer methoxy PEG-b-PCL (mPEG-b-PCL) and a poly (ester-amine) dendrimer (G1-PEA), were
developed by Omolo et al. (2018) for the efficient delivery of vancomycin. Different physicochemical
characterization tests confirmed the spontaneous self-aggregation of the prepared hybrid 3-mPEA
NPs. Vancomycin release from the hybrid nanocomposite was found to be sustained, with a 65.8%
release over a period of 72 hrs. In addition, the system exhibited an enhanced antibacterial activity
compared to the bare vancomycin, as it had 8- and 16-fold lower MIC values against S. aureus and
MRSA, respectively. Also, the flow cytometry study showed 3.9-fold more dead MRSA cells when
samples were treated with the vancomycin-loaded hybrid NPs than with the plain vancomycin.
Finally, an in vivo skin infection mice model was used to confirm the in vitro antibacterial activity
results, and the vancomycin-loaded hybrid NPs showed a 103- and 20-fold reduction in the MRSA
load compared to the untreated and VCM treated mice, respectively. Overall, the formulated 3-mPEA
hybrid NPs could be a promising biocompatible nanocarrier against bacterial infections caused by
MRSA strains [188].

Another hybrid nanocarrier that has been investigated for its targeted antibacterial delivery is a hybrid
self-assembled polymeric NP. A research study reported by Wan et al. (2019) demonstrated the
formulation of self-assembled PLGA/D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS)
hybrid NPs via the microfluidic nanoprecipitation method, for site-specific delivery of azithromycin
to bacterial biofilm in the lung. The enzymatically cleavable TPGS shell enables the hybrid NPs to
penetrate through the mucus and accumulate within the bacterial biofilms, allowing for a sustained
release of azithromycin from the PLGA@TPGS NPs and prolonged exposure of the antibiotic to the
bacteria, thereby improving the antibacterial activity of the antibiotic against a biofilm-forming P.
aeruginosa. The killing efficacy of the azithromycin-loaded hybrid NPs was investigated using
confocal laser scanning microscopy (CLSM), and the results demonstrated that hybrid NPs had a
~2.5-times greater killing efficacy than bare antibiotic at six hours. Thus, PLGA@TPGS NPs are an
efficient delivery system to improve the treatment of cystic fibrosis-related bacterial biofilm
infections [243].

In conclusion, various materials were used for the synthesis of each hybrid nanocarrier for targeting
and site-specific delivery of various antibacterial agents, including antimicrobial metal ions and
antibiotics; and most of the results showed significant enhanced antibacterial activity. The overall
outcomes of the reported studies suggest that hybrid nanosystems have promising potential for
antibacterial therapy and overcoming resistance, and the novel synthesized materials may be modified

for the treatment of other infectious diseases.
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4. Conclusion and future perspectives

Over the last two decades, hybrid nanosystems have been developed extensively in the field of drug
delivery. This review highlights and discusses the potential of hybrid nanosystems for improving
antibacterial drug delivery and enhancing the treatment of bacterial infections. The encapsulation of
antibiotics into various hybrid nanocarriers, including LPHNPSs; organic-inorganic hybrid NPs;
MOFs; CMCH-NPs; and hybrid NP-hydrogels with high encapsulation efficiency and drug loading
capacity was successfully established by these studies. Most of the reported hybrid nanocarriers have
demonstrated the potential for improved targeting; controlled drug release profiles; long circulation
times; and significantly enhanced antibacterial activity, particularly against intracellular bacterial
strains and biofilms. In addition to delivering antibiotics, some hybrid NPs with inorganic metal ions
also possess potent antimicrobial activity against various gram-positive and gram-negative bacterial
species. Furthermore, combining diagnostic functions, active targeting and therapeutic delivery in
antibiotic-loaded hybrid nanocarriers are being explored for intravital imaging and antimicrobial
therapy. Such nano-theranostic strategy could provide an interesting research area that will inspire
researchers to develop new nanotherapeutics for effective diagnosis and treatment of several
pathogenic infections

However, despite the enhanced potential of hybrid nanosystems for bacterial eradication, most of
these nanocarriers are still in their infancy and have not been translated clinically. Therefore, further
studies are required to overcome challenges associated with their complex constitutions; formulation
optimization; scalable production; and development of a cost-effective nanocarriers to achieve
regulatory approval. Also, for clinical translation, additional studies using appropriate animal models
to assess in vivo antibacterial performances; in vivo ADME; cytotoxicity; and long-term stability of
the hybrid nanocarriers are required to validate their efficacy, pharmacokinetic profiles, biosafety, and
shelf-life. Additionally, supplementary molecular dynamic studies are essential to understand the
enhanced activity of the reported hybrid nanocarriers and the molecular interactions between their

constituents.

Currently, relatively few hybrid nanosystems are being reported for antimicrobial delivery. Even
though, their formulation has boundless possibilities due to the combination of different biomaterials,
resulting in an infinite number of nano-assemblies with endless bio-nanotechnology applications.
Recent technologies such as microfluids; particle-replication in non-wetting templates (PRINT)
technology; and double spray drying techniques, have served as promising large-scale methods for the
development of well-defined hybrid nanocarriers with acceptable characteristics for industrial

upscaling.
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As more advances are witnessed in synthetic chemistry and supramolecular chemistry, and with the
introduction of more innovative elucidation techniques, smarter hybrid nanosystems for precise
targeting, with the ability to overcome antimicrobial resistance at the sub-molecular level, will be
developed. Therefore, this review represents a platform for the pharmaceutical industries to
understand and scale-up hybrid NPs to develop more effective disease site-targeting drug delivery
systems that could be employed to overcome antimicrobial resistance. Future research should identify
other multifunctional hybrid nanomaterials that are multi-stimuli responsive, biomimetic and
cooperate with in situ imaging, to elucidate the mechanism of overcoming antimicrobial resistance

and improve antibiotic delivery.
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CHAPTER 3. FIRST EXPERIMENTAL PAPER

3.1 General Introduction

This chapter addresses Aim 1, Objectives 1-8, and is a first-authored experimental paper submitted to
an ISl International Journal: International Journal of Biological Macromolecules (Manuscript ID:
IJBIOMAC-D-23-18902) (Impact factor: 8.2). This article highlights the synthesis of a novel HA-Lys
conjugate and explores its biomimetic activity to competitively inhibit bacterial-TLRs induced
inflammatory responses using in vitro investigations. It also highlights the formulation, optimization,
and characterization of multifunctional biomimetic pH-responsive VCM-HNLCs, which was prepared
from the synthesized HA-Lys, TS, and OLA to enhance VCM delivery. Furthermore, it evaluates the
biocompatibility, hemocompatibility, in vitro TLR2 and TLR4 binding affinity, in vitro antibacterial,
antibiofilm, efflux pump inhibition, antioxidant, and anti-inflammatory activities of the prepared
VCM-HNLCs.

3.2 Author contributions

In this paper, Mrs. Eman Elhassan performed the literature searches that contributed to the
conceptualization and the design and execution of this project. These involved the synthesis,
preparation, and characterization of the novel biomaterial and hybrid nanocarriers (HNs). The HNs
were characterized for physicochemical properties including average particle size, polydispersity
index, zeta potential, entrapment efficiency, drug loading capacity, thermal profiles, and surface
morphology. Furthermore, Mrs. Eman Elhassan contributed towards the characterization of the
formulation in terms of in vitro antibacterial activity, hemocompatibility studies, in vitro drug release
study and its mathematical modelling, colloidal stability studies, receptor binding with microscale
thermophoresis (MST) technique and in vitro antioxidant study. Mrs. Eman Elhassan was also
responsible for analysis and data collection, as well as writing entire draft version of the first authored
article and revised it according to co-authors comments. Mr. Mohammed A. Gafar assisted with the
antibacterial and in vitro binding affinity studies. Prof. Calvin A. Omolo served as co-supervisor and
assisted with the conceptualization, design of the project, solving any technical problems and
supervision of the studies. Mr. Usri H. Ibrahim conducted the anti-inflammatory studies. Dr. Rene
Khan conducted the cytotoxicity studies. Prof. Thirumala Govender served as supervisor and was
responsible for project conceptualization, problem-solving, editing of paper and abstract as well as

general supervision of all the experiments.

114



3.3 Submitted manuscript

Design of multifunctional biomimetic pH-responsive hybrid nanostructured lipid
carriers for targeted delivery of vancomycin against bacterial sepsis

Eman Elhassan !, Mohammed A. Gafar 2, Calvin A. Omolo ®*, Usri H. Ibrahim 4, Rene Khan %,

Thirumala Govender .

! Discipline of Pharmaceutical Sciences, College of Health Sciences, University of KwaZulu-Natal,
Private Bag X54001, Durban, South Africa.

2 Department of Pharmaceutics, Faculty of Pharmacy, University of Khartoum, Sudan.

3 Department of Pharmaceutics and Pharmacy Practice, School of Pharmacy and Health Sciences,
United States International University-Africa, P. O. Box 14634-00800, Nairobi, Kenya.

4 Discipline of Human Physiology, School of Laboratory Medicine and Medical Sciences, College of

Health Sciences, University of KwaZulu-Natal, Durban, South Africa.

® Discipline of Medical Biochemistry, School of Laboratory Medicine and Medical Science,
University of KwaZulu-Natal, Durban, South Africa.

“Corresponding authors: comolo@usiu.ac.ke, govenderth@ukzn.ac.za.

115


mailto:comolo@usiu.ac.ke
mailto:govenderth@ukzn.ac.za

Graphical abstract

%P

Hal '
u [ o ir ol (LA TH
.H.ll. Tprthrez uf BL-Lys ity L g RME|
a® T Ueraanication ;B" i | -y
e Ha-Lys Han) | VM
[ ! 1 J
it
AL
g E: -;/]'
‘UCH-HHI.E‘
lp— = ...
[ul f "
RASIE ..- i o
pH-responsive dnig relesss Enhanced biofdm bt vitve antloabiant
profile wraglboation activity activity

S

Superiar antlbactertal
mellviRy

Ed

L

i ved wMhux punip Slgnifsoant unlv-lr'lﬂlrrﬂ‘rl.l.lnrf eflecis

Imhibaitian

116



Abstract

Developing innovative drug delivery strategies is crucial for improving the accuracy and efficiency of
antibiotics in combating bacterial sepsis. The application of biomimetic and stimuli-responsive
nanocarriers displays considerable promise in improving the management of bacterial sepsis and
overcoming antimicrobial resistance. In this study, a novel hyaluronic acid-lysine conjugate (HA-Lys)
was synthesized for the creation of multifunctional biomimetic pH-responsive vancomycin-loaded
hybrid NLCs (VCM-HNLCs) to treat bacterial sepsis. The HA-Lys conjugate was synthesized and
analyzed by FTIR, and 'H NMR spectroscopy. The VCM-HNLCs were prepared using the HA-Lys
conjugate, tocopherol succinate (TS) and Oleylamine (OLA) by hot homogenization ultrasonication
technique, and their particle size, PDI, ZP, EE %, and DL % w/w were measured, with values of
110.77 £ 1.69 nm, 0.11 £ 0.02, -2.92 + 0.21 mV, 76.27 + 1.20 % and 8.36 + 0.25 %, respectively.
Studies on in vitro biocompatibility proved that VCM-HNLCs are non-hemolytic and biosafe. The
strong binding affinity of HA-Lys and VCM-HNLCs to human Toll-like receptor 2 (TLR2) and TLR4
in comparison to their native substrates was validated by in vitro microscale thermophoresis (MST)
investigations. The VCM-HNLCs demonstrated a more rapid drug release at pH 6.0 than at pH 7.4
and displayed improved and pH-sensitive antibacterial and biofilm eradication activities, with a
considerable inhibitory impact against MRSA efflux pumps, compared to bare VCM. Moreover, the
prepared hybrid nanosystem showed potential activity in neutralizing ROS and modulating the
inflammatory response induced by LPS, as confirmed by in vitro DPPH scavenging and anti-
inflammatory investigations. In conclusion, the results demonstrate the potential of VCM-HNLCs as
novel multifunctional nanocarriers to reduce the spread of AMR-bacteria and improve the outcome of

VCM use in sepsis management.

Keywords: Biomimetic; pH-responsive; Hyaluronic acid-lysine; Hybrid nanocarriers; Bacterial

Sepsis; Antibiotic delivery.

1. Introduction

Bacterial sepsis is a life-threatening organ dysfunction caused by a dysregulated host immune
response to infection [244]. It is a serious disease that can lead to shock and multi-organ failure,
accounting for 50 % of sepsis-related deaths [245]. Despite advances in medical care, bacterial sepsis
remains a significant public health concern globally with high morbidity and mortality rates.
According to the global burden of disease report published by the World Health Organization (WHO),
sepsis affects more than 49 million people, with an estimated 11 million deaths annually, accounting
for approximately 20 % of all causes of death worldwide [246]. In addition, 30 % of septic patients

who survive through the initial inflammatory storm may experience long-term immunosuppressive
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dysfunctions and cognitive impairment, worsening the prognosis of sepsis and placing a heavy burden
on both individuals and society [245, 247]. The emergence of antimicrobial resistance (AMR) further
complicates infection therapy and sepsis management in all settings, especially in high-risk
populations, such as infants and patients in intensive care units (ICUs) [5, 246, 248].

The pathophysiology of sepsis involves a complex cascade of events, including the release of pro-
inflammatory cytokines, activation of coagulation pathways, overproduction of reactive oxygen
species (ROS), endothelial and organ dysfunction, and impaired immune response [249]. This
intricate molecular pathophysiology presents numerous potential targets for pharmacological
interventions. In general, administration of effective antibiotics to control the infection and adjuvant
medicines such as antioxidants and anti-inflammatory agents to regulate the host immune response are
the most fundamental strategies for sepsis management [250]. However, persistent infection still
occurs in 70 -80 % of sepsis-related deaths, demonstrating the prevalence of AMR that limits the
effectiveness of available antimicrobial agents [251]. In addition, the dysregulated immune response
in sepsis can lead to immunosuppression, a post-sepsis immune paralysis, that makes patients
susceptible to secondary infections, which further worsens the clinical course of sepsis [252, 253].
Therefore, there is an urgent need for more innovative multi-task therapeutic approaches and
enhanced antibiotic treatments to reduce the spread of AMR-bacteria and control the prevalence of

sepsis.

Nanotechnology has created a new avenue for research, in the last few decades, to enhance the
potential of antibiotic therapy. Numerous nano-drug delivery systems (NDDSs) have been
investigated to enhance antibiotic treatments and delivery against bacterial infections, featuring the
ability to get around the restrictions of current dosage forms of antibiotic and evade existing
mechanisms associated with acquired antimicrobial resistance [44, 254]. These nanosystems offer
several advantages, including improved solubility, sustained and controlled drug release profiles and
enhanced binding to bacterial cells with better cellular internalization [40, 255]. However, challenges
for achieving maximum targeting and interaction with bacteria at the infection site still exist and must

be overcome.

Bacterial infections often create acidic microenvironments due to the bacteria’s metabolic activities
and the host’s immune response [256]. Advances in NDDSs, therefore, involve the creation of pH-
responsive NDDSs that adapt to this unique microenvironment, enabling precise and on-demand
antibiotic release at the infection site and improved interaction with the targeted bacteria [257]. In
addition, biomimicry is currently being explored as a potential strategy to enhance the benefits of

NDDSs by mimicking biological structures or disease-associated cellular communication pathways,
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thereby increasing affinity to target cells [258, 259]. The merging of biomimetic principles with the
benefits of pH-responsive nanocarriers could be a promising approach to maximize the potential of
various nanomedicines in treating infectious diseases. However, only few research have been
documented using the combined strategy of pH-responsiveness and biomimetic properties for cancer
therapy [260-262] and antibiotic delivery [263]. Therefore, it is of great interest to address the
considerable gap in this field to increase the effectiveness of antibiotics against bacterial sepsis and
combat AMR.

During infections, pattern recognition receptors in the host cell, such as toll-like receptors (TLRs), are
activated by structurally conserved microbial toxins, enabling the innate immune system to identify
invasive pathogens such as bacteria [68]. Binding of specific microbial ligands, such as peptidoglycan
(PGN) of gram-positive bacteria or lipopolysaccharide (LPS) of gram-negative bacteria to TLRs
triggers inflammatory responses that facilitate the control of invading bacteria [69]. However, in
severe sepsis associated with bacterial infection, excessive activation of TLR occurs, leading to
systemic inflammation and organs damage [264, 265]. Emerging research shows an interest in
developing therapeutic TLR activation inhibitors or antagonists, particularly for TLR2 and TLR4, to
treat infection-induced sepsis [71-74]. Researchers have identified small drug molecules and
antibodies that prevent TLR ligands from binding to the receptor, and they have shown promising
results in lowering TLR signaling activity in many inflammatory diseases [74-76]. Therefore, this
biomimetic strategy of minimizing TLR activation by inhibiting their binding to bacterial toxins can
be applied to an antibiotic nanocarrier to kill the bacteria while enhancing the treatment of sepsis

specifically.

Nanostructured lipid carriers (NLCs) have emerged as a promising approach in the field of drug
delivery, particularly for treating bacterial infections and related inflammatory disorders [266, 267].
These systems offer numerous advantages, including unique nanosized-dependent properties, tissue-
targeted drug delivery, ease of fabrication, cost-efficiency, and practicability of large-scale
manufacturing, making these delivery systems more attractive.[268-271]. Recently, hybrid NLCs-
based nanosystems (HNLCs) are developed by incorporating different polymeric biomaterials into the
NLCs make-up to increase their stability, improve their pharmacokinetic properties and enhance the
encapsulation of hydrophilic drugs in a lipid-based nanoformulation [272, 273]. Few research have
reported using HNLCs for the delivery of antihypertensive [272], anticancer [274, 275] and
antimalarial drugs to date [276]. However, only one study reported the application of chitosan-based
HNLC:s for antibiotic delivery [277]. As a result, research of this kind is required to progress the area,

aid in the management of bacterial sepsis, and help combat AMR. However, there is a need to identify
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an innovative combination of materials with multifunctional properties to develop a biomimetic pH-

responsive HNLC with enhanced efficacy and targeted antibiotic delivery against bacterial sepsis.

High molecular weight hyaluronic acid (HA) has gained attention as a potential therapeutic agent in
managing inflammations due to its well-known anti-inflammatory and immunosuppressive properties
[278]. Several studies have reported the ability of HA to reduce the expression of human TLRs in
many inflammatory disorders by selectively binding to the receptor and inhibiting their binding to
bacterial endotoxins, thereby lowering their infection-induced inflammatory mediators [279-282]. In
contrast, -Lysine (Lys), an essential amino acid, has been found to exhibit antioxidant activity against
oxidative stress-induced tissue damage in many disease conditions, including diabetes, chronic kidney
disease, lung infections and sepsis [283-285]. The antioxidant activity of Lys plays a beneficial role in
scavenging and neutralizing ROS generated during the inflammatory process, thereby reducing
oxidative stress and tissue damage, and mitigating the harmful effects of sepsis on the body [286].
The modification of HA with Lys through the synthesis of a novel HA-lysine conjugate (HA-Lys) that
exhibits both TLR antagonism and oxidative stress reduction activities could, therefore, be a potential
approach that provides a therapeutic adjuvant with increased potency and targeting against sepsis-

causing bacteria.

Tocopherol succinate (TS), a vitamin E derivative, has also shown potential in treating various
infectious diseases, primarily due to its antioxidant, anti-inflammatory and antimicrobial properties
[287, 288]. It has shown promising efflux pump inhibition activities, mainly against NorA and NorB
of gram-positive bacteria, allowing for more enhanced intracellular accumulation of antibiotics in the
target bacterial cells and restoring the efficacy of existing antibiotics to combat multidrug-resistant
(MDR) bacteria [289-291]. Moreover, it has been reported that TS has significant anti-adhesive
properties against Staphylococcus aureus (S. aureus) biofilms. Therefore, it could act synergistically
with an antibiotic to affect pathogen adhesion and biofilm formation, making it a suitable
pharmaceutical adjuvant for antibiotic therapy [292, 293]. On the other hand, Oleylamine (OLA), a
lipid with pH-responsive activity, offers unique properties that can be exploited in the design of drug
delivery systems. Its pH-dependent functionality and its intrinsic antimicrobial behavior enable the
development of lipid-based nanosystems with controlled drug release and improved therapy for the
treatment of infectious diseases [294]. Overall, designing a multifunctional HNLC that combines the
benefits of HA-Lys conjugate, TS and OLA could improve the therapeutic index of antibiotics and

enhance the overall performance of the drug delivery system against bacterial sepsis.

Therefore, the study aimed to synthesize a novel HA-Lys conjugate and to utilize the attributes of the

synthesized HA-Lys with TS and OLA in the formulation of multifunctional biomimetic pH-
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responsive HNLCs loaded with vancomycin (VCM-HNLCs), to combat bacterial sepsis. We
hypothesize that HA-Lys may directly and competitively bind to host TLR2 or TLR4, therefore,
prevents their binding to bacterial toxins, reduces excessive TLR activation, and neutralizes ROS. All
of these contribute to modulating host immune response, reducing oxidative stress and controlling
inflammatory cytokine levels. Also, TS may potentially reduce bacterial antibiotic resistance via its
potential activity against biofilm formation and efflux pumps. In addition, the on-demand release of
VCM from the HNLCs could be enhanced through the pH sensitivity of OLA. Altogether, this novel
multifunctional NDDS offers multiple mechanisms of action to eradicate bacteria and reduce
excessive inflammatory activation for optimal therapeutic outcomes against bacterial infections and
sepsis. To our knowledge, this is the first report on synthesizing and using a modified HA-Lys
polymer as a targeting adjuvant to treat bacterial sepsis. Also, this study reports the first stimuli-
responsive HNLCs for the delivery of any class of drug and the first combined biomimetic and pH-
responsive HNLCs to deliver antibiotics against bacterial sepsis. The data obtained from the synthesis
and characterization of HA-Lys conjugate, formulation and optimization of VCM-HNLCs, in vitro

characterizations, in vitro antibacterial, antioxidant and anti-inflammatory studies are provided herein.

2. Materials and methods
2.1 Materials

L-Lysine (Lys), tocopherol succinate (TS), Oleylamine (OLA), 1l-ethyl-3-(dimethyl amino propyl)
carbodiimide (EDC), N-hydroxy succinimide (NHS), ethidium bromide, peptidoglycan (PGN) from
Staphylococcus aureus, lipopolysaccharides (LPS) from Escherichia coli (055:B5) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) were purchased from Sigma-Aldrich (USA). Hyaluronic acid sodium salt
(average molecular weight = 10 kDa), Staphylococcus aureus (ATCC 25923) and multi-drug resistant
Staphylococcus aureus (SA Rosenbach ATCC BAA 70699) were obtained from DLD Scientific
(South Africa). Vancomycin hydrochloride was procured from Sino-bright Import and Export Co.,
Ltd (China) and then converted to vancomycin free base (VCM) using a previously described method
[295]. Dulbecco’s modified Eagle’s medium (DMEM), Eagle’s Minimum Essential Medium
(EMEM), fetal bovine serum, propidium iodide (PI) and Syto9 were obtained from Thermo Fisher
(USA). 3(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Tween 80, dimethyl
sulfoxide (DMSO) and crystal violet were purchased from Merck Chemicals (Germany). Cell lines
were purchased from Highveld Biologicals (Johannesburg, South Africa) and cell culture materials
were purchased from Whitehead Scientific (Johannesburg, South Africa). Sheep blood used for
hemolytic activity evaluations was obtained from United Scientific (South Africa). Mueller-Hinton
Broth (MHB), and Mueller- Hinton Agar (MHA) were obtained from Biolab (South Africa).

Recombinant human TLR2 (RPA663Hu03) was purchased from Biocom Africa (Centurion, South
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Africa). Recombinant human TLR4 (Active ab233665) was obtained from Abcam (Cambridge, UK).
Enzyme Linked Immunosorbent Assay (ELISA) kits were purchased from ABclonal Technology
(Wuhan, Hubie, China). Microscale thermophoresis (MST) reagents were purchased from Nano
Temper Technologies (Germany). A mill-Q water purification system (Millipore corp., USA) was
used to obtain a purified milli-Q water. All solvents and reagents used in this study were of analytical

grade.
2.2 Synthesis and characterization of HA-Lys conjugate

The HA-Lys conjugate was synthesized via the formation of an amide bond between the primary
amino group of Lys and the free carboxylic acid group of HA according to a previously documented
EDC/NHS method with minor modifications (Scheme 1) [296, 297]. To activate the carboxyl acid
groups of HA, 200 mg (0.496 mmol) of HA was dissolved in 50 mL of deionized water. Next, EDC
(479.75 mg, 2.5 mmol) and NHS (287.7 mg, 2.5 mmol) were added to the HA solution, and the
mixture was continuously stirred at room temperature for 15 min. Afterward, the reaction mixture was
mixed with 250 mg of Lys (1.710 mmol), and it was continuously stirred at room temperature for
overnight. The resultant conjugate solution was purified by three rounds of dialysis against 0.1 % wi/v
NaCl solution and finally against distilled water, followed by lyophilization at -40 °C to obtain a
white powder with a quantitative yield of 81.12 %. The freeze-dried samples were characterized using
FT-IR (Bruker ALPHA II compact FT-IR spectrometer, UK) and *H NMR (Bruker Advance 400
MHz spectrometer, UK), and then stored at 4 °C for further use. The characterization was as follows:
'H NMR: (400 MHz, D;0) &(ppm): HA: & 1.90 (c), 3.30-3.59 (f, g), and 4.44 (h); Lys: 5 1.18 (a),
1.59-2.30 (b, d), and 2.76 (e), and FT-IR: 3400, 3345.08, 3301.47, 2921.06, 2887.12, 1628.97,
1576.07, 1507, 1400.24, 1388.44, 1035.89 and 656.64 cm™.

b 1 MM
— i Wit ()
”.,_. Il - ‘.-"__... M 0 L | ]
ol j‘J A |" I P flual vt | piceroumi= h':'- ;l ey
x i = el ;
|_I|| | _J ¥ "H‘f i"‘-
o ] i ¥
L i
* |]' | . ’ L}
|I|_|
Db linmiadi aiial TN TR ETH TR T T B IR TR T T T

[RE RS RN

Scheme 1. Synthesis of HA-Lys conjugate using a one-step amidation reaction. (* EDC = 1-ethyl-3-
(dimethyl amino propyl) carbodiimide, NHS = N-hydroxy succinimide)
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2.3 Preparation of the hybrid nanoparticles

The  VCM-loaded HNLCs  (VCM-HNLCs)  were  formulated using a hot
homogenization/ultrasonication technique that had been previously reported by our group with a
slight modification [267]. To create the lipid phase, a specific amount of TS, OLA and VCM free base
were dissolved in 2 mL of ethanol, and the mixture was heated at 80 °C for 20 min. To create the
aqueous phase, a specific amount of HA-Lys conjugate and an appropriate surfactant were dissolved
in 20 mL of milli-Q water, and heated separately at 80 °C for 20 min. Both phases were then mixed
and homogenized using an Ultra Turrax T-25 homogenizer (IKA Labortechnik, Germany) at 6000
rpm for 15 min at the same temperature. The resultant emulsion was promptly cooled using an ice
bath for 30 min after being further sonicated at 30 % amplitude for 10 min using a probe sonicator
(Omni Sonic-Ruptor 400 Ultrasonic Homogenizer, USA). The prepared VCM-HNLCs were stirred
overnight to remove the organic solvent, and if required, milli-Q water was used to adjust the final
volume to 20 mL. Blank (VCM-free) HNLCs were also prepared using the same procedure. Different
types of surfactants (Span 80, polyethylene glycol 400 (PEG 400), poly(N-vinylpyrrolidone) (PVP),
poloxamer 188 (PLX 188) and Tween 80) were screened to create a stable nanosystem. Thereafter,
various parameters including lipid: surfactant, drug: lipid and lipid: polymer mass ratios were
evaluated. The optimal formulation with minimum particle size, polydispersity index (PDI),
maximum entrapment efficiency percent (EE %) and drug loading capacity (DL % w/w) was selected

for further studies. Each batch was prepared in triplicate.
2.4 Physicochemical characterization of VCM-HNLCs

2.4.1 Determination of particle size, polydispersity index (PDI), zeta potential (ZP) and
nanoparticle morphology

The mean particle size, size distribution (PDI) and ZP of the fabricated VCM-HNLCs were measured
using the dynamic light scattering (DLS) method with a Zetasizer Nano ZS90 (Malvern Instruments
Ltd., UK) fitted with a 633 nm laser at 173° detection optics. The samples were appropriately diluted
in distilled water, and the measurement was carried out in triplicate at 25 °C. Transmission electron
microscopy (TEM) was used to analyze the morphological structure of VCM-HNLCs. On a coated
grid surface, a drop of properly diluted VCM-HNLCs formulation was placed. It was then let to dry at
room temperature, stained for 30 sec with 2 % phosphtungestic acid and then visualized at an

accelerating voltage of 75 kV to obtain TEM images.
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2.4.2 Determination of entrapment efficiency percent (EE %) and drug loading capacity (DL %

w/w)

A previously described ultrafiltration method was employed to determine the EE % and the DL %
wiw of VCM within the HNLCs [267]. Concisely, 2 mL of the formulation was added to an
AmiconUltra-4 centrifugal filter tube (Millipore Corp., USA) with a molecular weight cutoff of 10
kDa and centrifuged at 3000 rpm for 30 min in room temperature. The concentration of free VCM in
the supernatant was measured by high performance liquid chromatography (HPLC), using an LC-
2050C- 3D (Shimadzu HPLC, Japan) with UV detection at 280 nm, 0.1 % aqueous trifluoracetic acid:
acetonitrile (15:85) as mobile phases, Gemini® 5um NX-C18 110 A (250x4.6 mm) column, 1 mL/min
low pressure gradient flow rate, 100 uL injection volume, and 10 min run time, with a linear equation
of Y = 18420 (x) — 4555.5 and linearity coefficient (R?) of 0.9998 (Figure S1, Appendix I). The
experiment was carried out in triplicate, and the EE % and DL % w/w were calculated using the
following equations [298].

Weight of VCM in the HNLCs

EE % =
% Total weight of VCM added

x 100 1)

Weight of VCM in the HNLCs

DL% =
% Total weight of NPs

x 100 2

2.4.3 Thermal profiles

Using a Shimadzu DSC-60 (Japan), differential scanning calorimetry (DSC) analysis was performed
to determine the thermograms of HA, Lys, HA-Lys conjugate, TS, VCM, physical mixture and
lyophilized VCM-HNLC:s. Briefly, a total of 5 mg of each sample was loaded in an aluminum pan,
which was then sealed with a crimper and heated under a stream of nitrogen to 330 °C at a steady 10

°C/min. An empty pan served as a reference.
2.5 In vitro biosafety studies
2.5.1 Cytotoxicity and cell viability assay

The cytocompatibility of the synthesized HA-Lys conjugate and its nanoformulation (VCM-HNLCs)
was assessed using human embryonic kidney 293 (HEK 293) and human hepatocyte carcinoma
(HepG2) cells, employing a previously reported MTT assay [299, 300]. Briefly, cells were seeded (2.5
x 103 cells/well) in a 96-well plate with 100 pL of DMEM, 10 % fetal bovine serum (FBS), 1 % pen-
strep-fungizone and 1 % L-glutamine and incubated at 37 °C for 24 hrs using a CO, humidified
incubator. Subsequently, the cells were incubated for the next 24 hrs after being exposed to HA-Lys
and VCM-HNLCs (diluted with DMEM) at doses of 20, 40, 60, 80, and 100 pug/mL, respectively.
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Thereafter, the cells were grown for an extra 4 hrs using new culture medium (100 pL/well) and 20
puL/well of MTT solution (5 mg/mL in PBS). After removing the supernatant, 100 pL of sterile
dimethyl sulfoxide (DMSO) was used to solubilize the formazan crystals. The absorbance at 540 nm
were then recorded after 1 hr using a microplate spectrophotometer (Spectrostar Nano, Germany). The
experiment was carried out in triplicate and the cell viability percent was computed using equation

(3):

Cell Viability % = A540 nm treated cells % 100 (3)

A540 nm untreated cells

2.5.2 Hemolysis

The non-hemolytic activity of the prepared VCM-HNLCs was assessed using a previously reported
method [301, 302]. In summary, three washes of freshly collected sheep blood was performed using
0.1N sterile isotonic PBS (pH 7.4) by centrifugation at 3000 rpm for 10 min. Next, 1.8 mL of six
distinct concentrations of VCM-HNLCs formulation in 0.1N sterile PBS (0.05, 0.1, 0.2, 0.3, 0.4 and
0.5 mg/mL), PBS (as negative control) and distilled water (as positive control) were separately mixed
and incubated with 0.2 mL of the previously purified red blood cell suspension for 30 min at 37 °C.
After incubation, the samples were centrifuged using the ultracentrifuge (Centurion Scientific, UK) at
3000 rpm and 4 °C for 10 min. The supernatants of each sample were then collected into 96-well
plates and their hemoglobin absorbances were quantitatively recorded at 540 nm using a microplate
reader (SpectraMax M2, USA). The experiment was done in triplicate and the percentage of non-
hemolytic activity was calculated using the following equation:

(ABS—ABSy)

) . o 100,
Non-hemolytic activity % = 100 (ABS..o_ABSQ)

(4)

Where ABS, and ABS: o are the absorbances at 0 % and 100 % hemolysis, respectively.

2.6 In vitro binding affinity study

The binding affinity of individual adjuvants (HA, Lys and HA-Lys conjugate), non-hybrid NLCs
components and VCM-HNLCs to human TLR2 and TLR4 was determined and compared to their
natural substrates, peptidoglycan (PGN) and lipopolysaccharide (LPS), respectively, employing

microscale thermophoresis (MST) on a Nano Temper Monolith NT.115 instrument (Nano Temper

Technology, Germany) [263].

2.6.1 Determination of in vitro binding affinity to TLR2

According to the manufacturer's protocol, recombinant human TLR2 was first adjusted to a
concentration of 200 nM, labeled with the Monolith His-Tag labeling kit Red -tris-NTA, incubated for

30 min at room temperature and then centrifuged at 15000 rpm for 10 min at 4 °C. After protein
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labeling, serial dilutions of different ligands with varying starting concentrations were prepared using
an appropriate MST buffer (0.1 M PBS, 0.05 % Tween 20, pH 7.4). Then, each dilution was mixed
with an equivalent volume (10 pL) of the labeled TLR2 in a final concentration of 50 nM and the
mixture was incubated for 10 min. Samples were then loaded into Standard Treated MST glass
capillaries (Nano Temper Technology, Germany) and MST traces were measured using the Nano
Temper Monolith NT.115 instrument at 25 °C and 70 % MST medium power. All experiments were
performed in triplicate. The dissociation constant (Kg) for each ligand was adjusted using the

Monolith-Affinity analysis program version 2.1.3 (Nano Temper Technologies, Germany).
2.6.2 Determination of in vitro binding affinity to TLR4

In the experiment, the concentration of recombinant human TLR4 was first adjusted to 3.6 uM and
labeled with the Monolith NT.115 protein labeling kit Blue-NHS according to the manufacturer's
protocol using a 1:3 protein-to-dye ratio. The mixture was incubated at room temperature for 15 min,
protected from light, and then purified with a gel-filtration column. Following protein labeling, serial
dilutions of various ligands were prepared using a suitable MST buffer (0.1 M PBS, 0.05 % Tween
20, pH 7.4) with different starting concentrations. Next, each dilution was supplemented with an
equivalent volume of the labeled TLR4 (10 pL) at a final concentration of 20 nM and incubated for 10
min. Finally, the samples were loaded into Standard Treated glass MST capillaries (Nano Temper
Technology, Germany) and MST traces were recorded in Nano Temper Monolith NT.115 instrument
at 25 °C, blue LED and 80 % MST power. All experiments were performed in triplicate. The
dissociation constant (Kg) values were calculated using Monolith-Affinity analysis software version

2.1.3 (Nano Temper Technologies, Germany) for every tested ligand.
2.7. Invitro drug release study and linear kinetics

The release behavior of VCM from the VCM-HNLCs in response to different pH values (7.4 and 6.0)
was evaluated using a dialysis bag method [263]. Briefly, 2 mL of pure VCM solution (1 mg/mL) and
VCM-HNLCs solution (containing 1 mg/mL VCM) were separately placed in cellulose dialysis bags
(molecular weight: 14,400 Da) and the bags were shaken and dialyzed against 40 mL of the buffer of
choice receiver solution (PBS pH 7.4 or 6.0) at 37 °C and 100 rpm. At predetermined time intervals, 2
mL samples were withdrawn from the receiver solution and promptly replaced with an equivalent
amount of fresh appropriate buffer (PBS pH 7.4 or 6.0) to maintain sink condition. The amount of
VCM released per time was determined by HPLC according to the same analysis method mentioned
for EE % evaluation (2.4.2). The experiment was performed in triplicate and the cumulative release

percentage of VCM was calculated using the following equation:
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Cumulative release % = % x 100 ()
v

Where Q: is the amount of VCM released at time t, and Qy the total amount of VCM previously used
in the VCM-HNLCs formulation.

Different mathematical models, including zero-order; first-order, Higuchi, Krosmeyer-Peppas,
Hixson-Crowell and Weibull, were then employed to examine the kinetics of VCM release from the
VCM-HNLCs using the software program DDSolver [303]. The best-fit model was selected based on
the correlation coefficient (R?) and the root mean square error (RMSE), and the release mechanism
was identified using Weibull and Krosmeyer-Peppas models by computing the values of the Weibull

exponent parameter () and the release exponent (n), respectively.

2.8 Short-term physical stability study

The short-term colloidal stability of the prepared VCM-HNLCs formulation was evaluated at two
different conditions: room temperature (25 °C) and cold temperature (4 °C) over 90 days of storage.
Using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK) equipped with a 633 nm laser with a
detection optics of 173°, the mean particle size, PDI and ZP were measured at 0, 30, 60 and 90 days.

All experiments were run in triplicate.
2.9 In vitro antibacterial activity studies

2.9.1 Determination of Minimum Inhibitory Concentration (MIC) and Fractional Inhibitory
Concentration (FIC)

The antibacterial activity (MIC) of bare VCM, blank HNLCs and VCM-HNLCs against S. aureus and
MRSA at pH 7.4 and 6.0 was investigated using a broth microdilution method, as previously reported
[304]. In brief, S. aureus and MRSA cultures in Mueller- Hinton broth (MHB) were grown overnight
at 37 °C and 100 rpm using a shaking incubator (Labcon, USA). The bacterial suspensions were
adjusted to 0.5 McFarland standard (1.5 x 102 colony-forming units (CFU)/mL) using a DEN-1B
densitometer (Latvia), and further diluted to a final concentration of 5 x 10° CFU/mL. Then, 135 pL
of MHB solution was pipetted into 96-well plates, and the treatments (bare VCM, blank HNLCs and
VCM-HNLCs solutions) were added individually and serially diluted to obtain a range of
concentrations. Thereafter, 15 uL of the bacterial suspension was added to each well, and the mixture
was incubated for 72 hrs in the shaking incubator (Labcon, USA) adjusted at 37 °C and 100 rpm.
Following incubation, 5 pL of the sample mixtures were spotted on Mueller- Hinton agar (MHA)
plates at specified time intervals (24, 48, and 72 hr) and finally, the MIC values were calculated after

24 hrs of incubation at 37 °C. All experiments were performed in triplicate.
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Based on the MIC values obtained from the aforementioned antibacterial activity study, the
cumulative FIC was determined, to understand the combined antibacterial activity of the blank
HNLCs and VCM in the VCM-HNLCs against S. aureus and MRSA at pH 7.4 and 6.0. Equations (6)
and (7) were used to calculate the FIC, and the FIC index is shown in Table S1.

(the MIC of VCM in combination with HNLCs)

FIC (VCM) = (the MIC of VCM) ©

__ (the MIC of HNLCs in combination with VCM)

FIC (Blank HNLCs) = (the MIC of Blank HNLCs) ()

YFIC = FIC (VCM) + FIC (Blank HNLCs)
2.9.2 Flow cytometry

The cell viability of MRSA in the population following the treatment with VCM and VCM-HNLCs
for 18 hrs was assessed using a flow cytometry method that was previously reported by our group
with minor modifications [188]. To prepare the bacterial cultures, MRSA was grown overnight at 37
°C and 100 rpm in a shaking incubator to a concentration of 0.5 McFarland standard (1.5 x 108
CFU/mL) in MHB. The grown bacteria were then collected by centrifugation at 3000 rpm for 30 min
and the supernatant was discarded. The pellets were resuspended in PBS and incubated for an
additional 4 hrs at 37 °C. Afterward, 15 pL of bacterial suspension at a concentration of 5 x 10°
CFU/mL, was added to a 96-well plate each containing 135 pL of bare VCM and VCM-HNLCs
formulations at the MIC concentrations of 7.8 pg/mL and 3.9 pg/mL, respectively. The sample
mixture was further incubated at 37 °C in a shaking incubator (100 rpm) for 18 hrs. Following
incubation, 50 pL of each sample was transferred to the flow cytometry tubes containing 350 uL of
sheath fluid and vortexed for 5 min. Then, 5 uL. of membrane-impermeable propidium iodide (PI) and
membrane-penetrating Syto9 dyes were added to each tube and the mixture was incubated for 30 min
in the dark. Samples were analyzed on the flow cytometry device (BECKMAN COULTER DXxFLEX,
Nyon 1, Switzerland), collecting at least 10,000 cells in triplicate for each sample. Untreated MRSA

cells were used as a negative control.
2.9.3 Determination of in vitro antibiofilm activity
2.9.3.1 Crystal violet assay

The microtiter dish biofilm formation assay was employed to evaluate the ability of VCM-HNLCs to
remove MRSA biofilms [305, 306]. Bacterial suspension in MHB at pH 7.4 and 6.0 (1.5 x 108
CFU/mL) was added to 96-well plates (200 uL/well) and incubated at 37 °C for 7 days to create

mature biofilms. Following incubation, the medium was removed from the wells and non-adherent
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bacterial cells were eliminated by washing the wells three times with a sterile PBS (pH 7.4 and 6.0).
Thereafter, 200 uL of bare VCM solution and VCM-HNLCs formulation at a concentration of
10xMIC were added to the wells and incubated at 37 °C for 24 hrs. The excess treatments and
unattached bacteria were then removed by washing the wells three times in sterile PBS (pH 7.4 and
6.0), followed by staining of the biofilms with 0.01 % w/v crystal violet solution for 15 min. Later,
excess dye was gently aspirated, thoroughly washed using PBS pH 7.4 and 6.0, and left to dry
overnight. To elute crystal violet stain, 30 % acetic acid solution (125 pL) was added to each well and
incubated for 10 min. The eluted dye was then transferred to another 96-well plate and imaged for
gualitative analysis. Subsequently, the intensity of the crystal violet dye was quantitatively measured
at 570 nm using a microplate reader (SpectraMax M2, USA) to investigate the antibiofilm effect of
the test samples.

2.9.3.2 Florescence microscope assay

To confirm the ability of VCM-HNLCs to eliminate MRSA biofilms, a florescence microscope assay
was conducted using glass microscope coverslips (18 mm x 18 mm) as carriers for biofilm formation.
[188]. Coverslips were initially placed at the bottom of 6-well plates, then, 2 mL of bacterial
suspension in MHB (1.5 x 108 CFU/mL) was added in each well. The plates were incubated for 7
days at 37 °C to allow biofilms to grow over the coverslips. After developing mature biofilms, non-
adherent bacterial cells were removed from the wells by washing them three times with PBS pH 7.4
using a Pasteur pipette. The wells containing biofilms were then treated with 2 mL of PBS pH 7.4 (as
a control), and 2 mL of bare VCM and VCM-HNLCs solutions (5xMIC) and incubated for 12 hrs at
37 °C. The treatments and unattached bacteria were removed from the wells by washing them twice
with PBS pH 7.4. After that, the coverslips were stained with a solution of Syto9 and propidium
iodide (PI) (30 pL diluted with 1 mL of distilled water) for 30 mins in the dark to avoid
photobleaching. Following that, the plates were washed with PBS pH 7.4 to remove excess dye, the
coverslips were inverted on a glass microscope slide, and the edges were gently glued. Fluorescence
microscope images were captured and processed using Nikon Eclipse 80i FM (Japan) to visualize the
biofilm eradication effects of bare VCM and VCM-HNLCs.

2.9.4 Time killing assay (TKA)

The time-killing kinetics of the prepared VCM-HNLCs against MRSA were evaluated at pH 7.4 and

6.0 using a previously described colony counting method [307]. In brief, an overnight MRSA culture

(0.5 McFarland standard) was diluted into concentrations of 105-10° CFU/mL using a sterile PBS (pH

7.4 and 6.0). Then, bare VCM and VCM-HNLCs solutions at 5xMIC were added to the diluted

bacteria and incubated in the shaking incubator (Labcon, USA) at 100 rpm and 37 °C. Untreated
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bacteria in PBS solution (pH 7.4 and 6.0) was used as a control. At specified time intervals (0, 1, 2, 4,
6, 8, 12 and 24 hrs), 0.2 mL of each sample was withdrawn and subjected to serial dilution with sterile
PBS (pH 7.4 and 6.0). Subsequently, 0.1 mL of each diluted sample was sub-cultured on MHA plate
and incubated for 24 hrs. After incubation, the number of colonies formed in each dilution plate were
counted and converted into CFU/mL using equation (8). The TKA of the prepared samples was

determined by plotting logio CFU/mL versus time. The experiment was performed in triplicate.

no. of colonies x dilution factor
CFU/mL = (8)

Volume of dilution taken

2.9.5 Efflux Pump Inhibition

The potential of VCM-HNLCs to supress MRSA efflux pumps was evaluated using a simple
cartwheel method according to previously reported protocols with minor modifications [308, 309].
Briefly, MHA plates containing 2 pg/mL ethidium bromide (EtBr) were freshly prepared and
protected from light on the same day of the experiment. An overnight culture of MRSA (0.5
McFarland standard) was seeded into a 96-well plate and treated with bare VCM and VCM-HNLCs
formulation at a concentration of 0.25xMIC values. A group of untreated bacteria was served as a
control. The samples were incubated at 37 °C for 1 hr and then streaked on the MHA containing EtBr
in a cartwheel form. All plates were incubated in the dark at 37 °C for 24 hrs. The plates were then
visualized using a UV trans-illuminator (Uvitec Cambridge, UK.) to observe any residual
fluorescence exhibited by the bacteria. The inhibitory effect of the tested samples on the MRSA efflux

pumps can be identified from the fluorescence emission under the UV transilluminator.

2.10 In vitro antioxidant study

Following a previously described DPPH radical scavenging method with minor modifications, the
antioxidant activity of TS, Lys, HA-Lys and VCM-HNLCs through free radical scavenging was
investigated [310]. A methanolic solution of DPPH at a concentration of 0.5 mM and various
concentrations of the treatments in distilled water (20-1000 pug/mL) were individually prepared.
Subsequently, 150 pL of each formulation sample was mixed with an equal volume of DPPH solution
in a 96-well plate and left to incubate at 37 °C in the dark. A negative control consisting of a mixture
of DPPH and water (150 pL each) was used. The absorbance of the reaction mixture was measured at
517 nm after 1 hr of incubation using a microplate reader (SpectraMax M2, USA). The assay was
performed in triplicate and ascorbic acid was used as a positive control. The following equation was

used to compute the percentage of antioxidant activity:

Antioxidant % = A516 nm control-A516 nm sample

X 100 9)

A516 nm control
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2.11 In vitro anti-inflammatory studies

2.11.1 Cytoprotective effect against LPS-induced cytotoxicity

The cytoprotective effect of HA-Lys and VCM-HNLCs against LPS-induced cytotoxicity was
assessed in vitro using a previously documented methods utilizing an MTT assay and the HepG2 cell
line as a model of cells affected by LPS [311-313]. In brief, HepG2 cells were cultured in DMEM
supplemented with glutamine, antibiotics, and fetal bovine serum and incubated at 37 °C in a
humidified atmosphere containing 5 % carbon dioxide. When the cells reached 80 % confluency, they
were plated in a 96-wells plate (20000 cells/well) and left for 24 hrs. The cells were then subjected to
a new set of treatments for a further 24 hrs, which included: a) 200 pL of DMEM was used as the
control; b) 200 pL of 0.9 mg/mL of LPS was used as the LPS treatment; c) 200 pL of 0.9 mg/mL of
LPS and 100 pg/mL of HA-Lys were used as the HA-Lys treatment; d) 200 pL of 0.9 mg/mL of LPS
and 100 pg/mL of VCM-HNLCs in DMEM were used as the nanoformulation treatment. Following a
24-hr treatment period, the media were removed and replaced with 100 pL/well of fresh DMEM
mixed with 20 pL/well of 5 mg/mL MTT solution. Four hrs later, the media was replaced with 100
pL/well sterile DMSO to solubilize the formazan crystals. Finally, absorbance from each well was
measured at 570 nm using a microplate spectrophotometer (Spectrostar Nano, Germany) after 1 hr of
adding DMSO. Each treatment was carried out in triplicate, and the percentage of viable cells was

determined.

2.11.2 Anti-inflammatory activity against LPS-induced inflammatory responses (measurement
of interleukin 6 (IL-6) levels)

The anti-inflammatory activity of HA-Lys and VCM-HNLCs was further examined using an LPS-
stimulated HepG2 cells model, as previously described [311]. In this study, 1L-6 levels were measured
using Enzyme Linked Immunosorbent Assay (ELISA) kits following the stimulation of HepG2 cells
with 1ug/mL LPS solution in DMEM for 12 hrs, either with or without treatments. After HepG2 cells
were cultured and plated in the manner mentioned in the previous section (2.11.1), they were
subjected to the following treatments for a duration of 12 hrs: a) Control untreated (200 pL of
DMEM); b) LPS-treated (200 pL of 1 pg/mL of LPS in DMEM); ¢) HA-Lys-treated (200 pL of 1
pg/mL of LPS and 50 pg/mL or 100 pg/mL HA-Lys in DMEM); d) VCM-HNLCs-treated (200 pL of
1 pg/mL of LPS and 50 pg/mL or 100 pg/mL VCM-HNLCs in DMEM). Following treatment, the
media were collected to determine the amount of IL-6 in the supernatants using ELISA Kkits in

accordance with the manufacturer’s instructions.
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2.12 Statistical analysis and figures

The data were statistically analyzed using GraphPad Prism® version 10 (GraphPad Software Inc.,
USA), which included paired T-tests and one-way analysis of variance (ANOVA). The difference
between each compared groups was considered significant if the P-value was < 0.05. All results were
presented as mean * standard deviation (SD) and all graphs and figures were generated using

GraphPad Prism® 10 and the BioRender website, unless otherwise noted.

3. Results and discussion

3.1 Synthesis and characterization of HA-Lys conjugate

HA-Lys conjugate was successfully synthesized through one-step amidation reaction, purified using
intensive dialysis against 0.1 % w/v NaCl solution and distilled water, and subsequently characterized
by 'H NMR and FT-IR. The *H NMR spectrum (Figure 1) clearly showed all the signals attributed to
the Lys moieties (1A) dppm 1.18, 1.59, and 2.76 (CH> groups, a, b and d, respectively), and 3.30 (CH
groups, e), and to the HA backbone (1B) éppm 1.90 (CHs groups, ¢),3.59 (CH groups in the
tetrahydropyran ring, f) and 4.44 (OH groups, g). Similar signals of both HA and Lys were observed
in the *H NMR spectrum of HA-Lys conjugate with slight chemical shifts (1C). These chemical shifts
in particular regions of the *H NMR spectrum of HA-Lys confirmed the reaction between HA and

Lys.
:ﬂul ¥ i \ | i ?
D30 L
I. i i L J #
L-Lysirt L] . ,l | |
Frach B [
[ e TR
r'" r. ri'- i £ ]
| STl 2
] I
FIV IR i 1} l'-|.-'l.| .lL_ .._ i i |’| I.\,_IF." [ i -
= . 3 - - — — 1 = =
- --....- I.-- E ]
- 3 I.I. i " | Jl [ I b |
FeA Ly Con sl ,', A _H_-Jl i ""..IJ{ i * e
- I o Ty = T | T -
' 5 ' i ' 2 2 | I

Figure 1. 'H NMR characterization of (A) HA, (B) Lys and (C) HA-Lys conjugate in D20.
(*HA=Hyaluronic acid, Lys=,-Lysine, HA-Lys= Hyaluronic acid-lysine conjugate).
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The FT-IR spectrum (Figure 2) revealed a broad stretching band attributed to pure HA (2A) at 3400.4
cm? (due to O-H stretching vibration) and 3301.47 cm™ (due to N-H stretching vibration) in the N-
acetyl side chain. Also, other bands were detected at 2887.12 cm™ (due to symmetric methyl C-H
stretching in glucuronic acid side chain), 1628.97 cm™ (due to the amide group of C=0 carboxyl),
1338.74 cm™ (due to the C-N stretching of primary aromatic amine) and 1035.89 cm™ (due to C-O
alcoholic stretching), respectively. The spectrum also displayed the bands associated with pure lysine
(2B), including those at 3345.08 cm™ (resulting from the overlap of O-H and N-H stretching),
2921.06 cm? (due to symmetric C-H stretching of the CH. group), 2129.12 cm (from the overtone
and combinational bond), 2816 cm™ (resulting from C-H vibration of the CH group), 1576.07 cm™*
(due to the asymmetric stretching of C=0 carboxylic group), 1507 cm™ (due to asymmetric scissoring
of the NH; group), 1400.24 cm™ (resulting from symmetric vibration of C=0 carboxyl and C-N
group) and 656.64 cm? (due to C=0 carboxyl rocking), respectively. The spectrum of HA-Lys
conjugate (2C) exhibited all the characteristic bands of both HA and Lys at the same positions. In
addition, a prominent and well-defined band with increased intensity was observed at 1628.59 cm™?
(shift from 1628.97), which corresponds to the amide group of C=0 carboxyl. This intensified band
indicates the creation of a new secondary amide bond between the amine group of Lys and the
carboxyl group of HA, thus confirming the successful amidation reaction and formation of HA-Lys

conjugate.
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Figure 2. FT-IR spectrum of (A) HA, (B) Lys and (C) HA-Lys conjugate. (*HA=Hyaluronic acid,
Lys=_-Lysine, HA-Lys= Hyaluronic acid-lysine conjugate)

e e g

3.2 Formulation, characterization and optimization of VCM-HNLCs

After the structure of HA-Lys conjugate was validated, its potential for the development of HNLCs
was investigated. Both blank HNLCs and VCM-HNLCs were successfully prepared by hot
homogenization/ultrasonication technique [267]. The preliminary work involved evaluating different
surfactants to select the most suitable one for creating HNLCs with desired particle sizes, smaller PDI,
and greater colloidal stability. After screening, Tween 80 was found to be the optimal surfactant, as
presented in Table S2, which resulted in HNLCs with the best physical properties, including particle
size, PDI and ZP.
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For the optimization process, various formulation parameters including lipid: surfactant, drug: lipid,
and lipid: polymer mass ratios were assessed using a single-factor-at-a time optimization method to
obtain the most optimal VCM-HNLCs in terms of particle size, PDI, EE % and DL % wi/w, with
acceptable charge switch from negative to positive at different pH values. As shown in Table 1, it was
observed that increasing the lipid: surfactant mass ratio from 1:0.5 to 1:2 while fixing the other
optimization parameters (drug: lipid 1:4 and lipid: polymer 1:0.1) resulted in a decrease in the average
particle diameter, EE % and DL % w/w from 98.77 to 42.44 nm, 56.18 % to 20.78 % and 7.36 % to
2.07 %, respectively, with an increase in size distribution from 0.156 to 0.233. The drop in particle
sizes as the surfactant ratio increases could be attributed to the excess surfactant molecules available
to cover and stabilize the lipid-water interfaces created during homogenization, thereby reducing the
interfacial tension and producing NPs with smaller particle sizes [314]. Our result is in accordance
with other research studies that also reported a reduction in particle size of NLCs at higher surfactant
concentrations [315-317]. On the other hand, the decrease in EE % and DL % wi/w of the prepared
VCM-HNLCs with increasing surfactant content may be due to the high hydrophilicity of the loaded
VCM which makes the drug partitioning out of the lipid system into the surrounding aqueous medium
[318]. On this basis, the ideal lipid: surfactant ratio of 1:0.5 was chosen for further optimization.

The effect of drug: lipid mass ratio was then evaluated with fixed mass ratios of lipid: surfactant
(2:0.5) and lipid: polymer (1:0.1), and the results indicated that increasing the drug: lipid mass ratio
from 1:3 to 1:5 led to an increase in EE % and DL % w/w from 45.50 % to 64.77 % and from 5.26 %
to 8.28 %, respectively, without significant effects on the size, PDI and ZP. This enhanced EE %
could be due to the increase in lipid content, which improves the dispersion of VCM within the lipid
matrix while minimizing its leakage from the NPs [267, 319]. Accordingly, optimal lipid: surfactant
(2:0.5) and drug: lipid (1:5) mass ratios were used to evaluate the effect of different lipid: polymer

mass ratios on the properties of VCM-HNLC:s.

It was found that increasing the lipid: polymer mass ratio from 1:0.05 to 1:0.15 resulted in an increase
in the EE % from 55.81 % to 72.27 % without significant effects on the other parameters among all
the samples tested. This result was comparable to previously published studies, in which increasing
the lipid: polymer mass ratio had resulted in an increase in particle size and size distribution of the
NPs [320, 321]. Furthermore, all the formulations exhibited negative ZP, ensuring strong electrostatic
repulsion and preventing the NPs from coalescence [322]. As a result, VCM-HNLCs with lipid:
surfactant mass ratio of 1:0.5, drug: lipid mass ratio of 1:5 and lipid: polymer mass ratio of 1:0.1 were
selected as the optimal formulation for further studies. The average particle size, PDI, ZP, EE % and
DL % w/w were 110.77 + 1.69 nm, 0.113 £ 0.02, -2.92 + 0.21 mV, 76.27 + 1.20 % and 8.36 + 0.25
%, respectively.
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Table 1. Size, PDI, ZP, EE% and DL% wi/w for the different lipid: surfactant, drug: lipid, and lipid:
polymer mass ratios used in the optimization of VCM-HNLCs. Results represented as mean = SD (n =

3).
Optimization Size (nm) PDI ZP (mV) EE % DL % w/w
parameter
Lipid: surfactant . L ] N ) .
mass ratio Fixed drug: lipid (1:4) and lipid: polymer (1:0.1) mass ratios
1:0.5 98.77 + 0.43 0.156 + 0.01 -2.92+0.33 56.18 + 3.36 7.36 £1.58
1:1 62.29 + 0.44 0.204 + 0.01 -5.41 +0.64 35.70 + 0.38 5.07£0.05
1:2 4244 +1.15 0.233+0.01 -2.69+0.28 20.78 +0.93 2.07+0.09
Drug: lipid . . ] . . .
mass ratio Fixed lipid: surfactant (1:0.5) and lipid: polymer (1:0.1) mass ratios
1:3 90.94 + 0.03 0.151+0.01 -559+1.28 45.50 + 0.02 5.26£0.01
1:4 98.77 + 0.44 0.156+0.01  -2.92+0.33 56.18 + 3.40 7.36 +1.58
1:5 99.39 + 0.49 0.127+0.01 -2.50+0.06 64.77 £ 0.06 8.28£0.00
Lipid: polymer . . . T .
Mass ratio Fixed lipid: surfactant (1:0.5) and drug: lipid (1:5) mass ratios
1:0.05 90.58 + 0.26 0.126 £+ 0.00 -2.54+0.26 55.81 + 0.45 7.38 £0.05
1:0.1 99.39 + 0.49 0.127+0.01  -2.50+0.06 64.77 + 0.06 8.28 + 0.00
1:0.15 108.0 + 0.91 0.136+0.01 -3.16 +0.53 72.27 +0.28 8.86 £ 0.00

Optimizing the interactions between nanoparticles and bacteria requires an understanding of the

physicochemical characteristics of the generated HNLCs as a function of pH [323]. As a result, the

impact of pH on VCM-HNLCs was examined at various pH levels (7.4, 6.0 and 4.5). The optimal

VCM-HNLCs formulation demonstrated significant pH-responsiveness in terms of charge switching
from -2.92 + 0.21 mV at pH 7.4 (physiological pH) to +1.64 + 0.17 and +9.97 £ 0.33 mV at pH 6.0

and 4.5 (acidic pH), respectively (Figure 3). This charge shift is likely due to protonation of the

primary amino group of OLA, which results in positive ZP at low pH values. It is anticipated that this

change in surface charge from negative to positive may promote drug release and enhance adherence

of VCM-HNLCs to the negatively charged bacterial cell wall, thereby, increasing antibacterial
efficacy [324, 325].
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Figure 3. The impact of pH variation on the surface charge of VCM-HNLCs (P-value = 0.0004). the
data is shown as mean + SD (n=3)

3.3 Determination of nanoparticle morphology
Transmission electron microscopy (TEM) was used to further investigate the surface morphology of
the prepared VCM-HNLCs. The optimized VCM-HNLCs formulation's TEM image showed distinct,

spherical-shaped NPs that were consistent to those generated with DLS (Figure 4).
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Figure 4. (A) TEM image of VCM-HNLCs and (B) A histogram displaying the size distribution by
volume of VCM-HNLCs determined by DLS.
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3.4 Thermal profiles

The thermal profiles of individual excipients, physical mixture, and the lyophilized VCM-HNLCs are
shown in Figure 5. The results showed that Lys, VCM and TS showed endothermic peaks at 243.5
°C, 109.17 °C and 83.56 °C, respectively, while HA showed an exothermic peak at 233.36 °C. In
addition, the thermograms of the HA-Lys conjugate and the physical mixture of VCM-HNLCs
excipients showed the same endothermic and exothermic peaks with slight shifts. The successful
entrapment of the drug to the prepared NPs in an amorphous form is confirmed by the lack of the
characteristic VCM peak in the thermogram of the lyophilized VCM-HNLCs.
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Figure 5. DSC thermograms of (A) Hyaluronic acid (HA); (B) .-Lysine (Lys); (C) HA-Lys
conjugate; (D) Vancomycin; (E) a-Tocopherol succinate; (F) physical mixture; (G) lyophilized
VCM-HNLCs formulation.
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3.5 In vitro biosafety studies

3.5.1 Cytotoxicity and cell viability assay

The biological safety of a novel biomaterial and/or nanocarrier is a crucial requirement for its
application in drug delivery, biomedical, and clinical use [326]. Therefore, we investigated the
cytocompatibility of the synthesized HA-Lys conjugate and its nanoformulation (VCM-HNLCs) at
different concentration levels (20-100 pg/mL) using a previously described MTT assay on HEK-293
and HepG2 cell lines [299]. As shown in Figure 6, all the tested concentrations maintained a cell
viability of >70 % across all tested cell lines. The HEK-293 cell line displayed a viability range of
93.52-106.41 % and 73.61-91.92 %, while HepG2 showed a viability range of 80.11-103.88 % and
104.48-106.65 % for HA-Lys and VCM-HNLCs, respectively. Additionally, none of the tested cell
lines exhibited concentration-dependent cytotoxicity across the concentration range examined for HA-
Lys and VCM-HNLCs. However, in contrast to the control group, the HA-Lys conjugate and VCM-
HNLCs formulations demonstrated marginally increased cell viability. This could be attributed to the
proliferative action of HA [327], as well as long chain fatty acids derivatives such as OLA [328].
These findings are consistent with the International Standard Organization (ISO) limit for biosafety of
biomedical materials (>70 % cell viability) [329] and support the cytocompatibility and potential use
of the prepared VCM-HNLCs for nano antibiotic delivery.
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Figure 6. The Cell viability % of different concentrations of (A) HA-Lys conjugate and (B) VCM-
HNLCs, and controls on HEK293 and HepG2 cell lines. Data are presented as mean + SD (n = 3).

3.5.2 Hemolysis

The hemocompatibility of nanoformulations intended for intravenous administration is an essential

prerequisite to ensure their biosafety [330]. Therefore, the impact of the prepared VCM-HNLCs on

erythrocytes was investigated using freshly collected and washed sheep blood and the results are

shown in Figure 7. All concentrations of the VCM-HNLCs showed less than 1 % hemolysis (Table
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S3), indicating the non-hemolytic activity and favorable biosafety profile of the nanosystem. As a
result, VCM-HNLCs could be administered parenterally to treat bacterial infections and sepsis.
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Figure 7. (A) and (B) Non-hemolytic activity of different concentrations of VCM-HNLCs (*DW=
distilled water, PBS=phosphate buffer saline pH 7.4). Data are presented as mean + SD (n = 3).

3.6 In vitro binding affinity study

Activation of TLRs by bacterial endotoxins is a critical step in triggering immune response, which
also contributes to the development of chronic and acute inflammatory conditions like sepsis [331].
Therefore, altering TLRs signaling pathways and blocking their binding to their natural substrates in
the bacteria, may help in reducing the subsequent downstream signaling molecules activation and
could be a potential strategy in treating bacterial sepsis. In this research, for the first time, an MST
binding affinity analysis was conducted to evaluate the binding affinity of HA (a known ligand of
TLR2 and TLR4), as well as Lys, HA-Lys, and VCM-HNLCs to human TLR2 and TLR4 compared
to their natural substrates PGN and LPS, respectively. The affinity of the ligands was determined
using the dissociation constant (Kgq) values listed in Table 2, and the fraction of TLRs bound to each

ligand was illustrated in Figure 8.
3.6.1 In vitro binding affinity to TLR2

The results in Table 2 and Figure 8A demonstrated that HA, Lys and HA-Lys conjugate each had a
considerable binding affinity to TLR2 with Kq values of 0.82 + 0.41, 2.79 + 0.74 and 0.02 + 0.85 uM,
respectively, compared to the natural substrate PGN that recorded a K4 value of 23.95 + 0.88 uM (P-
value < 0.0001). Additionally, VCM-HNLCs had significantly higher binding properties to TLR2
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than PGN with a K value equal to 4.55 + 0.49 uM (P-value < 0.0001). However, the lowest binding
affinity was found for the non-hybrid NLCs components with more than 40-fold and 8-fold higher Kgy
than VCM-HNLCs and PGN, respectively. Consequently, we can deduce that the inclusion of HA-
Lys in the VCM-HNLCs formulation may be responsible for the binding affinity and consequent
TLR2 sensitivity. The enhanced binding affinity of the synthesized HA-Lys polymer was due to both
HA and Lys, which may act synergistically and enhance the polymer's sensitivity to TLR2. The
change in binding affinity of VCM-HNLCs compared to HA-Lys might be attributed to the
conformational shift in the HNLCs structure resulting from self-assembly of the nanosystem.

3.6.2 In vitro binding affinity to TLR4

We observed a similar trend when examining the binding to TLR4 (Table 2 and Figure 8B). In
comparison to the natural substrate LPS, which recorded a K value of 38.15 + 1.44 uM, both HA and
HA-Lys conjugate displayed a significant binding affinity to TLR4 (P-value < 0.0001), with Ky
values of 0.045 + 0.75 and 0.18 + 0.73 uM, respectively. The Lys and non-hybrid NLCs components
had the lowest binding affinities, with Ky values of 43.53 + 2.35 and 52.29 + 2.21 UM, respectively.
Therefore, the substantial TLR4 binding of HA-Lys conjugate is mainly attributed to the HA moiety
of the synthesized polymer. Additionally, VCM-HNLCs demonstrated much better binding properties
to TLR4 in comparison to LPS, with a Kq value equal to 2.44 + 2.17 pM (P-value < 0.0001). This
suggests that the inclusion of HA-Lys in the VCM-HNLCs formulation is responsible for the binding
affinity and consequent TLR4 sensitivity. Also, the alteration in the binding affinity of VCM-HNLCs
relative to HA-Lys might be attributable to the conformational adjustment in the HNLCs structure

resulting from the self-assembly process of the nanosystem.

Accordingly, these findings demonstrate a direct and robust binding of HA-Lys and VCM-HNLCs to
both human TLR2 and TLR4, which could potentially inhibit the binding of bacterial toxins to their
corresponding receptors and suppress the inflammatory response triggered by TLRs. Therefore, HA-
Lys and its prepared nanoformulation (VCM-HNLCs) may be suggested as an adjuvant and potential

therapeutic nanocarrier for the treatment of sepsis resulted from mixed bacterial infections.
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Table 2. The dissociation constant values (Kq) obtained from the MST analysis for PGN, LPS,
individual excipients (HA, Lys and HA-Lys conjugate), VCM-HNLCs and non-hybrid NLCs

components binding to TLR2 and TLR4, respectively. Data are presented as mean + SD (n = 3).

Test ligand Kd (uM)
TLR2 TLR4

PGN 23.95+0.88 -
LPS - 38.15+1.44
HA 0.82+041 0.05+0.75
Lys 2.79+0.74 43.53+£2.35
HA-Lys 0.02+0.85 0.19+0.73
VCM-HNLCs 455 +0.49 244 +2.17
Non-hybrid NLCs components 202.10+1.36 52.29+2.21
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Figure 8. A Comparison view for different ligands fraction bound to (A) TLR2 and (B) TLR4. *PGN:
Peptidoglycan, LPS: lipopolysaccharide, HA: hyaluronic acid, HA-Lys: hyaluronic acid-lysine

conjugate and VCM-HNLCs: vancomycin-loaded hybrid nanostructured lipid carriers. Results

represented in mean + SD (n = 3).
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3.7 Invitro drug release and linear kinetics

The dialysis bag method was used to evaluate the in vitro release behavior of bare VCM and VCM-
HNLCs at pH 7.4 and pH 6.0. The graph in Figure 9 reveals that the bare VCM was quickly released
at pH 7.4 and had almost completed its release within the first 24 hrs (100.71 %), while VCM-HNLCs
formulation showed a slower release rate, with about 62.42 % of VCM released from the hybrid NPs
at the same time point. This indicates a sustained release profile for the VCM-HNLCs formulation in
contrast to the bare VCM. The delayed release behavior of VCM from the VCM-HNLCs may be
caused by the diffusion of the entrapped VCM molecules through the lipid-polymer matrix which
retain the antibiotic for a longer period of time [320]. On the other hand, the VCM release from
VCM-HNLCs was significantly higher at pH 6.0 compared to pH 7.4 (P-value = 0.00014), as 97.48 %
of VCM was released from the hybrid NPs at pH 6.0 within 48 hrs, while only 68.23 % of VCM was
released at pH 7.4 at the same time, confirming that the release of VCM was pH-responsive. This
enhanced drug release at acidic pH is due to the confirmational changes and destabilization of the NP
structures as a result of OLA protonation at lower pH values, which accelerates drug release profiles
[332]. Our findings are in accordance with previously reported studies, showing that VCM released
from pH-responsive nanosystems was greater and occurred more quickly at pH 6.0 than it was at
physiological pH 7.4 [267, 323, 333, 334]. This pH-triggered VCM release behavior is essential for
better drug protection at the physiological pH and improved localization at the infection sites (acidic
pH), which helps in improving the antibacterial activity [335, 336].
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Figure 9. Drug release profile of VCM-HNLCs and bare VCM at pH 7.4 and pH 6.0. All data

represented as mean = SD (n = 3).

To comprehend the release mechanism of VCM from the prepared HNLCs, the cumulative drug
release data were fitted into various mathematical models using DDSolver program (Table 3). While
VCM-HNLCs showed a greater VCM release profile at pH 6.0 in contrast to pH 7.4, the kinetic
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behavior remained the same in both circumstances. The Weibull model proved to be the most fit
model for VCM release at both pH 7.4 and 6.0. The highest R? values were 0.95 and 0.99 and the
lowest root means square error (RMSE) values were 5.44 and 3.14 for pH 7.4 and 6.0, respectively.
The Weibull exponent parameter (), which analyzes the transport mechanism of a drug through the
lipid-polymer matrix was 0.47 (< 0.75) indicating a Fickian diffusion mechanism of drug release
[337]. Likewise, the release exponent value of the Korsmeyer-Peppas model (n) was found to be 0.36
and 0.32 for pH 7.4 and 6.0, respectively (< 0.5), suggesting that Fickian diffusion is the release
mechanism of VCM from the HNLCs.

Table 3. Kinetics of drug release data for the VCN-HNLCs at pH 7.4 and pH 6.

R? RMSE Release exponent (n) B
Model Equation

pH 7.4 pH 6 pH 7.4 pH 6 pH 7.4 pH 6
Zero Order Q=k*t -0.17 -0.48 24.27 37.04
First Order Q=0Q0.eX 0.75 0.98 11.29 4.54
Higuchi Q=k. t* 0.79 0.74 10.19 15.42

Korsmeyer- Peppas Q=k.t 0.88 0.91 8.04 9.99 0.36 0.32
Hixson-Crowell %=kt + Qo” 0.65 0.80 13.28 13.39

Weibull Q=1lexp[-()ab] 0.95 0.99 5.44 3.14 0.47

R? = linear regression coefficient, RMSE = Root means square error

3.8 Short-term physical stability study

The physical colloidal stability of the optimal VCM-HNLCs formulation was evaluated at two distinct
storage temperatures (25 °C and 4 °C) over a period of 90 days to monitor any drug leakage or NP
aggregation that might occur during storage. There were no appreciable changes in particle size, PDI,
or ZP according to the experimental data listed in Table S4 (P-value > 0.05), and no visible signs of
instability were observed over the three months of the study when the samples were stored at both 25
°C and 4°C, respectively. These results confirmed the physical stability of the prepared VCM-HNLC
as a drug delivery system. Figure 10 illustrates the effect of RT and 4 °C storage conditions on the

physicochemical properties of VCM-HNLCs formulation.
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Figure 10. Variations in particle size (nm) and ZP (mV) of VCM-HNLCs during a 90-days storage at
(A) room temperature (RT) and (B) 4 °C. All results are presented as mean £ SD (n = 3).

3.9 In vitro antibacterial activity studies

3.9.1 Determination of minimum inhibitory concentration (MIC)

To investigate the pH-dependent antibacterial activity of VCM-HNLCs against S. aureus and MRSA,
the minimum inhibitory concentration (MIC) was measured using a broth microdilution method [304].
Table 4 illustrates the MIC values of bare VCM, blank HNLCs and VCM-HNLCs against S. aureus
and MRSA at pH 7.4 and pH 6.0. At physiological pH, VCM-HNLCs showed higher antibacterial
activity with a 2-fold reduction in MIC values compared to the bare VCM against S. aureus (1.95 vs
3.9 pg/mL) and MRSA (3.9 vs 7.8 ug/mL) for the first 48 hrs. The bare VCM then steadily lost its
activity over the course of 72 hrs, while the antibacterial action of the VCM-HNLCs was persisted for
the same time period against both bacteria. This indicates that VCM-HNLCs exhibited sustained
antibacterial properties against both S. aureus and MRSA compared to bare VCM.

The hybrid NPs also exhibited superior and sustained antibacterial activity compared to bare VCM at
pH 6.0, with a 4-fold reduction in MIC values in the first 24 hrs, and an 8-fold reduction in MIC
values in the next 48 and 72 hrs against both S. aureus and MRSA. On the other hand, the
antibacterial activity of VCM-HNLCs was greater at pH 6.0 with a 2-fold decrease in the MICs
against both bacteria over 72 hrs of treatment compared to their activity at pH 7.4. These results
confirmed the pH-responsive antibacterial activity of VCM-HNLCs against both S. aureus and
MRSA.

Similarly, it was discovered that the blank HNLCs exhibited some antibacterial activity against S.
aureus and MRSA, at both pH conditions with MIC values of 16.11 pg/mL and 32.22 pg/mL,
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respectively. This could be attributed to the combined and inherent antibacterial properties of Tween
80 [338], OLA [339] and TS [293] against gram-positive bacteria.

The enhanced and sustained antibacterial activity of VCM-HNLCs over the bare VCM under normal
conditions may be due to numerous factors include; a) the gradual and extended release profile of
VCM from the hybrid NPs resulting in long-lasting antibacterial efficacy [340], b) the smaller particle
size of the NPs which facilitates better adsorption and effective cell wall penetration [341], and c) the
potential effect as result of the intrinsic antibacterial activity of the nanoformulation components.
Furthermore, the improved antimicrobial activity of the prepared VCM-HNLCs at the acidified
infection pH may be due to the rapid VCM release from the HNLCs at pH 6.0 and the surface charge
switch from negative to positive charge due to the protonation of OLA, which improve the adhesion
of VCM-HNLCs to the negatively charged bacterial cell wall leading to superior antibacterial
efficacy. The overall enhanced antibacterial activity associated with the antibiotic-loaded hybrid
nanocarrier may help in reducing the effective treatment dose without compromising therapeutic
outcomes [342]. Moreover, the frequency of VCM administration could be decreased, which reduce
the dose-related toxicity and improves patient compliance [343]. A similar trend of enhanced and
sustained pH-responsive antibacterial activity was previously reported for VCM-loaded NLCs [267]
and VCM-loaded SLNs [263] against both S. aureus and MRSA.

Table 4. The minimum inhibitory concentration (MIC) values (ug/mL) for S. aureus and MRSA at
pH 7.4 and pH 6.0, respectively, for bare VCM, blank HNLCs and VCM-HNLCs. The test was done

in triplicate (n = 3).

S. aureus (ng/mL)

Time (hrs) 24 48 72 24 48 72
pH 7.4 pH 6.0

Bare VCM 3.9 3.9 7.8 3.9 7.8 7.8

Blank HNLCs 16.11 16.11 16.11 16.11 16.11 16.11

VCM-HNLCs 1.95 1.95 1.95 0.98 0.98 0.98

MRSA (ng/mL)

Time (hrs) 24 48 72 24 48 72
pH 7.4 pH 6.0

Bare VCM 7.8 7.8 15.62 7.8 15.62 15.62

Blank HNLCs 3222 3222 32.22 3222 3222 32.22

VCM-HNLCs 3.9 3.9 3.9 1.95 1.95 1.95

*VCM = Vancomycin free base, and HNLCs = hybrid nanostructured lipid carriers.
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3.9.2 Determination of Fractional Inhibitory Concentration (FIC)

To further identify the combined antibacterial effect of VCM and blank HNLCs in the VCM-HNLCs
against S. aureus and MRSA at pH 7.4 and 6.0, the cumulative FIC values were determined for 24, 48
and 72 hrs based on the MIC values acquired from the in vitro antibacterial investigation (Table 5).
At pH 7.4, the calculated XFIC for S. aureus were found to be 0.62, 0.62 and 0.37, indicating that
additive antibacterial effects continued for the first 48 hrs followed by synergistic activity up to 72
hrs, while for MRSA, the XFIC values were 0.62, 0.62 and 0.37, indicating additive combination
activity. However, the XFIC values at pH 6.0 were 0.31, 0.19 and 0.19 for S. aureus and 0.31, 0.19
and 0.19 for MRSA, confirming the synergistic interaction for both strains at all time intervals. As a
result of this synergistic combination activity, a lower VCM-HNLCs dose could be required to
produce the same therapeutic effect as bare VCM, which may potentially increase the antibacterial
efficacy while reducing related toxicity and side effects.

Table 5. Y FIC values against S. aureus and MRSA at pH 7.4 and pH 6.0.

FIC against S. aureus

Time (h) 24 48 72 24 48 72

pH 7.4 pH 6
FIC (Bare VCM) 0.50 0.50 0.25 0.25 0.13 0.13
FIC (Blank HNLCs) 0.12 0.12 0.12 0.06 0.06 0.06
YFIC 0.62 0.62 0.37 0.31 0.19 0.19
Interpretation Additive Additive Synergy | Synergy Synergy  Synergy

FIC against MRSA

Time (h) 24 48 72 24 48 72

pH 7.4 pH 6
FIC (Bare VCM) 0.50 0.50 0.25 0.25 0.13 0.13
FIC (Blank HNLCs) 0.12 0.12 0.12 0.06 0.06 0.06
YFIC 0.62 0.62 0.37 0.31 0.19 0.19
Interpretation Additive Additive Additive | Synergy Synergy  Synergy

3.9.3 Flow cytometry

Using a previously reported flow cytometry technique with slight modifications, the impact of bare
VCM and VCM-HNLCs on the cell viability of MRSA was evaluated [188]. The antibiotics activity
on bacteria causes considerable changes in morphology and cell-division cycle that can be detected

using specific dyes [344]. Propidium iodide (PI), a non-permeant fluorescent dye, has been employed
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to identify damaged bacterial cells whereas Syto9, a green, fluorescent nucleic acid permeant dye has
been used to identify live cells in the population. The data acquired from flow cytometry were
investigated using the flow cytometer software Kaluza-2.20 (Beckman Coulter, USA), at which two
gates were produced to distinguish between viable cells (green) and dead cells (red) in the population.
Figure 11, which illustrates the cell count versus Pl uptake histogram for MRSA, shows that 93.61 +
0.33% and 97.34 £ 2.71 % of MRSA cell died after incubation with bare VCM (8B) and VCM-
HNLCs (8D) at their respective MICs (7.8 and 3.9 pg/mL, respectively). This indicates that VCM-
HNLCs were able to achieve better killing activity than bare VCM at a 2-fold lower inhibitory
concentration (P-value = 0.003). However, only 79.44 + 1.13 % of MRSA cells died (8C) when
treated with bare VCM at the same concentration of VCM-HNLCs (3.9 ug/mL) compared to 97.34 +
2.71 % in the case of the hybrid NPs formulation (P-value <0.0001). These findings further support
the potential enhancement in the antibacterial effectiveness of VCM-HNLCs against MRSA, which
may also be used to reduce the effective dose of VCM in treating MRSA infections without

compromising the overall therapeutic efficacy [345].
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Figure 11. Histogram of cell count versus propidium iodide (PI) uptake. A corresponds to the
untreated MRSA (live cells); B, C and D indicate the proportion of dead MRSA cells following
incubation with bare VCM at its MIC (7.8 pg/mL), bare VCM in NPs MIC (3.9 pg/mL) and VCM-
HNLC:s at its MIC (3.9 pg/mL), respectively. The experiment was conducted in triplicate (n = 3).

3.9.4 Determination of in vitro antibiofilm activity

Biofilms formation is one of the survival strategies of many types of microorganisms, including

bacteria. They play a significant role in the pathogenesis of various bacterial infections, particularly
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MRSA infections, rendering them more resistant to the host's immune system and antimicrobial
treatments [346]. Therefore, it would be beneficial to develop a nano antibiotic delivery system with
improved antibacterial activity and has the ability to successfully remove biofilms in order to combat
against MDR bacterial infections and sepsis. In this regard, the efficiency of the prepared VCM-
HNLCs formulation against MRSA biofilms was explored using the crystal violet staining assay and

the florescence microscope assay.

3.9.4.1 Crystal violet assay

Mature MRSA biofilms were exposed to PBS pH 7.4 and 6.0 (as controls), bare VCM solution and
VCM-HNLCs formulation for 24 hrs and then stained with crystal violet. The changes in the crystal
violet intensity were imaged and the percentage of biofilm growth inhibition was analyzed, and the
results are presented in Figure 12. VCM-HNLCs displayed higher efficiency in eradication of MRSA
biofilms at pH 7.4, as it reduced the biofilm biomass by ~ a 5-fold (68.17 + 1.83 %) compared to bare
VVCM that showed only 14.25 + 2.62 % biofilm elimination activity. At pH 6.0, biofilms treated with
VCM-HNLCs showed a reduction in biofilms biomass by ~ a 6-fold compared to bare VCM, as it
displayed 93.51 + 0.83 % while bare VCM showed only 16.41 + 0.80 % biofilm eradication. Also,
VCM-HNLCs exhibited a significant pH-responsive antibiofilm activity against MRSA biofilms with
~ 1.4-fold reduction in MRSA biofilms biomass at pH 6.0 compared to pH 7.4. This improved
antibiofilm activity could be due to the combined effects of TS and Tween 80, as well as the pH-
responsive property of the nanosystem.

It has been reported that TS has a strong and intrinsic anti-adhesion properties against S. aureus
biofilms. Therefore, it could act synergistically with VCM to affect pathogen adhesion and biofilm
formation, making it a suitable pharmaceutical adjuvant for antibiotic therapy [292, 293, 347].
Furthermore, Tween 80 has been reported to possess potential antibiofilm action against a variety of
pathogenic bacteria, including MRSA. It has the ability to reduce bacterial adhesion to surfaces and
also facilitate biofilm elimination by disturbing the biofilm matrix and increasing its permeability
[322, 348]. On the other hand, the charge reversible property improves the electrostatic attraction
between the positively charged VCM-HNLCs with the negatively charged bacterial cell surfaces at
the acidic environment inside biofilms, which enhance the binding of the NPs and the transport of the
antibiotic to the biofilm barrier, hence improving the efficiency of antibacterial agents in eradicating
biofilms and inhibiting biofilms formation [349, 350]. These findings suggest that, in addition to the
enhanced antibacterial activity against MRSA, VCM-HNLCs may also be effective in eliminating

bacterial biofilms and modulating biofilm formation.
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Figure 12. (A) Percentage of biofilm growth suppression following the exposure of MRSA biofilms

to bare VCM, VCM-HNLCs and controls (PBS pH 7.4 and 6.0). Each result is shown as mean + SD

(n = 3) (P-values **** < 0.0001). (B) MRSA biofilm growth reduction after exposure to bare VCM

and VCM-HNLCs at PBS pH 7.4 and 6.0, as indicated by changes in the crystal violet intensity (*

PBS = phosphate buffered saline, VCM = vancomycin, NLCs = nanostructured lipid carriers).
3.9.4.2 Florescence microscope assay
The effectiveness of VCM-HNLCs in removing mature MRSA biofilms was further confirmed using
a fluorescence microscope. The mature biofilms were cultured on cover slips and then discolored for
30 min in the dark using Syto9 and PI solutions. After rinsing off the dyes, the cover slips were placed
on glass slides, inverted. As shown in Figure 13, untreated MRSA biofilms emitted a considerable
Syto9 fluorescence over the whole coverslip. (13A1), which is caused by the intact membranes of the
accumulated bacterial cells on the coverslips [351, 352]. However, there was no significant
fluorescence when the untreated MRSA biofilms were treated with Pl (13A2), since Pl cannot enter
live cells that have an unbroken cell membrane [353, 354]. MRSA biofilms stained with Syto9 and
treated with bare VCM exhibited little reduction in fluorescence when in contrast to untreated
biofilms (13B1), while those stained with PI displayed a slight fluorescence (13B2), indicating that
some of the drug had permeated the biofilm and partially killed the bacteria. Interestingly, when the
MRSA biofilms were treated with VCM-HNLCs (13C1), the Syto9 fluorescence intensity decreased
significantly compared to bare VCM treated- or untreated group, suggesting a potential decrease in
the number of viable cells on the slide as well as biofilms. Moreover, despite PI's non-cell permeable
nature, the biofilms treated with VCM-HNLCs exhibited a remarkably high intensity of PI
fluorescence (13C2). This intense emission reveals that treatment of MRSA biofilms with VCM-
HNLCs led to degradation of MRSA cell membranes and biofilms, allowing for more PI penetration
and binding to DNA [353]. As a result, biofilms treated with VCM-HNLCs resulted in a significantly
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higher percentage of bacterial death compared to those treated with VCM alone. These results suggest
that VCM-HNLCs may be effective in eradicating biofilms, which are responsible for persistent
infections and sepsis.
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Figure 13. Images of the fluorescence microscope assay of MRSA biofilms stained with Syto9 and
PI. 1. Untreated MRSA biofilms 2. Bare VCM treated biofilms, and 3. VCM-HNLCs treated biofilms,
respectively. (Scale bar =100 pwm).

3.9.5 Time killing assay (TKA)

To determine the rate of bacterial killing after a 24-hrs exposure of MRSA to bare VCM and VCM-
HNLCs formulation solution (5xMIC) at pH 7.4 and 6.0, the time Killing assay was performed
(Figure 14). All antibiotic treatments reduced the number of MRSA colonies under all pH conditions.
However, VCM-HNLCs showed superior activity compared to bare VCM as indicated by the total
eradication of MRSA bacteria from the first 2 hrs and 1 hr of incubation at pH 7.4 and 6.0,
respectively, whereas bare VCM exhibited slower killing kinetics within 24 hrs of incubation at both
pHs. Hence, VCM-HNLCs showed a significantly rapid bactericidal effect against MRSA at a 2-fold
and 4-fold lower concentration than VCM alone at pH 7.4 and 6.0, respectively (P-value <0.0001).
The enhanced ability of the VCM-HNLCs to reduce bacterial load at pH 6.0 could also be due to the
pH-responsive activity of the nanosystem.

VCM therapy is usually associated with slow and time-dependent antibacterial efficacy, poor
penetration into solid organs, and poor pharmacokinetic properties, which contribute to high rates of
antimicrobial resistance, treatment failure and toxicity [355]. Therefore, these findings prove that

VCM-HNLCs could be an effective nanocarrier for improving the bacterial killing kinetics of
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antibiotics with long-term release in the body to obtain a successful therapy with lower dose regimens
against MRSA infections and their induced sepsis.
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Figure 14. MRSA time killing kinetics when exposed to bare VCM, VCM-HNLCs and (A) PBS pH
7.4 and (B) pH 6.0 (as controls). The findings are shown as mean + SD (n = 3). At pH 6, VCM-
HNLCs demonstrated more enhancement of VCM Kkilling kinetics (P-value <0.0001).

3.9.6 Efflux pump inhibition assay

Recently, bacterial multidrug efflux pumps have gained attention due to their possible association
with clinical AMR [356]. For instance, MRSA can develop efflux-mediated resistance to antibiotics
through mutations that reduce the bacterial affinity to the antimicrobials [357]. However, the
overexpression of bacterial efflux pumps makes it challenging for antibiotics to effectively enter the
bacterial cells [358]. Therefore, the ability of the prepared subinhibitory concentrations of VCM-
HNLCs (0.25xMIC) to inhibit MRSA-induced efflux pumps overexpression was examined
employing EtBr according to a previously described method [309]. EtBr, an efflux pumps substrate,
binds to DNA intracellularly and fluoresces inside the bacteria [359]. According to the results
presented in Figure 15, MRSA treated with VCM-HNLCs displayed higher fluorescence intensity
due to the significant EtBr accumulation in the bacterial cells compared to those treated with bare
VCM. The presence of TS as a component of the nanocarrier could be responsible for the increased
fluorescence intensity observed in the MHA samples treated with VCM-HNLCs, which also supports
the reduction in the MIC values and the enhancement of VCM activity when loaded into the HNLCs
containing TS. It has been reported in the literature that TS has a promising efflux pump inhibition
activity, primarily against NorA and NorB, the chromosomally encoded efflux pumps of gram-
positive bacteria [360], which may account for the observed efflux pump inhibition against MRSA

[289-291]. Therefore, TS can act synergistically with VCM in the prepared VCM-HNLCs formulation
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to combat resistant S. aureus and could be employed as an adjuvant for effective antibiotic therapy to
overcome antibacterial resistance due to efflux pumps and treat associated conditions like MRSA

sepsis.

Figure 15. Efflux pump inhibition effect of VCM-HNLCs against MRSA compared to the bare VCM
at 0.25xMIC.

3.10 In vitro antioxidant study

Excessive reactive oxygen species (ROS) production in response to inflammation, leads to oxidative
stress, which is a major contributor to the high mortality rates associated with a number of infectious
disorders such as sepsis [361]. Therefore, neutralizing ROS produced during the inflammatory
process is of great importance to reduce oxidative stress and alleviate the damaging consequences of
sepsis on the body. Therefore, the DPPH radical scavenging method was used to investigate the in
vitro antioxidant effects of different concentrations of individual excipients (TS, Lys, and HA-Lys
conjugate) and the prepared VCM-HNLCs [310]. Figure 16 shows the antioxidant activity percentage
of ascorbic acid (positive control), TS, Lys, HA-Lys conjugate and VCM-HNLCs after being
incubated with DPPH solution at 37 °C in the dark. The results indicated that all the examined
samples displayed a concentration-dependent ability to scavenge DPPH radicals, with the strongest
antioxidant activity observed at a concentration of 1000 pg/mL. Specifically, the activity was found to
be 34.98 + 3.59 %, 53.21 + 2.30 %, 59.69 + 4.68 % and 61.08 + 1.87 % for TS, Lys, HA-Lys
conjugate and VCM-HNLCs, respectively. Regarding the individual excipients, we observed that Lys
and HA-Lys conjugate demonstrated higher scavenging activity compared to TS at all concentrations.
This could be due to the lower hydrogen donor activity of TS compared to the other excipients.
Vitamin E derivatives, such as TS, have been reported to have reduced DPPH scavenging activity

compared to pure vitamin E (tocopherol), as salts can interfere with DPPH measurements and lower
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their antioxidant activity [362, 363]. On the other hand, the enhanced antioxidant activity of pure Lys
and the synthesized HA-Lys polymer could be due to the free amino group in Lys units which can
donate electrons to stabilize and neutralize DPPH radicals [364, 365]. Additionally, the antioxidant
activity of VCM-HNLCs could be attributed to the combined effect of TS and HA-Lys, with the HA-
Lys conjugate showing a significant effect over TS. As a result, the protective effect of HA-Lys and
its hybrid nanoformulation against DPPH radicals could have potential benefits in inhibiting oxidative

stress and lipid peroxidation associated with inflammations and sepsis [283, 286].
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Figure 16. The antioxidant activity (%) of various concentrations (ug/mL) of TS, Lys, HA-Lys
conjugate and VCM-HNLCs according to a DPPH radical scavenging assay in comparison to ascorbic
acid (positive control). Data in the graph are presented as mean + SD (n = 3). (*TS= Tocopherol
succinate, Lys= L-Lysine, HA-Lys= hyaluronic acid-lysine conjugate, VCM-HNLCs= vancomycin-
loaded hybrid nanostructured lipid carriers, DPPH= 2.2-diphenyl-1-picrylhydrazyl)

3.11 In vitro anti-inflammatory studies

LPS is one of the most potent bacterial toxins that causes inflammation in a number of illness
conditions, including sepsis. It is essential in initiating an immune response that can result in
cytotoxicity and multiple organ dysfunction [366]. When LPS triggers an immune response, it can
result in the release of several cytokines such as TNF-a, IL-1p, and IL-6 [367]. Additionally, LPS can
induce cytotoxic effects in sepsis that can affect different cells and organs [368]. For example, the
hyperactivation and malfunction of endothelial and immune cells, as a result of the body's
inflammatory response, could harm tissues and organs and affect vascular integrity and
permeability.[369, 370]. Therefore, utilizing the HepG2 cell line [300, 311], we investigated the anti-
inflammatory effects of HA-Lys and VCM-HNLCs formulations against LPS-induced inflammation
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by measuring the cell viability and the IL-6 levels using MTT assay and enzyme-linked
immunosorbent assay (ELIZA), respectively.

3.11.1 Cytoprotective effect against LPS-induced cytotoxicity

The cytoprotective effect of HA-Lys and VCM-HNLCs against LPS-stimulated HepG2 was evaluated
using a previously reported MTT assay protocol [312]. LPS treatment (0.9 mg/mL) resulted in a
substantial decrease in HepG2 cell viability to 36.70 = 3.30 % compared to the control group, as
illustrated in Figure 17A (P-value<0.0001). However, the addition of HA-Lys or VCM-HNLCs
formulations (100 pg/mL) improved cell viability to 100.84 = 3.91 % and 67.34 + 1.87 %,
respectively, compared to the control. Notably, treatment with HA-Lys and VCM-HNLCs
formulations enhanced the cell viability reduced by LPS by 64.14 % (P-value<0.0001) and 30.64 %
(P-value = 0.0002), respectively, compared to the LPS-treated group. The results indicated that HA-
Lys and VCM-HNLCs can defend cells from damage caused by LPS. This cytoprotective effect may
be due to the antioxidant properties of Lys, which aids in scavenging ROS and reducing oxidative
stress, thus lessening cell injury [283, 286]. In addition, HA has been documented to exhibit a
protective effect against LPS-induced cell damage [371-373]. As a result, HA-Lys conjugate and its
nanoformulation may be considered as potential therapeutic agents for the prevention of cell damage
brought on by sepsis.

3.11.2 Anti-inflammatory activity against LPS-induced inflammatory responses (measurement
of IL-6 levels).

Sepsis has been associated with altered expression of cytokines, which are crucial for controlling the
host immunological response [374]. Interleukin-6 (IL-6) is one of these cytokines that is thought to be
important for the development of sepsis, especially as an early marker of inflammation [375]. In cases
of severe sepsis and septic shock, the cytokine storm can be exacerbated by an overabundance of IL-6
production, which can cause substantial tissue damage and organ failure. [376, 377]. Therefore, to
further verify the anti-inflammatory potential of the synthesized HA-Lys and VCM-HNLCs, we
investigated their influence on the expression of the pro-inflammatory cytokine IL-6 in LPS-
stimulated HepG2 cells. The levels of IL-6 were found to be significantly elevated when the cells
were treated with 1 pg/mL of LPS, as the results shown in Figure 17B. Nevertheless, it was observed
that the concentration of IL-6 decreased significantly following the treatment with varying
concentrations of HA-Lys or VCM-HNLCs formulations (50 and 100 pg/mL), compared to the group
treated with LPS alone (P-value<0.0001). This indicates that HA-Lys and the hybrid nanocarrier can
both regulate the amounts of IL-6 that induced by LPS, which may mitigate tissue damage caused by
an excessive immune response. This result confirms the antagonistic action of both HA-Lys and the

hybrid NLCs on TLR4, since their enhanced anti-inflammatory effects can be attributed to their strong
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and competitive binding to TLR4, which was previously demonstrated in this study through in vitro
MST investigations. A similar trend of reduction in IL-6 levels was observed in two studies reported
by Farajzadeh et al. (2018) and Cardoso MSc et al. (2022), who revealed the significant anti-
inflammatory effects of HA-based NPs and HA-based nanogels against LPS-stimulated inflammatory
responses, respectively [378, 379]. Consequently, both HA-Lys and VCM-HNLCs could be a

promising candidates for modulating 1L-6 levels and controlling the inflammatory response in sepsis.
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Figure 17. (A) The Cytotoxicity of LPS on HepG2 cells and the protective effects of HA-Lys and
VCM-HNLCs as measured by MTT assy, and (B) The effect of HA-Lys and VCM-HNLCs on IL-6
expression induced by LPS. (**** P-value<0.0001, *** P-value = 0.0002, in comparison with the

LPS-treated group). Data in the graph are presented as mean + SD (n =3).

4. Conclusion

In recent years, there has been a growing interest in creating advanced, multifunctional biomimetic
and stimuli-responsive nanocarriers for effectuve antibiotic delivery against bacterial infections and
sepsis. In this study, we aimed to develop a new hyaluronic acid-lysine polymer (HA-Lys) for the
creation of biomimetic pH-responsive hybrid nanosctructured lipid carriers (HNLCs) that could
improve the delivery of vancomycin to combat bacterial-induced sepsis. The HA-Lys conjugate was
successfully synthesized and characterized by FTIR and *H NMR. The fabrication of VCM-HNLCs
using a hot homogenization and ultrasonication technique led to hybrid NPs with an appropriate size,
low polydispersity index, acceptable zeta potential, and high encapsulation efficiency and drug
loading. The biosafety profiles of HA-Lys and VCM-HNLCs were confirmed by MTT and hemolysis

assays. The binding potential of HA-Lys and its VCM-HNLCs to human TLR2 and TLR4 was
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demonstrated to be excellent in vitro, with higher binding affinity than their natural substrates, PGN
and LPS, respectively. This suggests that these compounds may possess the ability to competitively
modulate the immune response and potentially reduce the pathogenicity caused by bacterial sepsis.
VCM-HNLCs exhibited a pH-triggered drug release profile, superior and pH-sensitive antibacterial
and biofilm eradication capabilities, and a significant inhibitory effect against MRSA efflux pumps, as
compared to the bare antibiotic. This could improve the anti-virulence efficacy of VCM and enhance
sepsis treatment outcomes. The potential of VCM-HNLCs to rapidly kill MRSA was also verified
using the time-killing assay and flow cytometry analysis. Moreover, significant free radical
scavenging capacities as well as noteworthy cytoprotective and anti-inflammatory effects against
LPS-induced inflammation were exhibited by both HA-Lys and VCM-HNLCs. The findings of this
research have prompted the creation of a straightforward nanoplatform for treating bacterial sepsis
and battling MDR bacteria. Additionally, it contributes to increasing the variety of hybrid NLCs with
antivirulence potential and combine both biomimetic and stimui-responsive approaches for improving

antibiotics therapy against sepsis-inducing bacteria
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CHAPTER 4. SECOND EXPERIMENTAL PAPER

4.1 General Introduction

This chapter addresses Aim 2, Objectives 1-5, and is a first-authored experimental paper submitted to
an ISl International Journal: International Journal of Pharmaceutics (Manuscript ID: IJPHARM-D-
23-03925) (Impact Factor: 5.875). This article highlights the formulation, optimization, and
characterization of biomimetic CIP-loaded TAH-NPs to enhance CIP delivery. Also, it highlights the
in vitro cytotoxicity, non-hemolytic activity, TLR4 binding affinity using in-silico and in vitro tools,
in vitro antibacterial, antibiofilm, efflux pump inhibition, antioxidant, and anti-inflammatory activities
of the prepared CIP-loaded TAH-NPs.

4.2 Author contributions

In this paper, Mrs. Eman Elhassan performed the literature searches that contributed to the
conceptualization and the design and execution of this project. These involved the preparation and
characterization of the novel hybrid nanocarriers (HNs). The HNs were characterized for
physicochemical properties including average particle size, polydispersity index, zeta potential,
entrapment efficiency, drug loading capacity, thermal profiles, and surface morphology. Furthermore,
Mrs. Eman Elhassan contributed towards the characterization of the formulation in terms of in vitro
antibacterial activity, hemocompatibility studies, in vitro drug release study and its mathematical
modelling, colloidal stability studies, receptor binding with Microscale Thermophoresis (MST)
technique and in vitro antioxidant study. Mrs. Eman Elhassan was also responsible for analysis and
data collection, as well as writing entire draft version of the first authored article and revised it
according to co-authors comments. Prof. Calvin A. Omolo served as co-supervisor and assisted with
the conceptualization, design of the project, solving any technical problems and supervision of the
studies. Mr. Mohammed Ali Gafar assisted with the antibacterial and in vitro binding affinity studies.
Mr. Usri H. Ibrahim conducted the anti-inflammatory studies. Dr. Aimen Aljoundi and Dr. Ghazi
Elamin undertook the in-silico studies. Dr. Nikita Devnarain conducted the cytotoxicity studies. Mr.
Mahir Mohammed assisted with the biosafety studies. Prof. Thirumala Govender served as supervisor
and was responsible for project conceptualization, problem-solving, editing of paper and abstract as

well as general supervision of all the experiments.
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Abstract

To combat bacterial infections and sepsis effectively, innovative approaches that can improve the
targeting and potency of antibiotics are required. The implementation of disease-inspired hybrid nano-
drug delivery systems has the potential to significantly enhance antibiotic therapy and treat bacterial
sepsis. In this study, a novel hybrid nanocarriers (HNs) derived from tannic acid (TA) and Oleylamine
(OLA) for targeted delivery of ciprofloxacin (CIP) against bacterial-induced sepsis was successfully
formulated and characterized. The prepared CIP-loaded TAH-NPs had an average size, PDI, surface
charge, entrapment efficiency and drug loading capacity of 85.65 + 0.89 nm, 0.13 + 0.01, +16.3 +
0.23 mV, 68.73 £ 0.54 % and 6.86 = 0.09 % respectively. The in vitro biosafety studies revealed that
CIP-loaded TAH-NPs were biocompatible and non-hemolytic. The in-silico simulations and MST
analysis proved the strong binding affinity of TA and/or its nanoformulation to the human Toll-like
receptor 4 (TLR4) compared to its natural substrate lipopolysaccharide (LPS), indicating that TA and
CIP-loaded TAH-NPs could competitively inhibit the virulence effect of bacterial LPS and halting
sepsis progression. The release of CIP from TAH-NPs was found to be sustained for 72 hrs. The in
vitro assays against MRSA and P. aeruginosa revealed that CIP-loaded TAH-NPs exhibited enhanced
and significant antibacterial and efflux pump inhibition activity and displayed a 3-fold and a 2-fold
increase in biofilm eradication activity against MRSA and P. aeruginosa, respectively, compared to
bare CIP. The time killing assay findings showed 100 % bacterial clearance within 8 hrs of treatment
with CIP-loaded TAH-NPs. The in vitro DPPH scavenging and anti-inflammatory investigations
confirmed the potential activity of the prepared hybrid nanosystem in neutralizing ROS and
modulating the LPS-induced inflammatory response. Collectively, the results suggest that CIP-loaded
TAH-NPs may serve as an innovative nanocarrier for the effective and targeted delivery of antibiotics

against bacterial-induced sepsis.

Keywords: Biomimetic, Tannic acid, Hybrid nanocarriers, Bacterial infections, Sepsis, TLR4

antagonism, Antibiotic delivery.

1. Introduction

Sepsis, a life-threatening disorder characterized by an impaired systemic immune response to
infection, is a critical public health problem of global concern, affecting millions of people around the
world each year [380, 381]. According to the World Health Organization (WHO), sepsis is
responsible for an estimated 11 million deaths annually, making it the leading cause of death from
infection [382]. In the United State alone, more than 1.7 million cases of sepsis are reported each year,
resulting in nearly 270,000 deaths [383, 384]. The incidence of morbidity and mortality due to sepsis
have been further exacerbated by the current global crisis of antimicrobial resistance (AMR) and a

decline in the introduction of new antibiotics [5, 385]. The emergence of the COVID-19 pandemic has
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also impacted the host’s innate and adaptive defenses against bacteria, increasing the prevalence of
secondary bacterial infections and severe sepsis caused by multidrug-resistant (MDR) bacteria,
leading to worse outcomes and fatal complications [386, 387]. Therefore, early diagnosis and
treatment of bacterial infections and associated sepsis are essential for survival and should be given a
high priority in public health.

The current strategies for sepsis management focus primarily on the prompt administration of
effective intravenous antibiotics to control the infection, in addition to the administration of various
anti-inflammatory drugs, antioxidants and immunomodulators to reduce inflammatory responses, as
well as supportive care to help stabilize vital organs and systems [380, 388]. However, there are
several drawbacks associated with the current dosage forms of sepsis medications, including side
effects due to non-specific drug biodistribution and localization, sub-therapeutic levels of the drugs at
the infection sites, increased frequency of drug administration due to their rapid elimination, and
emergence of AMR [42, 389]. Accordingly, to address these limitations and prevent treatment failure,
the development of novel and innovative therapeutic and targeting strategies for effective antibiotic
therapy is urgently required.

The use of novel nano-drug delivery systems (NDDSs) has significant potential for meeting the
challenges of AMR and improving antibiotic therapy against bacterial infections. Antibiotic-loaded
NDDSs offer several advantages over the current antibiotic dosage forms, including enhanced drug
targeting and concentration at the infection site, reduced required dose and frequency of drug
administration, thereby minimizing the risk of side effects and improving patient compliance [390,
391]. With rapid advances in nanotechnology, researchers are developing multiple strategies to
maximize the potential of nanocarriers while also addressing their existing drawbacks [392]. Co-
delivery of antibiotics with other therapeutic agents and the development of bio-inspired and stimuli-

responsive nanocarriers are some examples of these innovative approaches [393-396].

Biomimicry is a cutting-edge approach in biomedical research that aims to provide more effective and
targeted interventions against infectious diseases [397]. In drug delivery, biomimetic strategies are
employed to mimic normal cellular processes and increase their affinity for target cells [258]. While
this approach has been widely reported in cancer therapy, it is still in its infancy for bacterial
infections, necessitating the need for such novel strategy to enhance the efficacy of antibiotics against

bacterial sepsis.

During bacterial infection, Toll-like receptors (TLRs) on the host cell recognize microbial toxins such
as lipoteichoic acid (LTA) and lipopolysaccharide (LPS) on the Gram-positive and Gram-negative

bacterial cell walls, respectively, and this association stimulates the inflammatory process and
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immune system response [398]. While TLR activation triggers an immune response to fight infection,
excessive TLR activation during sepsis results in overwhelming systemic inflammation, oxidative
stress, and multiple organ injury [264, 265]. Understanding the role of TLR activation in bacterial
sepsis is crucial for the development of targeted therapies to modulate the immune response and
improve outcomes in patients with sepsis. Inspired by this natural pathway of bacterial recognition
and immune activation, emerging research has shown interest in the use of TLRs for the development
of antagonists/inhibitors, specifically TLR2 and TLR4, to treat infection-associated sepsis [71-74].
Preventing the binding of TLR ligands to the receptor is one approach being reported for TLR
inhibition [399]. Researchers have discovered small drug molecules and antibodies that hinder the
interactions between ligands and TLRs, and their effects in lowering TLR signaling activity in various
inflammatory conditions have demonstrated encouraging results [74-76]. Therefore, a similar strategy
of minimizing TLRs activation by inhibiting their binding to bacterial toxins can be applied to an
antibiotic nanocarrier to specifically Kill bacteria and simultaneously potentiate the treatment of

sepsis.

Furthermore, bacterial biofilms and efflux pumps, which are persistent and difficult to eradicate, have
been identified as major contributors to AMR infections. The protective nature of the biofilm
extracellular matrix serves as a physical barrier that hinders the penetration of antimicrobial agents
and immune cells, making biofilm-associated infections highly resistant to treatment [77]. In addition,
efflux pumps play a pivotal role in the survival and adaptability of bacteria to their natural
environments. These molecular devices have evolved to actively expel a wide variety of antimicrobial
compounds, including antibiotics, from the bacterial cells. By conferring resistance to antibiotics,
efflux pumps allow bacteria to survive and grow even in the presence of lethal antibiotic doses [78].
Targeting bacterial biofilms and efflux pumps is an alternative approach that can enhance the uptake
and performance of antibacterial dugs. As a result, developing a novel nano drug delivery system
integrating the biomimetic principle with biofilm eradication and efflux pump inhibition approach
could be a novel antibacterial immunoregulatory strategy to simultaneously treat bacterial sepsis and

overcome antimicrobial resistance.

Among the promising nano drug delivery systems in antibiotic therapy are hybrid nanocarriers (HNs).
They are nanoscale structures made of a variety of excipients, such as polymers, lipids, metals, or
inorganic nanoparticles, with the intention of leveraging the attractive traits and excluding the
limitations of biomaterials in the combination [400]. Their multifunctionality and tunable properties
make them attractive candidates with improved efficacy and biosafety, high drug loading efficiency,
membrane permeability, better drug release profiles, enhanced pharmacokinetics and

pharmacodynamic characteristics, well-tolerated serum stability, and reduced drug concentrations
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required for treatment, thus leading to lower costs and fewer side effects [117, 273, 401]. By
combining different biomaterials, researchers take advantage of their unique characteristics to achieve
the desired features in nanocarrier systems. For this reason, HNs are widely applied in targeted drug
delivery, gene therapy, imaging, and diagnostics of various diseases [402, 403]. However, there have
been no reports on the use of HNs for antibiotic delivery to specifically treat bacterial sepsis.

Developing a biomimetic HN with multifunctional activity against bacterial sepsis requires a
combination of bioactive excipients with the desired traits. Tannic acid (TA) is an emerging
biomaterial used in nanoparticle formulations. It is a natural polyphenolic compound that has been
reported to possess antioxidant, anti-inflammatory, antitumor, and antimicrobial activities [404]. The
anti-inflammatory effects of TA against various inflammation-induced organ dysfunctions have been
investigated in many research studies [405]. It is proposed that TA functions by inhibiting the activity
of pro-inflammatory enzymes, such as cyclooxygenase (COX) and lipoxygenase (LOX)) which are
responsible for producing several inflammatory cytokines and associated mediators such as
prostaglandins and leukotrienes [406, 407]. In addition, TA has been reported to competitively
prevent LPS binding to human TLR4, thereby attenuating the expression of the LPS-induced TLR4
signaling pathway and blocking subsequent signal transduction [408, 409]. Furthermore, TA has been
shown to have a protective effect against oxidative stress-induced tissue damage and multiorgan
failure in many inflammatory conditions by scavenging free radicals and neutralizing ROS generated
during the inflammatory process, thereby attenuating the harmful effects of sepsis on the body [410].
Besides its well-established anti-inflammatory and antioxidant activities, TA has significant
antibacterial, antibiofilm, and efflux-pump inhibition activities against several pathogens, including
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) [411-414]. Recently, Li et al. (2023)
reported the synthesis of TA-containing nanoparticles to mitigate cytokine storms for the treatment of
bacterial induced- acute lung injury [415]. Therefore, the development of an antibiotic-loaded HN
using TA as a multifunctional biomaterial with TLR4 antagonistic action, antioxidant, antibiofilm,
and efflux-pump inhibition properties may hold immense potential for precise and targeted treatment

of bacterial sepsis.

On the other hand, Oleylamine (OLA) is one of the most popular long-chain fatty amines that has
been discovered to possess inherent antibacterial activity against both gram-positive and gram-
negative strains [416-418]. It has also been reported to enhance the effectiveness of various
antimicrobial agents, including metal NPs [419]. Few studies have been conducted on the use of OLA
to create innovative nano drug delivery systems to treat bacterial infections [339, 418, 420].
Therefore, targeting bacterial and sepsis microenvironments using TA and OLA in a novel hybrid

NDDS could be effective in advancing the treatment of bacterial sepsis.
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In this study, we proposed a novel HN derived from OLA and TA to improve the efficacy of
ciprofloxacin (CIP) against bacterial-induced sepsis through several combined strategies. TA can
reduce bacterial infectivity and resistance mechanisms through its potential activity against biofilm
formation and efflux pumps. In addition, it can hold promise as a targeting moiety by facilitating the
direct binding of the nanocarrier with TLR4 in host cells, thereby successfully preventing LPS-
induced hyperactivation of TLR4 and subsequent downstream signal activation. Along with its ability
to neutralize ROS, TA helps in modulating the host immune response, reducing oxidative stress, and
controlling inflammatory cytokine levels. On the other hand, OLA offers stability, mechanical
strength, improved loading capacity, effective binding, and permeation to bacterial membranes, and
works synergistically with CIP and TA to fight against bacteria. Overall, this novel nanosystem could
be a promising avenue in sepsis research with the potential to significantly reduce the severity of this
life-threatening condition and improve patient outcomes. To the best of our knowledge, this study
reports the first HN formulated using TA and OLA to deliver any class of drug. Also, the application
of a HN that simultaneously combines biomimicry with efflux pump inhibition and biofilm
eradication approaches has not been previously reported for any bacterial infection. In addition, the
use of TLR as a pathway for bacterial recognition and immune regulation in drug delivery has not
been reported as a biomimetic strategy. The data obtained from the formulation of CIP-loaded TAH-
NPs, optimization, in vitro characterization, in silico studies, and in vitro antibacterial and anti-

inflammatory studies are reported herein.

2. Materials and methods

2.1 Materials

Tannic acid (TA), poloxamer407 (PLX407), Oleylamine (OLA), ethidium bromide, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and lipopolysaccharides (LPS) from Escherichia coli (055:B5) were
purchased from Sigma-Aldrich (USA). Dulbecco’s modified Eagle’s medium (DMEM), Eagle’s
Minimum Essential Medium (EMEM), fetal bovine serum, propidium iodide (Pl) and Syto9 were
obtained from Thermo Fisher (USA). 3(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), dimethyl sulfoxide (DMSQO) and crystal violet were purchased from Merck Chemicals
(Germany). Cell lines were purchased from Highveld Biologicals (Johannesburg, South Africa) and
cell culture materials were purchased from Whitehead Scientific (Johannesburg, South Africa). Sheep
blood used for assessment of hemolytic activity was purchased from United Scientific (South Africa).
Nutrient Broth, Mueller-Hinton Broth (MHB), and Mueller- Hinton Agar (MHA) were obtained from
Biolab (South Africa). Ciprofloxacin hydrochloride (CIP), Staphylococcus aureus (ATCC 25923),
Escherichia coli (ATCC 25422), Multi-drug resistant Staphylococcus aureus (SA Rosenbach ATCC
BAA 70699) and Pseudomonas aeruginosa (ATCC 27853) were obtained from DLD Scientific
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(South Africa). Recombinant human TLR4 (Active ab233665) was purchased from Abcam
(Cambridge, UK). Immunosorbent Assay (ELISA) kits were purchased from ABclonal Technology
(Wuhan, Hubie, China). Microscale thermophoresis (MST) reagents were purchased from Nano
Temper Technologies (Germany). A mill-Q water purification system (Millipore corp., USA) was
used to obtain a purified milli-Q water. All solvents and reagents used in this study were of analytical
grade.

2.2 Preparation of the hybrid nanoparticles

CIP-loaded TAH-NPs were prepared using hot ultrasonic dispersion method with a slight
modification [421]. Briefly, a specific amount of OLA was dissolved in 3 mL ethanol, and the mixture
was heated to 80 °C with continuous stirring at 600 rpm for 20 min. For the aqueous phase, a
specified amount of TA, CIP and a suitable surfactant were dissolved in 10 mL milli-Q water, and
heated separately to 80 °C with continuous stirring at the same speed for 20 min. Thereafter, the lipid
phase was added dropwise into the aqueous phase within 15 min under continuous stirring. Then, the
resultant emulsion was sonicated at the same temperature (80 °C) for 5 min at 30% amplitude using a
probe sonicator (Omni Sonic-Ruptor 400 Ultrasonic Homogenizer, USA), followed by immediate
cooling to 20 °C using an ice bath. The prepared NPs were then stirred overnight to remove the
organic solvent, and if necessary, the final volume was adjusted to 10 mL using milli-Q water. Blank
(CIP-free) TAH-NPs were also prepared using the same procedure. Various parameters such as
surfactant type, surfactant concentration, and lipid: polymer mass ratio were evaluated. The optimum
formulation with the minimum particle size (PS), polydispersity index (PDI), maximum entrapment
efficiency percent (EE %) and drug loading capacity (DL % w/w) was selected for further studies.

Each formulation was prepared in triplicate (n=3).
2.3 Physicochemical characterization of the prepared NPs
2.3.1 Determination of particle size, polydispersity index (PDI) and zeta potential (ZP)

Dynamic light scattering (DLS) method with a Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK)
equipped with a 633 nm laser at 173° detection optics was used to determine the average particle size,
size distribution and ZP of the prepared CIP-loaded TAH-NPs. Before the measurement, appropriate
dilutions of the formula in distilled water were done and the experiment was carried out in triplicate at
25 °C (n=3).

2.3.2 Determination of nanoparticle morphology

The morphological structure of TAH-NPs was determined by transmission electron microscopy
(TEM) (Jeol, JEM-1010, Tokyo, Japan). To obtain TEM images, a drop of appropriately diluted CIP-
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loaded TAH-NPs dispersion was placed on a surface of coated copper grid, allowed to dry at room
temperature, then stained with 2 % phosphtungestic acid for 30 sec. and visualized at an accelerating
voltage of 75 kV.

2.3.3 Determination of entrapment efficiency percent (EE %) and drug loading percent (DL%

wiw)

The percentage of CIP within TAH-NPs was determined by measuring the EE % and the DL % (w/w)
using the previously reported ultrafiltration method [263]. In brief, 2 mL of the formulation was
placed in AmiconUltra-4 centrifugal filter tube (Millipore Corp., USA) of 10 kDa molecular weight
cutoff and centrifuged at 3000 rpm at 25 °C for 30 min. Free CIP in the supernatant was appropriately
diluted with distilled water and its concentration was determined using UV spectrophotometer
(Shimadzu UV 1601, Japan) at 276 nm and a regression equation of Y= 0.0962 (x)-0.0062 and
linearity coefficient (R?) of 0.9994 (Figure S1, Appendix I1). The experiment was performed in

triplicate (n=3). The EE % and DL % w/w were calculated using the following equations.

Weight of CIP in the TAH-NPs

EE% =
% Total weight of CIP added

x 100 1)

Weight of CIP in the TAH-NPs
0, — X
DL % W/W Total weight of NPs 100 (2)

2.3.4 Thermal profiles

Differential scanning calorimetry (DSC) (Shimadzu DSC-60, Japan) was used to assess the
thermograms of TA, CIP, PLX407, physical mixture and lyophilized CIP-loaded TAH-NPs. The
samples were weighed out at around 5 mg each and then individually placed in an aluminum pan. The
pan was then sealed with a crimper and heated to 33 °C under a flow of nitrogen, with the temperature

increasing at a constant rate of 10 °C/min. An empty pan was used as a reference.

2.4 In vitro biosafety profiles

2.4.1 Cytotoxicity and cell viability assay

To investigate the cytocompatibility of the blank and CIP-loaded TAH-NPs, a previously reported
MTT assay method was applied on three different cell lines (Michigan Cancer Foundation-7 (MCF-7)
breast cancer, human embryonic kidney 293 (HEK 293) and human hepatocyte carcinoma (HepG2)
cells [299]. Concisely, Cells were seeded into a 96-well plate containing 100 pL DMEM (for HEK
293 and MCF-7) or EMEM (for HepG2 cells), 10 % fetal bovine serum (FBS), 1 % pen-strep-
fungizone and 1 % L-glutamine at a concentration of 2.5 x 10° cells/well. The cell mixture was
incubated for 24 hrs at 37 °C in a CO, humidified incubator. Then, the cells were treated with 20, 40,

60, 80 and 100 pg/mL of blank and CIP-loaded TAH-NPs formulations (diluted with suitable cell
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culture medium) and incubated for the next 24 hrs. After 24 hrs incubation period, the media were
replaced with fresh culture media (100 pL/well) and 20 pL/well of MTT solution (5 mg/ml in PBS)
and incubated for 4 hrs. The supernatant was then removed, and formazan crystals were solubilized
using 100 pL of sterile dimethyl sulfoxide (DMSO). After 1 hr, absorbances were read at 540 nm
using a microplate spectrophotometer (Spectrostar Nano, Germany). The experiment was performed

in triplicate and the following equation (3) was used to calculate the percentage cell viability:

Cell Viability % = A540 nm treated cells % 100 (3)

A540 nm untreated cells

2.4.2 Hemolysis

The hemocompatibility profile of the prepared CIP-loaded TAH-NPs was evaluated according to a
previously described procedure [301]. In brief, sheep blood was freshly collected and washed three
times with sterile isotonic PBS (pH 7.4) by centrifugation at 3000 rpm for 10 min. Subsequently, 0.2
mL of the purified red blood cell suspension was separately mixed with 1.8 mL of six different
concentrations of CIP-loaded TAH-NPs formulations in sterile PBS (20-200 pg/mL), PBS (as a
negative control) and distilled water (as a positive control), and incubated at 37 °C for 30 min. After
incubation, the samples were centrifuged for 10 min at 3000 rpm and 4 °C using the ultracentrifuge
(Centurion Scientific, UK). The supernatants of each sample were then collected in 96-well plates and
their hemoglobin absorbance was quantified at 540 nm using a Microplate Reader (SpectraMax M2,
USA). The experiment was performed in triplicate, and the following formula was used to determine

the percentage of non-hemolytic activity:

(ABS—ABS,)

) . 0 = 100
Non-hemolytic activity % = 100 (ABS,oo—ABS)

(4)
Where ABS, and ABSioo are the absorbances at 0 % and 100 % hemolysis, respectively.

2.5 Molecular dynamic simulation studies
2.5.1 Determination of CIP-loaded TAH-NPs complex self-assembly
2.5.1.1 Chemical structures Preparations

All the chemical structures (CIP, TA, OLA and PLX407) were downloaded from the PubChem
website as either 2D or 3D structures [422]. The four chemical structures were energy minimized

using the universal force field (UFF)! employing steepest descents minimization in Avogadro [423].

2.5.1.2 Molecular Dynamics simulation

To get insights on the self-assembly of CIP, TA, OLA and PLX407 molecules, all-atom molecular
dynamic (MD) simulations was performed. The topology of the four molecules were parametrized
using the CHARMM general force field (CGenFF) [424]. Solvation was done using the cubic box
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together with TIP3P water model [425]. Both NVT and NPT equilibration were performed prior to
MD simulations to check the temperature and pressure stability, respectively. The canonical ensemble
(NVT) energy minimization was done at 300 K using the velocity-rescale thermostat with a time-
constant of 0.1 ps. The NPT equilibration used the Parrinello-Rahman barostat [426] at an isotropic
pressure of 1 bar for 500 ps followed by the MD production of 100 ns. The MD simulation was
performed using GROMACS 2018 software package [427]. The Particle-Mesh Ewald (PME) [428]
method was employed for efficient long-range electrostatic interactions. A cutoff of 1.2 nm was used
for Lennard-Jones interactions while a real-space cutoff of 1.2 nm was used for electrostatic
interactions. All bonds were constrained using the LINCS algorithm and a time step of 2 fs was used
for the Verlet integrator. The trajectory analyses were performed using gmx built-in tool in
GROMACS. The distance was measured from the centers of mass (COM) of the four molecules using

an in-house Tcl script. Visualization was done using VMD [429] and Chimera [422] Software.
2.5.1.3 Binding energy calculations

The binding energies calculations were performed using the molecular mechanics Poisson-Boltzmann
Surface Area (MM-PBSA) method as implemented in GROMACS. MM-PBSA is an efficient method
for the calculations of free energies of diverse molecular systems. (“AmberMDrun: A Scripting Tool
for Running Amber MD in an Easy Way - MDPI”) The self-assembled particle was extracted from
the MD simulation from 50 — 60 ns window, for the calculations with 10 ns trajectory. Although a
more extensive explanation of MMPBSA can be found in the original work [430], we provide a brief

summary here:

AGymppsa = (Geompiex — Gprotein — Gligana)comiex (5)
Gy = Emp — T(Sum) + AGsoy (6)
Emm = Epondea + Ecouwt + Eij (7)
AGsory = Gpotar T Gronpotar (8)

where Gy is the free energy of system x, that being the ligand, the protein (in this case; TA, OLA and
PLX407) or the complex; Euwm is the potential energy in vacuum as defined by the molecular
mechanics (MM) model, which is composed of the bonded energy terms (Ebonded) @and nonbonded
Coulombic (Ecou) and Lennard-Jones (Er;) terms; Sum is the entropy; 4Gsav is the free energy of
solvation, composed by a polar (Gpolar) and nonpolar (Gnonolar) term; T is the temperature and angle

brackets represent an ensemble average.
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2.5.2 In silico analysis of the binding affinity to TLR4

2.5.2.1 System Preparation

The X-ray crystal structures of human toll-like receptor 4 (TLR4) was attained from RSCB Protein
Data Bank (PDB code: 3FXI, with a resolution of 3.10 A by x-ray diffraction) [431, 432]. Chain A of
the complex being a TLR4 protein was separated and saved for molecular docking. The crystal
structure of lipopolysaccharide (LPS), a natural ligand of TLR4, was obtained from RSCB Protein
Data Bank (PDB code: 6S8N) [432, 433] and its unique ligand (lipid A) was obtained using the UCSF
Chimera program [422, 434]. The 2D structures of TA, OLA, PLX407 and CIP were retrieved from
PubChem database [435] and subsequently converted into 3D structures using ChemDraw 3D
software [436] To prepare these structures for molecular dynamics simulation and to ensure that the
proper angels and hybridization states of ligands were displayed, Molegro Molecular Viewer (MMV)
[437, 438], and UCSF Chimera software package [422], were employed. All missing residues from
molecules were added by a structural refinement tool known as Modeller [422].

2.5.2.2 Molecular Docking and Molecular Dynamics Simulation

Preceding docking, UCSF Chimera was used to eliminate all co-factors, non-standard residues such as
Cl-, Na+, etc. as well as water molecules surrounding the protein structure [422]. The ligands (LPS,
TA, OLA, PLX407 and CIP) were then charged and hydrogenated. The AutoDock Tools GUI was
used to estimate ligand docking and partial Gasteiger charge addition [422, 439]. Overall, systems
consisting of human TLR4 bound to LPS, TA, OLA, PLX407 and CIP were run at 300 ns MD
simulation using the AMBER20 CPU and GPU packages [440, 441] and the PMEMD engine. An
atomic partial charge was generated for the five ligands using the AMBER FF14SB of the
ANTECHAMBER program [442, 443]. The Leap module of Amber 20 enabled the addition of
hydrogen atoms, sodium (Na+), or chloride (CI-) counter ions to the systems for neutralization. The
systems were initially minimized for 2500 steps with 500 kcal/mol A2 restraint potential, and a total
minimization step of 5000 steps was further carried out without restraint using the conjugate
algorithm. Thereafter, the system underwent gradual heating from 0 to 300 K for 50 ps using a
Langevin thermostat in a canonical assemblage (NVT) [444, 445]. Following heating, equilibration
was undertaken at a temperature of 300 K, excluding all restraints, and a maintained atmospheric
pressure of 1 bar using the Berendsen barostat until all systems reached equilibrium [446-448]. The
complexes were then subjected to a 300 ns MD simulation using the SHAKE algorithm to constrict all
hydrogen atoms [449]. The co-ordinates of the human TLR4- LPS, TA, OLA, PLX407 and CIP
complexes were saved after the 300 ns production period at every 1ps intervals. The generated

trajectories of each system were analyzed using the PTRAJ and CPPTRAJ modules [450]. The
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generated data and subsequent complexes were further visualized using Microcal Origin analytical
software (www.originlab.com) [451, 452] and UCSF Chimera [422].

2.5.2.3 Post-molecular Dynamics Simulation Analysis

The bound complexes were saved after every 1ps, and their resultant trajectories were analysed using
the AMBER 20 integrated CPPTRAJ module. Post analysis for the systems MD simulation included
protein stability (RMSD), flexibility (RMSF) and solvent accessible surface area (SASA). Binding
free energy is computed by employing Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA) technique.

2.5.2.4 Thermodynamics (free binding energy) computations

To estimate the binding interactions of human TLR4 bound to LPS, TA, OLA, PLX407 and CIP, the
binding free energy was calculated using the Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA\) approach [453, 454]. Binding free energy (AGuing) is a reliable tool extensively used to
measure the binding energies involved in the formation of protein— ligand complexes, and is

calculated using the following equation:

AGping = Gcomplex - Gprotein — Ginhibitor (9)

AGpind = Egas + Gso1 = TS (10)
The AGuind is the sum of the gas and solvent energy minus entropy (TS).

Egas = Eint + Evaw + Eele (11)

Where Egas represents the addition of the internal energy terms of the AMBER force fields, which
includes Ein representing angles, torsions, and bonds, Evsw representing covalent van der Waals
energy, and Eeec representing the electrostatic energy components that are non-bonded. The
following equation is representative of the solvent energy calculation:

Gsol = Ggp + Gsa (12)

Gsa = YSASA (13)

Ges is representative of the polar solvation impact and Gsa is representative of the non-polar solvation
impact which is calculated using the solvent accessible surface area (SASA). This is attained by using
a water probe radius of 1.4 A°. A surface tension constant (c) was represented by a measure of 0.0072
kcal/mol and (b) by a measure of 0 kcal/mol [422, 455].

2.6 Determination of in vitro binding affinity to TLR4

To investigate the biomimetic approach of TA and CIP-loaded TAH-NPs, their binding affinity to
TLR4 was determined and compared to the natural substrate (LPS) using microscale thermophoresis
(MST) on a Nano Temper Monolith NT.115 instrument (Nano Temper Technology, Germany) [263].

In the study, recombinant human TLR4 was firstly adjusted to a concentration of 10 UM and then
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labeled with the Monolith NT.115 protein labelling kit RED-NHS according to manufacturer's
protocol using 1:3 protein: dye ratio, incubated at room temperature for 15 min, protected from light
and then purified with a gel-filtration column. After protein labeling, serial dilutions of different
ligands (LPS, TA, OLA and CIP-loaded TAH-NPs) were prepared with different starting
concentrations using suitable MST buffer (0.1 M PBS, 0.05% Tween 20, pH 7.4). Following that, an
equivalent volume of the labeled TLR4 (10 pL) in a final concentration of 10 nM was added to each
dilution and incubated for 10 min. Finally, the samples were loaded into Standard Treated glass MST
capillaries (Nano Temper Technology, Germany) and MST traces were measured in Nano Temper
Monolith NT.115 instrument at red LED, 25°C and 40% MST power. All experiments were done in
triplicate (n=3). The dissociation constant (Ky) values were fitted for each test ligands using Monolith-

Affinity analysis software version 2.1.3 (Nano Temper Technologies, Germany).
2.7 In vitro drug release and linear kinetics

The dialysis bag method was employed to investigate the release behavior of CIP from CIP-loaded
TAH-NPs [267]. Briefly, 2 mL of bare CIP and CIP-loaded TAH-NPs solutions were placed
individually in cellulose dialysis bags with an average molecular weight of 14,400 Da. The bags were
shaken at 37 °C and 100 rpm while dialyzing against 40 mL PBS pH 7.4 receiver solution. At
predetermined time intervals, 3 mL of samples were taken out from the receiver solution and
promptly replaced with an equivalent volume of fresh PBS pH 7.4 solution to maintain sink condition.
After an appropriate dilution, the amount of CIP released per time was determined using a UV
spectrophotometer by measuring the absorbance at 276 nm, and a regression equation of Y= 0.0962
(x)-0.0062 (R? = 0.9994) (Figure S1, Appendix I1) using blank TAH-NPs solution as a reference.
The experiment was conducted in triplicate, and the following equation was used to compute the

cumulative release percentage of CIP:

Cumulative release % = % X 100 (14)
v

Where Q: is the amount of CIP released at time t, and Qy the total amount of CIP previously used in
the CIP-loaded TAH-NPs formulation.

The DDSolver software program [303] was then utilized to analyze the kinetics of CIP release from
CIP-loaded TAH-NPs using different mathematical models, including zero-order; first-order, Higuchi,
Krosmeyer-Peppas, Hixson-Crowell and Weibull . The correlation coefficient (R2) and the root means
square error (RMSE) were calculated to determine the best-fit model, while the Weibull and
Krosmeyer-Peppas models were used to determine the release mechanism by calculating the values of

the Weibull exponent parameter () and the release exponent (n), respectively.
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2.8 Short-term physical stability study

The colloidal stability of the prepared CIP-loaded TAH-NPs formulation was studied over three
months at room temperature (25 °C) and cold temperature (4 °C). Physical appearance, and other
physico-chemical parameters (particle size, PDI and ZP) were quantified at 0, 30, 60 and 90 days
using a Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK) equipped with a 633 nm laser with a
detection optics of 173°. All experiments were performed in triplicate (n=3).

2.9 In vitro antibacterial activity studies

2.9.1 Determination of minimum inhibitory concentration (MIC)

The broad-spectrum activity of bare CIP, blank TAH-NPs, and CIP-loaded TAH-NPs against gram-
positive S. aureus and MRSA, and gram-negative E. coli and P. aeruginosa was investigated using a
previously described broth microdilution method [304]. Bacterial culture in Mueller- Hinton broth
(MHB) was allowed to grow overnight in a shaking incubator at 37 °C and 100 rpm. The incubated
bacteria were then adjusted to 0.5 McFarland standard (1.5 x 108 colony-forming units (CFU)/mL)
using DEN-1B densitometer (Latvia). Further dilution was done to obtain a final concentration of 5 x
10° CFU/mL. In a 96-well plate, 135 puL of MHB solution was pipetted in each well, and an equal
volume of bare CIP, blank TAH-NPs and CIP-loaded TAH-NPs solutions were added and then
serially diluted to achieve a range of concentrations. 15 pL of the diluted bacterial suspension were
added in each well containing the serially diluted samples and incubated for 24 hrs in the shaking
incubator adjusted at 37 °C and 100 rpm. After incubation, 5 pL of the sample mixtures were spotted
on Mueller- Hinton agar (MHA) plates and, the MIC values were determined after incubation for 24

hrs at 37 °C. All experiments were conducted in triplicate.

2.9.2 Determination of Fractional Inhibitory Concentration (FIC)

Fractional Inhibitory Concentration (FIC) is defined by the European Committee of Antimicrobial
Susceptibility Testing (EUCAST) as a mathematical expression of the combinatorial effect of
antibacterial agents [456]. To better understand the combined antibacterial effect of the blank TAH-
NPs and CIP in the CIP-loaded TAH-NPs against S. aureus, E. coli, MRSA and P. aeruginosa, the
cumulative FIC was determined based on the MIC values obtained from the in vitro antibacterial
study. Equations (15) and (16) were used to calculate the ZFIC, and the FIC index is shown in Table
S1 (Appendix I).

_ (the MIC of CIP in combination with TAH-NPs)

FIC (CIP) = (the MIC of CIP) (15)

__ (the MIC of TAH-NPs in combination with CIP)
FIC (Blank TAH-NPs) = (the MIC of Blank TAH-NPs) (16)

XFIC = FIC (CIP) + FIC (Blank TAH-NPs)
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2.9.3 Flow cytometry

Flow cytometry is a powerful tool used for determining bacterial cell viability, allowing for rapid
analysis of the percentage of live and dead bacterial cells in a sample [457]. The information gathered
from flow cytometry data can be used to assess the effectiveness of various nano antibiotic
formulations on bacterial populations. Viable MRSA and P. aeruginosa cells in the population after
treatment with CIP and CIP-loaded TAH-NPs for 18 hrs was determined using a flow cytometry
method previously reported by our group with a slight modification [188]. Briefly, bacterial cultures
in MHB at a concentration of 0.5 McFarland standard (1.5 x 108 CFU/mL) were prepared and allowed
to grow for overnight in a shaking incubator at 37 °C/100 rpm. Then, the grown bacteria were
harvested by centrifugation at 3000 rpm for 30 min, the supernatant was discharged, and the pellets
were resuspended with PBS and incubated at warm room (37 °C) for another 4 hrs. Then, 15 L of
bacterial suspension, which was further diluted into 5 x 10° CFU/mL, was added to a 96 well plate
each containing 135 uL of bare CIP and CIP-loaded TAH-NPs formulation at the MIC concentrations
of 12.5 ug/mL and 0.78 pg/mL for bare CIP and CIP-loaded TAH-NPs, respectively, for MRSA
treatment and 0.78 pug/mL of both formulations for P. aeruginosa treatment. The sample mixture was
further incubated at 37 °C in a shaking incubator (100 rpm) for 18 hrs. Thereafter, 50 uL of each
sample were transferred to the flow cytometry tubes each containing 350 pL of sheath fluid and
vortexed for 5 min. 5 pL of membrane impermeant propidium iodide (PI) and membrane permeant
Syto9 dyes were added to each tube and the mixture was incubated for 30 min in the dark. Untreated
MRSA and P. aeruginosa cells were used as negative controls. The samples were analyzed on the
flow cytometry instrument (BECKMAN COULTER DxFLEX, Nyon 1, Switzerland) with at least
10,000 cells collected for each sample in triplicate (n=3).

2.9.4 Determination of in vitro antibiofilm activity

2.9.4.1 Crystal violet assay

The ability of CIP-loaded TAH-NPs to clear MRSA and P.aeruginosa biofilms was assessed using
the Microtiter Dish Biofilm Formation Assay [305]. Briefly, 200 pL of bacterial suspension (1.5 x 108
CFU/mL) in MHB was transferred to a 96-well plate and incubated at 37 °C for 7 days to form a
mature biofilm. Before treatment, the medium was removed from the wells and the wells were washed
three times with PBS pH 7.4 to remove non-adherent bacterial cells. Specifically, 200 uL of bare CIP
solution and CIP-loaded TAH-NPs formulation at a concentration of 10xMIC were added to the wells
and incubated at 37 °C for 24 hrs. Thereafter, sterile PBS was used to wash each well (three times) to
remove excess treatment. 0.01 % wi/v crystal violet solution was used to stain the biofilms for
approximately 15 min and gently aspirated from each well. Excess crystal violet staining was

removed by gentle and thorough washing with PBS and allowed to dry overnight. Finally, 125 puL of
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30 % aqueous acetic acid solution was added to each well for 10 min to elute crystal violet. The eluted
dye was then carefully transferred to another 96-well plate and photographed for qualitative
evaluation. The intensity of the crystal violet dye was then measured quantitatively at 570 nm using a
microplate spectrophotometer (Spectrostar Nano, Germany) to determine the antibiofilm effect of the
test samples.

2.9.4.2 Florescence microscope assay

To verify the antibiofilm efficacy of CIP-loaded TAH-NPs against MRSA and P. aeruginosa, glass
microscope coverslips measuring 18 mm x18 mm were employed as biofilm carriers in a fluorescence
microscopy experiment [188]. Initially, the coverslips were inserted into at the bottom of 6-well
plates, and each well was pipetted with 2 mL of bacterial solution in MHB (1.5 x 108 CFU/mL). The
plates were kept at 37 °C for 7 days in order to promote the growth of biofilms over the coverslips.
Following the development of mature biofilms, non-adherent bacterial cells were removed from the
wells using PBS pH 7.4 three times before treatment. Subsequently, 2 mL of bare CIP and CIP-loaded
TAH-NPs solutions at 5xMIC, as well as 2 mL of PBS pH 7.4 as a control, were added to the biofilm-
containing wells, and they were then incubated for 12 hrs at 37 °C. The treatments and unattached
bacteria were removed from the wells by washing them twice with PBS pH 7.4. The coverslips were
then stained with Syto9 and PI for 30 mins and imaged using a fluorescence microscope. The biofilm
eradication effects of bare CIP and CIP-loaded TAH-NPs were visualized by capturing and processing
the images using a Nikon Eclipse 80i FM (Japan).

2.9.5 Time killing assay (TKA)

A previously reported plate colony counting method was used to investigate the time killing kinetics
of the prepared CIP-loaded TAH-NPs against MRSA and P. aeruginosa [307]. Bacterial suspension
from an overnight MHB culture (0.5 McFarland standard) was diluted with sterile PBS to obtain
concentrations of 105-106 CFU/mL. Then, the prepared test samples (bare CIP and CIP-loaded TAH-
NPs solutions) were added to the diluted bacteria at a 5XMIC and incubated in the shaking incubator
at 100 rpm and 37 °C. PBS containing the bacteria only (10°-10®° CFU/mL) was used as a control.
Then, 0.2 mL was taken from each sample at specified time intervals (0, 1, 2, 4, 6, 8, 12 and 24 hrs)
followed by a serial dilution with sterile PBS. Thereafter, 0.1 mL of each diluted samples were sub-
cultured on MHA plate and incubated for 24 hrs. After incubation, the number of colonies grown in
each dilution plate were counted and converted into CFU/mL using equation (17), and then further
converted into logie values. To determine the TKA of the prepared samples, logic CFU/mL was

plotted versus time. The experiment was performed in triplicate (n=3).

no. of colonies X dilution factor

CFU/mL =

(17

Volume of dilution taken
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2.9.6 Efflux Pump Inhibition assay

The ability of the prepared CIP-loaded TAH-NPs to inhibit the over-expression of MRSA and P.
aeruginosa efflux pumps was investigated using a simple cartwheel method according to previously
reported protocols with little modifications [308, 309]. Briefly, fresh Mueller- Hinton Agar (MHA)
plates containing 2 pg/mL of ethidium bromide (EtBr) were prepared at the same day of the
experiment and protected from light. Mueller- Hinton broth (MHB) was used to grow the bacterial
culture overnight in a shaking incubator at 37 °C and 100 rpm. The overnight grown cultures were
further adjusted to a concentration of 0.5 McFarland standard (1.5 x 108 CFU/mL) using MHB,
seeded into a 96 well plate and treated with bare CIP and CIP-loaded TAH-NPs formulation at a
concentration of 0.25xMIC values, while a group of untreated bacteria was left as a control. The
samples were then incubated at 37 °C for one hour and subsequently swabbed on the MHA containing
the EtBr in a cartwheel shape. All tested plates were kept in the dark with an overnight incubation at
37 °C for 24 hrs. Thereafter, the plates were visualized under the UV light using a UV trans-
illuminator (Uvitec Cambridge, UK.) for the observation of any residual fluorescence exhibited by the
bacteria. Efflux pump inhibiting effect can be detected when the fluorescent emission is shown under
the UV transilluminator.

2.9.7 Bacterial-induced hemolysis inhibition assay

The hemolysis of sheep erythrocytes caused by MRSA and P. aeruginosa in the presence or absence
of bare CIP and CIP-loaded TAH-NPs was investigated according to a previously described method
with slight modifications [458, 459]. Concisely, different concentrations of bare CIP and CIP-loaded
TAH-NPs formulation were incubated with an overnight culture of MRSA and P. aeruginosa (1x10°
CFU/mL) at 37 °C and 100 rpm in a shaking incubator. The bacterial culture was centrifuged for 10
min at 3000 rpm and 4 °C to obtain the culture supernatant after 16 hrs of incubation. 100 pL of the
culture supernatant was diluted to 1 mL with sterile PBS, and 25 uL of the purified sheep erythrocytes
were added to each sample and incubated at 37°C for 30 min. All samples were then centrifuged
(3000 rpm and 4 °C) for 10 min, the supernatants were collected, and the optical density (OD) was
measured at 543 nm using a microplate reader (SpectraMax M2, USA). The supernatant of the control
culture (untreated bacteria) represented 100 % hemolysis, and the percent hemolysis of the treatments
was calculated by comparing it to the control culture. The experiment was performed in triplicate
(n=3).

2.10 In vitro antioxidant study

The antioxidant activity of TA and CIP-loaded TAH-NPs was investigated using a DPPH radical
scavenging method [310]. Different concentrations of TA and CIP-loaded TAH-NPs formulation in
distilled water (20-1000 pg/mL) and a methanolic solution of DPPH in a concentration of 0.5 mM

were prepared individually. Thereafter, 150 uL of each formulation sample was mixed with an equal
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volume of DPPH solution in a 96-well plate and incubated at 37 °C in darkness. A mixture of DPPH
and water (150 pL each) was prepared as a negative control. After 1 hr of incubation, the absorbance
of the reaction mixture was measured at 517 nm in a microplate reader (SpectraMax M2, USA). The
test was carried out in triplicate (n3) and ascorbic acid was used as a positive control. The antioxidant
activity percent was calculated using the following equation:

A517 nm control-A517 nm sample

Antioxidant % = X 100 (18)

A517 nm control

2.11 In vitro anti-inflammatory studies

2.11.1 Cytoprotective effect against LPS-induced cytotoxicity

The in vitro cytoprotective activity of TA and CIP-loaded TAH-NPs against LPS-induced cytotoxicity
was evaluated using a previously reported methods that involved an MTT assay and Hepatocellular
carcinoma cell, HepG2 cell line, (as a model of cells that affected by LPS) [311-313]. Briefly, DMEM
supplemented with glutamine, antibiotic, and fetal bovine serum was used to culture HepG2 cells
incubated in a humidified atmosphere of 5 % carbon dioxide at 37 °C. After 80% confluency, cells
were plated in a 96-wells plate (20000 cells/well) for 24 hrs, then treated for another 24 hrs with
different set of treatments as follows: a) Control untreated (200 uL of DMEM); b) LPS-treated (200
pL of 0.9 mg/mL of LPS in DMEM); ¢) TA-treated (200 pL of 0.9 mg/mL of LPS and 100 pg/mL TA
in DMEM); d) CIP-loaded TAH-NPs-treated (200 pL of 0.9 mg/mL of LPS and 100 pg/mL CIP-
loaded TAH-NPs in DMEM). After 24 hrs of treatment, the media were aspirated and then 100
pL/well of fresh DMEM mixed with 20 puL/well of 5 mg/mL MTT solution were added. To solubilize
formazan crystals, the media was replaced with 100 pL/well sterile DMSO, 4 hrs later. Finally, a
microplate spectrophotometer (Spectrostar Nano, Germany) was used to record absorbance from each
well at 570 nm after 1 hr of adding DMSO. All treatments in this study were done in triplicate and cell
viability % was calculated.

2.11.2 Anti-inflammatory activity against LPS-induced inflammatory responses (measurement
of IL-6 levels)

The anti-inflammatory activity of TA and CIP-loaded TAH-NPs was further investigated using an
LPS-stimulated-HepG2 cells model as previously described [311]. In brief, Enzyme Linked
Immunosorbent Assay (ELISA) kits were used to determine IL-6 levels after stimulation of HepG2
cells with 1pg/mL LPS solution in DMEM for 12 hrs, either with or without treatments. HepG2 cells
were cultured and plated as described in the previous section (2.11.1) and then treated for 12 hrs using
different treatments as follow: a) Control untreated (200 pL of DMEM); b) LPS-treated (200 pL of 1
pg/mL LPS in DMEM); c) TA-treated (200 pL of 1 pg/mL of LPS and 50 pg/mL or 100 pg/mL TAin
DMEM); d) CIP-loaded TAH-NPs-treated (200 pL of 1 pg/mL LPS and 50 pg/mL or 100 pg/mL
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CIP-loaded TAH-NPs in DMEM). After treatment, media were collected to determine the levels of
IL-6 in the supernatant using ELISA kits as per manufacturer’s recommendations.

2.12 Statistical analysis and figures

Statistical analysis of the findings was carried out using GraphPad Prism® version 10 (GraphPad
Software Inc., USA), which included paired T-tests and one-way analysis of variance (ANOVA). The
difference between individual groups that were compared was considered significant when the P-
value was less than 0.05, and all findings were represented as a mean + standard deviation (SD).
Unless otherwise stated, all graphs and figures were created using GraphPad Prism 10 and the

BioRender website.

3. Results and discussion

3.1 Preparation, characterization and optimization of TAH-NPs

In this study, blank and CIP-loaded TAH-NPs were effectively formulated by hot ultrasonic
dispersion method [421]. In the preliminary work, various types of surfactants were screened to
investigate their effect on the average particle size, PDI and ZP. Small particle sizes with a low PDI
and a stable ZP are required to achieve hybrid nanoformulations with uniform dispersion and greater
stability. Taking this into consideration, PLX407 was selected as the surfactant of choice to formulate
TAH-NPs since it provided the prepared hybrid nanosystem with the best physicochemical properties
as shown in Table S2, Appendix I1I.

To investigate the impact of different formulation variables on the average particle size, PDI, ZP,
EE% and DL% wi/w of the prepared CIP-loaded TAH-NPs, a single-factor-at-a-time optimization
strategy was employed. The effects of varying surfactant concentration (% w/v) and OLA: TA mass
ratios were examined. Initially, a fixed OLA: TA mass ratio of 0.3:1 was used with different
concentrations of PLX407 (0.15, 0.3, and 0.45 % w/v) to study the effect of surfactant concentration
on the CIP-loaded TAH-NPs properties. Next, the optimal surfactant concentration and varied OLA:
TA mass ratios (0.1:1, 0.3:1, and 0.5:1) were used to investigate the effect of OLA: TA mass ratio on
the CIP-loaded TAH-NPs properties (Table 1).

The results demonstrated that increasing the surfactant concentration from 0.15 % to 0.45 % w/v
resulted in a significant increase in particle size, from 83.39 to 169.50 nm, and PDI, from 0.15 to 0.45
(P- value < 0.0001). However, no significant effect on ZP, EE %, and DL % w/w was observed (P-
value > 0.05). The increased particle size and size distribution at higher surfactant concentration could
be due to the accumulation and adhesion of free surfactant molecules that fused with the NPs and
increased their average particle size [460]. The EE % and DL % w/w were found to be varying from
63.87 % to 65.14 % and 5.73 % to 6.01 %, respectively. These results were consistent with a
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previously reported CIP-loaded lipid-polymer hybrid NPs (LPHNPs) [461], as in both studies, loading
of CIP into hybrid nanosystems resulted in a higher EE %. Accordingly, the ideal surfactant
concentration of 0.15 % w/v was selected for further optimization.

The effect of different OLA: TA mass ratios on CIP-loaded TAH-NPs properties was then evaluated
with a fixed PLX407 concentration (0.15 % wi/v), and the results revealed that an increase in OLA:
TA mass ratio had no significant effect on the average size (slight increase in particle size), PDI, ZP
and DL % w/w, while the EE % increased from 57.11 % to 73.41 % as OLA: TA mass ratio increased
from 0.1:1 to 0.5:1, respectively. This increase in the EE % could be attributed to the increase in lipid
content that may serve as a physical barrier and reduce drug leakage from the NPs [462]. Our results
were comparable to previous studies in which the increase in lipid concentration had a negative
impact on the EE % of the drugs loaded in the reported hybrid NPs [460, 463, 464].

The zeta potential (ZP) is also a crucial parameter for determining surface charge and potential
stability of the nanocarriers [465]. As presented in Table 1, all the prepared nanoformulations had
positive ZP, which is essential for maintaining NPs dispersion stability and promoting their adhesion
to the negatively charged membranes of bacteria. Therefore, the CIP-loaded TAH-NPs with a
surfactant concentration of 0.15 % wi/v and an OLA: TA mass ratio of 0.5: 1 was selected as the
formula of choice for further characterization studies. The size, PDI, ZP, EE% and DL% w/w were
85.65 + 0.89 nm, 0.13 + 0.01, +16.30 £ 0.23 mV, 68.73 + 0.54 % and 6.86 + 0.09 %, respectively.
The surface morphology of the prepared CIP-loaded TAH-NPs was further observed using
transmission electron microscopy (TEM). The TEM image (Figure 1) of the optimized CIP-loaded
TAH-NPs formulation revealed distinct, spherical onion-shaped NPs that were consistent to those

obtained using DLS.
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Table 1: Size, PDI, ZP, EE % and DL % w/w for the parameters used in the optimization of CIP-
loaded TAH-NPs (surfactant % w/v and OLA: TA mass ratio). Results represented as mean + SD (n =

3).
Optimization Size (nm) PDI ZP (mV) EE % DL % w/w
parameter
Surfactant % (w/v) Fixed lipid: OLA: TAratio 0.3: 1
0.15 83.39+0.41 0.15+0.01 +16.50+£0.14  63.87+3.41 5.73+0.29
0.3 109.40 £ 0.27 0.15+0.01 +13.80+0.35 60.43+1.13 5.52 +0.04
0.45 169.50 £1.96 0.45+0.01 +13.30 £0.21 65.14 + 1.38 6.01 + 0.09

(OLA: TA)w/w  Fixed surfactant 0.15 % w/v
0.1:1 80.11+0.71 0.14 +£0.03 +15.10 £ 0.52 57.11 £0.75 5.16 £ 0.06
0.3:1 83.39+0.41 0.15+0.01 +16.50+0.14  63.87+341 5.73+0.29
0.5:1 88.33+£0.26 0.10+0.01 +18.30+1.44  73.41+156 6.46 +1.15

Figure 1. TEM image of CIP-loaded TAH-NPs (*TEM = Transmission Electron Microscope; CIP =
Ciprofloxacin; TAH-NPs = Tannic acid hybrid nanoparticles)

3.2 Thermal profiles

Thermal analysis study using DSC is a commonly used tool in the field of hanomedicine to examine

the melting and crystallization properties of all formulation excipients and NPs [421]. Hence, it helps
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in confirming the drug encapsulation into TAH-NPs. The thermal profiles of PLX407, CIP, TA,
physical mixture and the lyophilized CIP-loaded TAH-NPs are illustrated in Figure 2. The results
indicated that PLX407 (2A), CIP (2B) and TA (2C) exhibited endothermic peaks at 61.46 °C, 160.66
°C, 230.77 °C and 308.88 °C, respectively. Additionally, the thermogram of the physical mixture of
formulation excipients (2D) showed the same endothermic peaks with slight shifts to lower values for
PLX407 and TA (58.10 °C, 211.60 °C and 258.14°C, respectively) and higher value for CIP (168.75
°C). The absence of the characteristic peak of CIP in the thermogram of the lyophilized CIP-loaded
TAH-NPs (2E) suggests the successful entrapment of CIP within the prepared TAH-NPs in an
amorphous state.
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Figure 2. DSC thermograms of (A) PLX407; (B) CIP; (C) TA,; (D) physical mixture; (E) lyophilized
CIP-loaded TAH-NPs. (*PLX407 = poloxamer 407, CIP= ciprofloxacin, TA= tannic acid)

3.3 In vitro biosafety studies
3.3.1 Cytotoxicity and cell viability assay

The biosafety of a newly developed nanocarrier is an essential requirement for its application in drug

delivery, as well as biomedical and clinical use. To investigate the cytocompatibility of the blank and
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CIP-loaded TAH-NPs at different concentration ranges (20 - 100 pg/mL), a previously reported MTT
assay method was performed using three different cell lines MCF-7, HEK 293 and HepG2 cells [299].
The percentage of cell viability data illustrated in Figure 3 indicates that all tested concentrations
maintained >70 % cell viability across the three cell lines tested. MCF-7 showed a viability range of
72.40-89.20 % and 70.01-82.48 %, HEK-293 had a viability range of 80.87-93.55 % and 77.84-96.84
%, while HepG2 showed a viability range of 71.65-100.49 % and 71.65-101.50 % for the blank and
CIP-loaded TAH-NPs, respectively. Also, none of the three cell lines within the concentration range
examined for both blank and CIP-loaded TAH-NPs showed any signs of concentration-dependent
cytotoxicity. However, compared to the control group, the blank and CIP-loaded TAH-NPs
formulations exhibited a slightly increased cell viability, which was likely due to the antioxidant and
proliferative effects of TA [466, 467]. These results were consistent with the new biosafety level for
biomedical materials set by the International Standard Organization (ISO) (=70 % cell viability).
[329], and confirmed the cytocompatibility and suitability of the prepared TAH-NPs for nano

antibiotic delivery.
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Figure 3. Cell viability % on MCF-7, HEK293 and HepG2 cell lines at varying concentrations of (A)
blank TAH-NPs and (B) CIP-loaded TAH-NPs, and controls. Data are presented as mean = SD (n=3)

3.3.2 Hemolysis

The compatibility of parenteral nanoformulations with erythrocytes is an essential requirement for
their prospective application [330]. Therefore, the non-hemolytic activity of the prepared CIP-loaded
TAHNPs was evaluated on freshly collected and washed sheep blood, and the results are displayed in
Figure 4. All concentrations of CIP-loaded TAH-NPs tested showed less than 1 % hemolysis (Table
S3, Appendix I1), indicating the non-hemolytic activity and suitability of the prepared hybrid

nanoformulation for intravenous administration.
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Figure 4. (A) and (B) Non-hemolytic activity of different concentrations of CIP-loaded TAHNPs
(DW= distilled water, PBS=phosphate buffer saline pH 7.4). Data are presented as mean + SD (n=3)

3.4 Molecular dynamic simulation studies
3.4.1 Determination of CIP-loaded TAH-NPs complex self-assembly

In order to comprehend the binding, interaction, and binding energies of the designed TAH-NPs to
administer CIP against bacterial-induced sepsis, we present all-atom MD simulation. Figure 5 shows
the interaction of CIP, TA, OLA and PLX407 at different time points.

Figure 5. Structures of CIP, TA, OLA and PLX407 at four distinct simulated time points: (A) att=0
ns; (B) att=15ns; (C) att =50 ns; and (D) at t = 90 ns. CIP was represented in a ball-and-stick
model, TA (cyan), OLA (blue) and PLX407 (magenta) are represented in the sphere model. (* CIP =
ciprofloxacin, TA = tannic acid, OLA = Oleylamine and PLX407 = poloxamer 407)

According to our modeling results, the four molecules (PLX407, TA, OLA, and CIP) spontaneously

bound together over the course of 100 ns (Figure 6A). The average interaction energy was computed
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to be -80.0 kJ/mol, and the average COM distance between them was determined to be around 1.5 nm.
Van der Waals (vdW) interactions were a major factor in the spontaneous binding of CIP, TA, OLA,
and PLX407, as shown in Figure 6B. Using the MM-PBSA, the binding energy (AGiot) Was
computed from frames 50 ns to 60 when the interactions between the three molecules were at their
closest to determine the observed binding between the four particles. The interactions between CIP,
TA, OLA, and PLX407 were influenced by both van der Waals and electrostatic interactions, with
AEvaw being the most significant, as illustrated in Table 2. A value of -42.500 + 14.179 kJ/mol was
determined for the total binding energy (AGutar). These strong binding energies observed between CIP
and the other excipients used in the fabrication of the drug-loaded HNs (TA, OLA and PLX407)
appear to correlate computationally with the high experimental EE % and DL % w/w reported
previously in this study [468]
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Figure 6. (A) The COM distance between TAH-NPs components loaded with CIP with time. (B) The
dynamic interaction energy as a function of time between the molecules and their unbonded
components.

Table 2. Shows the average binding energy and its constituent parts for the TAH-NPs complex loaded
with CIP, as determined by the MM-PBSA calculation. Each set of data is shown as mean £ SD (n =

3).

Contribution Energy (kJ/mol)
AEvaw -65.970 + 15.80
AEgiec -3.182 £ 9.26
AGipolar 34.158 + 7.54
AGionpolar -7.506 + 1.36

AGiotal -42.500 + 14.18
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3.4.2 In-silico analysis of the binding to TLR4

Activation of TLR4 signal pathway by bacterial endotoxins is critical for starting the innate immune
response and causing both acute and chronic inflammatory disorders like sepsis [469]. Alteration of
the TLR4 pathway by inhibiting its binding to bacterial endotoxins such as LPS could be a promising
approach to specifically target bacterial sepsis. TA has been reported in the literature as a TLR4
inhibitor that can competitively prevent LPS binding to human TLR4, leading to downregulation of
TLR4 and subsequent downstream signaling molecules [470]. Therefore, TA could attenuate LPS-
induced inflammation and could be a potential therapeutic adjuvant for treating bacterial sepsis [471].
Accordingly, to explore the proposed inhibitory activity and interactions of TA with TLR4, molecular
dynamics studies were carried out. Structural stability, flexibility, binding free energy calculations,
MD simulations and binding affinity studies were performed to allow an estimation of the binding
energies and forces contributing to this binding.

3.4.2.1 Structural Stability, flexibility, and Solvent Accessible Surface Area (SASA) analysis of
LPS, TA, OLA, PLX407 and CIP against human TLR4

This experiment employed mmolecular ddynamic simulations to predict the interactions of the
potential ligands (LPS, TA, OLA, PLX407 and CIP) with TLR4. The bound protein complexes’
stability and fflexibility were ccalculated from the average root mean square deviation (RMSD), root
mean square fluctuation (RMSF) and solvent accessible surface area aanalysis (SASA) (Table 3). To
ensure the accuracy of the simulation and eliminate any potential artifacts, validation of system
stability is necessary. Therefore, we evaluated the stability of the five ligands within the active sites of
human TLR4, as this could affect the ligand-TLR4 interaction dynamics [472, 473]. It is also
important to consider the ligand orientation within the binding site, as this can impact ligand stability
[474-476]. Additionally, the stability of a small molecule in the binding area of a target protein

determines its therapeutic impact [477].

To evaluate the stability of the systems during the 300 ns simulations, the root-mean-square deviation
(RMSD) was calculated. RMSD measures backbone divergence of a protein from its starting
structural conformation to its end location. The recorded RMSD for LPS, TA, OLA, PLX407 and CIP
were 150 A, 1.57 A, 1.72 A 1.77 A, and 1.62 A, respectively. These results suggested that all
molecules, including the natural substrate LPS and the nanoformulation components (TA, OLA,
PLX407 and CIP) adopted a relatively high stable conformation throughout the 0 to 300 ns simulation
period (Figure 7A).

Additionally, the analysis of individual residual conformations in response to ligand binding is

essential for understanding the performance of the residues and their interaction with the ligand
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during molecular dynamics simulation. This analysis is used to measure the nature of fluctuations
exhibited by each residue, which ultimately contributes to the therapeutic efficacy of the protein.
Therefore, the residual fluctuations of the TLR4-ligand complexes were investigated using the
root-mean-square fluctuation (RMSF) algorithm over a 300 ns simulation period. An elevated
RMSF value indicates that the backbone structure is more flexible, while a lower RMSF value
denotes a less flexible structure, which is usually associated with reduced fluctuations [422]. The
RMSF values for LPS, TA, OLA, PLX407 and CIP were 2.25 A, 2.49 A, 2.86 A, 2.09 A and 1.93 A,
respectively, suggesting that the LPS, TA, OLA and PLX407 systems exhibited higher residue
fluctuations compared to the CIP system (Figure 7B). This indicates that binding of CIP to TLR4

reduces the overall flexibility of the protein structure more than the other ligands.

The hydrophobic core amino acids near the pocket site of proteins promote their folding, which is
essential for their functional characteristics [478]. The amount of surface area exposed to the
environment determines how much an amino acid interacts with the solvent and the pocket's
contents [479]. Thus, by further measuring the solvent-accessible surface area (SASA) to get the
differential conformational changes of studied systems, the displacement and reorientation of the
surface protein residues in the five systems were analyzed [480]. As shown in Table 3, the
computed SASA for LPS, TA, OLA, PLX407 and CIP were 27074.26 A, 26866.47 A, 26690.21 A,
27165.87 A and 26657.57 A, respectively, indicating the conformational flexibility of the protein
(Figure 7C).

Table 3: Shows the RMSD, RMSF, and SASA profile of the LPS, TA, OLA, PLX407 and CIP
bound to human TLRA4.

Estimated averages
Systems A)
RMSD RMSF SASA

LPS 2.25 1.50 27074.26
TA 2.49 1.57 26866.47
OLA 2.86 1.72 26690.21
PLX407 2.09 1.77 27165.87
CIP 1.93 1.62 26657.57
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Figure 7: Changes in structure that happen when LPS (blue), TA (yellow), OLA (green), PLX407
(orange), and CIP (black) bind to human TLR4. (A) The C-a atoms RMSD (conformational stability)
of human TLR4 bound to LPS, TA, OLA, PLX407 and CIP (B) The RMSF time evolution of each

protein C-o atom residue during 300 ns for LPS, TA, OLA, PLX407 and CIP bound to human

TLRA4. (C) Structural representation of changes occurring during solvent accessible surface (SASA)
binding of five molecules. (D) A close view for LPS at the binding site of humanTLR4, showing the

hydrogen bonds interactions over 300 ns period.

3.4.2.2 Binding free energy calculations of the of LPS, TA, OLA, PLX407 and CIP binding to
human TLR4

The therapeutic effects produced by a medication is largely contingent upon a protein's binding site
and the subsequent activities that take place when binding ensues. Therefore, the Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA) approach was used to analyze the binding
free energy in order to obtain insight into the molecular basis of the selectivity and binding of LPS,
TA, OLA, PLX407, and CIP to TLR4 [481]. Table S4 presents the aggregate binding energy of five
chemicals in complexes that were predicted using this technique. The extensive molecular evidence
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provided by these computed energies can aid in the development of drugs with enhanced ligand
binding. Additionally, ligand stability, selectivity, and binding affinity are significantly influenced by
the inter-molecular interactions with residues in the catalytic binding site [482].

As shown in Figure 8, the highest significant binding free energy calculated after 300 ns simulation
time was observed in TA complexes with a AGuying Value of -67.97 kcal/mol (P-value < 0.0001),
followed by OLA complexes with a AGning Value of -16.56 kcal/mol (P-value = 0.0175), compared to
the natural substrate LPS which had a AGuing Value of -7.04 kcal/mol. Both PLX407 and CIP showed
non-significant alterations in binding free energy when compared to LPS, with AGying Values of -9.35
(P-value = 0.4056) kcal/mol and -8.72 kcal/mol (P-value = 0.7992), respectively. Thus, TA bound
favourably with the strongest binding affinity towards TLR4 than the other ligands including LPS.
The difference in binding energy between TA and LPS was -60.93 kcal/mol, which is high enough for
the competitive binding and inhibition of TLR4 by TA.

Furthermore, the TA complex displayed the highest van der Waals binding energy (AEvaw), With a
value of -79.43 kcal/mol, compared to the other ligands, which had AE.sw 0f -10.50 kcal/mol, -21.77
kcal/mol, -15.84 kcal/mol, -12.93 kcal/mol for LPS, OLA, PLX407 and CIP, respectively (Table S4).
Additionally, TA had the highest electrostatic binding energy, with a value of -87.89 kcal/mol
compared to LPS (AEee = -14.30 kcal/mol), OLA (AEee = -2.03 kcal/mol), PLX407 (AEee = -8.52
kcal/mol) and CIP (AEee = 125.92 kcal/mol). In terms of gas-phase energy (AGgas), TA had a value
of -167.32 kcal/mol, which was significantly higher than the values of the other ligands, which had a
AGgas value of ~ -24 kcal/mol (Table S4, Appendix I1). The overall differences in van der Waals
energy (AEvaw), Electrostatic energy (AEeic) and gas-phase energy (AGgas) between TA and LPS were
-68.93 kcal/mol, -73.59 kcal/mol and -142.52 kcal/mol, respectively, which are also high enough for
the competitive inhibition of TLR4. The solvation energy (AGso) Was the only energy showing a
positive values of 17.76 kcal/mol, 99.35 kcal/mol, 7.23 kcal/mol and 15.03 kcal/mol in LPS, TA,
OLA and PLX407 complexes, respectively, except for CIP, which had a negative value of -121.71
kcal/mol (Table S4, Appendix II).

The in-silico findings indicate that both TA and OLA can bind to TLR4 more favourably than LPS.
Furthermore, TA has the ability to strongly compete with and inhibit the activation of LPS-TLR4
complex, which can ultimately reduce the inflammatory response triggered by TLR4 in sepsis. The
results obtained in our study are consistent with the findings of Sivanantham et al (2019), who
performed an in-silico work to investigate the mechanism of TA’s activity in preventing LPS-induced

pro-fibrotic responses in macrophage cells. They suggested that the suppressive effect of TA on the

197



LPS-induced inflammatory response might be due to its direct and competitive binding to TLR4
[483]. Accordingly, we carried out an in vitro study to validate our hypothesis.
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Figure 8. The total binding free energies of LPS, TA, OLA, PLX407 and CIP complexes with TLRA4.
All data are presented as mean + SD (n-3). P-values **** < (.0001, * = 0.0175, "™ = 0.4056 for
PLX407 and ™ = 0.7992 for CIP (* LPS = lipopolysaccharide, TA = tannic acid, OLA = Oleylamine,
PLX407 = poloxamer 407, CIP = ciprofloxacin).

3.5 Determination of in vitro binding affinity to TLR4

Subsequently, an MST binding affinity study was performed for the first time to further confirm the
binding affinity of TA (a known TLR4 antagonist), OLA and CIP-loaded TAH-NPs to human TLR4
compared to its natural substrate LPS, as predicted by in-silico analysis. Recording of dissociation
constant (Kgq) values (Table 4) and quantification of TLR4 fraction bounds (Figure 9) obtained from
the MST experiments were used to investigate the strength of binding. The results showed that both
TA and CIP-loaded TAH-NPs had significantly (P-value < 0.0001) higher binding properties to TLR4
with Ky values equal to 0.009 + 0.46 and 0.068 + 0.25uM, respectively, compared to the natural
substrate LPS, which had the highest Ky value of 10.36 +0.35 pM. Also, OLA showed a relatively
higher binding affinity than LPS with a Ky value of 0.32 = 0.29 uM. This could be attributed to the
structural similarity between OLA and lipid A, the active binding site of LPS that contains a number
of fatty acyl chains [484]. These findings are consistent with the previously mentioned in-silico work,
which suggest that both TA and OLA may strongly bind to TLR4 even in the presence of LPS. The
findings also show the ability of CIP-loaded TAH-NPs to bind directly and competitively to human
TLR4, which may be useful in suppressing the binding of LPS to TLR4 and inhibiting the subsequent
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activation of downstream signaling molecules. Therefore, the results of the MST experiment revealed
that TA and its prepared nanoformulation (CIP-loaded TAH-NPSs) could be recommended as potential
drug candidates for the treatment of bacterial-induced sepsis.

Table 4. Summary of the dissociation constant values (Kq) of LPS, TA, OLA and CIP-loaded TAH-
NPs binding to TLR4 obtained from MST analysis. Data are presented as mean + SD (n=3).

Test ligand Ka (UM)
LPS 10.36 £ 0.35
TA 0.009 + 0.47
OLA 0.32+0.29
CIP-loaded TAH-NPs 0.068 £ 0.25

Compare Kd-Fit: TLR4
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Figure 9. Comparison of TLR4 fraction bound to LPS, TA, OLA and CIP-loaded TAH-NPs using
MST. Results represented in mean = SD (n = 3)

3.6 In vitro drug release and linear kinetics

The release profile of bare CIP and CIP-loaded TAH-NPs was investigated in vitro using a dialysis
bag method at physiological pH 7.4. Figure 10 illustrates the release profile of bare CIP and CIP-
loaded TAH-NPs over 72 hrs. The results showed that the release of CIP from the hybrid NPs was
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sustained over a period of 72 hrs with an initial burst release followed by a slower release phase. In
contrast, bare CIP exhibited a fast release profile with almost all the drug (100.42 + 0.362 %) being
released within the first 4 hrs compared to 53.45 + 0.94 % release of CIP from the CIP-loaded TAH-
NPs at the same time. After 72 hrs, the release of CIP from the NPs was 68.91 + 2.99 % indicating
controlled release profile (Figure 10). The initial burst release of CIP may be attributed to the drug
molecules adsorbed on the surface of the NPs while the slower release phase may be due to the
diffusion of entrapped drug molecules through the lipid-polymer matrix [485, 486]. Additionally, the
long carbon chain length of OLA may have slowed down the rate of drug diffusion, resulting in
slower release rate [334, 418]. This controlled release of the entrapped antibiotic is useful and might

be crucial for prolonged antibacterial activity.
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Figure 10. Release profiles of bare CIP and CIP-loaded TAH-NPs. Every data point is shown as
mean = SD (n=3).

To clarify the mechanism of release kinetics of CIP from the prepared CIP-loaded TAH-NPs, the
obtained release data were fitted into various mathematical kinetic models as shown in Table 5, using
a software program DDSolver which compares drug release profiles using model-dependent
approaches [303]. Weibull model, which had the highest R? value of 0.99 and the lowest root means
square error (RMSE) value of 2.60 was found to be the best fit model. The value of Weibull exponent
parameter () was used as an indicator of the mechanism of transport of a drug through the lipid-
polymer matrix with f < 0.75 indicating a Fickian diffusion mechanism, 0.75 < 3 < 1 suggesting a
hybrid mechanism (Fickian diffusion and Case II transport) and B > 1 indicating a complex release
mechanism [487]. The release Kkinetics investigation revealed that the CIP-loaded TAH-NPs had an

exponent parameter value () of 0.20, which suggests a Fickian diffusion release mechanism. In
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addition, the Korsmeyer-Peppas model's (n) value was 0.19 (< 0.5), which further confirms that
Fickian diffusion is the release mechanism of CIP from the CIP-loaded TAH-NPs [488].

Table 5. Data on drug release kinetics for CIP-loaded TAH-NPs

Model Equation R? RMSE Release B
exponent (n)

Zero Order Q=k*t -1.70 35.28

First Order Q=0Q0. e« 0.13 19.99

Higuchi Q=k.t* 0.127 20.05

Korsmeyer- Peppas Q = k. t" 0.87 8.05 0.19

Hixson-Crowell Q”*=kt+ Qo” -0.21 23.61

Weibull Q =1 exp [-(t)a/b] 0.99 2.60 0.20

R? = linear regression coefficient, RMSE = Root means square error

3.7 Short-term physical stability study.

The physical colloidal stability of the optimal CIP-loaded TAH-NPs formulation was studied over a
period of three months. Data collected during the 90-day storage period at RT (25 °C) and 4 °C is
presented in Table S5 (Appendix I1). Results showed that the particle size, PDI, and ZP of the hybrid
nanoformulation remained stable at RT throughout the three months (P-value > 0.05). However, when
the samples were stored at 4 °C, they showed a slight increase in the mean particle size (from 85.65 +
0.89 to 115.30 = 6.90 nm), PDI (from 0.13 + 0.01 to 0.30 £ 0.04) and ZP (from +16.30 + 0.23 to
+28.10 + 1.33 mV) with time (P-value = 0.0012). Therefore, these findings suggest that RT is a more
suitable storage condition than 4 °C for CIP-loaded TAH-NPs. Figure 11 illustrates the effect of RT
and 4 °C storage conditions on the physicochemical properties of CIP-loaded TAH-NPs.
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Figure 11. Variations in particle size (nm) and ZP (mV) of CIP-loaded TAH-NPs during their storage
for 90-days (A) room temperature (RT) and (B) 4 °C. All results are presented as mean + SD (n=3).
3.8 In vitro antibacterial activity studies
3.8.1 Determination of minimum inhibitory concentration (MIC)
Broth microdilution technique was carried out to measure the MIC of bare CIP, blank TAH-NPs and
CIP-loaded TAH-NPs, against gram-positive S. aureus and MRSA, and gram-negative E. coli and P.
aeruginosa, in order to evaluate their antibacterial activity potential. The MIC results recorded after
24, 48, and 72 hrs are presented in Table 6. CIP-loaded TAH-NPs displayed similar activity to bare
CIP against S. aureus for the first 24 hrs, as indicated by an equal MIC value of 0.78 pg/mL. Between
48 and 72 hrs, CIP gradually lost its antibacterial activity while the hybrid NPs retained theirs. In the
case of MRSA, the antibiotic-loaded hybrid NPs showed higher activity compared to the bare drug
with an 8-fold and a 32-fold lower MIC values (1.56 and 12.50 pug/mL at 24 and 48 hrs and 1.56 and
50 pg/mL at 72 hrs for the hybrid NPs and bare CIP, respectively). CIP is known for its differential
activity against both gram-positive and gram-negative bacteria [489]. However, its use against MRSA
is limited due to resistance [490]. In our study, CIP-loaded TAH-NPs was found to be 8-fold more
effective against MRSA compared to bare CIP within the first 24 hrs. Hence, encapsulating CIP into
TAH-NPs could potentially enhance its therapeutic efficacy against MRSA bacterial infections.
In the case of gram-negative strains, the MIC of bare CIP against E. coli and P. aeruginosa was
shown to be 0.31 and 0.78 pg/mL, respectively. Meanwhile, the MICs for CIP-loaded TAH-NPs
against the same pathogens were found to be 0.16 and 0.78 pg/mL, respectively. These results
indicated that encapsulation of CIP into TAH-NPs resulted in a 2-fold reduction in the MIC value
against sensitive E. coli, while similar activity to bare CIP was observed against P. aeruginosa for the
first 24 hrs. However, further incubation of the treatments for 48 and 72 hrs resulted in a 2-fold and 4-
fold reduction in the MIC values of the CIP-loaded TAH-NPs against E. coli, and 4-fold reduction in

202



the MIC values against P. aeruginosa compared to the bare antibiotic. Accordingly, the antibacterial
activity of CIP-loaded TAH-NPs against all organisms were found to be maintained for up to 3 days,
while the activity of bare CIP gradually decreased over the course of 72 hrs.

Additionally, it was observed that the blank TAH-NPs formulation had some action against all of the
bacteria that were examined, with MIC values of 10.24 and 82.03 pug/mL in the first 24 hours of
treatment, and 20.50 and 164.06 pg/mL in 72 hrs against S. aureus and MRSA, respectively. The
same trend was shown against E. coli and P. aeruginosa with MICs of 40.02 pg/mL against E. coli
and 164.06 ug/mL against P. aeruginosa throughout the study period. These findings imply that the
blank TAH-NPs have inherent antibacterial activity, likely due to the combined activity of TA and
OLA, which was also confirmed by previous studies [339, 491].

Generally, the enhanced and prolonged antibacterial activity of CIP-loaded TAH-NPs as compared to
the bare CIP may be attributed to several factors. These include the slow release of CIP from the
hybrid NPs resulting in long-lasting antibacterial efficacy [461], and the smaller particle size of the
NPs that possess a high surface area to volume ratio which enables well adsorption and more effective
penetration to the cell wall [341, 492]. Furthermore, the inherent antibacterial activity of OLA, in
addition to its ability to contact and disrupt the negatively charged bacterial cell walls, may have
potentiated the antibacterial effectiveness of CIP-loaded TAH-NPs compared to the bare antibiotic
[417]. The lower MIC values and the extended antibacterial activity associated with the hybrid
nanocarrier may result in reducing the effective dose of treatment without compromising the
therapeutic outcomes. Additionally, the frequency of CIP administration could be decreased, which
helps in reducing the dose-dependent side effects and improves patient compliance [493, 494].
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Table 6: The minimum inhibitory concentration (MIC) values (ng/mL) against S. aureus, MRSA, E.
coli and P. aeruginosa, for bare CIP, blank-TAH-NPs and CIP-loaded TAH-NPs. The test was done
in triplicate (n = 3).

S. aureus (ug/mL) MRSA (ug/mL)

Time (hr) 24 48 72 24 48 72
Bare CIP 0.78 1.56 3.13 12.50 12.50 50.00
Blank TAH-NPs 10.25 10.25 20.50 82.03 164.06 164.06
CIP-loaded TAH-NPs 0.78 0.78 0.78 1.56 1.56 1.56

E. coli (ug/mL) P. aeruginosa (ug/mL)
Time (hr) 24 48 72 24 48 72
Bare CIP 0.313 0.313 0.63 0.78 3.13 3.13
Blank TAH-NPs 40.02 40.02 40.02 164.06 164.06 164.06
CIP-loaded TAH-NPs 0.16 0.16 0.16 0.78 0.78 0.78

* CIP = Ciprofloxacin hydrochloride, and TAH-NPs = Tannic acid hybrid nanoparticles.
3.8.2 Determination of Fractional Inhibitory Concentration (FIC)

To comprehend the combined antibacterial activity of the blank TAH-NPs and bare CIP in the CIP-
loaded TAH-NPs against S. aureus, E. coli, MRSA and P. aeruginosa, the cumulative FIC was
calculated for each time interval (24, 48 and 72 hrs) used the MIC values acquired from the
antibacterial investigation (Table 7). The calculated FIC values for S. aureus were 1.0761, 0.5761
and 0.3257, indicating indifference activity for the first 24 hrs, followed by additive and synergistic
effects at 48 and 72 hrs, respectively. On the other hand, the XFIC values for E. coli were found to be
0.50, 0.50 and 0.25, indicating that additive effects continued for the first 48 hrs followed by
synergistic activity up to 72 hrs. Notably, the XFIC values for MRSA were found to be 0.14, 0.13 and
0.04, confirming the synergistic activity throughout the 72 hrs, unlike P. aeruginosa XFIC values that
indicated indifference activity for the first 24 hrs (1.00), followed by synergistic activity up to 72 hrs
(0.2544). This result further confirms the superior antibacterial activity of CIP-loaded TAH-NPs

against MRSA compared to P. aeruginosa in the first 24 hrs.

The synergistic effects observed suggest that a reduced concentration of CIP-loaded TAH-NPs is
necessary to achieve the same antibacterial effect as bare CIP. This reduction in concentration could

enhance the antibacterial efficacy while decreasing toxicity, which is a promising outcome [495-497].
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This synergistic action of bare CIP and blank TAH-NPs on the bacteria is likely due to the inherent
antibacterial properties of TA and OLA present in the hybrid nanoformulation, which may act via
different mechanisms in combination with CIP, resulting in improved antibacterial activity compared
to bare CIP.

Table 7: Y’ FIC values for S. aureus, MRSA, E. coli and P. aeruginosa at each time interval.

Time (hrs) FIC FIC YFIC (Bare CIP+ Interpretation
(Bare CIP) (Blank TAH-NPs) Blank TAH-NPs)
S. aureus
24 1.00 0.08 1.08 Indifference
48 0.50 0.08 0.58 Additive
72 0.25 0.08 0.33 Synergy
MRSA
24 0.12 0.02 0.14 Synergy
48 0.12 0.01 0.13 Synergy
72 0.03 0.01 0.04 Synergy
E. coli
24 0.50 0.004 0.50 Additive
48 0.50 0.004 0.50 Additive
72 0.25 0.004 0.25 Synergy
P. aeruginosa
24 1.00 0.01 1.05 Indifference
48 0.25 0.01 0.25 Synergy
72 0.25 0.01 0.25 Synergy

3.8.3 Flow cytometry

The rapid cell viability of MRSA and P. aeruginosa cells after incubation with bare CIP and CIP-
loaded TAH-NPs for 18 hrs was investigated using a previously reported flow cytometry method
[188]. Incubation of bacteria in the presence of antibiotics causes changes in cell-division cycle and
morphology that can be measured using special dyes [344]. Syto9, a green, fluorescent nucleic acid
dye, penetrates both viable and dead cells, and was used to detect live cells in the population, while
propidium iodide (PI), a non-permeant fluorescent dye, was used to detect only damaged cells in the
population. Kaluza-2.20 flow cytometer software (Beckman Coulter, USA) was used to analyze the

data captured from flow cytometry whereby two gates were created representing viable cells (green)
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and dead cells (red) in the population. Figure 12 represents the cell count versus Pl uptake histogram
for MRSA (i) and P. aeruginosa (ii). The shift in Pl fluorescence, which is caused by the intercalation
of bacterial DNA with PI stain, was considered an indicator of bacterial cell death and increased cell
wall damage.

As shown in Figure 12(i), after incubation of MRSA with bare CIP (iB) and CIP-loaded TAH-NPs
(iD) at their respective MICs (12.5 and 1.56 pg/mL, respectively), 93.51 £ 2.33 % and 99.92 + 1.71 %
death was observed. However, for the MRSA cells treated with bare CIP at the same concentration as
the CIP-loaded TAH-NPs (1.56 ug/mL), there were only 87.48 + 1.03 % dead cells (iC) compared to
99.92 % of the hybrid NPs formulation (P-value = 0.00082). The killing activity of CIP-encapsulated
TAH-NPs was similar to that of the bare CIP but at an 8-fold lower concentration (P-value = 0.0041).
These results further supported the significant improvement in the efficacy of CIP-loaded hybrid NPs
against MRSA and could be applied for reducing the effective dose of CIP in treatment of MRSA
infections without affecting the overall therapeutic outcomes. In the case of P. aeruginosa (Figure
12(ii)), incubation of the bacteria with bare CIP (iiB) and CIP-loaded TAH-NPs (iiC) at their
respective MICs (0.78 pug/mL for both treatments) resulted in 83.81 + 2.6 % and 99.82+1.49 % cell
death, respectively. These results showed that the killing properties of CIP was enhanced when loaded
into TAH-NPs as indicated by ~1.2-fold increase in dead cells of P. aeruginosa in the population
when samples were treated with the drug loaded nanoformulation than the bare CIP at the same
concentration 0.78 pg/mL (P-value <0.0001). From the overall findings we can conclude that the
combined effect of OLA and TA as a component of the hybrid nanocarrier helps in enhancing the
antibacterial activity of CIP against both MRSA and P. aeruginosa. These findings may potentially
result in reducing the dose required for treatment, which would decrease the likelihood of CIP’s dose-
dependent side effects such as tendon rupture, nerve damage, and central nervous system changes
[498].
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Figure 12. The propidium iodide (PI) uptake histograms for (i) MRSA and (ii) P. aeruginosa, where
(i) A, denotes untreated MRSA (live cells); B, C and D shows the proportion of dead cells following
incubation with bare CIP at its MIC (12.5 pg/mL), bare CIP at NPs MIC (1.56 pg/mL) and CIP-
loaded TAH-NPs at its MIC (1.56 pg/mL), respectively. (ii) A stands for untreated P. aeruginosa (live
cells); B, and C presents the proportion of dead cells following incubation with bare CIP at its MIC
(0.78 pg/mL) and CIP-loaded TAH-NPs at its MIC (0.78 pg/ml), respectively. The experiment was
conducted in triplicate (n=3).

3.8.4 Determination of in vitro antibiofilm activity

3.8.4.1 Crystal violet assay

Bacterial biofilms have been associated with chronic infectious diseases. Besides their resistance to
host immunity, they have been identified as major contributors to antibiotic resistance due to
increased tolerability of bacterial cells to antibiotic therapy within the biofilms [499, 500]. Therefore,
developing a nano delivery system with enhanced antibacterial activity and ability to effectively
eliminate biofilms would be useful in fighting bacterial infections and related complications like
sepsis. In this regard, the efficacy of the formulated CIP-loaded TAH-NPs against MRSA and P.
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aeruginosa biofilms was investigated qualitatively and quantitatively using the Microtiter Dish
Biofilm Formation Assay (crystal violet staining assay), where mature biofilms grown in a 96-well
plate were exposed to PBS (as a control), bare CIP solution and CIP-loaded TAH-NPs formulation for
24 hrs. Figure 13 illustrates the percentage of biofilm growth inhibition following the exposure of
MRSA and P. aeruginosa biofilms to bare CIP and CIP-loaded TAH-NPs. CIP-loaded TAH-NPs
displayed higher efficiency in eradication of MRSA biofilms compared to bare CIP, reducing biofilm
by 52.98 + 2.65 % compared to 18.49 + 4.07 % of biofilm eliminated by bare CIP. Therefore, the
prepared hybrid nanocarrier showed ~ a 3-fold more antibiofilm activity than the bare drug (P-
values< 0.0001). On the other hand, against P. aeruginosa, bare CIP exhibited 55.77 + 0.64 % biofilm
inhibition, while the CIP-loaded TAH-NPs formulation cleared 88.34 + 0.73 % of P. aeruginosa
biofilms, showing ~ a 1.6-fold greater biofilm inhibition activity than bare drug (P-values< 0.0001).

The improved antibiofilm activity of the CIP-loaded TAH-NPs against both strains may be attributed
to the incorporation of TA as a component of the hybrid nanosystem. The antioxidant activity of TA
may enhance the elimination of MRSA biofilms due to the presence of the hydroxyl groups and
carboxylic acid groups, which enable TA to reduce the biofilm activity of the bacterial cells by
inhibiting enzymes involved in biofilm formation [501]. A study reported by Payne et al. (2013) also
found that TA increases extracellular IsaA (immunodominant staphylococcal antigen A) levels, which
aid in the inhibition of S. aureus biofilms [502]. In addition, biofilm formation can also be inhibited
by disturbing the production of quorum-sensing (QS) molecules, and TA is a well-known potent QS
inhibitor of both gram-positive and gram-negative strains [503]. These findings indicate that besides
the enhanced antibacterial activity against MRSA and P. aeruginosa, CIP-loaded TAH-NPs may also

be effective in eradicating bacterial biofilms and modulate biofilm formation.
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Figure 13. Biofilm inhibition % after exposing (A) MRSA and (B) P. aeruginosa biofilms to bare
CIP, CIP-loaded TAH-NPs, and control (PBS pH 7.4). All results are presented as mean + SD (n = 4)
(P-values *** 0.0006 and **** < 0.0001).

3.8.4.2 Florescence microscope assay

Using a fluorescence microscope, the efficacy of CIP-loaded TAH-NPs in eradicating MRSA and P.
aeruginosa biofilms was further validated. To culture the mature biofilms, cover slips were incubated
with the bacteria, followed by a 30-minute dark staining process using Syto9 and Pl solutions. After
that, the dyes were rinsed off, and the cover slips were placed inverted on glass slides. As
demonstrated in Figure 14, untreated biofilms of MRSA (Fig. 14A) and P. aeruginosa (Fig. 14B)
both exhibited a strong Syto9 fluorescence emission spanning the entire coverslips (14A1), which is
noticeably caused by the undamaged membranes of the bacterial cells that have accumulated on the
coverslips [351, 352]. However, there was no discernible fluorescence when the untreated bacterial
biofilms were dyed with Pl (14A2), as PI cannot enter through the intact membrane of live cells [353,
354]. On the other hand, bacterial biofilms treated with bare CIP and dyed with Syto9 showed a
marginal decrease in fluorescence compared to untreated biofilms (14B1), while those stained with PI
showed a slight fluorescence (14B2), indicating that portion of the drug had permeated the biofilm
and partially eliminated the bacteria. Interestingly, compared to those treated with bare CIP or left
untreated, the Syto9 fluorescence intensity dropped sharply when biofilms treated with CIP-loaded
TAH-NPs (14C1) suggesting a possible decrease in biofilms and the number of viable cells on the
slide. Moreover, despite PI's non-cell permeable nature, the biofilms treated with CIP-loaded TAH-
NPs exhibited a notably strong PI fluorescence (14C2). This indicates that treatment of MRSA and P.
aeruginosa biofilms with the antibiotic-loaded hybrid NPs resulted in degradation of bacterial cell

membranes and biofilms, increasing the amount of PI that could penetrate and bind to DNA [353].
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Therefore, biofilms treated with CIP-loaded TAH-NPs had a significantly higher proportion of
bacterial mortality compared to those treated with CIP alone. These results suggest that CIP-loaded

TAH-NPs could be promising in eliminating biofilms, which cause sepsis and recurrent infections.
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Figure 14. The fluorescence microscope assay depicts the images of (A) MRSA and (B) P.

aeruginosa biofilms stained with Syto9 and PI. 1) Untreated biofilms 2) Biofilms treated with bare

CIP, and 3) Biofilms treated with CIP-loaded TAH-NPs, respectively. (Scale bar = 100 pm).
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3.8.5 Time killing assay (TKA)

The TKA was performed on MRSA and P. aeruginosa to determine the rate of bacterial killing
following a 24-hour exposure to bare CIP and the prepared CIP-loaded TAH-NPs at 5 times MIC
(Figure 15). Both bare CIP and CIP-loaded TAH-NPs reduced the number of MRSA and P.
aeruginosa CFUs. However, CIP-loaded TAH-NPs demonstrated superior activity compared to bare
CIP, as they completely eradicated both bacteria within 8 hrs of incubation, while bare CIP showed
slower killing efficacy within 24 hrs of incubation. Hence, CIP-loaded TAH-NPs exhibited a
significantly rapid bactericidal effect at an 8-fold lower concentration against MRSA and a
concentration comparable to the bare CIP against P. aeruginosa (P-value <0.0001). These results
demonstrate that CIP-loaded TAH-NPs could be an efficient nanocarrier for rapid lowering of
bacterial burden in the body, thereby enabling a successful therapy with reduced dose regimens

against gram-positive and gram-negative infections and their induced sepsis.
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Figure 15. Time killing kinetics curve of (A) MRSA and (B) P. aeruginosa exposed to CIP, CIP-
loaded TAH-NPs, and control (PBS pH 7.4). Results represented in mean + SD (n = 3). The CIP
killing kinetics were significantly enhanced by CIP-loaded TAH-NPs (P-value <0.0001).

3.8.6 Efflux pump inhibition assay

MRSA and P. aeruginosa develop efflux-mediated resistance to fluoroquinolone antibiotics through
mutations that reduce the bacterial affinity to the drugs [504]. CIP is known to exert its antibacterial
action on both gram-positive and gram-negative bacteria by preventing bacterial DNA replication via
inhibition of DNA topoisomerase and DNA gyrase [505]. However, the over-expression of bacterial
efflux pumps makes it difficult for CIP to specifically target the DNA of the bacterial cells. Therefore,
the ability of the prepared CIP-loaded TAH-NPs to inhibit the increase in expression of efflux pumps

caused by MRSA and P. aeruginosa was explored using EtBr according to a previously reported
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method [309]. EtBr, an efflux pumps substrate, binds intracellularly to DNA and fluoresces when
inside the bacteria [359]. According to the results, MRSA and P. aeruginosa treated with CIP-loaded
hybrid NPs exhibited a greater fluorescence intensity than those treated with bare CIP, owing to the
significant accumulation of EtBr in the bacterial cells which was noticed in the MHA used for the
experiment (Figure 16). The presence of TA as a component of the nanocarrier's make-up may be
responsible for the increased fluorescence intensity seen in the MHA samples treated with the
nanoformulation. TA has been known to cause an inhibition of efflux pumps of gram-positive and
gram-negative pathogens [506, 507]. It has been reported to cause the inhibition of NorA efflux
pumps of gram-positive bacteria due to its ability to chelate metal ions that are necessary for the
function of bacterial membrane protein, which could account for the observed efflux pump inhibition
in MRSA [413]. Also, the ability of TA to inhibit QS might be related to its efflux pump inhibitory
actions against both MRSA and P. aeruginosa [508, 509]. Studies have shown a direct correlation
between the QS signaling system and the regulation of the genes responsible for active efflux systems
[610-512]. Therefore, TA, that has the potential to block efflux pumps, can act synergistically with
CIP in the prepared CIP-loaded TAH-NPs formulation to combat MRSA and P. aeruginosa, and
could serve as an effective antivirulence therapy to treat associated conditions like sepsis.
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Figure 16. Efflux pump inhibition effect of CIP-loaded TAH-NPs against (A) MRSA and (B) P.
aeruginosa compared with bare CIP (0.25xMIC).
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3.8.7 Bacterial-induced hemolysis inhibition assay

Bacterial species such as S. aureus and P. aeruginosa are known to produce a variety of virulence
factors that contribute significantly to sepsis [513, 514]. One of the most significant bacterial
virulence factors are membrane- disrupting exotoxins such as o, 3, 8, and y hemolysins generated by
S. aureus, and proteases, exotoxin A, phospholipase C and hemolysin produced by P. aeruginosa
[515, 516]. These toxins have the potential to compromise the integrity of the host cell membranes
such as RBCs membranes, which can result in hemoglobin leakage, cell death, and a breakdown of
the host's defense mechanisms against sepsis and other inflammatory disorders [517-520]. Therefore,
the impact of MRSA and P. aeruginosa on sheep erythrocyte integrity in the presence or absence of
different concentrations of bare CIP and CIP-loaded TAH-NPs was evaluated using previously
published methods [458, 459]. The exposure of erythrocytes to MRSA resulted in 89.75 + 3.4 %
hemolysis, while P. aeruginosa resulted in 80.28 + 1.13 % hemolysis. These values were considered
as 100% hemolysis throughout the entire experiment. Figure 17 (A) shows that the hemolytic activity
of MRSA culture supernatant in the presence of MIC, 0.5MIC and 0.25MIC of bare CIP and CIP-
loaded TAH-NPs were found to be 51.08 + 4.35 %, 40.89 + 5.74 % and 29.01 + 7.46 % for the bare
drug, and 6.68 + 0.22 %, 6.86 £ 1.13 % and 5.89 = 0.72 % for CIP-loaded TAH-NPs compared to the
untreated MRSA culture (100 %). It can be noticed that bare CIP exhibited a dose-dependent
antihemolytic activity, with the lowest concentration (0.25MIC) inhibited the hemolytic activity of
MRSA by 70.99 % versus control. In contrast, all concentrations of CIP-loaded TAH-NPs displayed a
remarkable antihemolytic effect, with the lowest concentration (0.25MIC) inhibited the hemolytic
activity of MRSA by 94.11 % compared to the control. Therefore, the antihemolytic activity of CIP
was significantly enhanced when loaded into TAH-NPs (P- value < 0.0001). The same trend was
observed in the case of P. aeruginosa when exposed to bare CIP, as it demonstrated dose-dependent
antihemolytic activity, which was found to be 36.97 + 2.20 %, 22.09 £+ 4.10 % and 18.33 + 2.31 % at
the MIC, 0.5MIC and 0.25MIC, respectively. However, when CIP was loaded into TAH-NPs, the
antihemolytic activity against P. aeruginosa was found to be 5.04 £ 0.65 %, 4.39 + 0.67 % and 5.82 +
1.2 % at the MIC, 0.5MIC and 0.25MIC, respectively (Figure 16 (B)). Notably, at a concentration of
0.5MIC, CIP-loaded TAH-NPs displayed the highest effectiveness in inhibiting the hemolytic activity
of P. aeruginosa by 95.61 % as opposed to 77.91 % inhibition displayed by bare CIP at the same
concentration (P- value < 0.0001). These results indicate that subinhibitory concentrations of CIP-
loaded TAH-NPs effectively inhibited the hemolytic activity of both MRSA and P. aeruginosa
supernatants.

This enhanced antihemolytic activity could be attributed to the presence of TA, which has been
reported to have an inhibition activity against the production and/or secretion of toxins [521].

Additionally, polyphenols, such as TA, have the ability to interact directly with released toxins,
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changing their structure and activity, which restricts toxins interaction with erythrocyte membranes
[522, 523]. Moreover, the antibacterial, QS inhibition and antibiofilm activities of TA could may also
contribute to the enhanced protective action of CIP-loaded TAH-NPs against hemolysis caused by
bacteria, since these factors are involved in the virulence activities of bacterial exotoxins in many
disease conditions, including bacterial sepsis [524, 525]. Overall, CIP-loaded TAH-NPs may be
useful as an ani-virulence therapy in combating pathogenic bacteria and can help prevent and cure

sepsis and other life-threatening infections
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Figure 17. Hemolytic activity (%) of (A) MRSA and (B) P. aeruginosa culture supernatants on sheep
erythrocytes in the presence of MIC, 0.5 MIC and 0.25 MIC of bare CIP and CIP-loaded TAH-NPs.
Values represent mean + SD (n=3). (P- value ****< 0.0001)

3.9 In vitro antioxidant study

The overproduction of reactive oxygen species (ROS) in response to inflammation can result in
oxidative stress, which is a primary cause of the high mortality rates linked to several infectious
diseases, including sepsis [361]. Neutralizing ROS generated during the inflammatory response is
crucial in reducing oxidative stress and mitigating the harmful effects of sepsis on the body.
Therefore, the DPPH radical scavenging method was utilized to evaluate the antioxidant behavior of
varied concentrations of TA and the prepared CIP-loaded TAH-NPs (20-1000 pug/mL) [310]. DPPH is
a free radical that is stable and has a prominent absorption band at 517 nm. However, it transforms
into non- absorbent diphenyl-picryl-hydrazine, in the presence of hydrogen donors or free radical
scavengers [526]. Figure 18 shows the antioxidant activity percentage of ascorbic acid (positive
control), TA and CIP-loaded TAH-NPs after being incubated with DPPH alcoholic solution at 37 °C
in the dark. The results indicated that all concentrations of TA and CIP-loaded TAH-NPs displayed a
strong antioxidant activity by scavenging DPPH radicals, with the highest activity observed at a

concentration of 1000 pg/mL. At this concentration, TA showed 68.75 * 4.31 % antioxidant activity,
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while CIP-loaded TAH-NPs demonstrated 61.75 + 4.04 % activity. Previous research have reported
on the antioxidant activity of free TA. These studies found that TA was effective in neutralizing
DPPH radicals [527-530], thanks to its strong hydrogen- and electron- donating capacities, which are
attributed to the galloyl and ortho-hydroxyl groups of TA [528, 531]. More interestingly, the presence
of TA in the hybrid nanocarrier enhanced the ability of CIP-loaded TAH-NPs to convert DPPH into
its reduced form. However, free TA exhibited higher antioxidant activity than the hybrid NPs
formulation in all the concentrations investigated. The improved reactivity of TA toward the DPPH
radical compared to its hybrid formulation may be due to the free molecule's reaction sites being more
exposed and hence more accessible for DPPH interactions [527]. Our results are consistent with a
study reported by Pucci et al. (2022), who revealed the significant in vitro antioxidant and scavenging
activity of TA-based NPs against oxidative stress [527]. Consequently, the protective effect of CIP-
loaded TAH-NPs against DPPH radicals could have potential benefits in combating and preventing

oxidative and lipid peroxidation-related diseases such as sepsis [283, 286]
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Figure 18. illustrates The antioxidant activity (%) of different concentrations of TA and CIP-loaded
TAH-NPs according to a DPPH radical scavenging assay in comparison to ascorbic acid (positive
control). Data in the graph are presented as mean + SD (n=3). (*TA= Tannic acid, CIP=

Ciprofloxacin, H-NPs= hybrid nanoparticles, DPPH= 2.2-diphenyl-1-picrylhydrazyl)

3.10 In vitro anti-inflammatory studies

LPS is responsible for triggering inflammatory responses in a variety of disease states such as sepsis.
It plays a pivotal role in initiating an immune response that can lead to cytotoxicity and multiple organ
dysfunction [366]. The activation of immune response by LPS can result in the production of various
cytokines such as TNF-a, IL-1p, and IL-6. Furthermore, the cytotoxic effects induced by higher

concentrations LPS can affect various cell types and organs [368]. For instance, endothelial cells may
215



become activated and dysfunctional due to the inflammatory response, leading to impaired vascular
integrity and increased permeability [370]. Moreover, immune cells such as macrophages and
neutrophils, can become hyperactivated in response to LPS, releasing excessive ROS and other
cytotoxic molecules, which can also damage healthy tissues and exacerbate organ dysfunction in
sepsis [369]. Therefore, to evaluate the anti-inflammatory effects of TA and CIP-loaded TAH-NPs
formulations against LPS-triggered inflammation, we conducted cell viability and cytokine levels
assays using HepG2 cells [311, 532].

3.10.1 Cytoprotective effect against LPS-induced cytotoxicity

The effect of TA and CIP-loaded TAH-NPs on LPS-induced cytotoxicity was evaluated on HepG2
cell lines using a previously reported MTT assay protocol [312]. As shown in Figure 19A, LPS
treatment (0.9 mg/mL) significantly reduced HepG2 cell viability to 36.70 £+ 3.30 % compared to the
control group (P-value<0.0001). However, the addition of free TA or CIP-loaded TAH-NPs
formulations (100 pg/mL) improved cell viability to 90.03 £ 6.76 % and 76.11 + 4.64 %, respectively,
compared to the control. Notably, treatment with TA and CIP-loaded TAH-NPs formulations
increased cell viability diminished by LPS by 53.3 % (P-value<0.0001) and 39.41 % (P-value =
0.0005), respectively, compared to the LPS-treated group. This result indicated that TA and CIP-
loaded TAH-NPs are capable of protecting cells from LPS-induced cell death. This cytoprotective
effect is likely due to the antioxidant activity of TA, which helps in scavenging ROS and reducing
oxidative stress, thereby mitigating cell injury [528]. Other studies have also demonstrated the
cytoprotective effect of TA against LPS-induced cell death [471, 533]. Therefore, TA and its
nanoformulation may be considered as potential therapeutic agents for the prevention of sepsis-

induced cell damages.

3.10.2 Anti-inflammatory activity against LPS-induced inflammatory responses (measurement
of IL-6 levels)

Cytokines play a crucial role in regulating the host immune response, and altered expression of
cytokines has been implicated in the development of sepsis [374]. Among these cytokines, IL-6 is
considered to have a significant role in the progression of sepsis, particularly as an early indicator of
the inflammatory state [375]. When immune cells are excessively activated by LPS via TLR4, they
release IL-6 as part of the inflammatory response. Elevated levels of IL-6 are commonly observed in
septic patients and are associated with the severity of the condition [534]. Additionally, excessive
production of IL-6 contributes to the cytokine storm, leading to widespread tissue damage and organ

dysfunction in severe sepsis and septic shock [376, 377]. Consequently, the anti-inflammatory effect
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of TA and CIP-loaded TAH-NPs were investigated further by measuring the IL-6 concentration in
LPS-induced HepG2 cells using ELISA kits. The results in Figure 19B showed significant elevation
in the levels of IL-6 when the cells were treated with 1 pg/mL of LPS. In converse, when the inflamed
cells were treated with different concentrations of TA or CIP-loaded TAH-NPs formulations (50 and
100 pg/mL) the levels of 1L-6 suppressed greatly compared to LPS alone (P-value<0.0001). This
indicates that both free TA and the hybrid nanocarrier have the ability to control the levels of IL-6
induced by LPS, which could mitigate tissue damage and prevent organ dysfunction caused by the
overwhelming immune response. This result confirms the antagonistic action of TA and the hybrid
NPs on TLR4, since their enhanced anti-inflammatory effects may be attributed to their strong and
competitive binding to TLR4, which was previously demonstrated in this study by in-silico and in
vitro investigations. Therefore, CIP-loaded TAH-NPs could be a promising candidate for modulating

IL-6 levels and managing the inflammatory response in sepsis.
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Figure 19. (A) Cytotoxicity of LPS on HepG2 cells and the protective effects of TA and CIP-loaded
TAH-NPs as measured by MTT assy, and (B) Effect of TA and CIP-loaded TAH-NPs on IL-6
expression induced by LPS. (**** P-value<0.0001, *** P-value = 0.0005, in comparison with the

LPS-treated cells). Data in the graph are presented as mean + SD (n =3)

4. Conclusion

The creation of intelligent and effective multifunctional drug nanocarriers for antibiotic delivery
against sepsis-causing bacteria has attracted a lot of interest. Herein, we aimed to develop a novel
biomimetic TAH-NPs that could enhance the delivery of ciprofloxacin to combat bacterial-induced

sepsis. The successful formulation of CIP-loaded TAH-NPs using a hot ultrasonic dispersion method
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resulted in hybrid NPs with a good morphology, suitable size, low polydispersity index, acceptable
zeta potential, and high encapsulation efficiency and drug loading. The biocompatibility of the
prepared CIP-loaded TAH-NPs was confirmed by MTT and hemolysis assays. TA and its CIP-loaded
NPs showed excellent in-silico and in vitro binding potential to human TLR4 with higher binding
affinity than its natural substrate, LPS, indicating possible competitive inhibition activity to modulate
the host immune response and reduce LPS -induced sepsis pathogenicity and organ dysfunction. In
vitro drug release profile of the loaded CIP was found to be sustained over a period of 72 hrs. CIP-
loaded TAH-NPs demonstrated excellent and sustained antibacterial, antibiofilm and efflux pump
inhibition activities on both MRSA and P.aeruginosa. This could lead to effectively combat the well-
known antimicrobial resistance mechanisms, while also improving CIP delivery and achieving better
sepsis treatment outcomes. Also, the time-killing assay and flow cytometry analysis revealed the
potential of CIP-loaded TAH-NPs to kill both MRSA and P.aeruginosa. Furthermore, CIP-loaded
TAH-NPs demonstrated considerable free radical scavenging capabilities, as well as notable
cytoprotective and anti-inflammatory efficacy against LPS-triggered inflammation. Accordingly, our
research findings provides a simple and reliable nanoplatform to fight MDR bacteria and treat
bacterial sepsis. It also helps to expand the pool of hybrid NPs available for delivering antibiotics
along with a natural biomimetic and synergistic adjuvant against sepsis-inducing pathogens.
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CHAPTER 5. CO-AUTHORED PUBLICATIONS

5.1 General Introduction

In addition to the first-authored papers presented in Chapters 2, 3, and 4, | have also contributed as a
co-author in another paper published by our group during the period of my Ph.D. study. This
publication shared the same broad aims of this Ph.D. project to improve the delivery and effectiveness
of antibiotics through the development of an advanced novel drug delivery system. As such, it has
been included in this thesis. This chapter includes a review paper published in an ISl International
Journals: WIREs Nanomedicine and Nanobiotechnology (Impact Factor: 9.125). In this paper, Eman
Elhassan contributed towards the data curation; methodology; writing-original draft; writing-review
and editing.

5.2 Co-authored paper 1

Exploring the applications of hyaluronic acid-based nanoparticles for diagnosis and treatment of
bacterial infections.

Mahir Mohammed, Nikita Devnarain, Eman Elhassan and Thirumala Govender. (2022). WIRES
Nanomedicine and Nanobiotechnology, 14(4), e1799. DOl:
https://doi.org/https://doi.org/10.1002/wnan.1799. (Appendix II1).

5.2.1 Abstract

Hyaluronic acid (HA) has become a topic of significant interest in drug delivery research due to its
excellent properties, including biosafety, biodegradability, and non-immunogenicity. Moreover, due
to its ease of modification, HA can be used to prepare several HA-based nanosystems using various
approaches. These approaches involve conjugating/grafting of hydrophobic moieties, polyelectrolytes
complexation with cationic polymers, or surface modification of various nanoparticles using HA.
These nanoparticles are able to selectively deliver antibacterial drugs or diagnostic molecules into the
site of infections. In addition, HA can bind with overexpressed cluster of differentiation 44 (CD44)
receptors in macrophages and also can be degraded by a family of enzymes called hyaluronidase
(HAase) to release drugs or molecules. By binding with these receptors or being degraded at the
infection site by HAase, HA-based nanoparticles allow enhanced and targeted antibacterial delivery.
Herein, we present a comprehensive and up-to-date review that highlights various techniques of
preparation of HA-based nanoparticles that have been reported in the literature. Furthermore, we also
discuss and critically analyze numerous types of HA-based nanoparticles that have been employed in
antibacterial delivery to date. This article offers a critical overview of the potential of HA-based
nanoparticles to overcome the challenges of conventional antibiotics in the treatment of bacterial
infections. Moreover, this review identifies further avenues of research for developing multifunctional
and biomimetic HA-based nanoparticles for the treatment, prevention and/or detection of pathogenic
bacteria.
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CHAPTER 6. CONCLUSION

6.1 General conclusions

The global attempts to mitigate the consequences of bacterial infections and sepsis are being
undermined by the rise in drug-resistant bacteria, exorbitant treatment costs and the co-occurrence of
other infectious diseases. Therefore, it is imperative to create innovative approaches that can decrease
the emergence of resistant bacteria, minimize treatment costs, and enhance the effectiveness of
antibiotics. Developing creative nanotechnology-based formulations with enhanced targeting
capability, multifunctional activities to combat various resistance mechanisms, and synergistic
antibacterial actions could be a cost-effective solution to address this issue and restore the
effectiveness of existing antibiotics, as effective antibiotic delivery is a critical component in
resolving this problem. Research on the integration of smart biomaterials with multifaceted functions
to confer biomimetic, stimuli-responsive, and antivirulence properties to antibiotic nanocarriers is an
ongoing area of interest that holds great promise in the development of novel solutions for combating
bacterial infections and associated sepsis. Therefore, the general aim of this study was to create and
utilize novel biomaterials with multifunctional activities for the development of biomimetic and/or
pH-responsive hybrid nanocarriers (HNs) to enhance the targeted delivery of antibiotics and modulate
the proinflammatory response against bacterial infections and sepsis. The specific research aims of
this study were, to synthesize a novel hyaluronic acid-lysine conjugate (HA-Lys) and to explore its
potential with tocopherol succinate (TS) and Oleylamine (OLA) in the formulation of multifunctional
biomimetic and pH-responsive hybrid NLCs to improve the targeted delivery of vancomycin; and to
formulate a novel HN derived from tannic acid (TA) and OLA for the biomimetic targeted delivery of

ciprofloxacin (CIP) against bacterial infections and sepsis.
The main conclusions generated from the research data are summarized below:
Aiml

e The novel HA-Lys conjugate was successfully synthesized, and the characterization using
FT-IR and *H NMR spectroscopic analysis confirmed the successful synthesis and clarified
the chemical structure of the modified polymer.

e The cytotoxicity of HA-Lys conjugate was tested using the MTT assay on two mammalian
cell lines, human embryonic kidney cells 293 (HEK 293) and liver hepatocellular carcinoma
(HepG 2), and the results indicated that the cell viability of both cell lines was found to be
more than 70 %, confirming the biosafety of the novel HA-Lys.

o HA-Lys conjugate was used with TS and OLA to formulate smooth spherical vancomycin-

loaded hybrid NLCs (VCM-HNLCSs), which exhibited average particle size, PDI, ZP, EE %
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and DL % (w/w) of 110.77 £ 1.69 nm, 0.11 + 0.02 and -2.92 + 0.21 mV, 76.27 + 1.20 % and
8.36 + 0.25 %, respectively. The surface charge of VCM-HNLCs switched from -2.92 + 0.21
mV at pH 7.4 to +1.64 + 0.17 and +9.97 + 0.33 mV at pH 6.0 and 4.5, respectively,
confirming the pH-responsiveness of the nanosystem. The thermal profile analysis revealed
disappearance of the endothermic peak corresponding to VCM in the DSC thermogram of
VCM-HNLCs, which demonstrated the successful encapsulation of VCM within the HNs in
an amorphous state.

The release behaviour of VCM from the HN was sustained and pH-responsive over 48 hrs.
The stability of VCM-HNLCs formulations was evaluated over a three-month period, and the
results indicated that the optimal formulations remained stable with no significant changes on
particle sizes, PDI and ZP at both room temperature (25 °C) and cold temperature (4 °C).

The biosafety profiles of VCM-HNLCs were found to be excellent, as demonstrated by the
cell viability studies performed using the MTT assay on two mammalian cell lines, HEK 293
and HepG 2, as well as the hemolysis assay.

The MST binding affinity study confirmed the TLR2 and TLR4 sensitivity of HA, HA-Lys
conjugate and the prepared hybrid NLCs compared to PGN and LPS, respectively. This
demonstrates their potential inhibitory effect on the inflammatory responses resulting from
the interaction between TLRs and bacterial toxins.

The in vitro antibacterial activity study (MIC) of VCM-HNLCs against S. aureus and MRSA
at different pH values (pH 7.4 and 6.0) demonstrated enhanced, pH- dependent and sustained
antibacterial activity in comparison to the bare antibiotic. The potential of VCM-HNLCs to
rapidly kill MRSA compared to bare VCM was verified using the time-killing assay and flow
cytometry analysis. The VCM-HNLCs also exhibited a remarkable and potent biofilm
inhibition activity compared to the bare VCM at both pH 7.4 and 6.0, with superior
performance at pH 6.0.

The performance of VCM-HNLCs in inhibiting the overexpression of MRSA efflux pumps
was assessed using the ethidium bromide (EtBr) method. The results showed that MRSA
treated with VCM-HNLCs exhibited greater fluorescence intensity than those treated with
bare VCM, indicating the superior activity of the hybrid NPs against bacterial efflux pumps.
This could improve anti-virulence efficacy of VCM and enhance sepsis treatment outcomes.
The HA-Lys conjugate and VCM-HNLCs demonstrated substantial in vitro antioxidant
activity, cytoprotective and anti-inflammatory activities against LPS-induced inflammation.

This was shown by their ability to scavenge free radicals, improve cell viability, and modulate
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Aim2

IL-6 levels, all of which could help reduce oxidative stress, cell damage, and inflammatory

responses in sepsis.

A distinct, spherical onion-shaped CIP-loaded TA-HNPs were successfully formulated with
an optimal formulation showing an average particle size, PDI, ZP, EE % and DL % (w/w) of
85.65 + 0.89 nm, 0.126 + 0.01, +16.30 = 0.23 mV, 68.73 + 0.54 % and 6.86 + 0.09 %
respectively. The thermal profile analysis showed that the endothermic peak associated with
CIP was no longer present in the DSC thermogram of CIP-loaded TA-HNPs, indicating that
CIP had been successfully encapsulated within the HNs in an amorphous form.

Cytotoxicity studies performed using an MTT assay on three distinct mammalian cell lines,
MCF-7, HEK293 and HepG2 showed that CIP-loaded TA-HNPs were biosafe. In addition,
the non-hemolytic activity of the NPs was assessed and among all the concentrations used in
the assay, the highest concentration of CIP-loaded TAH-NPs (0.2 mg/mL) resulted in a
hemolysis rate of <1%, confirming the hemocompatibility of the prepared hybrid nanosystem.
The in vitro release study of CIP-loaded TAH-NPs showed a sustained CIP release pattern
that lasted for 72 hrs. The stability of CIP-loaded TAH-NPs formulations was evaluated over
a three-month period, and the results demonstrated that the optimal formulations maintained
their stability without any significant changes in particle size, PDI, and ZP at room
temperature (25°C) compared to cold temperature (4°C).

The in-silico simulations and MST binding affinity studies showed that TA and its
nanoformulation (CIP-loaded TAH-NPs) had a strong binding affinity for human Toll-like
receptor 4 (TLR4), which was greater than that of its natural substrate lipopolysaccharide
(LPS). This suggests that TA and CIP-loaded TAH-NPs can compete with LPS to inhibit its
effect, thereby preventing the progression of sepsis.

CIP-loaded TAH-NPs showed more enhanced and sustained antibacterial activity compared
to bare CIP against gram-negative E. coli and P. aeruginosa, and gram-positive S. aureus and
MRSA. The time killing assay findings showed 100 % bacterial clearance within 8 hrs of
treatment with CIP-loaded TAH-NPs, while in the case of bare CIP total killing occurred after
24 hrs of treatment. The ability of CIP-loaded TAH-NPs to effectively eliminate MRSA and
P. aeruginosa was further demonstrated using the flow cytometry analysis, showing faster
killing efficacy at lower concentrations compared to bare CIP.

CIP-loaded TAH-NPs demonstrated superior performance in reducing the expression of
MRSA and P. aeruginosa efflux pumps at subinhibitory concentrations. Additionally, the HN

displayed heightened protective effects against bacterial-induced hemolysis. This could
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potentially help overcome antimicrobial resistance mechanisms, improve CIP delivery, and
enhance sepsis treatment outcomes.

e Significant in vitro antioxidant activity, cytoprotective and anti-inflammatory properties were
shown by TA and CIP-loaded TAH-NPs against LPS-induced inflammation. This was
revealed by their ability to scavenge free radicals, enhance cell viability, and regulate I1L-6
levels, which may aid in lowering sepsis-related oxidative stress, cell damage, and
inflammatory responses.

Therefore, the findings of this research study validated the potential of VCM-HNLCs and CIP-

loaded TAH-NPs as better antibiotic nanocarriers than bare drugs, by leveraging biomimicry

and/or pH-responsive principles with enhanced targeting ability, biosafety, and overall therapeutic

outcomes.

6.2 Significance of the findings in the study

The newly synthesized HA-Lys conjugate, and the nano-drug delivery systems proposed in this study,
namely VCM-HNLCs and CIP-loaded TAH-NPs were successfully designed and employed to
specifically target both the bacterial infection site and sepsis milieu. This targeted approach enables
the efficient delivery of antibiotics, thereby eliminating the causative bacteria, defeating the
mechanisms of antibiotic resistance, and minimizing the overactivation of TLRs that happens during
sepsis. Consequently, the proposed strategies demonstrated enhanced antibacterial efficacy and
improved inflammatory responses, which could result in better therapeutic outcomes and increased

patient compliance.
The following highlights the significance of the findings in this study:

New pharmaceutical products

This study has introduced unique pharmaceutical biomaterials, viz: HA-Lys conjugate and
TA to be utilized as multifunctional adjuvants and targeting ligands in HNs for antibiotic
delivery. These smart biomaterials have the potential to expand the range of advanced
pharmaceutical excipients, enabling the development of new medicines that are more efficient
and cost-effective. As a result, local pharmaceutical companies can enhance their

competitiveness in the highly profitable global pharmaceutical market.
Improved patient well-being and disease control

The advanced VCM-HNLCs and CIP-loaded TAH-NPs presented in this work were

confirmed to have better antibacterial potential and overall therapeutic effects when compared
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to bare drugs. These novel HNs demonstrate the potential to effectively control bacterial
infections and sepsis through various approaches such as targeted delivery to infection sites,
reduced healthy site exposure to antibiotics, enhanced bacterial uptake, reduced bacterial
resistance, and modulation of inflammatory responses. This could improve the treatment of
patients with severe bacterial infections and sepsis worldwide by minimizing undesirable side
effects, reducing the required dose, and lowering overall treatment costs, ultimately leading to

better disease management, improved patient outcomes, and reduced mortality rates.

Generating new knowledge for the scientific community

The results obtained from the analysis of the review articles and experimental research papers
featured in this study have significantly added to the pharmaceutical sciences knowledge
database in various ways. Among them are the following:

e New insights into the potential of combining biomimicry and intrinsic stimuli-
responsive principles for improving antibacterial delivery, anti-inflammatory activity
and combating bacterial resistance were gained, along with new knowledge about the
synthesis, formulation processes, characterization, and toxicity profiles of HA-Lys,
VCM-HNLCs and CIP-loaded TAH-NPs. The physicochemical and in vitro
properties of the formulated VCM-HNLCs and CIP-loaded TAH-NPs were also
identified using various experimental techniques.

e The molecular dynamics simulation identified the atomistic mechanism of
interactions and binding capacity of TA to human TLR4 at the molecular level,
revealing its potential competitive inhibitory effect on TLR4 compared to LPS
(natural ligand of TLR4).

e New knowledge on the in vitro binding affinity of HA-Lys, TA and their
corresponding nanoformulations (VCM-HNLCs and CIP-loaded TAH-NPs) to human
TLRs using MST were identified, and this was found to be successfully correlated
with the superior anti-inflammatory potential of the developed nanosystems.

e The in-depth antimicrobial testing conducted by MIC determination, time-Kkilling
assay, antibiofilm and efflux pump inhibition evaluation has effectively identified the

superiority of the nanoformulations when compared to the bare antibiotics.
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Conceptualization of new research

The research findings from the development of the novel multifunctional biomaterials and
their associated nanoformulations (VCM-HNLCs and CIP-loaded TAH-NPs) can stimulate
new research areas, including the following:

e The newly synthesized HA-Lys conjugate can be used for active targeting in
other disease microenvironments and for delivering other drugs to treat various
disease conditions, including cancer, diabetes, brain disorders, and metabolic
diseases. Furthermore, it may inspire the development and synthesis of other
novel biomimetic and targeting biomaterials for various biomedical applications.

e The successful formulation and in vitro characterization of the HNs reported in
this study could inspire future research into the creation of other nano-drug
delivery systems for different drug classes to treat other diseases.

e The superior properties of these multifunctional HNs, which combine biomimetic
and stimuli-responsive approaches, and exhibit antivirulence, antibacterial, and
anti-inflammatory properties, could open new avenues and inspire the use of this
strategy in the development of other multifunctional nano drug delivery systems
with robust antibacterial and anti-inflammatory effects.

6.3 Limitations of the study

This study demonstrates the benefits of employing innovative biomaterials with multifunctional
activities for the creation of antibiotic-loaded biomimetic and/or pH-responsive hybrid nanocarriers
(HNs) to eradicate bacterial infections and sepsis. Nevertheless, a number of restrictions reduced the
knowledge output of the study to some extent and opened the door for more research. These

restrictions include:

e Molecular dynamic simulation section in this study was limited and further investigations
could be done to explore the mechanistic properties of nanosystem self-assembly and their
binding to their respective targets.

e Lack of in vivo antibacterial and anti-inflammatory studies to support the in vitro findings and
further confirm our theory.

e Lack of long-term physicochemical and stress stability studies of our developed formulation
due to time limitation.

e Lack of long term in vivo biocompatibility and pharmacokinetics studies that are required to

progress to clinical trials.

236



6.4 Recommendations for future studies
Although these strategies have shown promise for VCM-HNLCs and CIP-loaded TAH-NPs as

innovative, multifunctional biomimetic and/or pH-responsive nano-drug delivery systems to enhance

treatment options for severe bacterial infections and sepsis, and to overcome resistance issues,

additional research is necessary to optimize these formulations and secure eventual regulatory

clearance for clinical application. The following studies are therefore recommended:

The development of VCM-HNLCs necessitates the use of course-grain molecular dynamics
(MD) simulations to create a system that can fully self-assemble into drug-loaded
nanovesicles and simulate the drug release from the nanosystem. Additionally, MD
simulations could be performed to show the in-silico binding affinity of the novel HA-Lys
conjugate and VCM-HNLCs to human TLRs.

The successfully developed HNLCs and TAH-NPs for antibiotic delivery can be loaded with
a variety of antibiotics, and their synergism and advantages against different bacteria should
be investigated. In addition, there is a need for more research on the simultaneous delivery of
multiple antibiotics from these hybrid nanovesicles, and their ability to achieve enhanced and
synergistic activities, target multiple modes of action and potentially reduce the likelihood of
antibacterial resistance.

It is recommended to conduct further research on the intracellular antimicrobial properties of
the developed VCM-HNLCs and CIP-loaded TAH-NPs, as well as the extraction and
assessment of various bacterial toxins.

The potential antioxidant and TLRs inhibition properties of VCM-HNLCs and CIP-loaded
TAH-NPs can be tested at the cellular level by examining various cell lines, including
macrophage cells (RAW 264.7), human embryonic kidney cells 293 (HEK 293), and lung
carcinoma epithelial cells (A549). To further validate their anti-inflammatory effects, specific
proteins and nucleic acids can be quantitatively determined using methods such as western
blot and PCR, while the expression of additional pro-inflammatory cytokines like TNF-a, NF-
kB, IL-10, and IL-1p can also be investigated.

In vivo antibacterial and ani-inflammatory studies in mice bacterial sepsis model should be
conducted to further evaluate the effectiveness of the developed hybrid nanovesicles.
Long-term stability studies to assess the physical and chemical stability parameters of
optimized formulations must be conducted in accordance with the international conference of

harmonization (ICH) guidelines to confirm their shelf life.
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e Investigation of the acute, intermediate, and long-term in vivo toxicity of the materials and
hybrid nanosystems presented in this study is necessary to create comprehensive toxicological
profiles for them.

¢ Invivo pharmacokinetic and bioavailability studies followed by clinical trials are necessary to
gain approval for commercializing our developed nanosystems, which can then be introduced
into the market.

o Validated large-scale production procedures of the hybrid nano-systems described in this

thesis could be established to promote their use in pharmaceutical industries.

6.4 Conclusion

The findings of this study highlight the promising potential of the newly designed VCM-HNLCs and
the CIP-loaded TAH-NPs as innovative, multifunctional biomimetic and/or stimuli-responsive
antibiotic nanocarriers with inherent antibacterial activity, synergistic anti-virulence properties, and
targeted drug delivery potential, for enhancing the management of bacterial infections and sepsis. This
research contributes to the development of biomimetic pH-responsive nano-based approaches, to
address the limitations of the currently available antibiotic nanocarriers. Additionally, it involves the
design and synthesis of innovative smart biomaterials to create multifunctional nano-systems for
treating bacterial sepsis. Multidisciplinary collaborative research efforts will be necessary to gain a
thorough understanding of the significance of applying nanotechnology, biomimicry, and stimuli-
responsive principles in the design and synthesis of novel smart biomaterials to combat the current
global antibiotic-resistant crisis. The use of such strategies will strengthen human empowerment
against the swiftly expanding risks of resistance, enhance the efficacy of current treatments for sepsis

and complicated bacterial infections, and lessen their significant influence on world health.
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Figure 1. Vancomycin calibration curve

Table 1. The FIC Index

FIC index Interpretation
<0.5 Synergy
>0.5t01 Additive
>1to <2 Indifference
>2 Antagonism

Table 2. Shows the effect of surfactant type on size, PDI and ZP of different HNLCs formulations
(blank HNLCs) Data are presented as mean + SD (n = 3).

Surfactant Size(nm) PDI ZP (mV)

Span 80 3162.00 + 533.30 1.00 £ 0.00 -5.55+£0.22
PEG 400 980.70 £ 86.75 0.63+0.06 -5.74 + 0.46
PVP 510.10 £ 6.44 0.14 £ 0.03 -5.57 £1.38
PLX (P 188) 2082 + 54.64 1.00 £ 0.00 -6.22 £ 0.62
Tween 80 65.44 +0.44 0.26 £ 0.01 -4.07 £ 0.52
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Table 3. Hemolysis (%) for different concentrations of VCM-HNLCs, PBS (pH 7.4) and distilled

water (D.W). Data are presented as mean + SD (n = 3).

VCM-HNLCs (mg/ml)

Hemolysis %

0.5
0.1
0.2
0.3
0.4
0.5
PBS
D.W

0.39+0.31
0.19+0.03
0.33+0.11
0.44+0.28
0.38+0.18
0.63+0.77
0
100

Table 4. The results of particle size, PDI and ZP of VCM-HNLCs under different storage durations.

Data are presented as mean + SD (n = 3).

RT 4° C
Day ) .
Size (nm) PDI ZP (mV) Size (nm) PDI ZP (mV)
0 110.70+1.69 0.11+0.02 -2.92+0.21 110.70+1.69 0.11+0.02 -2.92+0.21
30 110.30+1.16 0.0940.01 -4.04+1.17 114.00+1.23 0.10+0.02 -3.28+0.98
60 110.80+1.21 0.09+0.02 -4.42+0.43 115.80+1.90 0.11+0.03 -4.37+1.48
90 113.30+1.18 0.1140.02 -4.72+0.86 115.60+1.28 0.10+0.01 -4.10+0.69

*RT= room temperature
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Figure 1. Ciprofloxacin hydrochloride (CIP) calibration curve

Table 1. The FIC Index

FIC index Interpretation
<0.5 Synergy
>0.5t01 Additive
>1to<2 Indifference
>2 Antagonism

Table 2. The effect of surfactant type on size, PDI and ZP of different TAH-NPs formulations (blank
TAH-NPs). Data are presented as mean = SD (n=3).

Surfactant Size(nm) PDI ZP (mV)

PVP 284.40 = 3.05 0.39+0.03 +2.46 +0.23
Poloxamer 407 161.50 £ 1.09 0.10 £ 0.00 +18.3+0.71
Tween 80 22210+ 0.44 0.42 £ 0.00 +1.54 +0.36
Span 80 817.20 £ 55.10 0.26 £ 0.03 +9.66 + 0.57
Brij®58 205.50 £ 5.07 0.23+0.00 +2.41+0.34
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Table 3. Hemolysis (%) for different concentrations of CIP-loaded TAH-NPs, PBS (pH 7.4)

and distilled water (D.W). Data are presented as mean + SD (n=3).

Conc (ug/ml)

Hemolysis %.

20
40
60
80
100
200
PBS
D.W

0.30+0.10
0.42+0.01
0.33+£0.09
0.45+1.13
0.26 +0.12
0.61 +0.64
0
100

Table 4: MM/GBSA-based binding free energy profile of LPS, TA, OLA, PLX407 and CIP

when bound to human TLR4. Data are presented as mean = SD (n=3).

Energy components

Systems (kcal/mol)
AEqw AEge AGg, AGgg AGyping
LPS -10.50 £ 0.20 -14.30 £ 0.32 -24.80 + 0.47 17.76 £0.33 -7.04 £ 0.16
TA -79.43 £0.16 -87.89 + 0.49 -167.32+0.52 99.35+0.36 | -67.98+0.22
OLA -21.77 £0.23 -2.03+0.08 -23.80 £ 0.27 7.23+0.09 -16.56 £ 0.19
PLX407 -15.84 +£0.30 -8.54 +£0.22 -24.38 + 0.49 15.03+0.29 -9.35+0.22
CIP -12.93+0.19 125.92 + 0.56 -24.80 £ 0.47 -121.71+052 | -8.72+0.15

All energies are in kcal/mol.
AE, = electrostatic energy; AE, 4\ = van der Waals energy; AGpinq = total binding free energy; AGgo; = solvation free

energy; AGg,s = gas phase free energy.
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Table 5. The results of particle size (hm), PDI and ZP (mV) of CIP-loaded TAH-NPs under different
storage durations, represented as mean + SD (n=3).

RT 4°C
Day Size (nm) PDI ZP (mV) Size (nm) PDI ZP (mV)
0 85.65 + 0.89 0.13+0.01 +16.30 £ 0.23 85.65+ 0.894 0.13+0.01 +16.3+0.23
30 85.17 +1.97 0.14 +0.026 +19.80 £ 1.89 119.10 £ 6.16 0.29 £ 0.07 +18.8+1.19
60 85.07 +£0.99 0.14 £0.010 +18.30 + 1.88 114.30+ 3.31 0.23+0.04 +19.4 + 2.67
90 85.66 + 1.60 0.15+0.020 +19.80 + 0.07 115.30+ 6.90 0.30 £0.04 +28.1+1.33
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1 | INTRODUCTION

The treatizeot of Infoclipun dlimmses congimmes 1o bo g sipnifican) prboby e heaithcan warkem oty o ey are
biarfts o bemibbiagt Covumsse of slesett mil bive a aogative npoct oo gaslity of G (Boom e Cidorette, 2009, MeAnbhur, 20000
Aoy thvee L lecblana | Miyessss, Baeteelal lnfeetbey Sove emitigind s semsne st S b bl Tilgh sk ol el
et death (00 el 0300 O el at. 2009, MeArthor, 200 Baowrind tidsctiom con e S mikl (o
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Myisiriiband dngg Balnwry sustanis ol asiibioticn. v proven 1o Ge s prossfding el e overcoming e st chal
benge pesociated witly corrent ppeihmbe teopy | eallaperes e 3l 200% - Mommmil = gl 20305, Thin comdd b de fia
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wradpoube Bicturial Dndvgilins | Davmarin ot o, 020 Mwalbo o ol, 20310 Doiwestingly, i oddidon o epeedig.

aniihecterinl soviviny, nansantibiotios hayo o abarantil indflsience o Sddresitng v resimancs mechaniom, sich
un drug depgrudation by (Facnmem effus pompm, bicffioe deveiopment, and o) coli will chicieming (8:0Y, Lee
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To dute, severnd tvpes af sonodrg delivery systesp, inchding Hpostmes polypieseme, micelle, wlid Fped
nancpar ke (SEMsE, el g, ssbng varous sypes of oasandc med ineeguais naneelals sech an pebynem, Hplds, or
Tyboid apedienn have been reporied n ibe icetuee o thelr enfunoad antibocierial potential (Kalhapume et al,, 2015
H.L'I:_'nrrm'lli ot al. e A Shorm et al, 20121 I'M-{ng [ RE T Hnﬁi‘m‘pﬂ:ﬁ]‘.’di‘l:lj'. eaue aff murface mnd chermnol medifice
tinnn, high dnyg lomding crpecity, and micrestvironmm mmgambwnes. polymmee -l Mt hove gained aignifiom
sitention in antinctersal wpgdizatons (A e al., 006 o et al, 2000, Aw inleresling naturs) pobymes Hust fues gei.
emtod (noressing inerest @ & camponent of apbocterinl emodnog del tvery s v e i pan docusdon 1
hvilumike ocid (FEAC Arshod. Tobish, Sascem. o ale 2021 Gamartn of al. 008 1. D0 Kiodddskn, Ralinnim,
btk 301%; Chkpslyrarmaty ob il 2200 Fivalirade achi s a JMHm,nu-lluull'_v cickibrhp enaopolyee il kld eanypoysd ol
aligrtinding M-woelyl locemamine sl glocustnlc acld unlts, which & oaihesled o ihe plasms meglone Gy
tlusreran syrv{tomes | Hypes & Walton, 30000, 1 i bles o vessarile imalerial fior nunndry delivery systens e i exian
in oowide range of musdesudor weighin ssaing from sk ke ap oo 307 EDa CRedmrar il 3005k Addiisenatly, it plnys p
Ervckal mde I the conliguration nml anmnienthien of extmcellubar noerie, wound healing, ol sibiston contml, (e
elistheimy of compsectlvg Himme, ol Lflsmaioey vesdaliebin. Yoy Enpoacently, LA G et derol haribbes wnl b mp
idly stegraded by Fivalironklese cissypmes (FlAS2), muking 1o ides) golymer bor’ Targeted drag delivery wisis {Flun
el wl, ESL Purflsesmnpe e Frssrahils I.'!Iﬂ.mth:l ol LEA. such s bisdegrabahiiny, s immmno peeiciby, awhitess
rownmmy actrvry, wnd selecrivity iowand specific recspton, fuve contdboted fo it popolar we in drig delivery sysems
iMontenar) ot al, 20081 The chitie of differontinton, or CDprotelne b a group of gycoprotetnn at ane b
shrrogshone e sl oo aie comsldensl (e poimesry HA recepines | Dok of ol 2006% MNepmadly, thiss mevepiors ()L
CEB ) o erspomnibie o varfoos celfutar ocfiom, tnelwling inflansmaiion aod oellulng odosdon foapoiism. Tn cormived,
I s Peiipd i D oardevplemied ok severnd cancey eelly) Uals plhesomencn copiélvaled idis it of sesednclurs work-
ing on angicuncer medicine. Casequesd ly, sevend cancers, inchading ovarsan, colon, bregss, und squamanm canzer have
B extenkively stusd jed iwlrigg REA mirsopartclon (TLAMTN ) 1L $lm ot s 2000 MWlinrnov ul.. 30N,

Ml delsery sysienis that sonsls ol HA @ s csmponent love abss estiabiusd aetvlby mdm. Eeteria b
(e Lattrinste politiELm ol lacidrieezitic setivity minlosl confaln Ductere (Pngs e al 20040 Plennzar ot ol 1995
Beieniby, COM4 poeepiors luinse been fevenbed i b dveseypresasd on libinkn pomevoplidses gald oould hemefore be selec:
vty taneied by [N tn eliminate straestiular hacleral infections: (Montanar & al., 300600 Moceover, wonmnd
Tmtibag zind e régdnmntlom [iltnpl:.rli.:l.uf VLA vy ald Ln ERe trombmeial of cofnmeses isleciiinme and n.uul:ll.ultnp.l.l.t
reenyery CEhi ebail. 3383 Thisse excepsionsl ahilivzs ol HA lave lid o' the gresing inteeest in shie - feemolitinn sl
wvelispma o FiA- 1P 1o target. Batmrial infiocrionm

Thaeke bive b peadon Ouit dover beedepils D g ol §EA-Dased nanoouperioly Ly ke Doptisent of bger,
infummaingy dismaes. aod ooclkeic acids delbseery §{Doaio et al, #3100 PL Eimy et gl M) Ruo et ul - M

‘Sulurai & Faenahimn, 395 To the bewt of o knowliodgs, dis & O Ol fevied Ol blghligls i s ull
repriried movosystemns i the Ieeaim thint mcorperase HA asng different agpronches for snbanced delivery ol ol
fiviticn m previent, dreoct, andior eradicate boceerial imfsotinna. Hermn, we presni an insdepth o op-in-dila rmview
thuar lbgkdigehis dbiferent eehinbyiies of preporation ol D03 thal ke bedn ropoctiad Do, Uie Didrntapee, F e,
alizr an wabensive analyiice] seancd of seversl scielifie dalaboses, we dinooss wpd critically snabyse pomemses vpes
of TIA-NP that hove boot employed fin gniiboctesial delivery o date Wi have ayateinatlonlly cilegornd e
HA-MIw sccording to el spporch foe aggimdione (0 HA-Bawed 8P £ HA ciorpped. WP (571 Dirug Cemjugaded
HAE The Benadlis und Tt ioms of these mnomaterinle i e ireainient of Sactaeial infectons e thovoeh by
it ol symaed Flmally, tils resiew Tglilletios e pops, chinlleogen, and fatum poopectivis of FEA-NPs To
wiadilcteial deog delivery,

2 | HYALURONIC ACID AND ITS APPLICATIONS

f'l'j:lll.l.l’l.nllh' e comjriny tereed byalumaa, wea Boear rememk pudywmionic, sl FOA-ugproved |:|i|:|:|:|||'|p:|.|:l:|.l|-|:|: ey
antier (1w 1), nymihesiaind o wamesals by thee bahoean worhazes ([TAS1, TTAST, wisl TASE: Lapeil o wl, 1990k
Thews ensvmes elmuymie e A beidone by pegetoadly sdelieg glhoccosde sdd sl N-sodyl-thglucooeting g e
\he prmating wygnr, msulting in the formntion of LA with o rmgo of minlecsdrr welghits (2 0 0°-3 < W0® D) (Bann &
Folemin, JM7), The evitmmied guaptivol (94 (ot Tiommsy body bs B5 g, of which one-tbind is mopleedabed dilly, st o
proerrge Tl worping from 2% 0 55 min Approsimadely 7=4 0 of this 1A in foond 0 the whing moreover. HA ol
fecatiand i commective usie viteoms bunser, sywovial fade wnd athess (Mecis o als Z0R), Hydmlysis of FLA e
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PIGURE | The snssteie i HA, il an pesestilal Exullam o cien sl ausENetion of 10 gy

ek y B e 1Azse Faaiiky, wideh miey De calegnioad ased on e peoduebigg orgaiibng b £ uiemanbian
Fldcibes, wiieh elosve e V-4 pheonidic Mickaie (0] |sscly BlAssss. which wige e -1 Elpiosbile bopsl
Ciid} hocteriol HAmse [T5-Hdasa), abso fnawn g hynhamnun [y wiliiah nrpers jri— bond ke mammnlian enayrm how-
eater, thie emd pesin ligre B ounsspmted dinocchorides [Hynes & Wallon, Z00) For biemedical appleaiione. 104
Voser Dl ladby sl By il By poimler counbes heswsvnr, dale 10, e penise of snbmgd rosaer ontibs ln U
produiction af hlomiiwials, microbial fermeniition, partkadnely from Smegeococel apocing, hos orisn 5% & new soorme of
DA (L L et ad, 20000 Uvslaresic ol ba sl incrensed inteesst i e develogenent of visoe doog delvery wi
i) avever, apwbngg i bs shset blned ettt doe pmd pros essymme stildling, sevenl HA cogjugates are progioed
A0 eFfETLIEE ki limtitsbirms itk affeceing the vuiue inhierenl chameieristiom nfll.."l.-["ﬁu‘u.n & I].Ilull.ur 19}

Thit Dachbienbe of TIA comstn OF sevirill carbeoisyl. Dy, ol Saootyl grodgm (Figune 1, which cen be anatly
ool fheid, renpltlig 06 snplery of FIA derbeanive, Vi pHimary appsmonches e moditging 104 (rchinde e oreation ol
sty amll nmids bonids ot the ekl pronsps of the pobymer i the pesence of oomdmmuing agsts, ool ap the frm.
timn ol ester jind giher Bonds ol the hpdnmed groops of dhe pabrner (Bcluieds of gl 2001 ) The mienbionl. conjuppibes cin
e sissinl o etmmeriac) H-hasnd il systioms Wit anbamied pilioticishsmilael cliaimenelsien, etk e meed
ey stalvitiny, abtered viicorlantic lhavior, or comirotind et (Ehurmanos o al, 200710 Additlonnliy, b ane
muldtihle e drugg delivery. .q':-];:llnllhmp Ery emplonting the beran egeting cliracteriniee of A8 milnimiizing ommiise
recopndm. of prolrmging doeg corenlat lom (Pngapat & Aoberoen, 200403

Hynburmmic acid and im conjugnies haae been wsed o focmadide sl typea of nanocurtiend, which i b pre:
peatid wsdingg vhumn miide sirotegies O KL Kdak ot ol 200AL Bpkaral & Dlapaeb e, 20095 a8 ahowm Do Fgaie 2 The gt
pivategy fiynbees conpugating cromsdinkieg fdmphobic moletiom (eiding s o e Ha backbone, shiich sl
in the formation _nd'nmph'lpi'll'ill: dierivativ== thut cun 'I:r_u:|n|'ri.|:|:|r|'|d 1 formninte various vpenal s incuding nanogeis
fhalni pi all, 20i6 L pelynbemomes {Wilvelar o g, 2000, sdeelles (080 et gl 20041, angd edbes O, FL Kim el sl 3E1b)
Uryvig @0 e pmonie mru:_:- of L, the secomd stralepsy In v innoiropss pelafim wal b cutitnie pofymens e methiod
aceounei (o spprosbmiely. 0% of formubaed HA-Dased P (Sskomi & ) Tocasinl, 201%), Fnally, the ilin] sty
liptiodyes mrfEce predificutien of vnpdous |.1|1.n|:|-|i|=|:|:l.n=|:: saternn, whidch b sehlever| by drprm.liq. s iy Auverca ) o
e nneinee of e nanneorders, which aliem e propeclies of the nanccarner with or withood the dnrenudion nf covelent
Benids {K Kim ab dl, HE6 Thie produced 1Adinsed N sxbibll sevesil dedmble fidisos,  dbcldlng o
Invmergdasdclvy, Wby, aml as-lafisnniory scbiviry (Chsl i bl 0L JLA-Desel 8P bave maen thorougsly
investigated in the field of drog delivesy io enhance the biooompasibiling of the miierial snd faciliinne dog detivens vin
punasive il ociive l:.rBI.[l.p.E Rﬂ::nlh- 1his riinbes nl'pll.l.l.L-.hud |nl.||:|n.:-.| "!rg'p.lumwp o™ a:.u'ul.pnq:ul.il e
grewh - remarkably (Figire 3) (Sslural & FHabadiine, 200k Eribermati ngly, e sinnber of pstiibabied articdes lay renched
200 % il MRS o Pt and S, renpactively, as of Mrer ifake o this reviow, Fiawever, costaparad 10 anticanioor
dlaliviery. the spplication of 1A b the nakoe delivery of antibiotios s il in' iy ooy

Tae u|1r1|||=1:|u|:n:f HoA v ke udr.p rikiveriv leriinls S antilsssi=rial .IJ.E“'I.‘EI:}I' rn.:yi.lnmlmurrah: Eﬂhun{.ﬂimll]‘ﬂ:l:gjl'\-
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el al 2000 Plrnisne of al, 19903 Hiyalueonke schl b ol known 16 hove woond hesllng. Usale seppneeation, and dntF
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etpl L 2008y Farthermops, mumermirs homsn nscrophages hive been shown to avccpmess CEpA peceplore, sapgesting
et H ARy aiight be wmed 10 birget dnd desthay idmeelbalar bactesind infection sebectively (Alimalil = nl- 38155
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